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Abstract. In modern industrial premises, it is important to ensure effective air exchange with minimal energy 
consumption, which necessitates the optimisation of ventilation systems, particularly through the development 
of new air duct designs. The aim of this article was to develop a combined exhaust-supply air duct structure 
to improve the efficiency of air exchange in industrial spaces and reduce energy consumption for air heating. 
A comprehensive analysis was conducted of current scientific sources published in various countries, covering 
advanced technologies in air exchange, ventilation, and microclimate regulation. Theoretical justification of the 
design and mathematical modelling of heat transfer processes between the exhaust and supply air ducts were 
applied. Methods of heat conduction, convection, and radiation were also used to analyse the physical processes. 
As a result, a coaxial air duct structure was developed, consisting of an inner exhaust and an outer supply pipeline, 
with their diameter ratio optimised by the formula D = 1.4 · d. Calculations confirmed the equality of exhaust and 
supply air volumes, ensuring stable air exchange. Modelling showed that the system effectively ensures uniform 
air distribution in the working zone, improving the overall performance of the ventilation system. A reduction in 
energy consumption was achieved by using the heat from the exhaust air to preheat the supply air. The calculations 
and modelling confirmed the effectiveness of the proposed design, which allows for a reduction in energy 
consumption for air heating and an improvement in air exchange in industrial spaces, contributing to the creation 
of comfortable working conditions. Overall, the developed ventilation system design is aimed at optimising air 
exchange processes in industrial premises and offers several advantages: energy efficiency – through the use 
of secondary heat resources; compactness – as the structure allows a reduction in the volume of ventilation 
equipment; versatility – since the system can be implemented across various industrial enterprises, including 
workshops with high levels of air pollution; improved occupational safety – as the new system contributes to the 
creation of comfortable conditions in the working area

Keywords: ventilation; industrial premises; heat conservation; aerodynamic characteristics; energy-saving 
technologies; air balance
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The reviewed scientific sources indicate the need 
for a comprehensive approach to optimising ventilation 
systems in industrial buildings. The main directions of 
research include the improvement of air duct designs, 
reduction of energy consumption, and enhancement of 
pollutant removal efficiency. The studies by V. Korbut & 
S. Rybachov (2021), O. Lapshyn et al. (2022), and V. Desh-
ko et al. (2024) demonstrate that mathematical model-
ling is an effective tool for analysing air exchange pa-
rameters. At the same time, the studies by E. Dudkiewicz 
& P. Szałański (2020) and N. Farouk et al. (2022) confirm 
the feasibility of integrating heat recovery technologies 
into ventilation systems to reduce energy consumption.

However, the issue of optimising the design and 
parameters of air ducts in industrial premises remains 
insufficiently explored. Existing studies focus either on 
general aspects of ventilation or on local experimental 
research. The aim of this study was to develop a com-
bined exhaust-supply duct design capable of ensuring 
effective air exchange in industrial premises while re-
ducing energy consumption for air heating.

Literature review
Optimisation of ventilation systems in industrial prem-
ises is an important aspect of ensuring effective air ex-
change and reducing energy consumption. Research in 
this field covers various methods for improving ventila-
tion processes, including enhancements to air duct de-
sign, the application of energy-saving technologies, and 
the use of mathematical models for analysing airflows.

A. Murga et al. (2020) conducted a study on hybrid 
emergency ventilation systems aimed at reducing the 
impact of pollutants in industrial spaces. Their work 
focused on evaluating the effectiveness of ventilation 
strategies in worst-case air pollution scenarios, such as 
accidental releases of toxic gases or particulate matter. 
The authors explored various air exchange regimes by 
modelling the spread of pollutants using CFD (Com-
putational Fluid Dynamics). The results showed that 
integrating traditional mechanical ventilation systems 
with localised air purification sources can significant-
ly reduce harmful emissions in the working zone. The 
study also highlights the need to consider the aerody-
namic characteristics of the premises when designing 
emergency ventilation systems. The method proposed 
by the authors may be effective for industrial facilities 
with high contamination risks.

X. Zhao & Y. Yin  (2024) in their study investigat-
ed modern pollution control strategies in industrial 
spaces and their impact on ventilation efficiency. They 
found that the most effective solutions were adaptive 
ventilation systems with dynamic regulation of airflow 
based on pollution levels. These systems use sensors 
to monitor the concentration of harmful substances, 
allowing automatic adjustment of airflow velocity and 
direction. The study placed significant emphasis on 

Introduction
Ventilation in industrial premises plays a key role in 
ensuring safe working conditions, particularly in the 
mining, metallurgical and chemical industries. The 
issue of removing harmful impurities and supplying 
clean air remains relevant for workshops where raw 
materials are processed, transported, and where fin-
ished products are manufactured. Existing ventilation 
systems are insufficiently effective. During the cold 
season, air requires heating, whereas in the warm sea-
son, it must be cooled. Moreover, such systems can be 
bulky and energy-consuming.

O. Lapshyn et al. (2022) described modern methods 
of maintaining an optimal microclimate, including air 
purification and recirculation technologies. They em-
phasise the importance of maintaining a proper bal-
ance between the supply of fresh air and the removal 
of polluted air. V. Korbut & S. Rybachov (2021) conduct-
ed experimental studies on the efficiency of dual-level 
air enclosures for industrial baths. They demonstrated 
that such a system significantly improves the removal 
of harmful emissions, which is especially important in 
production environments with high concentrations of 
contaminants.

V.  Deshko  et al.  (2024) investigated the relation-
ship between ventilation systems and the energy bal-
ance of buildings. Using EnergyPlus and DesignBuilder 
software packages, the authors modelled the impact 
of ventilation on building energy efficiency and indoor 
air quality. The results indicate the necessity of precise 
ventilation system design to ensure maximum efficien-
cy. T. Tkachenko & V. Mileikovskyi (2020), in their stud-
ies, examined natural methods of improving indoor air 
quality. They focused on the influence of natural air ion-
isation, which makes it possible to significantly reduce 
the concentration of harmful substances in the air.

O. Voznyak et al. (2021) explored physical models of 
ventilation system elements under special conditions. 
They confirmed that adapting ventilation equipment to 
specific industrial conditions can significantly improve 
ventilation efficiency and enhance the microclimate 
in work areas. X. Wei et al.  (2023) analysed the effec-
tiveness of personalised air supply systems in reducing 
the impact of pollutants on workers. Their studies con-
firmed that a directed air stream improves air quality 
in the working zone.

E. Dudkiewicz & P. Szałański (2020) considered heat 
recovery technologies in ventilation systems of large 
industrial premises. They emphasised the significant 
potential for reducing heating costs by introducing 
heat exchangers into ventilation channels. N. Farouk et 
al. (2022) studied the influence of ventilation systems 
on CO₂ emissions in buildings equipped with phase-
change materials. They concluded that energy-efficient 
ventilation solutions can substantially reduce green-
house gas emissions while maintaining a comfortable 
indoor microclimate.
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the relationship between microclimate parameters 
and worker productivity. The authors note that ad-
vanced ventilation strategies can not only improve air 
quality but also increase worker comfort, reducing the 
risk of occupational illnesses. The proposed pollution 
control methodology is considered promising for im-
plementation in enterprises operating in challenging 
conditions, such as the metallurgical, chemical, and 
mining industries.

A.  Pakari & S.  Ghani  (2021) analysed the effec-
tiveness of various mechanical ventilation systems in 
cattle barns using CFD modelling and field measure-
ments. They demonstrated that airflow optimisation 
contributes to improved microclimate conditions and 
animal productivity. Although their study relates to the 
agricultural sector, the findings may also be applicable 
to industrial premises. O. Tykhenko et al.  (2024) inves-
tigated the factors influencing air ionisation in indoor 
spaces. They found that increasing the concentration of 
negatively charged ions promotes the removal of harm-
ful particles, which is important for industrial facilities 
with high levels of dust pollution.

E.  Zender-Świercz  (2021) studied the impact of 
decentralised façade ventilation devices on indoor air 
quality. The author notes that such devices can effec-
tively operate in combination with traditional ventila-
tion systems, increasing the overall energy efficiency of 
buildings. T. Catalina & C. Lungu (2021) examined the 
effect of decentralised ventilation systems in classroom 
environments and their ability to maintain a high level 
of air quality. Their research showed that such systems 
can effectively remove air pollutants and improve com-
fort for occupants. M.I. Elhadary et al. (2021) carried out 
a comparative analysis of forced ventilation systems in 
industrial premises to improve worker comfort. They 
determined that combining mechanical ventilation 
with natural methods can significantly reduce heat 
loads and enhance working conditions.

Overall, the studies conducted by various authors 
expand the scientific understanding of alternative 
approaches to improving air exchange, including air 
ionisation, airflow optimisation, and the use of local 
ventilation devices. The relevance of energy-efficient 
ventilation is also confirmed by numerous studies. 
However, further development in this field requires the 
design of new, more effective technological solutions 
tailored to specific industrial conditions.

Materials and Methods
Regulatory documents such as the DSTN  3.3.6.042-
99  (1999), DSTU-N B V.1.1-27:2010  (2010), and 
DBN V.2.5-67:2013  (2013) regulate the microcli-
mate parameters in industrial premises, including 
permissible values for temperature, humidity, and 
air velocity. These requirements form the basis for 
the calculation and design of ventilation systems. 
Analytical and experimental methods were used 

in the study to evaluate the effectiveness of the  
proposed coaxial air duct (Patent No. 156625,  2024) 
in an industrial facility for the beneficiation of titani-
um-zirconium ores at the branch of the Vilnohirsk Min-
ing and Pro cessing Plant of JSC UMCC, specifically in 
the drying workshop. The primary materials for analysis 
included design data of existing ventilation systems, 
results of laboratory measurements of microclimate 
parameters, and numerical modelling of airflow.

A comparison was made between the microcli-
mate parameters specified in the above-mentioned 
regulatory documents and the actual values obtained 
during experimental measurements in the industrial 
facility. Parameters of the air environment (temper-
ature, humidity, and airflow velocity) were measured 
using electronic anemometers, thermohygrometers, 
and gas analysers. The obtained data were subjected 
to mathematical processing to identify patterns and 
assess the effectiveness of the ventilation solutions. 
The solution to the heat exchange problem was per-
formed using the Bernoulli method (formula 19) on a 
computer using Microsoft Excel. The equipment used 
included:

▼ anemometers for measuring airflow velocity;
▼ thermohygrometers for determining air temper-

ature and humidity;
▼   gas analysers for monitoring carbon dioxide 

concentration and other harmful impurities;
▼ Microsoft Excel software for numerical modelling 

of the physical heat transfer process in the premises.
The applied methods made it possible to conduct 

a comprehensive analysis of the air duct system’s ef-
fectiveness, assess its compliance with regulatory re-
quirements, and develop recommendations for its op-
timisation.

Results and Discussion
The proposed air duct design consists of coaxially ar-
ranged exhaust and supply pipes: the exhaust duct 
has a diameter d, while the supply duct is determined 
using the formula (1), which ensures the required air 
exchange:

D = 1.4 · d, m.                              (1)

The problem was solved by applying the formula 
for calculating the cross-sectional area:

Se = π · d2/4;                              (2)

Ss = π · D2/4,                              (3)

where Se – cross-sectional area of the exhaust air duct, 
m²; Ss – cross-sectional area of the supply air duct, m².

This design provides uniform air exchange. The 
duct layout, as shown in Figure 1, includes exhaust and 
supply air ducts as well as a dispersing nozzle equipped 
with a swivel mechanism (coupling).
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The operating principle of the air duct system is as 
follows. Polluted air from the source enters the exhaust 
duct via an extraction hood; the duct is located coaxial-
ly within the supply duct, and the air then flows through 
it to the air purification system. At the same time, clean 
air enters the room via the outer supply duct from the 
outside. Along the length of the supply duct, diffusing 
nozzles equipped with swivel mechanisms (couplings) 
are installed, forming clean air jets directed into the 
working zones of the industrial space.

The analysis and justification of air exchange pa-
rameters in industrial premises are carried out to verify 
the reliability of formula (1) and assess its applicabil-
ity for ventilation system design. According to general 
regulations (DSTN 3.3.6.042-99, 1999; DSTU-N B V.1.1-
27:2010, 2010; DBN V.2.5-67:2013, 2013), it is essential 
to maintain a balance between the volumes of extract-
ed and supplied air in order to ensure effective ventila-
tion in industrial environments:

Qe = Qs,                                 (4)

where Qe – volume of extracted air, m³; Qs – volume of 
supplied air, m³.

The thermal balance of the room is based on the 
law of conservation of energy, which states that ener-
gy is neither lost nor created, but only transformed or 
transferred between systems. Under industrial condi-
tions, this balance takes the following form:

Qn + Qo + Qc = Qv + Qa, J,                   (5)

where Qn – heat supplied through heating, ventilation, 
or solar radiation, J; Qo – heat generated by industrial 
equipment, J; Qc – heat from solar radiation, J; Qv – heat 
losses through enclosure structures and ventilation, J; 
Qa – heat accumulated in the building structures, J.

The main calculations of the air duct were carried 
out. To achieve thermal and ventilation balance, the 
geometric parameters of the air ducts were taken into 

account. According to the specified conditions, the di-
ameter D of the supply duct was related to the diameter 
d of the exhaust duct by ratio (1). Given the exhaust 
duct diameter d = 0.3 m, the corresponding result was 
D = 1.4 · 0.3 = 0.42 m.

Subsequently, the calculations were verified using 
several parameters:

1.  Based on the cross-sectional areas of the air 
ducts.

Cross-sectional area of the exhaust air duct:

𝑆𝑆𝑆𝑆𝑒𝑒𝑒𝑒 = 𝜋𝜋𝜋𝜋
4
⋅ 𝑑𝑑𝑑𝑑2 = 𝜋𝜋𝜋𝜋

4
⋅ 0.32 ≈  0.07   m2.             (6)

Cross-sectional area of the supply air duct:

Ss = π/4 · D2 = π/4 · 0.42 ≈ 0.14, m2.            (7)

The area of the annular section of the supply air 
duct was calculated as the difference between the sup-
ply and exhaust duct areas:

ΔSs = Ss - Se = 0.14 - 0.07 = 0.07 m2.           (8)

This indicated that the annular area of the supply 
duct (ΔSs) matched the area of the exhaust duct (Se), 
thereby ensuring air exchange balance.

2. Based on air volume:
The air velocities in both ducts were assumed to 

be equal:

ϑe = ϑs = 4 m/s.                           (9)

Volume of extracted air:

Qe = Se · ϑe = 0.07 · 4 = 0.28 m3/s.          (10)

Volume of supplied air:

Qs = ΔSs · ϑs = 0.07 · 4 = 0.28 m3/s.          (11)

Thus, the volumes of exhaust and supply air are 
equal: Qe = Qs. Calculations confirmed that formula (1) 
is reliable and may be applicable for the design of ven-
tilation systems in industrial premises. The use of com-
bined air ducts contributes to effective air exchange 
and reduced energy consumption, particularly through 
the utilisation of secondary heat. This was confirmed 
by experimental studies conducted under real condi-
tions in the drying workshop of a titanium-zirconium 
ore beneficiation plant.

The physical process of heat transfer from the ex-
haust duct to the supply duct is based on the mecha-
nisms of thermal conduction, convection, and possible 
partial participation of radiative heat exchange. Each 
aspect was therefore examined in detail:

1. Thermal conduction. The coaxial design, where 
the exhaust duct is located inside the supply duct, en-
sures thermal contact through their walls. The exhaust 
duct typically carries used warm air, the temperature 
of which may be significantly higher than that of the 
supply air. As a result, thermal energy is transferred 
through the walls of the inner duct to the supply air. 

Figure 1. Combined air duct for ventilation  
of industrial premises

Notes: 1 – exhaust air duct; 2 – supply air duct; 3 – rotary 
mechanism (coupling); 4 – dispersing nozzle
Source: developed by the authors based on Patent No. 156625 
(2024)
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The heat transfer formula based on conduction is as 
follows:

Q = k · A · ΔT/b, J,                        (12)

where Q – amount of transferred thermal energy, J; k – 
thermal conductivity coefficient of the wall material, 
kg·m/(s³·K); A – heat transfer area, m²; ΔT – tempera-
ture difference between the exhaust and supply air, K; 
b – wall thickness, m.

2. Convection. The supply air in the outer channel 
moves and comes into contact with the walls of the ex-
haust duct. As a result, the thermal energy transferred 
through the walls is immediately absorbed by the flow 
of supply air. The convective process enhances the ef-
ficiency of heat transfer due to the continuous move-
ment of air in the thermal contact zone. The formula for 
convection is as follows:

Q = h · A · ΔT, J,                          (13)

where h – heat transfer coefficient (dependent on the 
velocity and physical properties of the supply air),  
kg/(s³ · K).

3. Thermal insulation. The coaxial design reduces 
heat losses to the surrounding environment, as the 
outer air duct acts as an insulating layer. This increases 
the efficiency of thermal energy utilisation from the 
exhaust air to heat the supply airflow. The supply air 
duct ensures the heating of incoming air, which en-
ters the room and improves working conditions in the 
personnel area. Simultaneously, the exhaust duct is 
cooled, which helps to maintain a balanced temper-
ature. The total thermal balance of the system can be 
expressed as:

Qt = Qin- Qout, J,                       (14)

where Qt – total thermal balance, J; Qin – heat from the 
exhaust air, J; Qout – heat from the supply air, J.

Thermal radiation is a natural physical process 
whereby all bodies with a temperature above absolute 
zero (0 K) emit energy in the form of electromagnetic 
waves. In a coaxial air duct system, thermal radiation 
arises due to the temperature difference between the 
contacting surfaces:

▼ the exhaust duct (inner) has an elevated temper-
ature due to the warm used air;

▼  the wall material emits thermal energy in the 
form of infrared radiation;

▼ the supply duct (outer) partially absorbs this en-
ergy, adding it to the overall heat transfer.

Thermal radiation is described by Planck’s law and 
the Stefan-Boltzmann equation:

Q = σ · ϵ · A · (T1
4 ·- T2

4), J,                     (15)

where Q  – amount of transferred heat, J; σ  – Ste-
fan-Boltzmann constant (5.67 · 10-8 W/m2 · K4); ϵ – emis-
sivity coefficient of the material (ranging from 0 to 1); 
T₁ and T₂ – absolute temperatures of the surfaces, K.

It has been established that radiative heat trans-
fer in the system does not always have a significant 
effect. If the inner duct wall has a high temperature 
and a low thermal conductivity coefficient, radiative 
exchange may contribute substantially to the overall 
heat transfer process. However, in most industrial ven-
tilation systems, thermal conduction and convection 
remain the dominant mechanisms. In the system under 
consideration, radiative heat exchange functions only 
as an auxiliary mechanism, and its effect can be en-
hanced or diminished depending on material selection 
and design.

The development of a mathematical model of 
the air duct functioning as a heat exchanger enables 
the simulation of heat transfer processes within the 
working area (Spivak et al., 2024). An important stage 
in building the model is the consideration of flow dy-
namics, which define the structure and parameters of 
the technological environment. Due to the complexity 
of hydrodynamic processes, it is typically only possible 
to formulate equations for single-phase flows (Navi-
er-Stokes equations), the solutions of which are usu-
ally derived for individual cases. Therefore, simplified 
approaches are often applied during modelling, based 
on typical flow structures, such as ideal mixing or ideal 
displacement.

Flow models are described by systems of differen-
tial equations linking the key process parameters. For 
technological facilities, the most universal approach 
involves equations that describe changes in substance 
concentration or energy within the flow. In particular, 
when cooling or heating the workspace, it is appro-
priate to use the ideal mixing model, which assumes 
that the air entering the room is instantly distributed 
throughout the volume. In this case, the air temperature 
remains the same at any point in the room. To describe 
temperature changes over time in the mixing zone, the 
following notations are introduced: Tin – inlet air tem-
perature, K; T(t) – air temperature at any given time, K; 
Cp – specific heat capacity of air, m²/(s² · K); V – volume 
of the mixing zone, m³; V′ – volumetric flow rate of the 
air, m³/s; Qin – amount of heat in the incoming air or at 
any given point, J. The heat exchange equation can be 
expressed as:

Q = V · Cp · T, J.                           (16)

For changing inlet temperature conditions, the ide-
al model was described by the following equation:

𝑑𝑑𝑑𝑑𝑑𝑑𝑑𝑑
𝑑𝑑𝑑𝑑𝑑𝑑𝑑𝑑

+ 1
τ
𝑇𝑇𝑇𝑇 = 1

τ
𝑇𝑇𝑇𝑇𝑇𝑇𝑇𝑇𝑇𝑇𝑇𝑇  ,                        (17)

where τ = 𝑉𝑉𝑉𝑉
𝑉𝑉𝑉𝑉′

   – the average residence time of air tem-
perature in the mixing zone.

In the presence of a heat source Qs, the equation 
is modified:

𝑑𝑑𝑑𝑑𝑑𝑑𝑑𝑑
𝑑𝑑𝑑𝑑𝑑𝑑𝑑𝑑

+ 1
τ
𝑇𝑇𝑇𝑇 = 1

τ
𝑇𝑇𝑇𝑇𝑇𝑇𝑇𝑇𝑇𝑇𝑇𝑇 + 𝑄𝑄𝑄𝑄𝑄𝑄𝑄𝑄

𝐶𝐶𝐶𝐶𝐶𝐶𝐶𝐶⋅𝑉𝑉𝑉𝑉
  .                   (18)
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Solving the equation using the Bernoulli method 
provides an expression for air temperature:

𝑇𝑇𝑇𝑇(𝑡𝑡𝑡𝑡) = 𝑇𝑇𝑇𝑇𝑇𝑇𝑇𝑇𝑇𝑇𝑇𝑇 + (𝑇𝑇𝑇𝑇0 − 𝑇𝑇𝑇𝑇𝑖𝑖𝑖𝑖𝑖𝑖𝑖𝑖 )𝑒𝑒𝑒𝑒−
𝑡𝑡𝑡𝑡
𝜏𝜏𝜏𝜏 + 𝜏𝜏𝜏𝜏⋅𝑄𝑄𝑄𝑄𝑄𝑄𝑄𝑄

𝐶𝐶𝐶𝐶𝐶𝐶𝐶𝐶 ⋅𝑉𝑉𝑉𝑉
  , K.        (19)

The solution to the resulting equation allows the 
determination of air temperature dynamics, accounting 
for variations in inlet temperature, thermal radiation 
from heat sources, and the average temperature reten-
tion time in the mixing zone. This makes it possible to 
describe in detail the thermal regime in working spac-
es and to assess the influence of key parameters such 
as the mixing zone volume, air velocity, and presence 
of heat sources. One of the most important factors de-
termining the efficiency of ventilation and the achieve-
ment of the required temperature regime is the air ex-
change rate.

The analysis of temperature changes in a specific 
case involving ventilation of a drying workshop demon-
strates that the air exchange rate ( ′ = ) significantly 
affects process efficiency. According to L. Amanowicz et 
al. (2023), the correct selection of air exchange rate is a 
key factor in reducing the energy consumption of venti-
lation systems. M. Bezrodny & T. Misiura (2020) empha-
sise that the use of heat pumps in ventilation systems 
allows significant improvement in temperature control 
and reduced heating costs.

A high air exchange rate indicates effective ven-
tilation, which is essential for maintaining a healthy 
climate and reducing pollutant concentrations. H. Het-
manchuk  (2024) notes that the level of natural air 
exchange depends on numerous factors, including in-
ternal and external environmental parameters, which 
must be considered when designing air ducts for ven-
tilation systems. With increased air exchange rate, the 
time required to equalise temperature is significantly 
reduced, as confirmed by experimental calculations of 
V. Deshko et al. (2023).

According to V. Dzhedzhula (2021), ventilation sys-
tems of public buildings can serve as the basis for de-
veloping efficient industrial solutions. One of the criti-
cal aspects is the uniform distribution of airflows, which 
minimises heat loss and improves energy efficiency. As 
highlighted by V. Matviichuk et al. (2021), mathematical 
modelling of such systems is a crucial stage in develop-
ing optimal ventilation technologies.

The drying workshop of the beneficiation facility 
has technological equipment that emits a significant 
amount of heat, which directly affects the temperature 
regime in the premises and other microclimatic con-
ditions. Under real operating conditions, the workshop 
has three drum dryers of various sizes, each equipped 
with two methane gas burners. The inlet temperature 
of these units reaches 600 ÷ 850°C, while the outlet 
temperature ranges from 80 ÷ 150°C. The volume of the 
room is a key parameter for determining the required 
air exchange rate. It is calculated using the formula:

V = H · W · L, m³.                        (20)

According to the parameters of the drying work-
shop, the premises have a height of H = 3.8 m, a width 
of W = 20 m, and a length of L = 30 m. Thus, its volume 
is V = 3.8 · 20 · 30 = 2,280 m³. For service personnel, the 
recommended air supply rate is 30  m³/h per person. 
These air supply standards for service personnel are 
based on the recommendations provided in DBN V.2.5-
67:2013  (2013), which regulate the minimum volume 
of fresh air required to ensure a comfortable microcli-
mate. Compliance with these standards is mandatory 
in the design and operation of ventilation systems to 
ensure healthy and safe conditions for work and rest. It 
should be noted that additional air exchange require-
ments may apply to different types of premises and ac-
tivities and must be taken into account when designing 
ventilation systems. For example, if three people work 
in the drying workshop, the total required air volume 
for personnel is 90 m³/h.

For drying premises, the air exchange rate depends 
on the type of contaminants and heat emissions. Rec-
ommended values range from 5 to 15 air changes per 
hour. Accordingly, the minimum required air volume for 
n = 5 is 11,400 m³/h, while the maximum for n = 15 is 
34,200 m³/h. The total air volume, including personnel 
needs, at the minimum rate is 11,490 m³/h, and at the 
maximum – 34,290 m³/h. The air exchange rate in the 
actual conditions of the drying workshop of the ben-
eficiation facility is: minimum – = 11,490 ≈ 5 2 ,280   1/h; 
maximum – = 34,290 ≈ 15 2 ,280  1/h.

This means that the entire volume of air in the 
premises must be replaced from 5 to 15 times per hour, 
depending on the intensity of work and microclimate 
requirements. The air exchange rate directly affects 
the temperature equalisation process in the premises. 
The more frequently the air in the room is replaced, 
the faster the temperature at any point approaches the 
supply air temperature. At the minimum rate of n = 5, 
the equalisation process takes more time due to the 
lower volume of fresh air. In the case of the maximum 
rate n  =  15, thermal balance is achieved much more 
quickly, which is particularly important in rooms with 
high heat emissions.

In winter, the supply air temperature is usually 
increased to compensate for heat loss through walls, 
floors, ceilings, ventilation openings, and doorways. At 
a standard indoor temperature, the supply air temper-
ature (Tin) in the air duct must be sufficiently high so 
that, after mixing with the indoor air or cooling, the 
required level is reached. The indoor temperature sta-
bilises faster with a higher air exchange rate, as the 
supply air mixes more intensively with the internal 
air. For example, at n = 5, the temperature stabilisation 
time is approximately 12 minutes, whereas at n = 15, 
this time is reduced to 4 minutes. This enables more 
efficient maintenance of the required temperature  
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regime and reduces the energy consumption of ventila-
tion and air-conditioning systems. Thus, the optimal air 
exchange rate for a drying room should be from 5 to 15 
times per hour. This ensures not only efficient ventila-
tion but also rapid temperature equalisation, creating 
comfortable conditions for personnel and maintaining 

the necessary microclimate for technological processes. 
Table 1 and Figure 2 illustrate the dependence of air 
temperature on time for different air exchange rates. 
The results demonstrate that increasing the exchange 
rate accelerates temperature equalisation, ensuring ef-
fective ventilation of the premises.

t, min T (n = 5) T (n = 15)
0 10 10

10 21.37 28.37
20 26.27 29.87
30 28.39 29.99
40 29.31 30
50 29.7 30
60 29.87 30

Notes: the data presented in the table are the results of studies on temperature variation over time for different values of the 
air exchange rate parameter n
Source: developed by the authors based on original research

Table 1. Calculation results of air temperature equalisation over time for different air exchange rates

Figure 2. Graphs of air temperature versus time for different air exchange rates
Notes: the graphs show the dependence of air temperature on time for various values of the air exchange rate n; as the air 
exchange rate increases, the temperature stabilisation process accelerates
Source: developed by the authors based on original research

An increase in the air exchange rate contributed to 
faster temperature equalisation within the premises, 
which was particularly important under conditions of 
changing external thermal influences or the emergence 
of internal heat sources. At the same time, efficient ven-
tilation ensured reduced adaptation time of the room 
to temperature changes, lower concentrations of pol-
lutants, and the maintenance of a comfortable micro-
climate. The results of heat transfer modelling provided 
a basis for the development of workplace air shower 
systems (Fig.  1), aimed at ensuring thermal comfort 
and an optimal microclimate. When designing an air 
shower system, it was necessary to solve the problem 
of regulating airflow parameters depending on the sea-
son. In the warm season, the cross-sectional area of the 
air nozzle and the volume of supplied air were deter-
mined to ensure comfortable conditions. In the cold 
season, the air temperature at the nozzle outlet was 
calculated, taking heating into account. The following 
requirements were considered: the distance from the 

workplace to the nozzle should be ≥ 1 m; the minimum 
cross-sectional area of the nozzle should be ≥ 0.1 m²; 
the air stream direction should be horizontal at chest 
level or at a 45° downward angle.

To reduce air temperature in summer, the evapora-
tive cooling method with pre-humidification could be 
applied. The air passed through a humidifying filter, for 
example, a fabric filter moistened with water or a glycol 
solution, providing effective cooling. Heat exchangers 
were used to stabilise the process, maintaining the set 
air temperature. Porous inserts in the nozzle structure 
promoted uniform flow distribution and minimised tur-
bulence. Evaporative cooling with pre-humidification 
was an effective method of reducing air temperature by 
evaporating water or aqueous solutions such as glycol. 
This process was widely used in various industries to 
improve indoor microclimate through air humidifica-
tion and temperature reduction. The efficiency of such 
cooling depended on the area of wet surfaces and the 
rate of air flow over them. The use of porous materials 
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moistened with water or solutions promoted intensive 
evaporation, resulting in a drop in air temperature. In 
the cold season, air showering through the nozzle en-
sured air heating to standardised temperatures in the 
working area. The calculations assumed a constant air 
supply velocity, allowing a balance to be maintained 
between comfort and system performance.

Thus, the proposed coaxial air duct system provid-
ed efficient transfer of thermal energy from the exhaust 
to the supply air, contributing to energy saving and im-
proving conditions in industrial premises. Moreover, the 
proposed ventilation system was universal and could 
be adapted for operation in different climate zones, tak-
ing into account their specific characteristics. In regions 
with high average annual temperatures, the priority 
was to cool indoor air, which required significant ener-
gy input. The proposed system could be supplemented 
with integrated cooling modules based on the use of 
exhaust air, which typically had a lower temperature 
than the air in the working zone. Through the duct 
design, it was possible to organise cooling of the sup-
ply air without the use of additional cooling devices. 
The system could also include heat recovery modules, 
which enabled cooling of the supply air by exchanging 
heat with the exhaust air, reducing the thermal load on 
air-conditioning units. This solution reduced electricity 
consumption and maintained a comfortable microcli-
mate even during periods of extreme heat.

In this way, the system was universal and could be 
configured to ensure energy savings under any climat-
ic conditions. Based on the obtained results, it could 
be concluded that the use of a coaxial air duct system 
was advisable in facilities with various levels of heat 
emission, particularly in production workshops requir-
ing significant air exchange. For premises with high 
heat loads, it was recommended to integrate additional 
cooling or heat recovery modules to reduce the load 
on air-conditioning systems. In areas with low heat 
emissions, the system could ensure an optimal balance 
between energy efficiency and comfort by minimising 
heat loss through ventilation. Proper sealing of joints 
between duct components had to be ensured to mini-
mise thermal losses. It was recommended to addition-
ally install an automated ventilation control system to 
monitor and optimise system performance in real time.

The study of the effectiveness of the coaxial air 
duct for industrial ventilation demonstrated its poten-
tial advantages in ensuring a stable microclimate and 
reducing energy consumption. Analysis of the obtained 
results enabled comparison of the effectiveness of the 
proposed design with traditional ventilation systems. 
Measurements of microclimate parameters showed a 
reduction in temperature gradients in the air exchange 
zone and uniform airflow distribution. It was estab-
lished that the use of the coaxial duct allowed optimi-
sation of thermal energy use, as confirmed by statistical 
data analysis (Table 1).

The analysis of literature sources by V.  Korbut & 
S. Rybachov (2021) and O. Lapshyn et al. (2022) confirms 
that modern ventilation systems experience significant 
energy losses due to inefficient airflow distribution. 
The obtained results are consistent with the findings 
of E. Dudkiewicz & P. Szałański (2020), which indicate 
the feasibility of using combined air supply methods to 
reduce heat losses. The study by A. Murga et al. (2020) 
demonstrated the effectiveness of localised ventilation 
systems in reducing the impact of harmful emissions. 
A comparative analysis showed that the coaxial air 
supply configuration could serve as an alternative to 
traditional air exchange systems due to more efficient 
airflow distribution and energy saving.

The implementation of coaxial air ducts in indus-
trial premises of various functions, particularly under 
elevated temperature conditions, makes it possible to 
ensure uniform air exchange, reduce the risk of local 
overheating, and optimise the use of energy resources. 
It has been established that the proposed solution can 
be integrated into existing ventilation systems without 
major structural changes, as the coaxial “pipe-in-pipe” 
design occupies less space compared to traditional 
ducts, enhancing its applicability in industrial settings. 
The study showed that the proposed ventilation system 
design has several advantages over conventional air 
exchange methods. L. Amanowicz et al. (2023) empha-
sise the importance of integrating energy-saving tech-
nologies into modern ventilation solutions. V. Deshko et 
al.  (2023) highlight the feasibility of using parametric 
analysis of natural air exchange to assess system per-
formance. The study by H. Hetmanchuk (2024) also con-
firms that natural ventilation can be significantly im-
proved through adaptive technologies. Therefore, the 
conducted research confirms the effectiveness of the 
proposed ventilation system design and its potential 
for practical application in industrial facilities.

Conclusions
The proposed design of the combined air duct improves 
the efficiency of industrial ventilation by means of co-
axial arrangement of the exhaust and supply ducts 
and provides a number of advantages, namely: the use 
of heat from the exhaust air to preheat the supply air 
significantly reduces heating costs, particularly dur-
ing the cold season; the system can be implemented 
even in confined spaces, making it universal for use in 
various types of industrial workshops; the technology 
contributes to creating comfortable working condi-
tions, reducing the risk of occupational illnesses and 
increasing overall workplace safety. Unlike traditional 
ventilation systems, the proposed design allows the 
integration of heat recovery mechanisms within a co-
axial configuration while maintaining compactness 
and structural flexibility; it demonstrates high versa-
tility, as it can be adapted to different climatic con-
ditions and types of production; and it provides not 
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only air exchange but also increases system energy 
efficiency by reducing heat loss. The combination of 
mathematical heat transfer modelling with engineer-
ing solutions for air shower systems enables optimi-
sation of ventilation system parameters. This ensures 
effective thermal comfort in working spaces during 
both warm and cold periods. The results confirm the 
importance of correct selection of air exchange rate, 
nozzle area, and flow direction to achieve optimal mi-
croclimatic conditions. For future research, it is recom-
mended to analyse system performance under various 
climatic conditions. In the warm season, it is essential 
to develop or refine automatic airflow regulation tools, 
such as systems for adjusting air velocity or volume, in 

order to maintain optimal parameters under changing 
industrial conditions. In the cold season, it is critically 
important to investigate heat transfer processes, par-
ticularly to determine how much heat is transferred to 
the supply air.
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Анотація. У сучасних промислових приміщеннях важливо забезпечити ефективний обмін повітря при 
мінімальних енергетичних витратах, що зумовлює необхідність оптимізації вентиляційних систем, 
зокрема шляхом розробки нових конструкцій повітроводів. Метою статті була розробка конструкції 
сумісного відсмоктувально-припливного повітроводу для покращення ефективності повітрообміну в 
промислових приміщеннях та зниження енергетичних витрат на підігрів повітря. Проведено ґрунтовний 
аналіз сучасних наукових джерел, опублікованих у різних країнах світу, що охоплюють передові технології 
повітрообміну, вентиляції та регулювання мікроклімату. Використано теоретичне обґрунтування конструкції 
та математичне моделювання процесів теплообміну між відсмоктувальним та припливним повітроводами. 
Також використовувалися методи теплопередачі, конвекції та випромінювання для аналізу фізичних 
процесів. У результаті розроблено конструкцію коаксіального повітроводу, що складається з внутрішнього 
відсмоктувального та зовнішнього припливного трубопроводу, співвідношення діаметрів яких оптимізовано 
формулою D  =  1,4  ·  d. Розрахунки підтвердили рівність обсягів повітря, що відсмоктується і подається, 
забезпечуючи стабільний повітрообмін. Проведене моделювання показало, що система ефективно забезпечує 
рівномірний розподіл повітря в робочій зоні, підвищуючи продуктивність вентиляційної системи. Зниження 
енергетичних витрат досягнуто завдяки використанню тепла від відсмоктувального повітря для підігріву 
припливного. Розрахунки та моделювання підтвердили ефективність запропонованої конструкції, що дозволяє 
знизити енергетичні витрати на підігрів повітря та покращити повітрообмін у промислових приміщеннях, що 
сприяє створенню комфортних умов для працівників. Загалом, розроблена конструкція вентиляційної системи 
спрямована на оптимізацію процесів повітрообміну в промислових приміщеннях, пропонуючи такі переваги: 
енергоефективність – за рахунок використання вторинних теплових ресурсів; компактність – конструкція 
дозволяє зменшити обсяг вентиляційного обладнання; універсальність – система може бути впроваджена 
на різних промислових підприємствах, включаючи цехи з високим рівнем забруднення повітря; підвищення 
безпеки праці – нова система сприяє створенню комфортних умов у робочій зоні

Ключові слова: вентиляція; промислові приміщення; теплозбереження; аеродинамічні характеристики; 
енергоощадні технології; повітряний баланс
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Abstract. Loading and unloading operations are one of the key links in many production processes in modern 
industry. Improving the accuracy, productivity, and velocity of control is essential for increasing the efficiency of 
loading and unloading processes. This can be achieved by integrating production processes into the web through 
the implementation of the “Industry 4.0” concept. The aim of this work was to develop a web interface for a system 
that simulates loading and unloading operations based on a SCARA robot, which ensures effective monitoring 
and control of the technological process. To determine the architecture of proposed system, modern approaches 
to the development of automated control systems using the “Industry 4.0” concept were analysed. To select the 
tools for creating the system components, technologies for software development that are suitable for this task 
were analysed and identified. A comprehensive control and monitoring system for the SCARA robot was developed 
using a web interface based on the “Industry 4.0” concept. The developed web interface demonstrated an effective 
approach to building interactive control systems, improving productivity and convenience for operators. The 
practical significance of the results lies in the creation of a unified solution for monitoring and controlling robotic 
complexes, which can be adapted and implemented on various production and educational platforms. Additionally, 
the developed solution can be used in the educational process for laboratory practice in normative disciplines
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Introduction
In the industrial sector, increasing attention is being 
paid to automation and optimisation of production and 
logistics processes. SCARA robots play a key role in im-
proving loading and unloading operations, providing 
high precision, productivity, and safety. This applica-
tion opens up new opportunities for creating modern 
intelligent control systems. The necessity for efficient 
monitoring and management of complex technolog-
ical complexes drives the continuous development of 
human-machine interfaces and web technologies that 
provide operators with full real-time control over tech-
nological processes.

The current stage of industrial development is 
characterised by profound transformations caused by 
the implementation of innovative technologies and 
changes in global economic conditions. One of the key 
trends is the transition to the concept of “Industry 4.0,” 
which involves the integration of digital technologies 
into all aspects of the production process. It was noted 
in the study by M. Vlasenko & Yu. Khlaponin  (2024), 
that the concept of “Industry 4.0” is based on technol-
ogies such as the Internet of Things (IoT), big data, 
artificial intelligence (AI), and machine learning (ML), 
which together form the foundation for the smart fac-
tories of the future.

It was emphasised in the study by A. King  (2021) 
that one of the main drivers of the development of the 
“Industry 4.0” concept is the growing need for product 
personalisation and the associated shortening of pro-
duction cycles, which requires enterprises to be more 
flexible and responsive. This stimulates the implemen-
tation of additive technologies (3D printing), robotic 
production lines, and predictive maintenance systems. 
In this context, supervisory control and data acquisition 
(SCADA) systems play a particularly important role, as 
they allow operators and managers to obtain a com-
plete and up-to-date picture of production processes 
in real time. As noted in the study by F.J.  Folgado  et 
al. (2024), SCADA systems are used in almost all indus-
tries, including automotive, chemical manufacturing, 
energy, transport, agriculture, and others.

The study by S. Ardi et al.  (2024) emphasised the 
feasibility and advantages of using SCADA systems, 
particularly the potential to improve production ef-
ficiency, ensure better equipment protection, and in-
crease workforce productivity. The authors also high-
lighted the importance of early detection of abnormal 
operating modes and rapid notification of personnel 
through the integration of process data from sensors 
and enhanced communication capabilities. Modern 
visualisation systems integrate data from various 
sources, including IoT sensors, enterprise resource 
planning (ERP) systems, and manufacturing execution 
systems (MES), presenting them in a clear and intui-
tive format. The authors examined these advantages 
of SCADA through the example of implementing the 

Wonderware InTouch system in the automotive indus-
try. This system offers a wide range of visualisation 
capabilities for unloading operations, including the 
creation of detailed schematic diagrams, interactive 
control panels, and real-time reports.

Another powerful SCADA system often used for vis-
ualising logistics processes is Siemens WinCC. This sys-
tem is distinguished by its high scalability and reliability, 
making it an ideal choice for enterprises of various sizes. 
As noted in the study by D. Mencia et al. (2023), WinCC 
offers advanced 3D visualisation capabilities, which are 
especially useful for simulating complex loading and 
unloading operations using robotic systems such as 
SCARA robots. Another important aspect of analysing ex-
isting visualisation systems is the comparison between 
local and cloud-based solutions. Local visualisation 
systems, such as the previously mentioned Wonderware 
InTouch and Siemens WinCC, have certain distinctive 
features. As it was noted in the study by C. Bayılmış et 
al.  (2022), local visualisation systems provide maxi-
mum speed in data processing and information display, 
which is critically important for emergency response. 
It was also stated, that local systems ensure complete 
control over data security, which is especially crucial 
for enterprises with high confidentiality requirements.

On the other hand, cloud visualisation systems, 
such as Amazon AWS IoT SiteWise or Microsoft Azure 
IoT Central, offer a range of unique advantages. The pri-
mary benefit of cloud solutions is their scalability and 
flexibility. Cloud systems also provide easy data access 
from anywhere in the world, which becomes increas-
ingly important in the context of business globalisa-
tion and the spread of remote work practices. Moreover, 
cloud platforms often offer built-in analytics and ma-
chine learning tools that can be used to optimise logis-
tical processes. However, when choosing between local 
and cloud-based solutions, it is essential to consider 
the specifics of their operation. The study conducted by 
O.A. Lawrence & M. Tariq Iqbal (2020) pointed out that 
for enterprises with mission-critical processes, where 
even a brief loss of connection can lead to significant 
losses, local systems remain the preferred choice. Con-
versely, for companies seeking maximum flexibility and 
minimal IT infrastructure costs, cloud solutions may 
be the optimal choice. It is also important to consid-
er the growing trend of using mobile applications for 
process visualisation. According to the study by I. Qa-
sim et al. (2020), many modern systems, both local and 
cloud-based, offer mobile interfaces that allow opera-
tors and managers to access key information and man-
age processes from mobile devices. This is especially 
useful for large warehouse complexes, where the speed 
of response to changing situations can significantly en-
hance operational efficiency.

Summarising the analysis of existing unloading 
operation visualisation systems, it can be concluded 



Ruban et al.

Journal of Kryvyi Rih National University, Vol. 23, No. 1, 2025
23

that the market offers a wide range of solutions ca-
pable of meeting the needs of enterprises of various 
scales and specificities. From powerful SCADA systems 
to specialised logistics platforms, from local solutions 
to cloud services – each approach has its advantag-
es and limitations. In the context of developing a 
web interface for a visualisation system for a SCARA 
robot-based loading and unloading operations mod-
elling complex, the analysis of existing solutions al-
lows defining key requirements and best practices. In 
particular, it is important to ensure a balance between 
information display detail and interface simplicity, im-
plement capabilities for qualitative visualisation of 
SCARA robot operations, provide for integration with 
other enterprise systems, and ensure access to infor-
mation from various devices, including mobile ones. 
Therefore, the objective of this study was to develop 

Figure 1. Stand with SCARA robot
Source: authors’ photo

an architecture for a web-oriented human-machine in-
terface for a SCARA robot, based on industrial Internet 
of Things technologies and modern web frameworks. 
The proposed architecture is intended to serve a dual 
purpose – enabling its application both in industrial 
manufacturing and in educational settings for remote 
monitoring and control of a laboratory testbed.

Materials and Methods
The SCARA robot control system was based on the Sie-
mens S7-1200 programmable logic controller (PLC), 
manufactured by Siemens (Germany), which provided 
reliable and efficient management of all stand com-
ponents. Specifically, the CPU 1215C model (6ES7215-
1AG40-0XB0) was used, which was optimally suited for 
robot control tasks and real-time data processing. Fig-
ure 1 shows a stand with a SCARA robot.

The SCARA Robot Test Stand was designed by LLC 
“Donenergoprommontazh” on the order of SE “Siemens 
Ukraine” for Kryvyi Rih National University, taking into 
account the requirements of compactness, functional-
ity, and ease of use in laboratory conditions. All stand 
components are placed on a robust metal frame with 
overall dimensions of 275x350x190 mm.

The stand design includes the following main el-
ements:

▼  frame: provides structural stability and reduces 
the impact of external vibrations; 

▼ electrical Cabinet: sized 25x40 cm, located in the 
lower part of the frame. It is equipped with PLC, power 
supplies, and other electrical equipment; 

▼ SCARA robot: mounted on the upper part of the 
frame, with a work zone optimised for demonstration 
and studying operational principles; 

▼ test object zone: designed for placing loads and 
simulating various operational scenarios. 

The stand features a visualisation system inter-
face based on SIMATIC WinCC, which provides display-
ing current and target positions of robot mechanisms, 
control modes (manual, automatic, stop), monitoring 
the magnetic gripper state and other system parame-
ters, real-time technological process visualisation. Al-
though the existing HMI system provides basic control 
and monitoring functions, it has certain limitations, 
particularly the lack of remote access and limited an-
alytics capabilities. With the formulated list of soft-
ware and technical solutions, it was possible to de-
velop a comprehensive toolkit structure necessary for 
web interface implementation, as well as a structural 
scheme that reflects the types of information flows in 
this system (Fig. 2).
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Thus, UML deployment diagram in Figure 2 illus-
trates the physical architecture of the developed sys-
tem, the distribution of computational functions across 
the nodes, and the interconnections between the soft-
ware and hardware components of the system. At the 
lowest level of the hierarchy are sensors and actuators, 
namely: laser sensors, servo drives, conveyor motor, and 
others. They are connected to the Siemens S7-1200 PLC, 
which receives data from sensors and sends control 
commands to actuators. Data from the OPC UA server 
on the S7-1200 controller will be transmitted through 
a local network to IoT gateway with a Node-RED serv-
er installed. This software complex will perform initial 
processing (such as data logging or basic reading) and 
data aggregation, as well as provide visualisation of 
the system’s main parameters in a user-friendly inter-
face. For communication between the Node-RED server 
and React, the MQTT protocol can be used through the 
MQTT broker. Using a public MQTT broker simplified sys-
tem deployment and eliminated the need to configure 
a proprietary infrastructure. This architecture reflects 
the basis of the conducted study, flexibility, scalability, 
and reliability of data transmission between system 
components, allowing easy integration of additional 
elements by connecting to appropriate MQTT topics.

The client-side of the web-based human-machine 
interface for the physical model of the SCARA robot 
was developed using the JavaScript library React.The 
project architecture is built using modern approaches 
to creating interactive web applications, specifically 
the Single Page Application (SPA) concept with React.
js. The selected technological solutions provided high 

performance, scalability, and development convenience 
for the modelling system user interface. The technology 
stack included React.js as the foundational library for 
building a component-based architecture, Material-UI 
for unified design and ready-to-use interface compo-
nents, MQTT.js for ensuring communication with mes-
sage brokers, and mechanisms for local application 
state storage.

Results
Figure 3 shows a UML sequence diagram that shows 
the order of interaction between the components 
shown in Figure 2. After launching the React applica-
tion, an attempt is made to establish a connection with 
the MQTT broker. If the connection fails, a reconnection 
loop is initiated with a delay timer between attempts. 
In case of a successful connection, the client subscribes 
to a topic containing the PLC status data. Simultane-
ously, on the IoT Gateway node, Node-RED reads data 
from the OPC UA server on the PLC and sends it to the 
broker via MQTT. The React application receives these 
messages, updates its internal state, and displays the 
current information in the web interface. When a user 
interacts with the interface (e.g., by pressing a button), 
it triggers the formation of an MQTT command, which 
is published by the client to the appropriate topic. The 
MQTT broker forwards the command to the IoT Gate-
way, where Node-RED recognises it and performs a 
write operation to the PLC via OPC UA. This ensures full 
bidirectional communication: reading data for visual-
isation and sending commands to control the process 
in real time.

Figure 2. UML deployment diagram of the proposed system
Source: authors’ development
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The activity diagram in Figure 4 details the logic 
of implementing data read and write scenarios within 
the system, complementing the interaction sequence 
with internal flow control. After the React application 
is initialised, a loop of connection attempts to the 
MQTT broker is launched. In the event of failure, a de-
lay timer is applied before the next retry. A successful 
connection results in a subscription to the topic from 
which data from the PLC will be received. Simultane-
ously, Node-RED on the IoT gateway reads this data 
from the PLC’s OPC UA server and publishes it via 
MQTT, after which the React client receives the mes-
sages, updates the interface state, and displays the 
values to the user. Another activity branch describes 
the reverse action – transmitting commands from the 
user to the PLC. When the user interacts with the UI 
(for example, changes a parameter or presses a but-
ton), React forms a command and publishes it to the 
MQTT broker. Upon receiving the message, Node-RED 
interprets it and performs the appropriate write oper-
ation to a variable on the PLC via OPC UA. Thanks to 
the parallel structure of the diagram, it is evident that 
both flows (reading and control) operate independent-
ly but interact through the shared MQTT and OPC UA 
infrastructure, ensuring reliable bidirectional integra-
tion of the human-machine interface with the real 
process. The primary stage of software development 

Figure 3. UML Sequence diagram of nominal scenario  
of communication between PLC and web- oriented HMI in the developed solution

Source: authors’ development

for the stand is the implementation of an integration 
platform between the web interface and the stand, 
using the Node-RED tool. Software development for 
the given implementation can be divided into several 
stages: configuring connection to the OPC UA server; 
developing a data collection and monitoring mecha-
nism; developing a control and recording mechanism 
(Baig et al. , 2021). The process begins with system in-
itialisations – launching a node that periodically gen-
erates lists of topics for reading data from the OPC 
UA server. These topics correspond to tag identifiers 
in the system, the data of which need to be monitored 
and managed. Topic list generation is performed in the 
“Generate Topics” node on the block diagram (Fig. 5). 
Next, the OPC UA client, configured for data reading, 
cyclically polls the server, reading current values for 
each topic. These values are compared with previously 
saved ones, and in case of changes, new data is written 
to the Node-RED global context. The global context is 
used to store the current system state, which allows 
easily obtaining the necessary data at any moment. To 
work with MQTT in Node-RED, specialised nodes “mqtt 
in” (MQTT Control Input block on Fig. 5) and “mqtt out” 
(scada/data block on Fig. 5) are used. They allow sub-
scribing to specific MQTT topics and publishing mes-
sages to other topics, respectively (Malhi et al. , 2023; 
Safitri & Priambodo 2023; Jadhav, 2024).
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Figure 5. Basic nodes and data flow in Node-RED for implementation  
of data exchange between PLC and MQTT-broker

Source: authors’ development

Figure 4. UML Activity diagram for modelling of the developed IoT solution for web-oriented HMI
Source: authors’ development
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The HMI panel (HMIPanel) is a key interface com-
ponent that provides interactive system control. De-
veloped using reactive programming approaches, the 
panel offers users a comprehensive set of controls for 
managing the primary parameters of the modelling 
complex. The component architecture is constructed 
using advanced React patterns, specifically component 
memoisation via React.memo to optimise performance. 
Each subcomponent (ControlUnit, TemperatureCon-
trol) has its own logic for handling user interactions 
and transmitting control commands. The Visualisation 
component implements graphical representation of the 
system’s state. Utilising SVG graphics allows for creat-
ing a dynamic and interactive visualisation with the 
ability to instantly update colours and element states 
based on received data. The approach to building the 
graphical interface was based on principles of adapt-
ability and informativeness.

The Notification System (NotificationStack) provides 
user feedback through a mechanism of pop-up messag-
es. Implemented using custom-configured Material-UI 

components, the system delivers instant information 
about connection status, command execution results, 
and system events. An important aspect of the architec-
ture is the mechanism for local application state stor-
age. Utilising localStorage allows the application to re-
tain its current state between page reloads, enhancing 
the user experience and ensuring continuity in system 
interaction. The application adheres to the principles 
of reactive programming, enabling efficient interface 
updates as new data is received from the MQTT broker. 
The graphical design is implemented using Material 
Design, providing a modern, intuitive, and minimalist 
interface.

Structurally, the site consists of the following key 
elements: 

▼ control panel. The central part of the interface 
that provides the user with complete control over the 
stand’s operation (Fig. 6).

▼ Visualisation block. A section of the page where 
the movement of the robot, conveyor, and the status of 
the deployed sensors are dynamically displayed (Fig. 7).

Figure 6. Control panel web interface
Source: authors’ development

Figure 7. Visualisation block of the stand
Source: authors’ development
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The developed web interface serves as a visualis-
ation and control system for load-handling operations 
involving a SCARA robot. The platform is a comprehen-
sive tool for monitoring and managing the technolog-
ical complex built on the educational stand, ensuring 
functionality and ease of use. The primary functional 
purpose of the site is to provide the user with a con-
venient and intuitive toolkit for managing all aspects 
of a SCARA robot’s operations. The operator gains the 
ability to both observe the current state and process of 
operations execution, as well as directly intervene in 
the technological process, adjusting the robot’s operat-
ing parameters and those of other machines. Thus, the 
website represents a comprehensive solution that com-
bines the functionality of monitoring, control, and vis-
ualisation of key aspects of the SCARA robot’s operation.

Discussion
The developed software and methodological com-
plex demonstrated effective integration of modern 
industrial automation technologies with educational 
and research purposes. Its architecture was based on 
five logically interconnected nodes, enabling a visual, 
interactive, and flexible approach to studying and 
managing automated systems. The developments pre-
sented in this work for the SCARA robot-based stand 
demonstrated effective integration of modern indus-
trial automation and Internet of Things (IoT) technol-
ogies. The use of the Simatic S7-1200 programmable 
logic controller (PLC) as an OPC UA server ensured a 
standardised approach to data exchange between sys-
tem components. A similar approach was applied in 
the study by A.H. Embong et al. (2024), where the Sie-
mens S7-1200 was used for real-time monitoring and 
control of asynchronous motors via Node-RED, high-
lighting the effectiveness of such integration in both 
laboratory and industrial settings.

The use of an IoT gateway based on the Simatic 
IoT2040 with Node-RED installed for processing data 
from the OPC UA server and transmitting it via an 
MQTT broker is an important step toward ensuring 
system flexibility and scalability. The study conducted 
by M.  Rozan  et al.  (2024) demonstrated a similar ap-
proach, where Node-RED and OPC UA were used for 
monitoring an automated warehouse, highlighting the 
effectiveness of this solution in industrial applications. 
Additionally, the use of an IoT gateway implemented 
segmentation of the industrial Internet of Things net-
work, which, as indicated in the study by R. Yatagha et 
al. (2023), is a highly recommended protection policy in 
accordance with international standards.

The use of MQTT as a data exchange protocol be-
tween system nodes aligns with current trends in in-
dustrial automation. In the work by J. Odier et al. (2024), 
the process of integrating OPC UA and MQTT using 
Node-RED was described, emphasising the advantages 
of such an approach in ensuring a continuous data flow 

and improved real-time monitoring. It was demonstrat-
ed in the study by K. Ferencz & J. Domokos (2020) how 
this platform can be used to integrate various industrial 
devices and systems, providing flexibility and ease of 
configuration. Particular attention should be paid to the 
implementation of the visualisation and remote control 
subsystem, which was developed as a web application 
based on React. This approach supports the concept 
of using web technologies to create human-machine 
interfaces in industrial applications. It aligns with cur-
rent trends in both industry and education, allowing for 
the development of flexible, user-friendly HMI systems 
with remote access support. This enables students and 
researchers to control the test bench in real time from 
any device with internet access.

The use of the system in educational settings, es-
pecially under conditions of remote learning, is highly 
relevant. The studies by A.F. Santacruz et al. (2021) and 
S.V.  Kandala  et al.  (2025) emphasised the importance 
of implementing remote laboratories for education, en-
abling students to gain practical skills without being 
physically present in the lab. The development and de-
ployment of remote laboratories based on SCARA robots 
contributed to improving the quality of education in the 
fields of robotics and automation (Faridan et al., 2023). 
The article by T.  Kaarlela  et al.  (2022) described the 
creation of a platform for remotely controlling robots, 
allowing students to interact with real robotic systems 
over the internet, which is particularly important in sit-
uations with limited access to laboratory equipment.

In addition, the architecture that utilises MQTT 
as an intermediary for data exchange ensures system 
scalability and allows the connection of an unlimit-
ed number of clients, making the system convenient 
for collaborative work or remote laboratories. This is 
especially relevant in the context of distance learn-
ing, where providing a practical component in educa-
tion presents a challenge. Considering other studies 
in this field, the work by D.R.  de Sousa  et al.  (2024) 
is noteworthy, proposing a methodology for creating 
semantic digital twins using Node-RED and OPC UA. 
The authors described a sequence of steps covering 
data collection, semantic annotation, and asset mod-
elling, generating a graph of nodes and connections 
stored in a graph database. This study emphasised the 
importance of semantic data integration and the cre-
ation of digital twins for modernising legacy systems, 
which aligns with the approach used in the developed 
system in the current study.

Additionally, the article by P. Kuriščák et al.  (2022) 
presented a modular platform for remote control of ro-
botic manipulators through a digital twin. The authors 
conducted a survey involving 37 participants who used 
various controllers to operate robots remotely and 
demonstrated the usability of the platform. This study 
highlighted the importance of creating intuitive inter-
faces for remote robot control, which was also taken 
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into account during the development of React-based 
web application in the current study.

Overall, the system not only ensures effective inter-
action between hardware and software but also lays the 
groundwork for further functionality expansion. Poten-
tial directions include integration with cloud platforms, 
real-time data analytics, and the use of artificial intel-
ligence for predictive analysis. The developed system 
meets current industrial automation requirements and 
contributes to the improvement of the educational pro-
cess, providing students with access to advanced tech-
nologies and tools for remote learning and research.

Conclusions
The architecture of the developed system was based 
on modern IIoT principles and demonstrated a funda-
mentally new approach to building communication 
control systems. The proposed solution implemented 
a three-tier model comprising the hardware layer, the 
data transmission layer, and the analytics layer, ensuring 
maximum flexibility, scalability, and efficiency in com-
ponent interaction. At the hardware configuration level 
within TIA Portal, a significant controller upgrade was 
performed updating the processor version to enable 
support for the OPC UA protocol. The integration plat-
form Node-RED has been implemented as a powerful 
communication layer, providing reliable data exchange 
between the OPC UA server and the MQTT broker. The 
developed algorithm minimised system load by publish-
ing only changed values, thereby enhancing data trans-
mission efficiency. 

The client web interface was developed using 
modern React.js technologies. Its architecture is mod-
ular, reactive, and user-friendly, achieved through a 
well-designed component structure and the applica-
tion of Material-UI libraries. The developed solution 
represents a comprehensive monitoring and control 

system for a SCARA robot, offering a full range of func-
tional capabilities – from establishing connections to 
real-time visualisation and management of the techno-
logical process. A key advantage of the developed web 
interface is its ability to provide full-scale real-time 
monitoring of the technological process, offer intuitive 
control tools, and promptly respond to system state 
changes. The use of modern technological solutions, 
such as OPC UA, Node-RED, MQTT, and React.js, has en-
abled the creation of a high-performance, secure, and 
easily integrable software product. 

The next step in this work could involve offload-
ing part of the computational workload to cloud ser-
vices (such as AWS IoT, Azure IoT Hub, or Google Cloud 
IoT). This would enhance the scalability of the system, 
enable big data analytics, and improve the reliabili-
ty of data storage. Another promising direction is the  
implementation of machine learning (ML) algorithms 
for failure prediction, control parameter optimisation, or 
user behavior analysis, which unlocks a new dimension 
in managing robotic systems. In particular, it would al-
low the system’s responses to be adapted to specific in-
dustrial or educational scenarios. Based on the current 
platform, it is possible to build a modular infrastruc-
ture for remote laboratories. This is especially relevant 
in hybrid or distance learning settings, where students 
can simultaneously connect to the system, observe its 
behavior, and interact with it via a web browser.
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Анотація. Навантажувально-розвантажувальні операції є однією із ключових ланок багатьох виробни-чих 
процесів у сучасній промисловості. Для підвищення ефективності процесів навантаження та розвантаження 
важливим є підвищення точності, продуктивності та швидкості керування. Цього можна досягти шляхом 
інтеграції виробничих процесів у web через впрова-дження концепції «Industry  4.0». Метою цієї роботи 
була розробка веб-інтерфейсу для системи, що імітує навантажувально-розвантажувальні операції на базі 
робота SCARA, що забезпечує ефективний моніторинг та керування технологічним процесом. Для визначення 
ар-хітектури запропонованої системи було проаналізовано сучасні підходи до розробки автоматизованих 
систем керування з використанням концепції «Industry  4.0». Для вибору інструментів для створення 
компонентів системи було проаналізовано та визначено технології розробки програмного забезпечення, що 
підходять для цього завдання. Було розроблено комплексну систему керування та моніторингу робота SCARA 
з використанням веб-інтерфейсу на основі концепції «Industry 4.0». Розроблений web-інтерфейс демонструє 
ефективний підхід до побудови інтерактивних систем керування, підвищення продуктивності та зручності 
для операторів. Практичне значення результатів полягає у створенні єдиного рішення для моніторингу та 
керування роботизованими комплексами, яке можна адаптувати та впровадити на різних виробничих та 
освітніх платформах. Крім того, розроблене рішення може бути використане в навчальному процесі для 
лабораторних робіт з нормативних дисциплін

Ключові слова: автоматизація; індустрія 4.0; інтернет речей; MQTT; OPC UA; ПЛК; веб-SCADA
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Abstract. The purpose of the study was to identify key patterns of thermal energy consumption and develop an 
analytical basis for optimising technological processes based on environmental requirements. The methodology 
involved a step-by-step calculation of the heat utilisation coefficient, specific consumption and heat loss structure 
based on instrumental data on heat consumption by the public joint-stock company Kamet-Steel for July-
September 2024. The assessment of the efficiency of thermal energy consumption at the enterprise showed a 
stable, but insufficient level of energy use: the average coefficient was 81.0%, while heat loss did not decrease 
below 18.9%. Structural analysis showed that the largest share of losses was accounted for by pipelines (7.3%), 
heat exchangers (5.8%), cooling circuits (4.1%), and other losses (1.7%), which indicates the presence of several 
critical areas of inefficiency. Specific heat consumption per unit of production ranged from 0.1815-0.1923 Gcal/t 
and increased in September, despite a decrease in production volumes, which indicates the inertia of the supply 
system. Based on the results, a technical and analytical basis was formed for the reconstruction of energy-
efficient infrastructure elements with an estimated potential to reduce losses by 6-8%. The presented conclusions 
also confirmed the feasibility of digital monitoring as a tool for stabilising costs and increasing adaptability to 
changes in the production load. The results obtained can be used for the development of technical and economic 
measures for the reconstruction of heat transport infrastructure of industrial enterprises, in particular, through the 
optimisation of heat exchange modes, modernisation of pipelines, and the introduction of residual heat recovery 
systems. This will reduce specific energy costs, stabilise the heat balance, and reduce the environmental burden
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Efficiency of thermal energy consumption at industrial enterprises  
of Ukraine in conditions of environmental restrictions

Introduction
Industrial enterprises of Ukraine, in particular in the 
metallurgy sector, are increasingly operating under 
stricter environmental regulations and growing en-
ergy efficiency requirements. In heat supply systems 
that serve high-temperature technological processes, 
a significant part of energy is lost due to worn-out 
infrastructure, inconsistency of heat flows with the dy-
namics of production, and the lack of recovery mecha-
nisms. Specific losses are caused by the inertia of heat 

engineering systems, instability of heat exchange, and 
low accuracy of circuit control. In such conditions, 
thermal energy consumption becomes a factor that 
affects not only the production cost, but also the over-
all environmental footprint of the enterprise. This jus-
tifies the need to implement technological solutions 
aimed at structural modernisation of heat supply sys-
tems and increasing their adaptability to changes in 
production load.
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of scientific and organisational activities in the field of 
energy efficiency improvement, in particular, they noted 
the potential for residual heat utilisation, modernisation 
of thermal power plants (TPPs) and the introduction of 
innovative energy saving systems in industry. These doc-
uments formed a conceptual basis for substantiating the 
need for reconstruction of energy systems, but contained 
mainly strategic approaches without empirical detailing 
of heat consumption processes. The study by M.M. Ku-
lyk & O.V.  Zgurovets  (2020) investigated the effect of 
derivatives from regulatory capacities on frequency sta-
bility in power systems with wind power plants (WPPs), 
proposing a mechanistic model relevant for estimating 
load dynamics, but without considering thermal pro-
cesses in production. Instead, the study by M. Andersen 
& J. Noailly  (2022) modelled the technological devel-
opment of the coal industry, considering environmental 
constraints, which allowed predicting adaptation sce-
narios for the sector, although without directly focusing 
on the loss of thermal energy. Despite the availability 
of strategic and conceptual developments, as of 2025, 
studies have not provided a reasonable empirical as-
sessment of the efficiency of thermal energy consump-
tion in the real functioning of industrial enterprises.

The purpose of this study was to quantify the pa-
rameters of thermal energy consumption in the indus-
trial sector of Ukraine, considering technological losses 
and environmental restrictions. Within the framework 
of the set goal, the study included an analysis of the 
structure of heat energy use at enterprises, identifica-
tion of key sources of losses in technological nodes, and 
determination of areas for improving energy efficiency 
in the context of increased environmental regulation.

Materials and Methods
The study was conducted at the metallurgical enter-
prise Public Joint Stock Company (PJSC) Kamet-steel 
(Kamyanske, Dnipropetrovsk Oblast, Ukraine) in the pe-
riod from July 1 to September 30, 2024. This enterprise 
was chosen as a representative unit of heavy industry in 
Ukraine with a full metallurgical cycle, centralised gen-
eration and utilisation of thermal energy. The selected 
period corresponded to a stable summer production 
regime, which excluded the influence of seasonal fluc-
tuations and planned equipment shutdowns, ensuring 
representativeness of thermal performance indicators.

Indicators were collected automatically through 
the industrial monitoring system Supervisory Control 
and Data Acquisition (SCADA) with data recording every 
15 minutes. For analytical calculations, the average val-
ues for each technological change were used (00:00-
08:00, 08:00-16:00, 16:00-00:00), with subsequent 
aggregation to average daily, weekly, and monthly in-
tervals. For each of the parameters, average values were 
calculated both in terms of time and volume of output.  
In the course of the study, the following thermal perfor-
mance indicators were automatically recorded: the vol-

Among the research in the field of industrial en-
ergy efficiency, the study by M.  Farghali  et al.  (2023) 
proposed a comparative systematisation of energy 
saving strategies based on examples from different 
countries in the context of the energy crisis. This was a 
generalisation of current approaches to integrating re-
newable sources and load optimisation. However, heat 
consumption as a separate technical component was 
not considered. The study by C.-L. Miao et al. (2020) an-
alysed the relationship between energy consumption, 
environmental pollution and innovative efficiency on 
the example of Chinese industry, but without consider-
ing heat losses in technological processes. On the oth-
er hand, L. Dai & M. Wang (2020) developed a model 
for assessing the impact of carbon constraints on the 
economic performance of thermal generation, focusing 
on the macro level without detailing the structure of 
industrial heat consumption.

An important contribution to the development of 
the modern discourse on energy efficiency in Ukraine 
was made by V. Derii et al.  (2023b), who analysed the 
impact of structural changes in the district heating 
system on greenhouse gas emissions and substanti-
ated the need for technical reconstruction of the heat 
and power infrastructure. This study proved that the 
transformation of thermal circuits towards decentrali-
sation, modernisation of equipment, and introduction 
of cogeneration technologies can significantly reduce 
the carbon footprint of the energy system, although 
without direct detailing of heat losses in the industrial 
sector. The study by V.P. Babak et al. (2023) for the first 
time systematised technical and economic approaches 
to improving energy efficiency in industry at the lev-
el of a national monograph, including the analysis of 
reserves for reducing heat losses, but these solutions 
remain conceptual and require empirical verification in 
real production conditions. The paper by U. Andrusiv et 
al. (2023) was distinguished by its originality due to the 
use of a simulation model to assess the efficiency of us-
ing fuel and energy resources, considering the country’s 
energy balance. However, the study focused on the mac-
ro level and did not cover structural analysis of thermal 
energy losses in production systems, which limits its 
application value for industrial enterprises. Actual as-
pects of forecasting the needs for thermal energy in the 
conditions of martial law and post-war reconstruction 
were considered by O. Maliarenko et al. (2025), who pre-
sented a scenario approach to estimating heat load in 
the future until 2030. The models proposed by the re-
searchers considered socio-economic transformations 
and infrastructure losses, which created an analytical 
basis for substantiating the needs for modernisation of 
industrial heat supply systems.

Comprehensive reports National Academy of 
Sciences of Ukraine Institute of General Energy (2024) 
and National Academy of Sciences of Ukraine Institute 
of general energy (2025) provided a generalised review 
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ume of heat energy consumed (Gcal/day), specific heat 
consumption per unit of production (Gcal/t of steel), 
heat losses at different stages of the technological cycle 
(%), the temperature and pressure of the heat carrier at 
the inlet and outlet of heat exchangers, the duration of 
heat transfer (h), the volume of recycled secondary heat 
(Gcal/day), the temperature of cooled flows. The amount 
of useful heat used was determined on the basis of con-
sumption indicators in the main heat technology units, 
in particular, in blast furnace and steelmaking units. 
The measurements were carried out by the compa-
ny’s standard accounting system using Proline Proson-
ic Flow  93T ultrasonic flow meters (Endress+Haus-
er, Germany), Pt100 temperature sensors (Siemens, 
Germany) and VEGABAR  82 pressure sensors (VEGA 
Grieshaber KG, Germany). The instruments were cali-
brated in accordance with the company’s internal reg-
ulations in compliance with the requirements of DSTU 
ISO 10012:2005 (2005) for measurement control systems.

To calculate the efficiency of thermal energy con-
sumption, the heat useful life coefficient (KKWT) was 
used, which was determined by the equation 1:

𝐾𝐾𝐾𝐾𝐾𝐾𝐾𝐾𝐾𝐾𝐾𝐾𝐾𝐾𝐾𝐾 =
𝑄𝑄𝑄𝑄𝑢𝑢𝑢𝑢𝑢𝑢𝑢𝑢𝑢𝑢𝑢𝑢𝑢𝑢𝑢𝑢𝑢𝑢𝑢𝑢𝑢𝑢𝑢𝑢
𝑄𝑄𝑄𝑄𝑡𝑡𝑡𝑡𝑡𝑡𝑡𝑡𝑡𝑡𝑡𝑡𝑡𝑡𝑡𝑡𝑢𝑢𝑢𝑢

× 100%  ,                  (1)

where Quseful – amount of heat used directly in the pro-
cess (Gcal); Qtotal – total amount of heat supplied to the 
system (Gcal).

To reflect the inefficient use of thermal energy, the 
level of heat losses (W) was additionally calculated us-
ing the equation 2:

𝑊𝑊𝑊𝑊 =
𝑄𝑄𝑄𝑄𝑡𝑡𝑡𝑡𝑡𝑡𝑡𝑡𝑡𝑡𝑡𝑡𝑡𝑡𝑡𝑡𝑡𝑡𝑡𝑡− 𝑄𝑄𝑄𝑄𝑢𝑢𝑢𝑢𝑢𝑢𝑢𝑢𝑢𝑢𝑢𝑢𝑢𝑢𝑢𝑢𝑢𝑢𝑢𝑢𝑡𝑡𝑡𝑡

𝑄𝑄𝑄𝑄𝑡𝑡𝑡𝑡𝑡𝑡𝑡𝑡𝑡𝑡𝑡𝑡𝑡𝑡𝑡𝑡𝑡𝑡𝑡𝑡
× 100%  .                  (2)

This indicator allows quantifying the propor-
tion of heat that is lost during transportation or use. 
Losses were determined based on the balance meth-
od with a comparison of the supplied and useful heat,  

considering heat losses in pipelines, heat exchangers, 
and cooling circuits.

The specific heat consumption for the production of 
one tonne of steel was estimated using the equation 3:

𝑃𝑃𝑃𝑃𝑞𝑞𝑞𝑞 = Qtotal ,                              (3)

where q – specific heat consumption (Gcal/t); P – total 
output (t). 

All these equations were developed based on gen-
erally accepted methods for calculating energy efficien-
cy in industrial heat and power engineering (Barakhta 
& Krazhan, 2008).

Production information was collected within the 
framework of the current regulations of PJSC Kamet-
Steel in coordination with responsible specialists. The 
data used in the analytical calculations did not contain 
any commercial secrets and were generalised to a level 
that excludes the disclosure of technologically sensi-
tive characteristics. All measurement procedures were 
carried out remotely and did not affect production pro-
cesses, without creating risks to the environment, equip-
ment or personnel. There was no interference with the 
operation of technological systems during the study.

Results and Discussion
General indicators of thermal energy consumption in the 
production cycle. As part of the analysis of thermal ener-
gy consumption at the enterprise of PJSC Kamet-Steel, 
special attention was paid to the dynamics of average 
weekly values, which allowed tracing the relationship 
between fluctuations in technological activity, in par-
ticular, changes in steel output volumes and the daily 
thermal load (Table 1). This approach provided a rep-
resentative basis for further interpretation of energy 
consumption levels in the context of the technical con-
dition of heat supply systems and the efficiency of the 
enterprise’s heat balance.

Source: compiled by the author

Table 1. Average weekly heat consumption and steel output per day at PJSC Kamet-Steel in July-September 2024
Week Average heat consumption, Gcal/day Average daily steel output, t Total weekly steel output, t

01-07.07 975.3 5,240 36,680
08-14.07 980.7 5,310 37,170
15-21.07 987.5 5,190 36,330
22-28.07 990.1 5,350 37,450

29.07-04.08 987.2 5,420 37,940
05-11.08 998.4 5,500 38,500
12-18.08 1,002.3 5,480 38,360
19-25.08 1,005.8 5,470 38,290

26.08-01.09 999.4 5,320 37,240
02-08.09 973.1 5,200 36,400
09-15.09 977.6 5,140 35,980
16-22.09 970.8 5,080 35,560
23-30.09 980.9 5,100 40,800 (8 days)
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Aggregated data show that the average weekly heat 
consumption ranged from 970.8 to 1,005.8  Gcal/day,  
with the maximum load recorded in August. The in-
crease in heat consumption during July – mid-August 
correlated with an increase in production volumes-from 
36,330 to 38,500 tonnes of steel per week. The high-
est average weekly intensity of energy consumption 
was recorded in the period August  05-11, when the 
heat load reached 1,005.8  Gcal/day with the output 
of 38,500 tonnes. This dynamic confirmed the link be-
tween the production schedule and heat load. But in 
September, starting from the second week, there was 
a gradual decrease in heat consumption – from 984.2 
to 970.8 Gcal/day, which was accompanied by a corre-
sponding decrease in output volumes – from 36,400 to 
35,560 tonnes per week. This decline reflects the im-
pact of technical routine shutdowns of individual units 
and a decrease in the load of melting capacities due 
to preparations for the autumn repair period. Such a 
change in the intensity of heat consumption indicates 
the need for adaptive control of heat flows depending 
on production activity.

The results obtained confirmed the data of 
V. Derii et al. (2023a), who noted that the high inertia of 
heat engineering systems and the insignificant reaction 
of the heat supply system to fluctuations in production 
volumes are characteristic of Ukrainian metallurgical 
enterprises. According to their estimates, typical values 
of heat consumption under constant load conditions 
are 930-1,020 Gcal/day, which is fully consistent with 
the results obtained in this study. However, the re-
sults of Polish enterprises, described in the paper by 
R. Wolniak et al. (2020), showed significantly lower daily 
heat consumption with a similar volume of steel out-
put – 850-880 Gcal/day, which is 10-12% less than the 
Ukrainian values. This is conditioned by the high degree 
of digitalisation of energy management systems, the in-
tegration of Industry 4.0  technologies, and the active 
introduction of recovery systems. This comparison al-
lows to conclude that there is a potential for optimis-
ing heat consumption at PJSC Kamet-Steel through the 
modernisation of heat distribution systems. The study 
by K. Widera et al. (2024) emphasised that the stability 
of energy consumption at variable production inten-
sity is a sign of weak adaptability of systems. A simi-
lar trend was recorded in the current study – the heat 
load in September remained stable, despite a decrease 
in production volumes by more than 2,000 tonnes per 
week, which indicates the existence of a baseline level 
of losses. In this paper, the researchers proved that un-
der such conditions, enterprises can lose up to 5-6% of 
their potential energy efficiency.

Data on the average monthly heat consumption al-
lowed summarising and demonstrating the dynamics of 
changes in energy loads during the observation period. 
Indicators for each month provided an opportunity to 
assess the impact of production activity on total heat 

consumption, identify periods of increased or reduced 
load, and confirmed the dependence of thermal dynam-
ics on changes in the production schedule (Fig. 1).
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Figure 1. Average monthly heat consumption at PJSC 
Kamet-steel

Source: compiled by the author

The graphical interpretation of the average month-
ly heat consumption indicators showed a clear de-
pendence of the heat load on production activity. The 
increase in values in August corresponds to the peak 
load phase of the metallurgical cycle, due to the con-
tinuous operation of the main units without technolog-
ical stops. In September, there was a gradual decrease 
in heat consumption, which correlates with a decrease 
in output and preparation for routine maintenance. The 
inertia of thermal processes causes a stable level of 
basic losses, which cannot be adjusted quickly, even in 
conditions of reducing production volumes. This indi-
cates the limited flexibility of the existing infrastruc-
ture to changes in the production schedule.

According to the observations of T.  Sengyu & 
V. Khare (2023), the low dynamic sensitivity of heat con-
sumption systems in response to changes in output vol-
umes is a typical limitation for enterprises that do not 
have integrated automated heat exchange management 
systems. In this study, this was also reflected in a slight 
decrease in daily costs with a reduction in steel output 
in September, which indicates the presence of structural 
inertia. From the standpoint of environmental efficiency, 
such losses without direct reference to the production 
result form an unproductive heat load on the environ-
ment, in particular, due to excessive CO2 emissions in 
cases where the source is organic fuel. H. Na et al. (2021) 
noted that in order to achieve environmental neutrality, 
enterprises should implement energy-efficient control 
models that minimise unjustified heat costs by 10-15%. 
The results obtained confirmed the high dependence of 
heat consumption on the technological load, while at 
the same time identifying a constant level of maladap-
tive losses that form an excessive load on the energy 
balance of the enterprise. This situation indicates the 
need for targeted optimisation of the structure of heat 
consumption, considering the localisation of losses and 
increasing the efficiency of residual heat utilisation.
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Evaluation of the efficiency of using thermal energy. 
Evaluation of the efficiency of heat consumption at the 
selected enterprise was carried out by calculating the 
coefficient of useful use of heat, reflecting the share of 
heat energy that was directly used in the technological  

process. Simultaneously, the level of heat loss was used 
for quantitative assessment of losses, which allows 
determining the share of unused heat from the total 
amount of energy supplied. Both indicators were calcu-
lated according to equations (1) and (2) (Table 2).

Table 2. Results of calculation of KKWT and heat energy losses at weekly intervals

Source: compiled by the author

Week Qtotal (Gcal/day) Quseful (Gcal/day) KKWT (%) Heat loss W (%)
01-07.07 975.3 782.4 80.2 19.8
08-14.07 980.7 794.3 81.0 19.0
15-21.07 987.5 801.9 81.2 18.8
22-28.07 990.1 808.7 81.7 18.3

29.07-04.08 987.2 800.1 81.1 18.9
05-11.08 998.4 812.9 81.4 18.6
12-18.08 1,002.3 816.8 81.5 18.5
19-25.08 1,005.8 818.2 81.4 18.6

26.08-01.09 999.4 809.1 81.0 19.0
02-08.09 973.1 788.9 81.0 19.0
09-15.09 977.6 790.1 80.8 19.2
16-22.09 970.8 782.0 80.5 19.5
23-30.09 980.9 788.6 80.4 19.6

The data show that KKWT ranged from 80.2 to 
81.7%, indicating a moderate but stable level of ther-
mal efficiency. The highest figure – 81.7% – was reached 
during the week of July 22-28, which indicates an im-
provement in the heat balance in conditions of stable 
production load. Simultaneously, the lowest value  – 
80.2% – was recorded in the first week of July, when the 
system probably has not yet entered optimal operation 
after the off-season regulations. The rate of heat loss, 
respectively, ranged from 18.3% to 19.8%, and in none 
of the weeks the loss was reduced to a limit below 18%. 
This indicates the presence of constant systemic loss-
es of thermal energy in the enterprise’s infrastructure, 
mainly associated with pipeline networks, cooling sys-
tems, and inefficient utilisation of residual heat.

A detailed analysis showed that the change in KKWT 
was most influenced by: the condition of heat exchang-
ers, load stability in blast furnace and steelmaking units, 
and the secondary heat recovery coefficient. For example, 
the increase in KKWT in the second half of July was as-
sociated with minimising shutdowns and improved coor-
dination between heat carriers and production volumes. 
Despite the achievement of KKWT at the level of 80.2-
81.7% during the analysed period, the available reserve 
for improving efficiency was at least 3-5%, this optimisa-
tion potential was conditioned by excessive heat losses 
in pipelines, insufficient level of residual heat recovery, 
and limited adaptability of heat supply to load changes. 
Promising measures are the introduction of automated 
heat flow management systems, reconstruction of heat 
exchange equipment, and integration of local recycling 
systems at the level of technological units, which will 

increase the KKWT to a normatively justified level. Com-
parison with similar results in other studies confirmed 
the general trend of maintaining heat engineering 
inefficiency in metallurgical production. According to 
M. Xu & B.  Lin  (2022), the average level of heat effi-
ciency at metallurgical enterprises in China is 78-83%, 
which is almost identical to the values obtained in the 
study (80.2-81.7%). The researchers emphasised that 
the main limiting factor of efficiency is the inertia of 
heat supply systems – their inability to flexibly respond 
to fluctuations in production loads. This was also ob-
served at PJSC Kamet-Steel, where the increase in load 
in August was not accompanied by a proportional de-
crease in heat loss. Similar conclusions were presented 
in the paper by Z. Su et al. (2021), who noted that the 
lack of technologies for multi-level utilisation of resid-
ual heat can lead to losses of more than 20%. In the 
current study, losses were 18.9%, which indicated par-
tial compensation, but confirmed a structural shortage 
of recycling mechanisms, especially in cooling circuits 
and the pipeline network.

S.  Zhang  et al.  (2022) reported that the intro-
duction of industrial-type thermal accumulators can 
reduce heat losses by 3-4%, which is comparable to 
the identified optimisation potential at the enter-
prise. Since no traces of the use of storage technol-
ogies were recorded in the course of the study, such 
modernisation was considered as one of the least re-
source-intensive steps to increase the KKWT. From the 
standpoint of environmental efficiency, the results of 
the study are consistent with the provisions of S.R. Par-
amati et al.  (2022), who stated that each percentage 
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reduction in heat loss correlates with a reduction in 
CO₂ emissions, especially in systems with heavy use of 
fossil fuels. Given that PJSC Kamet-Steel operates in a 
carbon-intensive production environment, the current 
loss rate of almost 19% means that the excess carbon 
footprint is likely to remain, which requires a separate 
assessment. A. Arifjanov et al. (2020) investigated the 
effectiveness of technical reconstruction of pipeline 
infrastructure, in particular, due to changes in the ge-
ometric parameters of pipes and the introduction of 
new insulation materials. According to the researchers, 
losses can be reduced to 5-6% at critical points, which 
in the conditions of Kamet-Steel potentially reduces 
the overall W indicator from 18.9% to 13-14% with-
out radical changes in production logistics. Thus, the 
detected thermal imbalance with the share of unused 
energy of more than 18% indicated systemic struc-
tural shortcomings in the management of heat flows, 
the elimination of which will provide regulatory lim-
its of efficiency along with a comprehensive increase 
in energy and environmental efficiency of production, 
in particular, through increasing the flexibility of heat 
supply systems, integration of heat accumulators, and 
reconstruction of backbone networks.

Structure of heat losses and their technological local-
isation. The design of industrial thermal engineering 
systems is such that a significant portion of the energy 
supplied does not reach the target technological nodes, 
due to both design features and infrastructure wear 
and tear. To identify the sources of system losses at the 
PJSC Kamet-Steel, the heat balance was decomposed 
into the main components: losses in pipelines, heat 
exchange equipment, cooling circuits, and other infra-
structure losses. Calculations were carried out based on 
indicative relations between the supplied energy (Qtotal) 
and the volumes of heat recorded at the end-use points 
(Quseful), followed by the distribution of losses by individ-
ual technological links.

The weighted average level of heat energy loss-
es at the enterprise during July–September 2024 was 
18.9%. The distribution of heat losses between the 
main infrastructure elements allowed to identify crit-
ical areas of energy efficiency and form priorities for 
technical intervention. To visualise the contribution of 
each structural component to the overall loss rate, a 
graph was constructed showing the specific proportion 
of losses in pipelines, heat exchangers, cooling systems, 
and non-localised zones (Fig. 2).

Figure 2. Distribution of heat losses by infrastructure components
Source: compiled by the author
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Structural analysis of heat energy losses confirmed 
that the largest share is accounted for by main pipe-
lines – 7.3% of the total volume of heat energy supplied 
(Qtotal), which indicates the determining contribution 
of this component to the systemic inefficiency of the 
heat transport infrastructure. This result is explained by 
physical wear of the insulation, insufficient sealing of 
joints, and failure to comply with technical regulations, 
which makes it impossible to effectively compensate for 
losses without network reconstruction. In second place 
in terms of losses is heat exchange equipment (5.8%), 
where losses were caused by violation of heat trans-
fer modes, low flow turbulence, and outdated design. 
In cooling circuits, losses were 4.1% and were mainly 
associated with inefficient utilisation of residual heat, 
in particular, due to excessive water cooling without 
reverse heat recovery mechanisms. The category “oth-
er losses” covers 1.7% and included losses in shut-off 
valves, strapping, drains, and other small system ele-
ments. Their localisation is more complex, but they can 
be compensated by point-based technical interventions 
at minimal cost.

The overall picture indicates a disparity in the loss 
structure, where a significant share was occupied by 
components that can theoretically be effectively up-
graded. This creates prerequisites for the development 
of a phased thermal rehabilitation strategy, which 
should cover the priority renewal of pipelines and heat 
exchangers, and the development of a feasibility study 
for the recovery of lost heat from cooling circuits. Com-
parison with the results of the study by D. Al Momani et 
al.  (2023) showed that the level of losses in pipeline 
systems of industrial enterprises in the food sector in 
the absence of modernisation was 6-9%. The indicator 
of 7.3% obtained at PJSC Kamet-Steel is comparable un-
der conditions of similar thermal load scales, although 
at higher temperatures of the technological cycle. The 
applied approach of local thermal audit was consist-
ent with the methodological approaches set out in the 
mentioned source.

According to the generalised conclusions of 
M.  Meng & D.  Qu  (2022), the share of losses in heat 
transportation and utilisation systems in some regions 
of China is up to 20%, and energy efficiency in general 
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ranges from 76-85%. The loss structure recorded at the 
enterprise under study reproduced a similar configura-
tion, where the predominant share was accounted for 
by pipeline infrastructure and heat exchangers. Fixing 
a stable loss rate of almost 19% indicated an addi-
tional thermal load, which, according to the model by 
C. Tang et al. (2025), has a direct relationship with the 
growth of carbon production intensity. This suggests 
that even in the absence of direct monitoring of CO2 
emissions, such thermal inefficiency can be an indirect 
indicator of increased impact on the climate system. In 
this context, the integration of environmental indica-
tors into the energy audit system is not only desira-
ble, but also a methodologically justified condition for 
modern energy environmental management. As part of 
the study by G.  Kaletnik  et al.  (2020), the importance 
of residual heat utilisation as one of the key elements 
for achieving energy autonomy of industrial facilities 
was emphasised. The recorded level of losses in the 
enterprise’s cooling systems (4.1%) confirmed the fea-
sibility of creating heat recovery systems, even in medi-
um-temperature conditions.

A comparative analysis of the obtained heat loss 
indicators with the results of previous studies revealed 
both elements of consistency and structural discrep-
ancies due to the specifics of the research object. In 
particular, according to V.V.  Dubrovsky & A.A.  Shraib-
er (2020), heat losses in cooling systems based on film 
heat exchange can reach 4-5% of the total energy bal-
ance due to inefficient open-circuit heat transfer and 
significant influence of meteorological factors. In the 
conditions of Kamet-Steel, losses in circulation cool-
ing systems were commensurate – at the level of 4.1%, 
which confirmed the stability of the scale of losses un-
der the condition of a similar cooling principle (cooling 
towers and open water circuits), but under more con-
trolled production conditions. The results obtained by 
O.A. Shraiber & V.B. Redkin (2018) indicate that in the 
case of insufficient turbulence in heat exchangers, the 

heat transfer efficiency decreases, which lead to losses 
of up to 6-7% of the supplied heat. In the course of this 
study, the average level of losses in heat exchangers was 
5.8%, but in some periods – in particular, in August – lo-
cal peaks were recorded that exceeded 6.1%. This be-
haviour is associated with an increased production load 
and deterioration of hydrodynamic conditions in heat 
exchange modules, which is consistent with the au-
thors’ hypotheses and indicated the presence of a mala-
daptive mode of operation of equipment at peak loads.

These values indicated that there is a potential to 
increase efficiency by at least 6-8% due to the modern-
isation of pipeline insulation and reconstruction of heat 
exchange equipment. In particular, the use of a new gen-
eration of plate heat exchangers reduced specific losses 
by 2-3%, and the introduction of multi-layer insulation 
with microporous fillers – by another 4%. In addition, 
correction of cooling modes through the introduction 
of reverse temperature control in circulation loops can 
reduce losses in cooling towers and heat carriers. The 
results of loss localisation confirmed the multicompo-
nent nature of the inefficiency of the heat supply sys-
tem, where each structural element makes a significant 
contribution to the total energy losses. Given the rel-
ative constancy of losses, it can be argued that there 
is infrastructure inertia, which prevents a proportional 
reduction in energy consumption during periods of re-
duced production. This justifies the need for a detailed 
energy audit using thermography, hydraulic model-
ling, and feasibility studies of reconstruction solutions.

Specific heat consumption per unit of production and 
influencing factors. Energy efficiency assessment at the 
level of individual product units is necessary for under-
standing the real level of technological optimisation of 
the enterprise. As part of the study, the company calcu-
lated the specific heat consumption (q), which reflects 
the average amount of heat used in GCal for each tonne 
of steel produced. The calculation was performed using 
the equation (3) (Table 3).

Source: compiled by the author

Table 3. Specific heat consumption per unit of steel produced at PJSC Kamet-Steel
Week Specific heat consumption (Gcal/t)

01-07.07 0.1861
08-14.07 0.1847
15-21.07 0.1903
22-28.07 0.1851

29.07-04.08 0.1822
05-11.08 0.1815
12-18.08 0.1829
19-25.08 0.1839

26.08-01.09 0.1878
02-08.09 0.1871
09-15.09 0.1901
16-22.09 0.1911
23-30.09 0.1923
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Fluctuations in specific heat consumption per unit 
of production in the analysed period ranged from 0.182 
to 0.192 Gcal/t, which reflects the uneven adaptation of 
the heat engineering infrastructure to changes in the 
production load. There is a clear trend: during periods 
of high technological activity (in particular, in August), 
the system shows increased consistency between en-
ergy supply and production volumes, which reduces 
unit costs. But in the conditions of a gradual decrease 
in production volumes in September, the heat load per 
unit of production increased, which indicated structural 
inertia and the presence of basic losses that cannot be 
adjusted in real time.

Such dynamics are inherent in enterprises with a 
complex branched heating network, where thermal en-
ergy is supplied not in proportion to real demand, but 
along inertial circuits that react with a time lag. This 
behaviour of the system may be conditioned by the lack 
of automated means of monitoring heat flows, low ac-
curacy of temperature control, and technical losses in 
the network. This indicated the need to integrate el-
ements of flexible energy management, especially in 
the phases of declining production. According to the 
findings of T. Jiang et al. (2022), in sectors with a high 
specific heat load, there is a direct relationship between 
the maladaptivity of thermal power systems and car-
bon intensity. It was found that a steady increase in unit 
costs at the end of the study period not only indicates a 
deterioration in energy efficiency, but also has environ-
mental consequences that require further study in the 
context of the industrial decarbonisation strategy. 

The problem of irrational heat distribution in 
low-load phases was also mentioned in the study by 
Z. Chen et al. (2023), where it was proved that low con-
trollability of heat exchange processes under condi-
tions of variable circulation modes leads to local en-
ergy imbalances. The company’s observed increase in 
q in September with a decrease in steel output is fully 
consistent with this observation. The researchers also 
emphasised that even minor improvements in the field 
of thermal insulation or circuit automation can signifi-
cantly reduce unit costs. These results are supported by 
S. Gennitsaris et al. (2023), who showed that the inte-
gration of digital unit cost monitoring systems in real 
time allows quickly identifying inefficient production 
modes and reducing q by 3-5% without the need to 
attract significant investment. In this context, the lack 
of dynamic control over heat flows at the Kamet-Steel 
enterprise can be a determining factor for consistently 
high losses during periods of reduced load.

At the strategic level, the results of the study by 
M. Zos-Kior et al. (2021) indicated that the specific en-
ergy consumption indicator should be an integrated el-
ement of a multi-level resource efficiency assessment 
system, since it reflects the quality of energy man-
agement throughout the entire product life cycle. The 
dynamics of the q-indicator established in the course 

of this study confirms the feasibility of localised loss 
control and the introduction of technological modifica-
tions focused not only on the economic, but also on the 
environmental performance of energy consumption. 
The results obtained are consistent with international 
trends and empirical estimates from other industries, 
indicating the need to implement technical and eco-
nomic solutions to improve efficiency. The dynamics of 
specific heat consumption demonstrated their sensi-
tivity to changes in the production load and the fea-
sibility of using this indicator as a diagnostic tool for 
optimising heat supply. The implementation of system 
improvements would allow for a gradual increase in 
energy efficiency, considering complex technical and 
environmental parameters.

Environmental consequences of heat losses and 
prospects for decarbonisation of industrial energy con-
sumption. Heat losses in industrial power systems are 
not only of technical, but also of environmental sig-
nificance. The loss of almost a fifth of the heat indi-
cated the existence of a constant thermal load on the 
system, which not only reduces energy efficiency, but 
also indirectly generates an increase in greenhouse 
gas emissions. In technologically complex industries, 
such as metallurgy, where the bulk of energy is sup-
plied in the form of heat, the degree of efficiency of 
its use directly determines the intensity of the carbon 
footprint of the finished product. The loss structure 
is dominated by pipelines, heat exchangers, and cool-
ing circuits. The decline in efficiency at these stages 
indicated not only the technical obsolescence of in-
frastructure elements, but also the lack of effective 
heat recovery mechanisms, which are already standard 
practice in a number of countries. For example, the 
absence of heat accumulators or the secondary use of 
residual heat in cooling systems does not reduce peak 
losses, which is especially pronounced during peri-
ods of reduced production load. Heat losses are not a 
constant technological value, but act as an indicator 
of the system’s adaptability to production dynamics. 
Their growth against the background of a decrease in 
output volumes in September indicates infrastructure 
inertia and a low degree of integration of intelligent 
control systems.

Comparison with the results of the study by 
T.  Jiang  et al.  (2022) confirmed that in sectors with a 
high specific heat load, such as energy and metallurgy, 
the level of heat loss is directly related to an increase 
in carbon intensity. The paper noted that the inability to 
adapt the system to changes in consumption leads to 
the accumulation of CO₂ emissions even with a gener-
al decrease in production. This is fully consistent with 
this work’s results, where an increase in unit costs in 
September, despite a decline in steel output, indicates 
a potential environmental vulnerability. Similar con-
clusions were noted by S.R. Paramati et al. (2022), who 
proved that reducing heat losses by 1-2% in industry 
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Ефективність теплового енергоспоживання  
на промислових підприємствах України в умовах екологічних обмежень
Віталій Горський
Доктор філософії, науковий співробітник
Інститут загальної енергетики Національної академії наук України
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Анотація. Метою дослідження було виявити ключові закономірності теплового енергоспоживання та 
сформувати аналітичну основу для оптимізації технологічних процесів з урахуванням екологічних вимог. 
Методологія передбачала поетапний розрахунок коефіцієнта корисного використання тепла, питомих витрат 
і структури теплових втрат на основі інструментальних даних теплоспоживання публічного акціонерного 
товариства «Камет-Сталь» за липень-вересень 2024 року. Оцінка ефективності теплового енергоспоживання 
на підприємстві засвідчила стабільний, однак недостатній рівень використання енергії: середній коефіцієнт 
становив 81,0  %, тоді як втрати тепла не знижувались нижче 18,9  %. Структурний аналіз показав, що 
найбільшу частку втрат становили трубопроводи (7,3 %), теплообмінники (5,8 %), охолоджувальні контури 
(4,1  %) та інші втрати (1,7  %), що свідчить про наявність кількох критичних зон неефективності. Питомі 
витрати тепла на одиницю продукції варіювалися в межах 0,1815-0,1923 Гкал/т і зростали у вересні попри 
зменшення обсягів виробництва, що вказує на інерційність системи постачання. На основі результатів 
сформовано техніко-аналітичне підґрунтя для реконструкції енергонеефективних елементів інфраструктури 
з орієнтовним потенціалом зниження втрат на 6-8 %. Представлені висновки також підтвердили доцільність 
цифрового моніторингу як інструменту стабілізації витрат і підвищення адаптивності до змін виробничого 
навантаження. Отримані результати можуть бути використані для розроблення техніко-економічних заходів 
з реконструкції теплотранспортної інфраструктури промислових підприємств, зокрема через оптимізацію 
режимів теплообміну, модернізацію трубопроводів і впровадження систем рекуперації залишкового 
тепла. Це дозволить знизити питомі витрати енергії, стабілізувати тепловий баланс і зменшити екологічне 
навантаження на навколишнє середовище

Ключові слова: коефіцієнт корисного використання тепла; металургійне виробництво; вуглець; трубопровідні 
мережі; охолоджувальні контури; рекуперація
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Abstract. Energy consumption is a key indicator of the efficiency of production lines, especially in the context of 
variable loads and process intensification. The study aimed to model and analyse energy consumption on the 
production lines of Zaporizhstal PJSC to assess the efficiency of equipment operation under different load conditions. 
The study was based on energy balance, mathematical modelling and statistical analysis. The correlation analysis 
(Pearson, Spearman), analysis of variance and regression modelling were used to assess the relationship between 
energy consumption and technological parameters. The calculations were performed using MATLAB, Python 
(Pandas, Statsmodels, Scikit-learn) and Excel software. The results demonstrate that the introduction of adaptive 
energy management can reduce average electricity consumption by 15-25%, and optimisation of equipment 
operating modes helps to reduce peak loads by 18-22%. The study determined that the efficiency of industrial 
units largely depends on the dynamics of loads and the level of process automation, which confirms the need 
to integrate digital systems for monitoring and controlling energy resources. The use of mathematical models 
for predicting electricity consumption can be used to estimate possible overruns, identify critical equipment 
operating modes and adjust load parameters promptly. The obtained results confirm that the implementation 
of adaptive control algorithms ensures an even distribution of energy consumption, which is especially 
important for industries with high dynamics of load changes. The proposed models can be used to improve the 
efficiency of industrial enterprises, reduce energy costs and optimise the management of production processes

Keywords: rational energy use; intelligent control systems; energy balance; industrial loads; digital monitoring 
technologies; resource management
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Modelling and analysis of energy consumption on production lines

Introduction
Optimisation of energy consumption in production lines 
is a key area for improving the efficiency of industrial 
enterprises, as high energy intensity of production pro-
cesses directly affects the cost of production and com-
petitiveness of companies. The rising cost of energy re-
sources and the need to reduce the negative impact on 
the environment require the introduction of innovative 
approaches to energy management. Modern methods, 
such as mathematical modelling, predictive analytics and 
adaptive control, reduce energy losses, improve equip-
ment efficiency and optimise production processes.  

However, the implementation of such approaches re-
quires a detailed analysis of the energy consumption 
structure at each stage of production, incorporating the 
specifics of technological processes and adapting con-
trol algorithms to dynamic changes in loads.

Modern research confirms the effectiveness of dig-
ital technologies in reducing energy costs. F. Degen & 
M. Schütte (2022) assessed the life cycle of energy con-
sumption in the production of batteries, demonstrat-
ing the significant potential for energy optimisation.  
M. Kumar et al.  (2021) emphasised the importance of 
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1. Analyse the energy consumption of individual 
technological operations on production lines and iden-
tify key factors affecting energy efficiency.

2. Perform mathematical modelling of energy con-
sumption in variable modes of equipment operation 
and assess its economic feasibility.

3. Assess the effectiveness of digital energy mon-
itoring technologies and their impact on cost optimi-
sation.

Materials and Methods
The study was based on production results data from 
Zaporizhstal  (2024) for 2023. The focus was on the 
analysis of the enterprise’s energy consumption within 
its key production units: blast furnace, converter and 
rolling shops. Zaporizhstal was selected for the study 
due to several key factors. Zaporizhstal is one of the 
largest metallurgical enterprises in Ukraine, which 
plays a significant role in the national industry and 
demonstrates a high level of energy consumption. Met-
allurgical production is one of the most energy-inten-
sive sectors of the economy, therefore optimisation of 
the consumption of electricity, gas and heat resources 
at such a large-scale enterprise can have a significant 
economic and environmental impact. Zaporizhstal is 
actively introducing innovative technologies and mod-
ernising its production, which can be used to assess the 
impact of automation and digital control systems on 
reducing energy consumption. The company’s data is 
open for analysis due to public reporting on energy in-
dicators, which ensures the objectivity of the study. The 
company’s production process includes a blast furnace, 
converter and rolling production, which can be used 
to study energy consumption at different stages of the 
technological cycle. This makes it possible not only to 
assess the overall level of energy consumption but also 
to identify the most energy-intensive operations and 
potential reserves for their optimisation.

To assess the efficiency of energy use, predictive 
modelling was used to account for the level of auto-
mation of production processes at the enterprise, var-
iable loads on equipment and specifics of technologi-
cal operations. Assessment of the dynamics of energy 
consumption depending on changes in production 
processes, as well as the impact of equipment modern-
isation and automation on the stability of energy con-
sumption, were emphasised. The study identified possi-
ble ways to optimise energy consumption and improve 
the efficiency of the enterprise. The study developed 
individual strategies for the enterprise, including the 
introduction of digital energy consumption monitoring 
tools, variable load management algorithms, and ener-
gy efficiency training for staff. Modern analytical plat-
forms were used to collect and analyse data, including 
SCADA systems for automatic monitoring of electricity 
consumption, Python (Pandas, NumPy, SciPy libraries) 
for modelling energy consumption, and Tableau for 

predictive analytics in smart factories, which can re-
duce energy consumption through artificial intelligence 
and big data analysis. J. Polcyn et al. (2021) investigated 
the factors influencing the use of renewable energy in 
industry, showing its significant role in reducing costs. 
H.  Dong & J.  Li  (2023) used mathematical modelling 
to assess productivity and energy consumption in mass 
production lines and identify the main ways to opti-
mise processes. M.M. Mundu et al.  (2024) emphasised 
the importance of simulation modelling for assessing 
the efficiency of energy systems and predicting load 
changes. A.  Akhatova  et al.  (2022) analysed agent-
based modelling to assess the decarbonisation of en-
ergy systems, emphasising the importance of a sys-
tematic approach to managing resource consumption. 
J.  Fouladvand  (2024) explored the prospects of smart 
energy networks and confirms that the digitalisation 
of electricity management helps to stabilise loads on 
production lines. S. Baidya et al. (2021) focused on the 
challenges and opportunities of digitalising energy sys-
tems, which is a key factor in the efficient management 
of industrial production.

M.P. Bakht et al. (2024) analysed the optimal design 
of hybrid power systems to ensure uninterrupted power 
supply, which is critical for the stable operation of pro-
duction lines. P.J. Binderbauer et al. (2023) investigated 
the impact of economies of scale on energy consump-
tion in different industrial sectors, identifying the rela-
tionship between digitalisation and energy efficiency. 
L. Bretschger (2024) examined the macroeconomic as-
pects of the energy transition and emphasised the role 
of regulatory support in the introduction of innovative 
technologies. D. Çelik et al. (2022) analysed approaches 
to the digitalisation of energy systems and their impact 
on sustainable development, confirming the effective-
ness of artificial intelligence and mathematical model-
ling. However, the impact of variable production loads 
on energy efficiency remains insufficiently studied and 
requires further analysis.

Despite significant progress in the implementation 
of energy-efficient technologies on production lines, 
the specific mechanisms of the impact of energy op-
timisation on the economic performance of industrial 
enterprises have not been sufficiently studied. There is 
a need for a deeper analysis of how the integration of 
mathematical modelling and adaptive control affects 
the reduction of operating costs, increases equipment 
productivity and ensures the resilience of production 
processes to changes in energy markets. It is also nec-
essary to study the specifics of implementing energy ef-
ficiency solutions at enterprises of different industries 
and sizes, as well as to assess the impact on competitive-
ness in the context of the global energy transformation.

The study aimed to model and analyse energy con-
sumption on production lines, incorporating variable 
technological operations, to evaluate the efficiency of 
equipment under different loads. Tasks of the study:
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visualising the results. The use of mathematical mod-
elling made it possible to assess the impact of variable 
loads on equipment efficiency and to formulate rec-
ommendations for optimising energy consumption at 
industrial enterprises.

The research methods included mathematical mod-
elling of energy consumption, analysis of variable loads 
on production lines, and evaluation of the effectiveness 
of implemented energy-saving strategies. Multifacto-
rial analysis of the relationship between production 
process parameters, optimisation algorithms for energy 
consumption forecasting, and statistical methods for 
assessing the impact of adaptive control on equipment 
performance were used. Data collection was carried 
out in two stages. At the initial stage, the actual energy 
consumption of equipment at enterprises was meas-
ured. The data was collected in real-time using SCA-
DA systems and automated electricity meters. Regres-
sion analysis and optimisation algorithms were used 
to identify patterns in energy consumption depending 
on the operating modes of production equipment. Cal-
culations were made in the following areas: forecast-
ing peak loads based on historical data of production 
processes, analysing the efficiency of equipment under 
variable loads to identify energy losses, optimising en-
ergy consumption by regulating the speed of units and 
using automated control systems. A linear regression 
equation (1) was used to forecast peak loads:

Ppeak = β0 + β1T + β2L + β3N + εP ,                  (1)

where Ppeak – projected peak load (kW); T – temperature 
of the operating environment (°C); L – average load on 
the equipment  (kW); N – number of operating units; 
β0, β1, β2, β3 – regression coefficients obtained from 
historical data; ε – model error. The regression coeffi-
cients were determined using the least squares meth-
od, which was used to predict the load with an accuracy 
of more than 90% and prevent peak overloads in the 
network. The efficiency of the equipment was assessed 
by the installed capacity factor (2):

𝐾𝐾𝐾𝐾𝐾𝐾𝐾𝐾 = 𝑃𝑃𝑃𝑃𝑎𝑎𝑎𝑎𝑎𝑎𝑎𝑎𝑎𝑎𝑎𝑎
𝑃𝑃𝑃𝑃𝑛𝑛𝑛𝑛𝑛𝑛𝑛𝑛𝑛𝑛𝑛𝑛

× 100%  ,                      (2)

where Pavg – average load (kW); Pnom – rated power of 
the unit (kW). If Kη <70%, the equipment is operating 
inefficiently, which may indicate energy losses due to 
downtime, uneven loading or insufficient coordination 
of the units. Energy losses Eloss (3) due to inefficient 
equipment operation were also determined (3):

Eloss = (1 - Kη) × Pnom × t ,                        (3)

where t – operating time of the equipment (h). To optimise 
energy consumption, a dynamic speed control approach 
to the units was used. The power consumption was min-
imised based on the following optimisation model (4):

min∑i = Pi
 .                                (4)

Under limitations:
1. Power balance (5):

∑iPi
 ≥ Preq

 ,                                (5)

where Preq – required power to support the process.
2. Range of operation of the units (6):

Pmin
 ≤ Pi

 ≤ Pmax
 ,                          (6)

where Pmin, Pmax – minimum and maximum power of the 
unit.

3. Limiting the speed of power change (to avoid 
load surges) (7):

Pi ( t ) - Pi ( t - 1) |≤ ΔP .                        (7)

The average absolute error and root mean square 
error were used to assess the forecasting accuracy. 
The impact of adaptive control on energy efficiency 
was assessed by comparing the dynamics of electric-
ity consumption before and after the introduction of 
mathematical models for load forecasting and adaptive 
control algorithms. The following statistical methods 
were used: analysis of variance to assess significant 
differences in energy consumption between periods 
(p < 0.05), correlation analysis (Pearson and Spearman 
coefficients) to determine the relationship between the 
level of automation and energy consumption reduction, 
regression analysis to assess the effectiveness of the 
implemented forecasting models. 

Results
Energy consumption on production lines is determined 
by a set of technological operations that have different 
levels of energy intensity. Analysis of the structure of 
energy consumption identified the processes that con-
sume the most resources and developed measures for 
optimisation. The study demonstrated that the main 
factors affecting energy consumption are the type of 
equipment, its mode of operation, process load and 
operating conditions. Identification of the most en-
ergy-intensive technological operations divided the 
production process into key stages and assessed con-
tribution to the overall energy consumption. The anal-
ysis determined that the highest energy consumption 
is accounted for by heat treatment, cooling and com-
pression operations, which is explained by high-tem-
perature requirements and the large amount of energy 
used. At the same time, the operations of automated 
quality control and product transportation demonstrat-
ed significantly lower energy consumption. When using 
mathematical models to assess energy consumption 
efficiency, actual and projected energy consumption 
was compared. 
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The analysis showed that actual costs often ex-
ceed the calculated values, which indicates ineffi-
cient use of equipment or insufficient adaptation to 
changes in process conditions. Optimisation of control 
parameters can reduce these deviations and increase 
the overall efficiency of the production process. The 
identified patterns between technological parameters 
and energy consumption indicate the need for more 
accurate load forecasting and adaptive resource man-
agement. In particular, the introduction of optimisa-
tion algorithms can reduce peak energy consumption 
and balance the load on equipment, which will help 
to improve the overall energy efficiency of production 
processes in the future. Figure  1 illustrates the dis-
crepancy between actual and predicted energy con-
sumption in different process operations. The heat 
treatment and cooling processes have the largest 
deviations between actual and predicted values, indi-
cating potential optimisation reserves. Transportation 
and automated quality control operations show less 
variability, which confirms their stability in terms of 
energy consumption.

Figure 1. Comparison of actual and projected energy 
consumption by individual process operations

Source: compiled by the author based on Zaporizhstal (2024)

Figure 2. The influence of variable loads on the 
efficiency of equipment in production processes

Source: compiled by the author based on Zaporizhstal (2024)

control methods and introduce additional load man-
agement algorithms. 

The study showed that variable operating modes 
of equipment on Zaporizhstal’s production lines signif-
icantly affect its productivity and energy efficiency. The 
most unstable loads were observed in the heat treat-
ment and compression processes, where power fluctu-
ations reached ±18% of the average level. This resulted 
in energy overruns, as the equipment often operated in 
inefficient modes with increased consumption. The fac-
tors that led to such cost overruns included fluctuations 
in the input parameters of raw materials, uneven loading 
of units and insufficient synchronisation of individual 
process stages. The use of mathematical models for pre-
dicting changes in loads, including regression analysis 
and machine learning methods identified the optimal 
operating modes of the equipment. The use of adaptive 
control algorithms helped to reduce peak electricity 
consumption by 15%, which was confirmed by calcu-
lations based on the company’s energy balance model.

Figure 2 shows the impact of variable loads on the 
efficiency of production lines in different technological 
processes. The largest load fluctuations are observed 
on heat treatment and machining lines, where peak 
values exceed the average by 30-40%, indicating une-
ven operation and potential energy overruns. Automat-
ed inspection and warehousing lines show the least 
deviations, indicating their stability and predictability 
of energy consumption. The identified patterns can be 
used to predict changes in loads and optimise the op-
eration of production lines, minimising energy losses.
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Analysis of the energy consumption of individual 
technological operations determined the structure of 
energy consumption on production lines and identi-
fied the most energy-intensive processes. As shown 
in the graph, heat treatment (320  kWh) and pressing 
(280 kWh) account for the highest energy consumption 
among the analysed processes, which indicates a high 
intensity of energy consumption in these processes. 
Cooling consumes the least energy (180 kWh), as this 
stage is usually optimised using recuperative systems 
and energy-efficient technologies. A comparison of ac-
tual and projected energy consumption revealed cer-
tain patterns between process parameters and energy 
consumption. For instance, the projected figures show 
that consumption can be reduced by an average of 
5-10% through process optimisation, equipment speed 
control and the introduction of adaptive control sys-
tems. The deviation between actual and predicted data 
is most noticeable in the case of heat treatment and 
pressing, which indicates the need to improve energy 

1,500
1,200

2,100

1,680

800 880
700770

40 40 10 10
0

500

1,000

1,500

2,000

2,500

Heat
treatment

Mechanical
processing

Automated
warehousing

Quality
control

Average load (kW)
Peak load (kW)
Fluctuations (%)

An analysis of the dynamics of loads on production 
lines showed that uneven energy consumption is asso-
ciated with the cyclical nature of technological opera-
tions, changes in equipment performance and external 
factors such as ambient temperature or wear and tear 
on the units. The regression analysis showed that there 
is a strong correlation between load dynamics and 
power consumption (r = 0.87). At the same time, the re-
sults of the analysis of variance confirmed statistically 
significant differences in energy consumption between 
periods of stable load and phases of peak fluctuations. 
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The most energy-intensive operations were heat treat-
ment operations, which consume an average of 32% 
of the total electricity, as well as compressor units and 
pumping equipment, which show significant losses 
due to uneven operation. The use of adaptive control 
algorithms based on neural network forecasting mod-
els helped identify the key factors that cause electricity 
overruns, including suboptimal equipment operation 
parameters and untimely load adjustments. 

Regression modelling has shown that automation 
of the load balancing process can reduce energy con-
sumption by 12-18%, which is especially important for 
production lines with a high level of variability in op-
erating modes. The use of hybrid models based on ma-
chine learning and statistical methods (a combination 
of ARIMA and neural network forecasts) created adap-
tive equipment scenarios that reduced peak loads by 
15-20% and contributed to an even distribution of en-
ergy consumption across shifts. This confirms the need 
to integrate digital monitoring and optimisation tech-
nologies into the energy management system of manu-
facturing enterprises, which will not only reduce overall 
energy costs but also ensure the stability of equipment 
operation and increase the efficiency of production pro-
cesses. Figure 3 shows the relationship between varia-
ble loads and energy consumption on production lines.

load and energy consumption: the correlation coef-
ficient of r = 0.82 indicates a strong dependence, and 
when the load exceeds 95%, the energy consumption 
curve becomes exponential. The results indicate the 
need to implement adaptive load management algo-
rithms that will reduce peak power losses by 10-15% 
and optimise equipment operation without reducing 
performance.

An analysis of the effectiveness of adaptive energy 
management has shown that the introduction of adap-
tive algorithms for controlling equipment power can 
be used to optimise the operating modes of production 
units, reducing energy overruns. The use of mathemat-
ical models for load forecasting and automated power 
control helps to reduce peak costs by 12-18%, which 
is confirmed by a comparative analysis of energy con-
sumption before and after the introduction of adaptive 
control. The greatest effect of adaptive control was ob-
served in processes with variable load levels, such as 
heat treatment and compression systems, where energy 
losses were reduced by up to 20%. Automated adjust-
ments to the operating parameters of the units helped 
reduce the time the equipment operated in unprofita-
ble modes, reducing the average electricity consump-
tion from 460 kWh to 405 kWh per unit of output. 

The study determined that the introduction of 
adaptive control is particularly effective in conditions 
of unstable loads when traditional methods of regula-
tion cannot be used for a prompt response to changes 
in consumption. The regression analysis showed that 
the correlation coefficient between the level of control 
automation and energy cost reduction is r = 0.87, which 
confirms the high efficiency of the implemented solu-
tions. These results demonstrated the need to integrate 
adaptive algorithms into the production process control 
system to improve the energy efficiency of enterprises. 
Figure  4 illustrates the change in average electricity 
consumption before and after the implementation of 
adaptive control, as well as the percentage reduction in 
peak consumption.

Figure 3. Relationship between equipment load level 
and electricity consumption

Source: compiled by the author based on Zaporizhstal (2024)

Figure 4. Impact of adaptive control on electricity 
consumption in production processes

Source: compiled by the author based on Zaporizhstal (2024)

The graph shows that when the load increases to 
80-90% of the maximum capacity of the equipment, 
energy efficiency remains relatively stable, and the av-
erage electricity consumption is at 420-460 kWh. How-
ever, after exceeding 90% of the load, there is a sharp 
increase in energy consumption, and when operating at 
100% capacity, it reaches 520-550 kWh, which indicates 
energy overruns. This indicates that there is an optimal 
range of equipment operation, beyond which a signifi-
cant drop in efficiency begins. The detected anomalous 
points at 95-100% load demonstrate a spike in energy 
consumption of up to 15-20% compared to the predict-
ed values. This is due to inefficient operating modes 
or insufficient adaptation of load control. Regression 
analysis confirmed the non-linear relationship between 
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As can be seen from Figure 4, before the implemen-
tation of adaptive algorithms, the average consump-
tion was 460  kWh, and afterwards, it was 405  kWh, 
which confirms the effectiveness of automated power 
control. A 15% reduction in peak energy consumption 
indicates that the units’ operating modes have been 
optimised, which minimises unprofitable costs. These 
results confirmed the importance of implementing 
adaptive control to improve the energy efficiency of 
production processes. The use of mathematical model-
ling to optimise energy consumption made it possible 
to assess the accuracy of energy consumption forecast-
ing and identify key relationships between process pa-
rameters and energy consumption. Correlation analysis 
revealed a strong relationship between production line  

speed and energy consumption (r = 0.84), indicating a 
significant impact of process variables on energy effi-
ciency. Analysis of variance confirmed statistically sig-
nificant differences in energy consumption between 
different equipment operating modes, in particular 
between standard and optimised control algorithms. 
Regression modelling was used to build a mathemat-
ical model of the dependence of energy consumption 
on production parameters, which explains 92% of the 
variation in the data (R2 = 0.92). Figure  5 shows the 
results of the regression modelling of the dependence 
of energy consumption on production parameters. The 
actual data is shown as a scatter plot, and the red line 
represents the predicted energy consumption based 
on the regression model.

Figure 5. Use of mathematical modelling to optimise energy consumption
Source: compiled by the author based on data from Zaporizhstal industrial enterprises (2024) and statistical analysis (SCADA 
systems, MATLAB, Python)
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There is a strong linear relationship between the 
level of production load and energy consumption 
(R2 = 0.931), which confirms the high accuracy of the 
modelling. The results indicated that when the produc-
tion load increases by 10 units, electricity consumption 
increases by approximately 15.18 kWh. This highlighted 
the need to optimise production processes to minimise  

energy losses when the load increases. The results 
demonstrated high forecasting accuracy; therefore, the 
model is to be used to optimise energy consumption, 
minimise cost overruns and improve the efficiency of 
production systems. Table  1 shows the key economic 
indicators that reflect the impact of energy efficiency 
technologies on manufacturing enterprises. 

Source: compiled by the author

Table 1. Assessment of the economic effect of implementing energy-efficient solutions

Metric Value
Reduction in average energy consumption (%) 23
Reduction of peak loads on the power grid (%) 20

Costs of optimisation of electricity (thousand USD) 630
Increased competitiveness (profitability growth, %) 11.02

Return on investment (years) 5
Minimisation of energy losses in production facilities with high change dynamics (%) 22
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An assessment of the economic effect of imple-
menting energy-efficient solutions confirmed a sig-
nificant reduction in average energy costs by 15-25%, 
which was made possible by the introduction of adap-
tive energy management algorithms and process op-
timisation. An analysis of the dynamics of power grid 
loads showed that a more even distribution of energy 
consumption reduced peak loads by 20%, which had a 
positive impact on the stability of power supply and 
reduced the risk of emergency outages. Optimisation 
of electricity costs reduce production costs of compa-
nies, which increased competitiveness in the market. 
The economic impact was also assessed by analysing 
potential investments in the modernisation of energy 
systems, where calculations showed that the return 
on investment in the introduction of digital energy 
management technologies is 3-5 years, depending on 
the scale of the enterprise. The regression analysis 
compiled a mathematical model of the dependence of 
energy consumption on technological parameters of 
production. In particular, the regression equation has 
the form (8):

E = β0 + β1T + β2V + β3P + εE ,                (8)

where E – energy consumption; T – heat treatment tem-
perature; V – cooling rate; P – equipment power; βi – 
regression coefficients; ε – random error. Equation  (8)  

covers the main parameters of the production process, 
defined through equations (1-7), assessing the impact 
of changes in technological conditions on the total 
energy consumption and identify opportunities for its 
optimisation. The obtained values of the regression 
coefficients were statistically significant. The value of 
the coefficient of determination R2 = 0.87 indicates the 
high accuracy of the model. The average absolute error 
for the forecast model was 4.5%, and the root mean 
square error was 5.8%, which indicates the high effi-
ciency of the optimisation algorithms. The optimisation 
algorithms made it possible to determine the minimum 
required level of energy consumption for different pro-
duction modes, while the constraints in the task of min-
imising energy consumption were set in the form of (9):

minE = f( T,V,P ) under the conditions
Tmin

 ≤ T ≤ Tmax,Vmin
 ≤ V ≤ Vmax

 .                   (9)

To evaluate the accuracy of the forecast models, the 
estimated and actual energy consumption at the pro-
duction lines of Zaporizhstal PJSC was compared. The 
results of the study provide generalised indicators for 
the main energy-intensive processes of the enterprise, 
which determined the deviation between expected and 
actual energy consumption. This approach helped to 
identify the factors influencing energy overruns and de-
termine the potential for process optimisation (Table 2).

Table 2. Comparison of actual and estimated energy consumption at Zaporizhstal’s production lines

Source: compiled by the author

Production unit Actual energy consumption (MWh) Estimated energy consumption (MWh) Deviation (%)
Blast furnace shop 1,800 1,650 9.1%

Converter shop 1,450 1,350 7.4%
Rolling mill 1,250 1,200 4.2%

Total energy consumption 4,500 4,200 7.1%

As shown in Table  2, the largest deviations be-
tween actual and forecasted energy consumption are 
observed in the blast furnace (9.1%) and basic oxygen 
furnace (BOF) shops (7.4%). This is due to the complexi-
ty of thermal process control, fluctuations in the param-
eters of input raw materials and instability of process 
conditions. The relatively small deviation in the rolling 
mill  (4.2%) reflects a higher level of process automa-
tion, which improves management efficiency of equip-
ment loads. The results confirm the need to improve 
energy management algorithms and introduce adaptive 
control systems, which will reduce electricity losses by 
up to 5-7% and optimise production costs. The use of 
mathematical models for forecasting consumption has 
made it possible to assess further prospects for cost 
reduction, through the integration of smart energy sys-
tems and automated monitoring. It was found that the 
greatest economic effect is achieved in industries with 
high load changes, where flexible control algorithms 

make it possible to minimise energy losses by 18-22%. 
The analysis of the data obtained confirms that the 

introduction of digital energy consumption monitoring 
technologies is one of the key factors in improving the 
energy efficiency of production lines. The use of auto-
mated energy management systems, such as SCADA 
systems, enables real-time monitoring of electricity 
consumption, detection of abnormal consumption and 
prompt adjustment of equipment operating modes. 
Optimisation of the parameters of the units’ opera-
tion using mathematical models for predicting energy 
consumption helps to minimise losses and ensure the 
rational use of resources. The use of adaptive control 
has proved particularly effective, adjusting parameters 
based on changes in load, reducing peak electricity 
consumption by 18-22%. The prospects for the integra-
tion of smart energy networks (smart grid) open up ad-
ditional opportunities for load stabilisation, consump-
tion forecasting and the introduction of self-regulation 
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algorithms, which will help reduce overall energy costs 
and increase the competitiveness of enterprises.

The study confirmed that optimising energy con-
sumption on production lines is a critical factor in 
improving the efficiency of industrial enterprises. The 
use of mathematical modelling and automated control 
systems can reduce average electricity consumption by 
15-25% and peak loads by 20%, which increases equip-
ment stability and reduces costs. Correlation analysis 
has shown that there is a strong link between the level 
of process digitalisation and the reduction in energy 
consumption (r = 0.87), confirming the effectiveness of 
implementing smart control systems. The greatest eco-
nomic effect is observed in industries with high load 
dynamics, where flexible control algorithms can min-
imise losses by 18-22%. The implementation of adap-
tive equipment power control algorithms significantly 
reduces energy overconsumption and increases the ef-
ficiency of technological processes. 

Discussion
The results of the study confirm that the use of digital 
technologies and adaptive energy management signif-
icantly improves the efficiency of production lines, re-
ducing average energy consumption by 15-25% and re-
ducing peak loads by 20%. Optimisation of equipment 
performance through digital platforms can minimise 
energy losses, which is consistent with the study by 
D. Chippada & M.D. Reddy (2023), emphasised the im-
portance of digitalisation in industry and its impact on 
resource efficiency. Digital technologies, such as SCA-
DA systems and smart grids, provide flexible manage-
ment of energy consumption and improve the accuracy 
of load forecasting. This correlates with the results of 
R. de la Torre et al. (2021), which emphasised the role 
of the digital economy and Industry 4.0 concepts in im-
proving productivity. In particular, the introduction of 
artificial intelligence algorithms to control power con-
sumption on production lines not only reduces energy 
losses but also adapts the operation of equipment to 
changing operating conditions.

E. Franquet & N. Lamrous (2021) investigated how 
digital finance affects green economic growth and the 
spatial efficiency of energy resources. In this context, 
the use of digital technologies for consumption fore-
casting and the integration of energy management sys-
tems can significantly reduce the environmental foot-
print of production processes. The introduction of such 
technologies not only saves energy but also reduces 
the carbon footprint of industrial enterprises, which is 
important in the context of sustainable development. 
The analysis of a study by S. Thiede et al.  (2023) con-
firmed that digitalisation promotes the development 
of renewable energy sources and improves the effi-
ciency of their use in production processes. P. Hehen-
berger et al.  (2023) also emphasised the positive im-
pact of digital technologies on economic growth and  

environmental sustainability, which confirmed the fea-
sibility of their active implementation in industry.

The use of blockchain technologies and machine 
learning algorithms in energy consumption monitor-
ing can be used for automating data analysis process-
es and improving the accuracy of energy consumption 
forecasting. This is consistent with the findings of V. Mi-
hai et al. (2021), proving the effectiveness of blockchain 
in ensuring transparency and improving the efficien-
cy of resource management. The study by R. Fatahi et 
al.  (2022) also confirmed that the use of digital plat-
forms helps to improve the operational efficiency of 
industries, especially in conditions of variable load. An 
analysis of the economic effect of implementing ener-
gy-efficient solutions showed that enterprises that have 
integrated digital energy management algorithms have 
demonstrated significant cost savings and a reduction 
in the payback period of investments to 3-5 years.

The study also confirmed the importance of min-
imising energy consumption in production processes 
through the introduction of adaptive algorithms and 
digital control technologies. O.  Benedikt  et al.  (2020) 
consider the problem of reducing idle electricity con-
sumption in industry and propose mathematical mod-
els for optimising energy consumption. The results ob-
tained confirm the effectiveness of this approach, as the 
use of adaptive control has reduced the unprofitable use 
of resources and increased overall production efficien-
cy. G. Rolofs et al. (2024) emphasised digital twins that 
provide real-time monitoring of energy consumption 
in production processes. Similarly, the use of an ener-
gy management system in the study demonstrated that 
the integration of digital models can be used to predict 
peak loads and reduces energy overruns. This is also 
consistent with the findings of L. Hellemo et al. (2024), 
who show that discrete-time modelling techniques are 
an effective tool for validating and optimising energy 
consumption in complex manufacturing systems.

The introduction of energy-efficient technologies 
plays a key role in increasing production productivity, 
which is confirmed by M. Fodstad et al.  (2022), which 
analysed the state of modern energy system models 
and emphasised the need to move to more efficient and 
flexible approaches to energy management. The data 
obtained indicate that the introduction of intelligent 
control algorithms can achieve an average reduction in 
energy consumption by 18%, which is consistent with 
advanced approaches to modelling energy systems. The 
transition to renewable energy sources and efficient en-
ergy-saving management is a promising area for indus-
trial enterprises. A. Kalair et al. (2021) consider the role 
of energy storage systems in the transition from fossil 
fuels to renewable sources. Similar approaches can be 
used to reduce peak loads and minimise energy losses in 
production lines. The use of digital forecasting technol-
ogies can be used to integrate alternative energy sourc-
es into the overall production process control system.
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The study emphasised modelling energy consump-
tion and assessing its efficiency under variable process 
loads. H. Chen et al. (2023) proposed models for assess-
ing energy consumption in production systems, incor-
porating the load response in the energy market. The 
results show that flexible load management can reduce 
overall energy costs and increase equipment efficien-
cy. M.M. Muhamad et al. (2022) investigated the use of 
inverter systems to improve the efficiency of electricity 
use in isolated systems. The introduction of such ap-
proaches can help stabilise energy consumption on 
production lines, especially in cases of unstable load. 
Similarly, E. Cozzolino et  al.  (2023) considered energy 
consumption in production processes and emphasised 
the need to adapt management strategies to minimise 
costs, which is fully consistent with the findings. Ap-
proaches to optimising energy consumption in man-
ufacturing focus on the integration of energy models 
with automated control systems. K.V. Sagar et al. (2024) 
presented a model that incorporates not only minimis-
ing electricity consumption but also reducing the car-
bon footprint of flexible production systems. The study 
confirmed that the use of such models can reduce the 
energy costs of enterprises by 15-25% without losing 
productivity. H. Ekwaro-Osire et al.  (2024) emphasised 
the need to choose the optimal model for predicting 
energy consumption for production processes. The 
analysis proved that the use of regression analysis and 
machine learning in energy consumption forecasting 
can achieve a prediction accuracy of more than 90%. 
The use of these models in a real-world production en-
vironment helps to allocate resources more efficiently 
and reduce costs.

A significant contribution to the development of 
digital approaches to energy management is made 
by M.R.  Hasan  et al.  (2023), which emphasised ener-
gy modelling in additive manufacturing. Their results 
confirmed that optimising equipment operation and 
implementing digital monitoring algorithms can sig-
nificantly reduce energy consumption. The results also 
showed the effectiveness of integrating digital technol-
ogies into production processes, which ensures stable 
operation of enterprises and increases their competi-
tiveness. The study results confirmed that adaptive en-
ergy management and digital monitoring technologies 
are effective tools for improving the energy efficiency 
of manufacturing enterprises. The introduction of dig-
ital solutions can reduce average energy costs by 15-
25% and reduce peak loads by 20%. The integration of 
adaptive control algorithms minimised irrational ener-
gy losses, which reduced overall energy costs by 12-
18%. The analysis of variable loads using mathematical 
modelling ensured the accuracy of energy consumption 
forecasting by more than 90%. Intelligent control sys-
tems contribute to a more accurate allocation of re-
sources and stable operation of equipment in optimal 
operating conditions.

Conclusions
The study confirmed that optimisation of energy con-
sumption is a key factor in improving the efficiency of 
an enterprise, especially in the face of variable loads 
on production lines. The analysis of the dynamics of 
energy consumption at Zaporizhstal showed that the 
largest electricity losses are observed in the process-
es of iron smelting in the blast furnace shop, converter 
refining and rolling, where deviations in actual con-
sumption from the forecasted values can reach 9-15%. 
The largest fluctuations in energy consumption were 
recorded in the blast furnace shop, where electricity 
overconsumption reached 9.1% due to the instability 
of technological modes and variability of raw material 
parameters. In BOF production, the main factors behind 
the overruns are uneven unit utilisation and changes 
in metal composition, which cause deviations of up to 
7.4%. The rolling mill has the smallest discrepancy be-
tween actual and forecast consumption  (4.2%), which 
is explained by the higher level of process automation.

The use of mathematical forecasting models and 
adaptive control algorithms helped to reduce peak 
loads by 15-20% and ensure an even distribution of 
energy consumption throughout shifts. The regression 
analysis confirmed a strong correlation (r  =  0.87) be-
tween the level of digitalisation of processes and ener-
gy consumption reduction, which confirmed the effec-
tiveness of the implementation of automated control 
systems. The introduction of adaptive algorithms for 
controlling equipment power made it possible to op-
timise the operating modes of production units, which 
helped to reduce average electricity consumption from 
460  kWh to 405  kWh per unit of output. An analysis 
of Zaporizhstal’s data showed that the introduction of 
digital energy management technologies reduced av-
erage electricity consumption by 12-18% and reduced 
peak loads on the power grid by 15%. The greatest eco-
nomic effect was achieved in the blast furnace and con-
verter shops, where high load fluctuations previously 
led to significant energy overruns. The introduction of 
adaptive temperature control and an automated ener-
gy supply control system minimised electricity losses 
by 14-19%, ensuring stable production processes and 
even distribution of energy consumption.

The results confirmed that digital technologies for 
monitoring energy consumption, automated energy 
management systems and adaptive control algorithms 
can significantly improve the energy efficiency of pro-
duction processes. The use of neural network algorithms 
for predicting changes in loads proved to be particular-
ly effective, ensuring timely adjustments to equipment 
operation and minimising electricity losses. The intro-
duction of Smart Grid technologies creates additional 
opportunities for load stabilisation, consumption fore-
casting and the implementation of self-regulation al-
gorithms, which will further reduce energy costs. Thus, 
the results of the study demonstrated that the use of 
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mathematical models for forecasting consumption en-
sures accuracy of assessment of the dynamics of energy 
consumption and optimisation of equipment operation, 
which ensures the stability of production processes. 
The results obtained can be used to develop energy ef-
ficiency strategies at the level of individual enterprises, 
as well as for further research in the field of industrial 
energy consumption optimisation.
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Моделювання та аналіз енерговитрат на виробничих лініях
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Анотація. Енергоспоживання є ключовим показником ефективності виробничих ліній, особливо в умовах 
змінних навантажень та інтенсифікації технологічних процесів. Метою дослідження було моделювання та аналіз 
енерговитрат на виробничих лініях ПрАТ «Запоріжсталь» для оцінки ефективності роботи обладнання за різних 
режимів навантаження. Дослідження базується на методах енергетичного балансу, математичного моделювання 
та статистичного аналізу. Використано кореляційний аналіз (Пірсона, Спірмена), дисперсійний аналіз та 
регресійне моделювання для оцінки взаємозв’язку між енергоспоживанням і технологічними параметрами. 
Обчислення виконано за допомогою програмного забезпечення MATLAB, Python (Pandas, Statsmodels, Scikit-
learn) та Excel. Результати свідчать, що впровадження адаптивного управління енергоспоживанням дозволяє 
знизити середнє споживання електроенергії на 15-25 %, а оптимізація режимів роботи обладнання сприяє 
зменшенню пікових навантажень на 18-22 %. Виявлено, що ефективність промислових агрегатів значною 
мірою залежить від динаміки навантажень та рівня автоматизації процесів, що підтверджує необхідність 
інтеграції цифрових систем моніторингу та керування енергоресурсами. Використання математичних 
моделей прогнозування споживання електроенергії дозволяє оцінювати можливі перевитрати, виявляти 
критичні режими роботи обладнання та своєчасно коригувати параметри навантаження. Отримані результати 
підтверджують, що впровадження алгоритмів адаптивного управління забезпечує рівномірний розподіл 
енерговитрат, що особливо важливо для виробництв із високою динамікою змін навантажень. Запропоновані 
моделі можуть бути використані для підвищення ефективності промислових підприємств, зниження витрат на 
електроенергію та оптимізації управління виробничими процесами

Ключові слова: раціональне використання енергії; інтелектуальні системи керування; енергетичний баланс; 
промислові навантаження; цифрові технології моніторингу; управління ресурсами

https://orcid.org/0000-0002-3419-5446


Yuriy Onykiienko
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/0000-0001-7508-8391

Maksym Mazin*

Postgraduate Student
National Technical University of Ukraine “Igor Sikorsky Kyiv Polytechnic Institute”
03056, 37 Beresteiskyi Ave., Kyiv, Ukraine
https://orcid.org/0000-0001-9566-6662

Suggested Citation:
Onykiienko, Yu., & Mazin, M. (2025). Application of wavelet transformations on microcontrollers for monitoring and optimising 
energy systems in industrial conditions. Journal of Kryvyi Rih National University, 23(1), 56-67. doi: 10.31721/2306-5451-2025-
1-23-56-67.

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/)

*Corresponding author

Abstract. The purpose of the study was to analyse approaches to the use of wavelet transformations on 
microcontrollers to improve the efficiency of control and management of energy systems in industrial 
environments, and to investigate the possibilities of integrating wavelet transformations into hardware platforms 
of microcontrollers. The paper considered methods for applying wavelet transformations on microcontrollers 
for monitoring and optimising energy systems in industrial conditions. The proposed method helps to detect 
short-term anomalies, voltage and current fluctuations, which contributes to timely detection of energy losses. 
A discrete wavelet transform algorithm optimised for microcontrollers has been experimentally implemented, 
which provides anomaly detection accuracy of 94-96% with a signal-to-noise ratio of 40 dB. The analysis showed 
that the use of Daubechies-type wavelets can increase the sensitivity of the algorithm by 3-4% compared to 
Haar, while maintaining an acceptable level of computational costs. Optimisation of the implementation allowed 
reducing the average processing time of a single signal segment to 0.1 seconds on the STM32 microcontroller. 
In addition, the features of industrial conditions characterised by a high noise level and variable parameters 
were considered, which further complicates the use of wavelet transformations. The main achievement was the 
development of an adapted wavelet analysis method that ensures efficient use of microcontrollers for monitoring 
energy systems with minimal hardware requirements. A new algorithm was proposed that allows optimising the 
use of computing resources, reducing power consumption without losing the accuracy of signal analysis. The 
developed method allowed detecting anomalies in a timely manner and optimising energy consumption, which is 
of practical importance for reducing operating costs and improving the stability of industrial systems

Keywords: industrial solutions; processing algorithms; equipment reliability; resource management; resource 
efficiency

Introduction
Modern industry is actively moving to the use of en-
ergy-efficient systems that provide high productivity 

with minimal resource consumption. In this context, 
monitoring and optimisation of energy systems, which 

Application of wavelet transformations on microcontrollers  
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proposed specialised hardware solutions for imple-
menting wavelet transform, which can improve the 
system’s performance. L.  Peng  et al.  (2022) presented 
an approach to combining wavelet transformations 
with machine learning methods for predicting energy 
consumption. The researchers highlighted the effec-
tiveness of wavelets in isolating relevant features from 
signals in complex dynamic environments.

The study by P. Khatua & K.C. Ray  (2022) focused 
on the use of compact wavelets to reduce the computa-
tional complexity of wavelet analysis. The researchers 
argued that such methods can be effective for imple-
mentation on microcontrollers with limited resources. 
F.  Bilgili  et al.  (2021) conducted research on the use 
of wavelet transform for monitoring renewable ener-
gy sources. Their results highlighted the possibility of 
integrating these methods into energy storage and 
transmission systems. A. Rahmani & A. Deihimi (2020) 
investigated the use of wavelets to analyse harmon-
ic distortion in industrial power networks. They con-
cluded that microcontrollers with support for wavelet 
processing can significantly improve the quality of re-
al-time data analysis. A.A. Majhi & S. Mohanty  (2024) 
focused on integrating wavelet transform into Internet 
of Things (IoT) systems for monitoring energy facilities. 
The researchers developed an approach that provides 
efficient signal processing and data transmission in dis-
tributed systems.

Considerable attention was paid to the use of 
wavelet transformations for monitoring the state of 
machines, predicting energy consumption, and detect-
ing malfunctions. However, the practical implementa-
tion of such approaches on microcontrollers requires 
further research aimed at adapting algorithms to lim-
ited computing resources. The lack of unified methods 
and applied solutions in this area creates a space for 
innovation. Despite advances in wavelet transform ap-
plications for monitoring energy systems, a number of 
unresolved issues remain, including optimisation of 
algorithms for microcontrollers with limited resources, 
integration into real-time systems, and energy efficien-
cy. In addition, the practical implementation of these 
approaches in complex industrial environments with 
a high level of interference remains limited, which re-
quires the development of noise-resistant methods and 
adaptation of existing solutions for effective operation 
in real-world operating conditions. The purpose of the 
study was to investigate approaches to using modern 
signal processing algorithms based on wavelet trans-
formations to improve the accuracy of monitoring and 
optimise the functioning of energy systems. The paper 
also considered the advantages, problems, and pros-
pects of using the approach of optimised application 
of wavelet transformations on microcontrollers for 
monitoring and managing energy systems, which is an 
important step towards creating more energy-efficient 
and sustainable industrial systems.

require accurate and fast methods of real-time data 
analysis, plays an important role. One of the promis-
ing approaches is the use of wavelet transformations 
for processing signals received from sensors and other 
measuring devices. Due to its ability to analyse signals 
in the time-frequency domain, the wavelet transform 
is a powerful tool for detecting anomalies, assessing 
the state of systems, and predicting energy parameters. 
Of particular importance is the implementation of such 
algorithms on microcontrollers, which are key compo-
nents of automation and control systems. Microcon-
trollers provide sufficient computing power to perform 
complex mathematical operations while remaining 
compact, cost-effective, and energy-efficient. The use of 
wavelet transformations in such devices opens up new 
opportunities for integrating signal analysis methods 
directly into the hardware platform of energy systems. 
The relevance of the topic is conditioned by the need of 
industrial enterprises to improve energy efficiency and 
reduce equipment maintenance costs. However, their 
implementation on microcontrollers is associated with 
a number of challenges, in particular, optimisation of 
computational algorithms and limited memory resourc-
es and power consumption.

The development and implementation of wavelet 
transform algorithms on microcontrollers for moni-
toring energy systems was the subject of numerous 
studies. The academic literature contains papers that 
analyse certain aspects of this problem, which allows 
outlining current trends and identifying prospects for 
further development. The study by M.  Karkhaneh & 
S. Ozgoli (2022) focused on the use of discrete wavelet 
transform to detect anomalies in industrial power sys-
tems. The researchers showed that the use of multilayer 
wavelet decomposition allows achieving high accuracy 
of fault identification even under conditions of noise 
in the signal. Their research also highlighted the im-
portance of optimising computing resources. M.Y. Maz-
in & Y.O.  Onykiienko  (2023) considered the problem 
of limited hardware resources of microcontrollers and 
proposed an adaptive wavelet transform algorithm that 
reduces memory requirements without losing analysis 
accuracy. Their results indicate the prospects of using 
such approaches in real industrial conditions.

A. Sharma et al. (2021) discussed the use of a con-
tinuous wavelet transform to estimate the state of 
electric motors. The researchers emphasised the ad-
vantages of this approach for detecting early stages 
of mechanism wear. They also focused on the need to 
develop energy-efficient algorithms for embedded sys-
tems. J. Gao et al. (2021) investigated the use of wave-
lets for signal analysis in distributed energy systems. 
Their study demonstrated how the wavelet transform 
can help to optimise energy distribution and reduce 
network losses. The paper by N.T. Bui et al.  (2020) fo-
cused on the development of microcontroller sys-
tems for real-time signal processing. The researchers  
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Materials and Methods
The study was based on the analysis of the fundamen-
tals of wavelet transformations, which are a powerful 
tool for analysing signals in time-frequency space. This 
approach can effectively detect anomalies, resource 
losses, and peak loads in power systems. The research 
was based on discrete wavelet transform algorithms, 
which allow decomposing signals into components 
with different frequency ranges, localising anomalies 
over  time, and evaluating their frequency nature. Haar 
and Daubechies wavelets were chosen for analysis 
because they provide a trade-off between speed and 
accuracy. Haar is characterised by simplicity and low 
computing costs, which is important for devices with 
limited resources, while Daubechies provides better 
processing of complex signals with noise and sudden 
changes. Their effectiveness was evaluated according 
to the criteria of anomaly detection accuracy, noise re-
sistance, speed, and computational complexity.

The effectiveness of the algorithm was evaluated 
according to the following criteria: sensitivity, preci-
sion, time detection, and noise resistance. Sensitivity 
showed the algorithm’s ability to correctly detect exist-
ing anomalies or important changes in the signal and 
was calculated as the ratio of the number of correctly 
detected anomalies to the total number of available 
anomalies multiplied by 100%. Accuracy characterises 
the proportion of correctly detected anomalies among 
all cases that the algorithm has classified as anomalies, 
and is defined as the ratio of the number of correct-
ly detected anomalies to the total number of detect-
ed anomalies multiplied by 100%. Anomaly detection 
time is the average time required by the algorithm to 
process a single signal segment, which is calculated 
as the total processing time divided by the number of 
processed segments. Noise resistance shows how ef-
fectively the algorithm maintains its accuracy in the 
presence of noise in the signal, and is calculated as the 
ratio of accuracy on noisy data to accuracy on pure data 
multiplied by 100%. In addition, the computational load 
measured in millions of instructions per second (MIPS) 
was analysed and calculated as the number of instruc-
tions for signal processing divided by the processing 
time in seconds, and the reduction in power consump-
tion, which is defined as the difference between unit 
and the ratio of the power consumption of the opti-
mised algorithm to the power consumption of the base 
algorithm multiplied by 100%.

The efficiency of the algorithm was evaluated by 
analysing the results of its operation on test data sets 
with different noise levels and typical operating modes 
of the power system. The study used comparative anal-
ysis with conventional methods such as fast Fourier 
transform and Kalman filtering to evaluate the effec-
tiveness of wavelet transformations in detecting anom-
alies. Features of using real-time wavelet transforma-
tions are related to the need to optimise algorithms for 

working on microcontrollers. The main requirements 
include considering limited hardware resources, low 
power consumption, and the need for rapid anomaly 
detection. The wavelet transform, Kalman filter, and 
Fourier transform methods were also used to analyse 
such signals. These filters were chosen because of their 
effectiveness in reducing noise and predicting the state 
of the system in real time.

The algorithms were evaluated using 500 test cas-
es with anomalies, including power surges, harmonic 
distortion, and impulse noise, and 300 runs in normal 
operating modes. The input signals were segmented 
into 500 ms intervals with a sampling rate of 10 kHz. 
The algorithms were performed on a Swiss-made 
STM32 microcontroller, and efficiency was evaluated 
according to the criteria of sensitivity, accuracy, pro-
cessing speed, and noise resistance at a signal-to-
noise ratio of 40  dB. In addition, the computational 
load and power consumption were analysed, compar-
ing the results obtained with the basic implementa-
tion without optimisation.

The purpose of comparing signal processing algo-
rithms was to determine the efficiency of using wavelet 
transformations in industrial settings for monitoring 
power systems on microcontrollers. The following algo-
rithms were considered in the study: Fourier transform, 
wavelet transform, Kalman filtering, mean filtering, and 
Gaussian filtering. The comparison was based on sev-
eral criteria: signal processing speed, memory usage, 
noise sensitivity, and the ability to detect short-term 
anomalies. The processing time was defined as the av-
erage time for analysing a signal with a length of 1,024 
points, simulating typical operating conditions of pow-
er systems. The amount of memory was estimated as 
the maximum amount of RAM used during algorithm 
execution. Noise sensitivity was measured by analys-
ing signals with a noise level of 40 dB, which helped 
to evaluate the resistance of methods to noisy data. In 
addition, the accuracy of detecting anomalies, in par-
ticular pulsed emissions, harmonic distortions, drifts, 
and random interference, was analysed. Both real sig-
nals from industrial power systems and synthetic data 
simulating anomalous situations were used to evaluate 
the effectiveness of the algorithms.

Results
Energy efficiency is becoming one of the key aspects 
in the development of modern industry, especially due 
to the growing energy costs and requirements for sus-
tainable development. Industrial power systems, which 
are the basis of production processes, require constant 
monitoring to ensure their stable and uninterrupted op-
eration. Anomaly detection, equipment health assess-
ment, and energy optimisation are critical to reducing 
operating costs and minimising environmental impacts.

Conventional signal analysis methods used to 
monitor power systems often do not provide sufficient 
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accuracy or require significant computational resourc-
es. Wavelet transformations, due to their ability to work 
in the time-frequency domain, allow more efficient de-
tection of even minor changes in signal characteristics, 
which is important for early detection of malfunctions 
and improving the efficiency of systems. Microcontrol-
lers, due to their compact size, cost-effectiveness and 
low power consumption, are widely used in industrial 
automation systems (Dong et al., 2023).

Modern monitoring and optimisation of energy 
systems are complex tasks that require the integra-
tion of the latest technologies to ensure the efficiency, 
reliability and sustainability of energy processes. Due 
to the growing demands on energy consumption and 
environmental conservation, enterprises and other 
organisations are actively using modern methods for 
managing energy resources (Khatua et al. , 2020). These 
methods include the use of intelligent monitoring sys-
tems, load forecasting, integration of renewable energy 
sources, and the use of algorithms to optimise energy 
consumption.

Modern energy systems use sophisticated intel-
ligent systems for real-time monitoring, collecting 
data from various sources and providing a prompt 
response to changes in energy consumption. Pow-
er management systems use numerous sensors that 
measure parameters such as power consumption, 
voltage, frequency, and other important metrics. This 
allows providing an accurate picture of the state of 
energy systems and detecting deviations from normal 
operation in time. The development of IoT technol-
ogies contributes to the integration of a large num-
ber of sensors into networks that allow monitoring 
and automatically adjusting the operation of energy 
systems. For example, IoT can be used to remotely 
monitor equipment, detect malfunctions, and even 
make adjustments to improve efficiency (Marinakis et 
al. , 2020). To reduce environmental impacts and im-
prove energy efficiency, many energy systems inte-
grate renewable energy sources such as solar panels, 
wind turbines, and geothermal installations. This cre-
ates new challenges for optimising energy systems, 
as renewable energy sources have a fickle produc-
tion nature. Specialised optimisation strategies that 
consider changing environmental conditions and 
economic factors are used to manage such energy 
(Al-Shetwi, 2022). Such strategies include storing en-

ergy (such as in batteries) to equalise consumption 
peaks, or using smart grids to redistribute energy.

Adaptive control systems are an important area in 
modern monitoring of energy systems. They can adjust 
their strategies depending on changes in the external 
environment or internal parameters of the system. Au-
tomation in energy networks allows reducing the hu-
man factor, increasing the speed of responses to chang-
es in the network, and ensuring a more reliable and 
uninterrupted supply of energy. For example, automat-
ed systems based on embedded microcontrollers can 
immediately respond to changes in voltage or power 
consumption by changing the settings of devices or 
equipment for optimal operation (Obaid et al., 2019).

Microcontrollers also effectively interact with vari-
ous peripheral devices through interfaces such as sen-
sors, actuators, relays, which provides the ability to con-
trol various aspects of industrial processes. This allows 
creating integrated and scalable automation systems 
that can perform multiple tasks in a single control-
ler. One of the advantages of microcontrollers is their 
ability to save energy (Wu et al., 2021). They consume a 
minimal amount of energy, which is important for the 
smooth operation of power systems, and for autono-
mous devices and remote monitoring systems.

Real-time signal processing systems play an im-
portant role in today’s industry, providing fast and ac-
curate data analysis for operational decision-making. 
The main elements of such systems work in a coordi-
nated manner, forming a single architecture for signal 
processing. At the first stage, data is collected using 
sensors and sensors that convert physical parameters 
into electrical signals. These signals undergo preproc-
essing, such as amplification or filtering. Then they are 
converted to digital format by analogue-to-digital con-
verters, which allows working with them on digital de-
vices. Microcontrollers or digital signal processors are 
the core of a system where key calculations are per-
formed to analyse, monitor, or optimise signals. RAM is 
used for temporary data storage, and digital filters en-
sure that signals are cleared of noise. Communication 
interfaces allow data to be exchanged with other sys-
tems, and output devices such as displays or actuators 
display results or perform appropriate actions. Table 1 
summarises the main components of the system, their 
functions, and their role in ensuring efficient real-time 
signal processing.

Component Description Function

Detectors and sensors Devices that measure physical or electrical 
parameters (temperature, pressure, voltage, current)

Collecting input data from the environment 
for further processing

Preamp Amplifier that increases the signal strength from 
the sensor to the required level

Ensuring the correct signal strength for the 
analogue-to-digital converter

Analogue-to-digital 
converter

Converts an analogue signal to a digital one for 
processing by a microcontroller or digital signal 

processor

Converting an analogue signal to a form 
suitable for digital processing

Table 1. Key components and functions of a real-time signal processing system
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These components play a key role in ensuring con-
tinuous and efficient operation of the real-time sig-
nal processing system. Collecting accurate data using 
sensors is the basis for making correct decisions, while 
preamps provide the necessary signal strength for fur-
ther processing. The analogue-to-digital converter con-
verts analogue signals to digital ones, which allows 
using modern processing algorithms. Microcontrollers 
and digital signal processors perform calculations with 
minimal latency, which is crucial for dynamic process-
es. Due to the continuous improvement of components 
and the introduction of innovative technologies, the 
architecture of systems for real-time signal processing 
is constantly evolving. Current research focuses on in-
tegrating machine learning, IoT, and cloud computing 
to create more adaptive and energy-efficient solutions. 
In the future, such systems can become a key element 
for building “smart” industrial and household solutions 
that can provide autonomy, high accuracy, and scalabil-
ity (Bharany et al., 2022).

An algorithm consisting of several stages was de-
veloped to optimise wavelet transformations on micro-
controllers. First, the input signal is divided into small 
blocks (segments) to identify time intervals in which 

significant changes are observed. This preliminary 
analysis allows performing calculations only for rele-
vant sections of the signal, which reduces the number 
of mathematical operations. Next, adaptive quantisa-
tion of the wavelet transform coefficients is performed, 
which reduces the memory requirements of the micro-
controller without losing important information. Then 
the optimal wavelet function is selected: for signals 
with sharp transitions, the Haar wavelet is used, which 
provides speed of calculations, and for analysing com-
plex and noisy signals, the Daubechies wavelet, which 
gives a more accurate result. The algorithm also pro-
vides for a multi-level schedule, where detailed pro-
cessing is performed only at key levels, which further 
reduces power consumption. Analysis of the noise char-
acteristics showed that it is advisable to use smoothed 
wavelets, such as Daubechies, for noisy data, while the 
Haar wavelet is more effective for sharp changes. The 
power consumption of the microcontroller was also 
taken into account. Table 2 shows comparative results 
using Haar and Daubechies wavelets, demonstrating a 
trade-off between computational speed and analysis 
accuracy, and an overview of alternative approaches to 
signal analysis.

Component Description Function

Microcontroller or 
digital signal processor

Central processing element that performs analysis, 
filtering, and optimisation algorithms

Digital signal processing, system 
management, and real-time algorithm 

execution

RAM Temporary storage of input data and intermediate 
results during processing Providing fast access to computing data

Permanent memory Storage location for firmware, configuration 
parameters, and signal processing programmes

Saving algorithms and basic system 
parameters

Digital filters Algorithms or hardware that remove noise or 
unnecessary frequency components of the signal

Improving signal quality and ensuring the 
correctness of further analysis

Communication 
interfaces

Means of data transfer between system 
components (UART, SPI, I2C, Ethernet, etc.)

Organisation of communication between 
sensors, processors, and other modules

Output devices/
actuators

Elements that display processing results or execute 
commands (displays, relays, motors, etc.)

Transmitting results to users or performing 
control actions based on the processed data

Notes: UART – Universal asynchronous receiver/transmitter; SPI – Serial Peripheral Interface
Source: developed by the authors based on I.I. Samborsky et al. (2021), Y.O. Ushenko et al. (2021)

Criteria Haar Daubechies
Sensitivity 92.3% 95.1%
Precision 88.7% 92.5%

Detection time 118 Ms 147 Ms
Noise resistance 84.2% 91.8%
Computing load 0.8 MIPS 1.2 MIPS

Reduce energy consumption 27% 30%

Table 2. Overview of alternative approaches to signal analysis

Source: developed by the authors based on their own research and O.A. Mohamed et al. (2017), Y.M. Yan et al. (2019), J. Lefebvre et 
al. (2020)

As can be seen, the Haar wavelet demonstrates 
higher performance (118  Ms per segment), which 
makes it suitable for applications where fast real-time 
analysis is important. At the same time, the Daubechies 

wavelet provides better sensitivity (95.1%) and noise 
resistance (91.8%), which allows working more effi-
ciently in conditions of complex signals with a high 
level of interference. The computational load of the 

Table 1. Continued
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Daubechies algorithm is higher (1.2 MIPS vs. 0.8 MIPS 
in Haar), but it provides more accurate analysis, which 
can be critical for tasks of predicting peak loads and 
detecting minor anomalies. The use of both approaches 
in a hybrid system will optimise the signal analysis pro-
cess depending on specific operating conditions.

It is advisable to use the Haar wavelet for oper-
ational monitoring of network parameters and rapid 
detection of sudden changes, which is critical for pro-
tection and automatic control systems. The Daubechies 
wavelet is optimal for detailed signal analysis, especial-
ly when predicting voltage and current deviations, and 
detecting weak anomalies that may precede accidents. 
It is recommended to use a hybrid approach: Haar – for 
preprocessing and rapid response, and Daubechies – 
for detailed analysis of historical data and accurate 
forecasting. This strategy will minimise the power con-
sumption of computing resources, while ensuring high 
control accuracy.

The Haar wavelet provides high computing speed 
due to simple arithmetic operations, making it effi-
cient for real-time signal processing. However, its lim-
ited ability to accurately reproduce complex signal de-
tails reduces the accuracy of analysis, especially in the 
presence of noise or smooth changes. The Daubechies 
wavelet, by contrast, uses more complex functions, 
which improves recognition of small fluctuations and 
anomalies, but increases computational complexity. 
Thus, the choice between these wavelets depends on 
specific requirements: Haar is suitable for fast filtering 
and preprocessing, while Daubechies is more efficient 
for detailed analysis of noisy signals.

Signal processing is the basis for numerous engi-
neering applications in fields such as telecommunica-
tions, radio electronics, medicine, and many others. The 
signals that need to be processed can be very diverse in 
their characteristics: they can be periodic or continuous, 
clear or noisy, static or dynamic. Choosing the right al-
gorithm for signal processing depends on many factors, 
such as signal type, accuracy requirements, processing 
speed, and application specifics.

In order to choose the most effective algorithm 
for a particular task, it is necessary to understand the 
advantages and disadvantages of each of them. Some 
methods, such as the Fourier transform, are well suited 
for periodic signals and allow obtaining spectral infor-
mation. However, wavelet transform or Kalman filtering 
is more suitable for analysing variable or complex sig-
nals, which can process information in time and fre-
quency simultaneously, while preserving the local char-
acteristics of the signal.

Other methods, such as linear regression or the 
principal component method, are often used to predict 
and reduce the dimension of data, but they may be less 
effective when working with high-frequency or unsta-
ble signals. For low-noise signals, simple algorithms 
such as medium filtering or Gaussian filtering may be 
sufficient, as they effectively reduce interference, but 
may cause some useful signal characteristics to be lost. 
Table 3 provides a comparison of the main signal pro-
cessing algorithms, their advantages, disadvantages, 
and applications, which will help to visualise the key 
aspects of each method and make the right choice for 
specific tasks.

Algorithm Fourier transform Wavelet transform Kalman filtering Filtering by 
average Gaussian filtering

Description

Algorithm for 
converting signals 
from time space 

to frequency space 
allows getting the 
signal spectrum

Algorithm for 
decomposing the 
signal into a set 

of wavelets allows 
considering both 

time and frequency 
characteristics

Algorithm 
that combines 
prediction and 

correction to get 
the best estimate 

of the system state

Algorithm that 
replaces each 

input point with an 
average value in its 

vicinity

Filtering algorithm 
that uses the 

Gaussian function 
to blur the signal

Advantages
Processing speed, 

efficiency for 
periodic signals

Suitable for 
processing 

heterogeneous 
signals, effective 

for localised 
changes

Good performance 
with noisy signals, 
real-time efficiency

Easy to implement, 
effective for 

reducing noise in 
signals

Reduces noise 
well, preserving 

most of the useful 
information

Disadvantages

Poor signal 
processing with 
non-constant 
characteristics 

(time instability)

High 
computational 

costs, complexity of 
choosing a wavelet 

function

Necessary to 
accurately 

model processes, 
for complex 

systems – difficult 
configuration

Degrades the 
signal, especially 

with a high 
amplitude of 

changes

Poor adaptation 
to signals with 

different rates of 
change

Application areas

Acoustics, radio 
electronics, sound 

processing, spectral 
analysis

Image processing, 
medical signals, 

financial analysis, 
seismology

Navigation 
systems, robotics, 

economic forecasts

Image processing, 
audio signals, 
medical data

Image processing, 
video, audio, data 

visualisation

Table 3. Comparison of signal processing algorithms
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The analysis of the algorithms demonstrated dif-
ferent approaches to signal processing, each with its 
own advantages and disadvantages. However, focus-
ing on the methods that are alternatives to wavelet 
transforms, the Fourier transform and Kalman filtering 
should be highlighted, as they are widely used to an-
alyse dynamic signals in industrial systems. The fast 
Fourier transform provides fast and efficient signal 
analysis in frequency space, but its disadvantage is the 
limited ability to process signals with unstable charac-
teristics that change over time. This makes it less suita-
ble for analysing industrial power systems where both 
time and frequency must be processed simultaneous-
ly. Kalman filtering, while effective for handling noisy 
signals, requires precise mathematical modelling of 
processes, which makes it difficult to use it for systems 
with dynamically changing characteristics. Unlike these 
methods, wavelet transformations offer a unique ad-
vantage: the ability to localise anomalies in both time 
and frequency. This is especially important for signals 
with rapid changes or unpredictable deviations typical 
of industrial systems. In real-world conditions, where 
computing resources may be limited, wavelet transform 
problems involve high computational costs and the 
choice of the optimal wavelet function.

Wavelet transformations play an important role 
in improving energy efficiency and extending the ser-
vice life of equipment in power systems. Their main 
advantage is the ability to significantly improve con-
trol and optimisation of energy use (Shilpa & Puttas-
wamy, 2025). The use of wavelets for multi-level signal 
analysis helps to detect low-amplitude anomalies and 
fluctuations in energy systems that indicate inefficient 
use of energy. This facilitates a timely implementa-
tion of measures to optimise the operation of systems, 
reducing power consumption without losing perfor-
mance. In addition, wavelets effectively identify small 
fluctuations that can cause additional energy losses, 
which allows quickly eliminating such shortcomings 
and reducing overall energy costs. Due to their appli-
cation, it is possible to optimise equipment settings, 
ensuring a reduction in energy consumption with-
out reducing operational efficiency. In addition, this 
technology allows more accurately predicting energy 
needs, contributing to more efficient resource planning 
and reducing costs during periods of low energy con-
sumption (Pacheco et al. , 2024).

As for the durability of equipment, wavelet trans-
formations contribute to monitoring the state of tech-
nical systems and early detection of anomalies, such as 
overload or wear. Analysis of electrical and mechani-
cal signals helps to identify problems that can lead to 
breakdowns or shorten the service life of equipment. 
Wavelets can also identify vibrations, corrosion, or oth-
er mechanical defects, allowing taking timely meas-
ures such as calibration or replacement of components, 
thereby extending the service life of the equipment 
(Badihi et al.,  2022). It is also important that the use 
of this technology helps to reduce dependence on the 
human factor in the process of monitoring and manag-
ing energy systems, which minimises the likelihood of 
errors and increases accuracy. The use of wavelet trans-
formations allows detecting overloads or overheating 
in time, which can prevent serious breakdowns and 
thereby extend the service life of the equipment. Based 
on the aforementioned capabilities, wavelet transfor-
mations significantly improve the energy efficiency and 
durability of equipment in industrial power systems, 
reducing maintenance costs and improving the overall 
stability of the system.

Discussion
The results of the study show that the use of wave-
let transformations for monitoring industrial power 
systems is a promising approach that can significantly 
improve the accuracy of diagnostics and efficiency of 
equipment. Energy efficiency is a key factor in modern 
industrial processes, especially given the need to re-
duce energy costs and minimise environmental impacts 
(Mikhailova et al., 2024). In this context, the proposed 
method of signal processing based on wavelet trans-
formations, implemented on microcontrollers, is a prac-
tical tool for ensuring the sustainable development of 
industry. V. Veerasamy et al. (2020) investigated the use 
of wavelet transformations for signal analysis in indus-
trial power systems, but paid more attention to the use 
of stationary wavelet transformations. Their results con-
firmed that this approach improves diagnostic accuracy, 
but system efficiency decreases due to high computa-
tional complexity. Compared to the current study, the 
results confirm the overall prospects of wavelet trans-
formations, but the use of adaptive algorithms in the 
current study significantly reduced computational com-
plexity, which differs from the researchers’ approach.

Algorithm Fourier transform Wavelet transform Kalman filtering Filtering by 
average Gaussian filtering

Processing time 
(signals)

0.08 s (for 1,024 
points)

0.1 s (for 1,024 
points)

0.12 s (for 1,000 
measurements)

0.02 s (for 1,024 
points)

0.03 s (for 1,024 
points)

Memory (KB) 40-60) 150-250 50-70 20-40 30-50

Noise sensitivity High Moderate High Average Low

Table 3. Continued

Source: developed by the authors based on S.V. Zabolotnii (2010), M. Vetterli et al. (2014), A.O. Popov (2019)
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X. Han et al. (2019) investigated the use of wavelet 
transformations for temperature monitoring in indus-
trial heat transfer systems. They found that second-or-
der adaptive wavelets provide temperature analysis 
accuracy with an error of up to 1.2%. Similar to the 
current study, they also emphasised the importance of 
choosing the optimal wavelet base for specific signals. 
Current study focused on voltage and power monitor-
ing, and their research focused exclusively on temper-
ature changes. S.  Kováč  et al.  (2021) investigated the 
use of second-order adaptive wavelets for temperature 
analysis in industrial heat transfer systems. Their meth-
od provided fairly good accuracy even in environments 
with high noise levels. The researchers stressed the im-
portance of choosing the right wavelet base to max-
imise the efficiency of signal analysis, which confirms 
the practicality of the approach. Together with the cur-
rent study, there is an emphasis on adapting wavelet 
transformations to high noise conditions. However, the 
researchers focused exclusively on monitoring tem-
perature changes, while the current study was based 
on voltage and power analysis. In addition, the current 
results additionally solved the problem of optimising 
algorithms for working on limited hardware resources 
of microcontrollers. This highlights the variety of appli-
cations of wavelets in industrial tasks.

One of the main advantages of the proposed ap-
proach is the ability of wavelet transformations to op-
erate in the time-frequency domain, which detects even 
minor changes in the characteristics of signals. This 
allows detecting malfunctions early and predicting 
potential hardware failures. The use of wavelet trans-
formations in combination with adaptive filtering algo-
rithms helps to effectively deal with high noise levels, 
which is typical for industrial conditions. A.A. Ogaili et 
al. (2024) focused on the use of wavelet transforms for 
early detection of turbine failures. Their study showed 
that time-frequency analysis can detect even micro-
scopic changes in the signal spectrum, but the high 
sensitivity of the technique led to a significant num-
ber of false positives in noisy environments. However, 
in contrast to the authors’ research, the current results 
demonstrate efficiency in noise control through the 
integration of adaptive filtering algorithms, which al-
lowed avoiding false positives.

The microcontrollers used as the basis for imple-
menting the technique have shown high efficiency 
due to their compact size, low power consumption, 
and ability to process data in real time (Malinovskyi et 
al., 2024). However, implementing complex algorithms 
on devices with limited resources required significant 
optimisation. The study suggests a number of optimisa-
tion approaches, including reducing the computational 
complexity of algorithms and efficient memory usage. 
These measures ensured stable operation of the system 
even in real industrial conditions. J. Konecny et al. (2024) 
analysed the possibility of using microcontrollers to  

implement wavelet transformations in industrial set-
tings. They noted that the limited resources of such 
devices limit their suitability for complex tasks. The 
researchers suggested using the Field Programmable 
Gate Array to overcome these limitations. The current 
study focused on optimising algorithms for microcon-
trollers, which allows achieving more stable operation 
without switching to more expensive Field Program-
mable Gate Array solutions.

The industrial conditions in which the proposed 
system was tested were characterised by a high level 
of electromagnetic interference, significant fluctuations 
in network parameters, and a large amount of data for 
analysis. The results showed that the developed sys-
tem can adapt to changes in the environment, while 
maintaining high monitoring accuracy. This confirms 
the practical suitability of the methodology for use 
in real-world operation. P. Gangsar & R. Tiwari  (2020) 
conducted testing under conditions that simulate the 
effects of electromagnetic interference. Their results 
showed that most signal analysis methods lose accu-
racy due to significant fluctuations in signal parame-
ters. The methods developed by the authors to com-
pensate for interference partially solved this problem, 
but required a large amount of data for training. The 
current study shows that the proposed system demon-
strates stability even in noisy industrial environments, 
which indicates greater adaptability compared to the 
researchers’ approaches. A. Mannelli et al. (2021) exam-
ined the effect of wavelet coefficients on equipment 
energy consumption in renewable energy systems. 
Their method reduced the frequency of maintenance 
of generators by 20%. It was confirmed that wavelets 
effectively detect signals that are difficult to identify 
by conventional methods. Their results were related to 
energy from renewable sources, while the current study 
focused on classical industrial power systems.

The study results revealed certain challenges as-
sociated with the integration of the proposed solution 
into existing energy systems. For example, ensuring 
compatibility between new and legacy system com-
ponents required additional effort. In addition, further 
improvement of the system requires the integration of 
IoT technologies, which will increase scalability and 
provide remote monitoring capabilities. K.H. Azmi  et 
al. (2022) analysed the integration of modern diagnos-
tic systems into outdated power grids. They empha-
sised the complexity of adapting equipment due to 
outdated data transfer protocols, but suggested using 
converters to ensure compatibility. Compared to the 
current study, the results confirm the need to adapt 
to legacy components, but the proposed solutions 
consider not only the protocols, but also the adapta-
tion of the algorithms themselves to existing equip-
ment. T.  Ahmad & D.  Zhang  (2021) investigated the 
integration of the latest diagnostic technologies into 
outdated power grids that use obsolete approaches. 
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The researchers focused on the problems caused by 
the limited functionality of old data transfer protocols 
that do not meet modern requirements. To solve this 
problem, the researchers proposed the use of con-
verters that act as a connecting link between mod-
ern monitoring equipment and existing networks. This 
helped to ensure compatibility without the need for a 
radical update of the entire system.

An important aspect is the potential integration of 
the developed system with renewable energy technolo-
gies. In particular, the possibility of effective monitoring 
of the operation of solar or wind power plants, where 
the variability of energy consumption significantly de-
pends on external factors, opens up new prospects for 
implementation. This requires further adaptation of 
algorithms to variable conditions and integration with 
energy storage facilities. M.Z.  Khoker  et al.  (2020) in-
vestigated the possibility of monitoring the operation 
of solar stations using wavelet analysis. Their results 
showed that algorithms need to be regularly adapted 
to variable operating conditions, such as light and tem-
perature. The current study also points out the potential 
for integrating the developed systems with renewable 
energy sources. However, the current findings cover in-
tegration with energy storage facilities, which was not 
considered by the researchers.

The results of the study were analysed in the con-
text of modern approaches to monitoring and opti-
mising energy systems. It was established that the use 
of wavelet transformations on microcontrollers can 
significantly improve the accuracy of diagnostics and 
efficiency of equipment operation, even in difficult in-
dustrial conditions. The advantages and challenges of 
integrating the developed solutions into existing en-
ergy networks, in particular, compatibility with outdat-
ed systems and prospects for use in renewable energy, 
were considered. The results obtained confirmed the 
practical value of the proposed approaches and opened 
up new areas for further research.

Conclusions
This study analysed the use of wavelet transforms on 
microcontrollers for monitoring and optimising energy 
systems in industrial environments. The main attention 
was paid to the urgency of the problem of energy ef-
ficiency, which is a critical factor in modern industry 
due to the increase in energy costs and the need to re-
duce environmental impact. The study emphasised that 
the stable and uninterrupted operation of industrial 
power systems requires constant monitoring to detect  

malfunctions early, assess the condition of equipment, 
and reduce operating costs. Conventional signal pro-
cessing methods were analysed and it was found that 
they often have limitations, in particular, insufficient ac-
curacy or high computational complexity, which makes 
them difficult to apply in real time.

Considering the specifics of industrial conditions, 
such as high noise levels, significant parameter fluctu-
ations, and the complex structure of power networks, 
the study focused on adapting wavelet transform al-
gorithms to such conditions. For this purpose, it was 
proposed to reduce the number of decomposition lev-
els, select optimal wavelet functions, and introduce 
adaptive approaches to signal processing. The study 
also developed an approach to reducing the power 
consumption of microcontrollers by using energy-ef-
ficient operating modes and adaptive management of 
computing resources depending on the characteristics 
of signals. Experiments have shown that optimised 
wavelet transform algorithms ensure the accuracy of 
anomaly detection while reducing power consumption.

Optimised wavelet transformations on microcon-
trollers provide improved accuracy in detecting anom-
alies and predicting peak loads in real time, which is 
critical for power systems. The use of Daubechies wave-
lets provided 95.1% sensitivity and 92.5% accuracy 
with high noise resistance, while Haar demonstrated a 
faster processing time (118 Ms vs. 147 Ms) due to easy 
calculations. Optimisation of the algorithm by reducing 
the number of operations, using fixed arithmetic and 
adaptive scaling of the schedule has reduced power 
consumption by 27-30% without loss of accuracy, which 
makes this approach effective for implementation in in-
dustrial environments. A limitation of the study was the 
dependence of the results on the specific conditions 
of industrial power systems and the limited computa-
tional capabilities of microcontrollers. Further research 
should focus on expanding methods for adapting algo-
rithms for different types of power networks and im-
proving their implementation on the latest microcon-
trollers with larger resources.
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Анотація. Метою дослідження був аналіз підходів до використання вейвлет-перетворень на мікроконтролерах 
для підвищення ефективності контролю та управління енергетичними системами у промислових середовищах, а 
також вивчення можливостей інтеграції вейвлет-перетворень в апаратні платформи мікроконтролерів. В роботі 
були розглянуті методи застосування вейвлет-перетворень на мікроконтролерах для моніторингу та оптимізації 
енергетичних систем у промислових умовах. Запропонований метод дозволяє виявляти короткочасні аномалії, 
коливання напруги та струму, що сприяє своєчасному виявленню втрат енергії. Експериментально реалізовано 
алгоритм дискретного вейвлет-перетворення, оптимізований для мікроконтролерів, який забезпечує точність 
виявлення аномалій на рівні 94-96 % при співвідношенні сигнал/шум 40 дБ. Аналіз показав, що використання 
вейвлетів типу Daubechies дозволяє підвищити чутливість алгоритму на 3-4 % у порівнянні з Haar, зберігаючи 
прийнятний рівень обчислювальних витрат. Оптимізація реалізації дозволила зменшити середній час обробки 
одного сегмента сигналу до 0,1 с на мікроконтролері STM32. Окрім цього, враховано особливості промислових 
умов, які характеризуються високим рівнем шуму та змінними параметрами, що додатково ускладнює 
використання вейвлет-перетворень. Основним досягненням була розробка адаптованого методу вейвлет-
аналізу, який забезпечує ефективне використання мікроконтролерів для моніторингу енергетичних систем 
при мінімальних апаратних вимогах. Запропоновано новий алгоритм, що дозволяє оптимізувати використання 
обчислювальних ресурсів, знижуючи енергоспоживання без втрати точності аналізу сигналів. Розроблений 
метод дозволяє своєчасно виявляти аномалії та оптимізувати енергоспоживання, що має практичне значення 
для зменшення експлуатаційних витрат та покращення сталості роботи промислових систем

Ключові слова: промислові рішення; алгоритми обробки; надійність обладнання; управління ресурсами; 
ефективність ресурсів
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Abstract. The relevance of the study is conditioned by the need to reduce emissions of harmful substances in 
navigation, compliance with international environmental standards, and the search for cost-effective solutions 
for fuel supply to the fleet. The purpose of the study was to analyse the technological, environmental, and 
economic aspects of the use of liquefied natural gas (LNG) in the marine energy sector to assess its efficiency 
and implementation prospects. As a result of the study, it was found that the use of LNG in marine energy is 
an effective solution for reducing environmental impacts and meeting international environmental standards. 
LNG can significantly reduce emissions of carbon dioxide (CO2), nitrogen oxides (NOx) and sulphur oxides (SOx), 
which makes it a competitive fuel for vessels operating in emission control zones. Technologically, LNG provides 
high energy efficiency, in particular, through the use of dual-fuel engines, which allow optimising fuel costs and 
reducing the negative impact on the environment. Modern marine power plants equipped with cryogenic gas 
storage and supply systems confirm the effectiveness of LNG in ensuring stable operation of vessels. Economic 
studies have shown that while the transition to LNG requires significant initial investment in ship refurbishment 
and infrastructure, in the long run, it can reduce operating costs and the cost of environmental measures, such as 
installations to reduce sulphur emissions. The practical significance of the study lies in the fact that it contributes 
to the development of theoretical and practical foundations for the use of LNG as an environmentally friendly and 
cost-effective fuel in the marine energy sector, which can be used to improve existing technologies and regulations 
in the field of navigation
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Liquefied natural gas as a strategic vector for ship energy modernisation

Introduction
In modern shipping, there is a growing need to adapt 
to stringent environmental requirements, which are be-
coming increasingly stringent at the global level. The 
introduction of environmentally friendly technologies 
in the marine energy sector is one of the key compo-
nents for ensuring the sustainable development of 
maritime transport. Liquefied natural gas (LNG) acts 
as a promising fuel that can significantly reduce the 
negative impact of marine engines on the environ-
ment, responding to the challenges of reducing carbon  

dioxide (CO2), nitrogen oxides  (NOx) and sulpur  (SOx) 
emissions. The use of LNG as fuel not only helps to 
achieve these goals, but also opens up new opportuni-
ties for energy efficiency of marine power plants. 

LNG is increasingly considered as a promising fuel 
for navigation, but its use is accompanied by a num-
ber of environmental and technical problems that re-
quire additional investigation. The study by J. Deng et 
al. (2021) showed that the benefits of using LNG includ-
ed reduced sulphur emissions, which was an important 
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2. To investigate the economic benefits of switch-
ing to LNG, in particular, the cost of investment in the 
relevant infrastructure and the economic efficiency of 
this transition.

3. To evaluate the technical aspects related to the 
use of cryogenic LNG storage and supply systems.

Materials and Methods
This study focused on the use of LNG as a strategic ener-
gy source for the modernisation of ship power systems. 
The study covered the technological and economic as-
pects of LNG implementation in the marine sector, with a 
focus on its environmental benefits and energy efficien-
cy. It addressed the issue of switching from conventional 
marine fuel to LNG in response to the update of environ-
mental regulations, in particular, the requirements intro-
duced by the International Maritime Organisation in the 
work of L. Kırval & U.Y. Çalışkan (2022). These upgrades 
were aimed at minimising pollution of the oceans and 
seas, including discharges, oil and air pollution.

The material basis of the study was data that were 
used to compile tables comparing the impact of LNG 
use on reducing harmful gas emissions and energy ef-
ficiency of marine engines. In addition, the economic 
benefits of switching to LNG were considered. All the 
materials shown in the tables were obtained from 
sources H.  Jang et al.  (2021) and B.  Jesus et al.  (2024). 
The research started by analysing the environmental 
impact of LNG, comparing it with conventional marine 
fuels such as diesel and coal. Special attention was paid 
to the potential of LNG to reduce harmful emissions, 
such as SOx, NOx, particulate matter (PM), and CO2. This 
aspect highlighted the role of LNG in meeting environ-
mental requirements and ensuring pollution reduction. 
Attention was also drawn to its ability to help meet the 
sulphur restrictions set by MARPOL Annex VI and the 
Act to Prevent Pollution from Ships (2024). In addition, 
the study delved into technological challenges and 
solutions related to the introduction of LNG in ship-
ping. The infrastructure required for LNG implementa-
tion was also investigated. These technological aspects 
were critical to ensuring the safe and efficient opera-
tion of LNG vessels, especially given the need for highly 
specialised LNG storage and management equipment.

The study also examined the economic feasibility 
of switching to LNG, considering both the initial invest-
ment costs of upgrading ships and building the nec-
essary infrastructure, and long-term operating savings. 
The financial benefits of LNG, in particular, the stability 
of fuel prices and reduced operating costs, were com-
pared with the instability and rising cost of conven-
tional marine fuel. Special attention was paid to the 
economic consequences of LNG introduction in the 
shipping industry, in particular, such factors as return 
on investment and payback periods.

In addition, the study examined problems related 
to the development of LNG bunkering infrastructure.  

aspect for navigation in emission control zones. LNG 
has significantly reduced the negative impact on the 
environment compared to conventional fuels. S. Yao et 
al. (2023) emphasised that the use of LNG provided a re-
duction in CO2 emissions, which significantly improved 
the environmental performance of marine engines. This 
made LNG a cost-effective choice for carriers looking to 
reduce their environmental footprint.

A.  Elkafas  et al.  (2021) noted that marine engines 
powered by LNG showed increased energy efficiency, 
which allowed them to reduce fuel costs. According to 
their research, this made LNG a competitive option for 
shipping. Y. Shih et al. (2023) noted that the use of com-
bined dual-fuel engines helped to optimise the energy 
costs of ships, ensuring a reduction in operating costs. 
This was an important aspect for carriers seeking to re-
duce overall operating costs. L. Palestini & F. Sassu (2021) 
argued that cryogenic LNG storage and delivery systems 
were a prerequisite for ensuring safe and stable opera-
tion of vessels. They helped to effectively manage fuel 
storage and minimise its costs during transportation.

I. Tvedten & S.  Bauer  (2022) noted that although 
the transition to LNG required significant initial invest-
ment, it allowed for reduced fuel costs and environ-
mental measures in the long term. This made LNG a 
profitable option for shipping companies. E. Orysiak et 
al. (2024) noted that the development of LNG bunker-
ing infrastructure was crucial to support the growing 
demand for this fuel. The introduction of new termi-
nals and stations for refuelling ships helped to reduce 
costs and ensure a reliable supply. G. Satta et al. (2021) 
suggested that the construction of new LNG bunkering 
terminals was an important step in expanding the use 
of this fuel in shipping. This ensured a stable fuel sup-
ply and compliance with environmental requirements. 
S.  Barberi  et al.  (2021) argued that LNG significantly 
reduced pollution levels in ports and coastal areas, 
which helped to improve the environmental situation. 
This was important for shipping companies operating 
in such regions. M. Cassar et al. (2021) emphasised that 
LNG was a key factor in meeting environmental regu-
lations and standards of international organisations, in 
particular, on reducing emissions. The use of this fuel 
was an important step towards ensuring the sustaina-
ble development of navigation. Thus, although the is-
sues of using LNG in shipping have been studied and 
show significant benefits of this fuel from an environ-
mental and economic standpoint, there are a number 
of issues that require further study to achieve the full 
implementation of the potential of LNG in shipping. 

The purpose of the study was to investigate the po-
tential of LNG for the modernisation of marine energy, 
considering the environmental, technological, and eco-
nomic aspects of its use. Research objectives:

1. To consider the impact of LNG use on reducing 
harmful gas emissions, and its energy efficiency in ma-
rine engines. 



Liquefied natural gas as a strategic vector for ship energy modernisation...

7070 Journal of Kryvyi Rih National University, Vol. 23, No. 1, 2025

The current state of LNG supply networks at key glob-
al shipping hubs, including the role of ports such as 
Singapore, Shanghai, and Rotterdam in supporting 
LNG-powered vessels, was considered. Graphic mate-
rials were also provided that illustrated the structure 
of these networks and their interaction with shipping 
routes. The study discussed innovative solutions, such 
as floating LNG terminals, that can help to overcome in-
frastructure constraints in remote regions and promote 
widespread LNG adoption.

Results
Shipping faces new challenges due to growing envi-
ronmental requirements and the need to reduce emis-
sions of harmful substances. One of the key areas of 
the industry’s development is the gradual transition 
to cleaner fuels, with LNG attracting particular atten-
tion. The use of this fuel allows shipping companies to 
meet international environmental standards, reducing 
air pollution, and improving the energy efficiency of 
ships. One of the main regulatory documents defin-
ing environmental requirements for shipping is MAR-
POL Annex VI and the Act to Prevent Pollution from 
Ships (2024). According to it, from January 1, 2020, the 
sulphur content in marine fuel should not exceed 0.5%, 
and in emission control zones – only 0.1%. These re-
strictions force ship-owners to abandon conventional 
fuel oil, which contains a significant amount of sulphur, 
and look for alternative solutions. 

LNG offers a number of environmental benefits 
that make it an attractive option for shipping. It does 
not contain sulphur, which completely eliminates SOx 
emissions without using additional cleaning systems, 
such as scrubbers. Burning natural gas helps reduce 
CO2 emissions by 20-25%, which is an important step 
in the fight against climate change. In addition, the lev-
el of NOx emissions when using LNG was reduced by 
85% compared to conventional fuels, and the amount 
of PM was reduced to almost zero (Yeo et al. , 2022). The 
efficiency of LNG-powered engines is usually 5-10% 
higher than that of diesel engines. This reduces fuel 
costs and reduces operating costs, making LNG more 
efficient in terms of energy resources. However, despite 
the obvious advantages, the widespread introduction 
of LNG in shipping is accompanied by a number of 

challenges. One of the main problems is the insuffi-
ciently developed infrastructure for LNG storage and 
bunkering. Unlike conventional marine fuel, natural 
gas requires special cryogenic tanks capable of main-
taining temperatures of -162°C. This creates addi-
tional technical and financial difficulties, because the 
construction of the corresponding terminals requires 
significant capital investments. In addition, upgrading 
the fleet and equipping ships with LNG storage and 
delivery systems requires significant initial investment, 
which may be too much for some shipping companies 
(Van Biert et al. , 2021).

Another important issue is the technical operation 
of LNG vessels. Maintenance of cryogenic systems re-
quires highly qualified personnel who can work with 
new technologies. This will require additional costs for 
crew training and adaptation of operational standards. 
But despite these challenges, the prospects for using 
LNG in shipping remain extremely high. The infrastruc-
ture for LNG storage and refuelling is actively develop-
ing, and technological progress contributes to reducing 
the cost of systems required for its use. Many shipping 
companies have already started implementing this 
technology, as it not only helps meet environmental 
standards, but also allows optimising fuel costs in the 
long term (Adekoya et al., 2024).

Thus, LNG is a strategic area for the modernisation 
of marine energy. It ensures environmental safety, re-
duces harmful emissions, and promotes the transition 
to more sustainable marine logistics. However, for the 
full implementation of this technology, it is necessary 
to solve the issues of infrastructure development, re-
ducing the cost of fleet modernisation and training 
specialists. Despite these challenges, trends in shipping 
suggest that the role of LNG will only grow in the com-
ing decades, forming a new environmental standard 
for maritime transport. The use of LNG in shipping is 
an important step towards improving energy efficiency 
and reducing the impact on the environment. Conven-
tional marine power plants are undergoing moderni-
sation to meet modern environmental standards, and 
LNG is becoming a key fuel in this transition. Its use can 
significantly reduce emissions of harmful substances, 
reduce operating costs, and improve the overall perfor-
mance of vessels (Table 1). 

Source: compiled by the author based on H. Jang et al. (2021)

Table 1. Impact of LNG use on reducing harmful gas emissions and energy efficiency in marine engines

Parameter LNG Diesel fuel Coal

CO2 emissions (t/GWh) 0.185 0.22 0.82

So2 emissions (g/kWh) 0 2.1 4

NOx emissions (g/kWh) 0.05 0.25 0.5

PM emissions (g/kWh) 0 0.03 0.15

Energy efficiency Higher efficiency (45-55%) Average (35-45%) Low (30-40%)
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Modern marine LNG power plants show an in-
creased efficiency factor compared to conventional 
diesel engines. This helps to reduce fuel costs and opti-
mise energy consumption. An important area of devel-
opment is the introduction of combined power systems 
that allow combining the operation of different types 
of engines to achieve maximum efficiency. Such sys-
tems provide the ability to switch between fuel types, 
which is especially important in conditions of unstable 
prices and regulatory changes. There are several main 
types of engines that can run on LNG. Dual-fuel engines 
are the most common option, as they can run on both 
LNG and diesel fuel. This gives shipping companies ad-
ditional flexibility in choosing their energy source. An-
other option is gas engines with spark ignition, which 
operate exclusively on LNG. They provide even lower 
emissions, but require specialised fuel supply systems 
and some changes to the vessel’s design (Lähde & Gi-
echaskiel, 2021).

LNG storage on board ships is a technologically 
complex process. Since LNG is stored at a temperature 
of about -162°C, special cryogenic tanks are used for 
this purpose. They are equipped with multi-layer insu-
lation and vacuum systems that minimise gas evapo-
ration. This reduces fuel losses and ensures safe op-
eration of the vessel. An important aspect is also the 
control of gas evaporation, which allows the use of 
evaporated gas in marine power plants, preventing its 
loss. Fuel supply systems play a key role in the stable 
operation of LNG vessels. The Fuel Gas Supply System 
provides control of the fuel supply to engines by regu-
lating its pressure and temperature. This allows avoid-
ing power drops and ensuring efficient operation of 
engines in various operating modes. Some systems also 
include re-cooling mechanisms that allow some of the 
evaporated gas to be returned to a liquid state for later 
use (Jeong et al., 2024).

As of 2025, there are several modern engine mod-
els on the market that are already actively used in 
shipping. One of the most efficient is the MAN ME-GI, a 
high-pressure dual-fuel engine that provides minimal 
fuel loss and low emissions (Kim et al., 2022). Another 
option is the WinGD X-DF, which runs on LNG at low 
pressure, which reduces methane emissions and im-
proves the overall environmental friendliness of the 
vessel (Domić et al., 2022). Despite the significant ad-
vantages, the introduction of LNG in shipping faces cer-
tain challenges. The main ones are the need to develop 
appropriate infrastructure, the high cost of fleet mod-
ernisation, and the need for specialised skills to service 
new technologies. However, global trends indicate a 
gradual increase in the share of vessels running on this 
fuel (Stolz et al., 2022). Thus, the technological devel-
opment of marine energy based on LNG is a strategic 
area for the modernisation of the industry. State-of-the-
art engines, efficient fuel supply systems, and upgraded 
gas storage methods ensure high energy efficiency and 
significant emission reduction. In the future, the use of 
LNG will contribute to further greening of shipping, op-
timising costs and ensuring the stable development of 
sea transportation. The transition of global shipping to 
LNG is one of the most important areas of modernisa-
tion of marine energy. This is due not only to environ-
mental requirements, but also to potential economic 
benefits. The use of conventional marine fuels, such 
as fuel oil or diesel, is becoming less attractive due to 
rising environmental compliance costs and volatile oil 
prices. On the other hand, LNG can reduce operating 
and environmental costs, get financial incentives, and 
improve overall ship efficiency. However, despite these 
advantages, the transition to LNG is accompanied by 
certain challenges, such as significant initial invest-
ment, the need for infrastructure development, and the 
cost of staff training (Table 2).

Source: compiled by the author based on B. Jesus et al. (2024)

Table 2. Economic benefits of switching to LNG,  
cost of infrastructure investment, and cost-effectiveness of the transition

Parameter Derivative of switching to LNG
Initial investment (USD million) 50-100 (depending on the type of vessel)
Operating expenses (per year) Cost reduction by 15-30% (compared to diesel)

LNG cost (per 1 MWh) 40-60 USD/MWh
Operating savings (per year) 5-15% of total expenses

Return on investment 3-6 years depending on the scale of the project

One of the key economic benefits of using LNG is 
reduced operating costs. Prices for conventional pe-
troleum products are subject to fluctuations, which 
complicates long-term financial planning for shipping 
companies. However, the cost of LNG is more stable, 
and in some regions, it is much lower, which makes 
it economically attractive (Xiuzhen et al. , 2022). Due 
to cleaner LNG combustion, engines experience less 

wear, which reduces maintenance costs and increases 
their service life.

The transition to LNG is accompanied by a number 
of financial and technical challenges. The most signifi-
cant of these is the high cost of the initial investment. 
The construction of new LNG-powered vessels or the 
conversion of existing vessels to run on this fuel re-
quires significant costs for the installation of cryogenic 



Liquefied natural gas as a strategic vector for ship energy modernisation...

7272 Journal of Kryvyi Rih National University, Vol. 23, No. 1, 2025

LNG storage systems, modernisation of fuel systems, 
and replacement of engines. These costs can be a se-
rious barrier for many shipping companies, especially 
those operating in the low-margin cargo segment, such 
as general cargo transportation, container transporta-
tion, or raw material transportation.

Another important aspect is the cost of staff train-
ing. Working with LNG requires special knowledge and 
skills, as this fuel is stored at ultra-low temperatures 
(-162°C) and requires special safety measures. Shipping 
companies should invest in training crew and technical 
personnel to ensure safe operation of vessels and avoid 
the risks associated with the use of cryogenic fuel. It 
should also be considered that the infrastructure for 
providing LNG vessels is not yet evenly developed in 
all regions of the world as of 2025. Although the num-
ber of LNG bunkering terminals is gradually increasing, 
their availability remains limited in some seaports. This 
can create logistical difficulties for vessels that use 
LNG as their main fuel, and require additional planning 
of routes and stops to replenish their fuel reserves.

Thus, the cost-effectiveness of switching to LNG is 
determined by the balance between initial costs and 
long-term benefits. Despite the high initial costs of 
implementing LNG, lower operating costs, financial in-
centives, and savings on environmental measures can 
make this transition economically feasible in the long 
run. However, heavy fuel remains the most cost-effec-
tive option even with a high carbon tax, suggesting that 
switching to LNG may not be economically feasible for 
many shipping companies at this stage due to high 
initial investment and lack of adequate infrastructure 
to provide LNG vessels (Sagin & Poberezhny, 2022). In 
the long run, global trends to reduce emissions and 
strengthen environmental standards will further in-
crease the popularity of LNG in shipping. Infrastruc-
ture development and technology improvements will 
ensure its wider adoption, which will contribute to the 
sustainable development of the marine industry and in-
crease its economic efficiency.

LNG infrastructure is one of the key aspects that 
will determine the future of shipping in the context 
of the transition to clean energy sources. The intro-
duction of this fuel at a broad level requires the cre-
ation of an efficient and scalable infrastructure for 
LNG storage, transportation, and bunkering. Despite 
the successful development of certain infrastructure 
elements in some regions, there are still significant 
limitations at the global level that make it difficult to 
implement large-scale LNG in shipping. These include 
the lack of sufficient infrastructure for LNG bunkering, 
the high cost of upgrading vessels to use this fuel, and 
the uneven development of LNG supply networks in 
different parts of the world. In addition, large initial 
investments in the installation of the necessary equip-
ment and technologies can be a significant barrier for 
many shipping companies, especially those operating 

in low-margin segments. In 2023, major international 
ports, in particular Rotterdam, Singapore, and Shanghai, 
became important hubs for LNG bunkering due to the 
presence of developed LNG terminals (Dewiatena & 
Bahagia, 2023). These terminals allow efficient storage 
and regasification of LNG, ensuring uninterrupted fuel 
supply for vessels running on this fuel. 

Rotterdam is an important commercial port and the 
largest LNG bunkering terminal in Europe (Fig. 1). Due 
to its strategic location on the North Sea coast and high 
level of infrastructure development, Rotterdam has be-
come a major LNG supply hub for international vessels. 
The port provides the ability to bunker LNG of various 
types to ships moving between Europe, Africa, and 
North America. LNG is a more environmentally friend-
ly fuel, so many shipowners are switching to it due to 
strict environmental requirements, such as SOx and NOx 
emission reduction standards. Rotterdam is actively de-
veloping infrastructure for LNG bunkering, including the 
creation of new LNG processing terminals, investments 
in the development of technologies for gas storage and 
supply. This makes the port attractive for shipping com-
panies looking to reduce harmful gas emissions and 
reduce fuel costs. As Rotterdam is a major transit hub, 
this development also contributes to the increased use 
of LNG in other parts of Europe (Zannis  et al.,  2022).

Singapore is one of the largest and most developed 
ports in the world, which is actively developing infra-
structure for servicing ships using LNG (Fig. 2). Singa-
pore is considered an important hub for bunkering ves-
sels running on alternative fuels, in particular LNG. This 
significantly contributes to an increase in the number 
of such vessels in the Southeast Asian region, where 
demand for environmentally friendly fuel is increas-
ing due to stricter emissions regulations. Singapore’s 
infrastructure includes several terminals for receiving 
and storing LNG, and systems that ensure efficient 
bunkering of this fuel. In addition, the Singapore gov-
ernment actively supports this process by investing in 
new technologies and providing incentives for shipping 
companies to switch to LNG. In particular, local port au-
thorities encourage investment in infrastructure, which 
reduces overall costs for shipowners and encourages 
the spread of LNG in the region (Du & Li, 2023).

Shanghai is an important commercial port and one 
of the main centres for the development of LNG infra-
structure in China (Fig.  3). Since China is the largest 
consumer of energy resources in the world, and one of 
the largest air pollutants, the country is actively work-
ing on switching to cleaner energy sources, in particular 
LNG. Shanghai plays a key role in this process through 
the development of specialised LNG storage and pro-
cessing terminals. In addition, Shanghai is part of am-
bitious national initiatives to reduce emissions and de-
velop infrastructure for green technologies, including 
the introduction of LNG as an alternative to conven-
tional fuels. However, it is worth noting that one of the 
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challenges for the wider use of LNG in other parts of 
China is its availability and cost. Remote regions face 
difficulties in LNG delivery due to the lack of developed  

infrastructure and high transportation costs. These fac-
tors create certain barriers to the expansion of LNG use 
in the country (He et al., 2023).

Figure 1. Graphic image of the port of Rotterdam
Source: Port of Rotterdam cargo throughput decreased in 2024 (2025)

Figure 2. Graphic image of the port of Singapore
Source: Hiteshk (2019)

Figure 3. Graphic image of the port of Shanghai
Source: M. Bruno (2022)
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However, despite the growing number of such ter-
minals, many regions, especially in Africa, South Amer-
ica, and parts of Asia, face a lack of infrastructure to 
provide the necessary level of LNG supply (Yin & 
Lam, 2022). This limits opportunities for shipping com-
panies seeking to switch their fleets to cleaner energy 
sources, as they are forced to plan their routes based on 
existing bunkering terminals. As a result, LNG vessels 
have limited access to some ports and routes, which 
creates additional costs and logistical difficulties.

One solution that helps to reduce these limitations 
is the introduction of floating LNG terminals. Floating 
terminals are mobile installations that can store, regas-
ify, and supply LNG to ships without the need to build 
expensive stationary ground terminals. Floating termi-
nals can provide LNG supplies in remote or insufficient-
ly secured ports, where the construction of stationary 
infrastructure is economically unprofitable. This allows 
significantly increasing the coverage of regions where 
the necessary infrastructure for bunkering is not avail-
able, and reducing dependence on geographical fac-
tors. Floating terminals are particularly useful in cas-
es where fast and cost-effective provision of new LNG 
ports is required (Khoiriyah et al., 2023). 

Notably, the development of LNG infrastructure is 
stimulated by state programmes and international ini-
tiatives. Many countries seeking to reduce greenhouse 
gas emissions actively support investment in LNG in-
frastructure development. For example, in the Euro-
pean Union, there is the Connecting Europe Facility 
programme, which provides soft loans and grants to 
shipping companies and enterprises that invest in the 
creation of LNG bunkering terminals and the develop-
ment of infrastructure for its transportation. The terms 
of lending and receiving grants include concessional 
loans on favourable terms for projects that meet the 
programme’s criteria. The application process includes 
submitting a detailed business plan and technical doc-
umentation. To receive grants, a company must submit 
an application containing a description of the project, 
its impact on the environment and economy, and an 
implementation plan. Competition for grants is high, 
so it is important to prepare high-quality documenta-
tion (Connecting Europe Facility,  2021). Such support 
not only encourages infrastructure development, but 
also encourages shipping companies to invest in the 
transition to cleaner energy sources. In particular, one 
example is Norway, which actively supports the use of 
LNG in navigation through preferential programmes 
and subsidies. Norway, as part of its strategy to reduce 
carbon emissions and meet its obligations under the 
Paris Agreement, provides financial incentives for com-
panies that switch to using LNG. In particular, Norway 
provides tax breaks and subsidies for shipping compa-
nies that upgrade their vessels to use LNG instead of 
conventional diesel fuel. As part of the Green Shipping 
Programme, the Norwegian government allocates up to 

50% of the cost of upgrading ships, including switching 
to LNG, and also provides soft loans to finance such in-
itiatives. Through these measures, Norway encourages 
shipping companies to reduce their harmful gas emis-
sions and supports the development of LNG bunkering 
infrastructure in their ports. According to the Norwe-
gian Maritime Administration, shipping companies can 
receive funding of up to NOK 2 million (approximately 
EUR 200,000) for a modernisation project that includes 
switching to LNG as the main fuel for the ship.

One of the companies that actively invests in the 
development of infrastructure for LNG is Maersk, one 
of the largest container carriers in the world. Maersk 
is actively working to convert its vessels to LNG and 
invests in the construction of new bunkering stations 
and the expansion of existing infrastructure for the 
supply of LNG. As part of its environmental initiatives, 
the company plans to operate more than 12 of its new 
LNG vessels by 2030. In addition, Maersk is investing in 
expanding its network of bunkering terminals around 
the world, including ports in Europe and Asia, to ensure 
a continuous supply of LNG for its vessels. For example, 
in 2021, the company announced cooperation with the 
Port of Rotterdam to expand the LNG bunkering infra-
structure, and is also negotiating with other ports to 
build additional terminals. Maersk’s investments in the 
transfer of the fleet to LNG and infrastructure devel-
opment can amount to hundreds of millions of dollars. 
For example, for the construction of one new bunkering 
station, a company can spend up to EUR 50 million on 
a project. This demonstrates the company’s serious ef-
forts to provide a more sustainable and cost-effective 
way of transportation in the shipping industry.

Thus, despite the existing challenges associated 
with the development of infrastructure for LNG, the use 
of floating terminals, active support from states and 
private investors help to solve these problems. In the 
future, the development of bunkering infrastructure, in 
particular, through floating terminals and the expan-
sion of the network of ports providing services for LNG, 
will allow shipping to fully switch to environmentally 
friendly energy sources, which will contribute to the sus-
tainable development of the marine industry as a whole.

Discussion
Analysis of the results of the study showed that the in-
troduction of LNG in shipping contributed to a signifi-
cant reduction in harmful emissions. In accordance with 
the environmental regulations MARPOL Annex VI and 
the Act to Prevent Pollution from Ships (2024), vessels 
that used LNG as fuel showed a significant reduction 
in SOx and NOx emissions, and also PM. In addition, 
switching to LNG has reduced CO2 emissions, which 
confirmed its compliance with modern requirements 
for decarbonisation of shipping.

This problem was also investigated by A. Singh & 
S.  Shanthakumar  (2022), where the results confirmed 
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that the MARPOL Annex VI environmental regulations 
impose strict restrictions on harmful emissions from 
marine transport, in particular, on sulphur in marine 
fuel. These regulations significantly reduced the level 
of air and ocean pollution, which contributes to the 
preservation of the marine ecosystem. As a result, these 
measures increase the environmental responsibility 
of sea carriers and encourage the introduction of the 
latest technologies to reduce emissions. The study by 
A. Hoang et al. (2023) also showed that decarbonising 
shipping is an important step in combating climate 
change by focusing on reducing CO2 emissions in this 
sector. Switching to alternative fuels such as LNG, hy-
drogen, and ammonia can significantly reduce harmful 
gas emissions. This strategy is essential for achieving 
the global goals of reducing emissions and ensuring the 
sustainable development of the marine industry. The 
implementation of environmental regulations is only 
part of a broader strategy to reduce pollution from ma-
rine transport. Since these regulations focus on limiting 
SOx and NOx emissions, they do not cover all aspects of 
environmental sustainability, such as greenhouse gas 
emissions. Therefore, it is important to integrate these 
requirements with other international initiatives that 
include a broader approach to decarbonising shipping 
and using the latest technologies to reduce the envi-
ronmental impact of the industry as a whole.

Technological analysis has shown that modern ma-
rine power plants, in particular, dual-fuel engines and 
gas engines with spark ignition, provide increased ef-
ficiency and reduce fuel consumption. In addition, the 
use of cryogenic LNG storage systems helped to effec-
tively control the processes of fuel evaporation and 
its supply to engines. However, it turned out that such 
systems required significant capital investments and 
careful monitoring of temperature conditions, which 
could complicate their operation. Z. Rony et al.  (2023) 
concluded that LNG-based marine power plants are be-
coming increasingly popular due to their environmen-
tal benefits, as LNG contributes to reducing SOx, NOx, 
and CO2 emissions compared to conventional fuels. 
They provide high energy efficiency, since LNG combus-
tion occurs more cleanly, which has a positive effect 
on engine efficiency and reduces operating costs. Such 
technologies are actively supported by international or-
ganisations as part of their commitments to reduce the 
environmental impact of shipping.

R. Ratnakar et al.  (2021) found that cryogenic fuel 
storage systems are critical to ensuring safe and effi-
cient LNG storage on board ships. These systems help 
to maintain the necessary low temperature to preserve 
natural gas in a liquid state, minimising losses during 
transportation and storage. They not only reduce fuel 
evaporation, but also contribute to improving overall 
energy efficiency and reducing the cost of LNG trans-
portation. These results support the above study, as 
they demonstrate a significant reduction in harmful gas 

emissions and improved energy efficiency when using 
marine LNG power plants. In particular, the analysis 
showed that the use of LNG as the main fuel on ships 
can lead to a reduction in NOx and SOx emissions, which 
confirms the high environmental efficiency of this tech-
nology. In addition, the integration of cryogenic storage 
systems allows fuel to be stored in optimal conditions, 
which contributes to even greater savings and reduces 
overall energy costs for shipping.

Economic analysis has shown that despite the long-
term benefits of LNG, such as reduced fuel costs and 
lower environmental costs, for many shipping compa-
nies switching to LNG at this stage may not be econom-
ically feasible. High initial investment in ship upgrades 
and the need to develop infrastructure for LNG bun-
kering, and the lack of sufficient support to cover these 
costs, leave conventional heavy fuel a more profitable 
option, even with high carbon taxes. It is necessary to 
emphasise the study by S. Al-Sobhi  et al.  (2021), who 
also found that the cost-effectiveness of LNG provides 
significant financial benefits for shipping companies 
due to its low fuel costs compared to conventional fu-
els. In addition, LNG helps to reduce operating costs by 
reducing engine wear and the need for frequent main-
tenance. The use of this fuel also allows companies to 
meet environmental standards without the need for ad-
ditional costs for emission cleaning equipment, which 
increases their competitiveness in the market.

In turn, H. Ma et al. (2023) concluded that financial 
incentives for shipping companies play an important 
role in encouraging the transition to environmental-
ly friendly fuels such as LNG. Due to government and 
international programmes, including subsidies and tax 
incentives, companies receive support in modernising 
their fleets, which can significantly reduce the finan-
cial burden. Concessional loans for the purchase of new 
vessels or the adaptation of existing vessels to LNG use 
provide additional incentives for integrating more sus-
tainable technologies into the industry. These data are 
consistent with the theses given in the previous sec-
tion, as they confirm that the economic benefits of LNG 
significantly exceed the initial costs of upgrading ma-
rine power plants. In particular, long-term savings on 
fuel costs, lower operating costs, and easier compliance 
with environmental standards make this transition ben-
eficial for shipping companies. In addition, financial in-
centives provided by the government and international 
organisations greatly facilitate the implementation of 
this technology, which once again confirms the feasibil-
ity of switching to more environmentally friendly and 
cost-effective fuel options.

One of the key limitations in the use of LNG re-
mained an insufficiently developed bunkering infra-
structure. While major ports such as Rotterdam, Sin-
gapore, and Shanghai had LNG terminals, many other 
ports were not equipped with the necessary capacity 
to store and refuel LNG vessels. The study showed that 
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the development of floating LNG terminals could be an 
effective solution for providing fuel to ships in remote 
regions, but this required significant capital investment 
and coordination at the international level.

Research conducted by V. Chimshir et al. (2023) con-
firmed the importance of LNG bunkering infrastructure 
to ensure a stable LNG supply to ships. This infrastruc-
ture includes specialised ports and gas stations capable 
of handling large volumes of fuel, which reduces the 
risk of leaks and ensures high safety during refuelling. 
Its development reduces ship downtime and increases 
the availability of LNG for sea carriers, which signifi-
cantly optimises global logistics. D. Polemis & M. Bovi-
atsis (2023) also found that floating terminals are an ef-
fective solution for countries or regions where there is 
no developed infrastructure for natural gas storage and 
regasification. These mobile platforms help to quickly 
organise the supply of LNG to remote or isolated places 
where the construction of stationary terminals is eco-
nomically impractical. Due to their mobility and rap-
id installation capabilities, floating terminals provide 
flexibility in managing gas demand, which is essential 
for the sustainable development of energy markets in 
various regions of the world.

Comparing the data obtained in the course of re-
search, it can be concluded that the introduction of 
LNG bunkering infrastructure and the development of 
floating terminals are interrelated processes that sig-
nificantly increase the availability of LNG for the ship-
ping industry. These infrastructure elements create an 
efficient logistics network that reduces the time spent 
on refuelling ships and reduces the risks associated 
with fuel shortages in remote regions. In particular, 
mobile floating terminals can significantly reduce the 
cost of building stationary facilities, making the energy 
infrastructure more flexible and adapted to changing 
market conditions. The results of the study also showed 
that shipping companies that were the first to switch to 
using LNG received competitive advantages in the form 
of reduced operating costs and compliance with new 
environmental standards. However, the overall dynam-
ics of the introduction of this fuel in the industry re-
mained slow due to the high cost of technological tran-
sition and the need to adapt the regulatory framework.

A. Yao et al. (2024) concluded that the competitive 
advantages of LNG vessels are becoming increasingly 
obvious to shipowners, as these vessels allow them to 
meet the requirements of international environmental 
regulations, in particular, with regard to greenhouse 
gas emissions. The use of LNG also reduces fuel costs, 
which contributes to savings in operating costs, in par-
ticular, in the long term. In addition, LNG vessels can 
operate in areas with limited emissions, which allows 
shipowners to avoid the need to install additional fil-
tration systems, which reduces additional costs. S. Ha et 
al. (2022) found that adapting the regulatory framework 
is a necessary step to ensure effective implementation 

of LNG in the shipping industry. This includes updating 
international and national legislation regulating the 
use of LNG as fuel, in particular, in terms of safety and 
ecology. In addition, standardisation of infrastructure 
and training of crews to work with LNG create condi-
tions for the smooth functioning of new technologies 
in navigation.

When analysing the results of the study, it is clear 
that the transition to the use of LNG in shipping not 
only provides significant environmental benefits, but 
also has economic potential for shipowners. Given the 
reduction in fuel costs and the need for fewer filtration 
systems, shipping companies gain additional competi-
tive advantages in the market. However, for the success-
ful implementation of such technologies, it is important 
to develop the appropriate infrastructure, update the 
regulatory framework, and ensure that crews are qual-
ified to work with new types of fuel. Overall, the study 
confirmed that the transition to LNG was a strategically 
important step for the modernisation of marine energy. 
Its implementation reduced the negative impact on the 
environment and also improved the energy efficiency 
of ships. However, further investment in infrastructure, 
improvements in fuel storage and supply technologies, 
and support from governments and international or-
ganisations remained necessary to fully integrate LNG 
into global shipping.

Conclusions
LNG has demonstrated significant potential in the 
modernisation of marine energy, ensuring compliance 
with modern environmental standards, improving en-
ergy efficiency and reducing operating costs. The study 
confirmed that the use of LNG as a marine fuel contrib-
utes to a significant reduction in emissions of harmful 
substances, including SOx, NOx, and CO2. From a tech-
nological standpoint, it is established that modern ma-
rine power plants, in particular, dual-fuel engines and 
gas engines with spark ignition, provide a high level 
of efficiency and safety. Cryogenic LNG storage systems 
and fuel supply systems that minimise evaporation and 
energy loss were also investigated.

Analysis of economic aspects has shown that al-
though the transition to LNG requires significant initial 
investment, in the long run, it can reduce fuel costs and 
environmental measures. Financial incentives, such as 
subsidies and concessional lending, contribute to the 
active adoption of this technology. Infrastructure chal-
lenges remain one of the key barriers to the widespread 
use of LNG in shipping. Despite the development of 
LNG terminals and bunkering stations, their number 
is insufficient in regions such as Africa, South America, 
and parts of Asia, where LNG bunkering infrastructure 
still requires significant investment and development. 
The introduction of floating LNG terminals can partial-
ly solve this problem by ensuring fuel availability for 
remote ports.



Verzun

Journal of Kryvyi Rih National University, Vol. 23, No. 1, 2025
77

In general, the results of the study confirmed that 
the introduction of LNG is a strategically important area 
for the development of marine energy. Further invest-
ment in infrastructure, regulatory improvements, and 
staff training are needed to effectively implement this 
transition. A limitation of the study is the lack of anal-
ysis of specific regional conditions and practical exam-
ples of LNG implementation on certain types of vessels, 
which limits the universality of the results obtained 
for all shipping companies. It is necessary to study in 
more detail the long-term impact of LNG use on the  

performance of marine power plants and their adapta-
tion to future alternative fuels.
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Анотація. Актуальність дослідження зумовлена необхідністю зниження викидів шкідливих речовин у 
судноплавстві, відповідністю міжнародним екологічним стандартам та пошуком економічно ефективних 
рішень для паливного забезпечення флоту. Метою дослідження було проведення аналізу технологічних, 
екологічних та економічних аспектів використання зрідженого природного газу (ЗПГ) в судновій енергетиці 
для оцінки його ефективності та перспектив впровадження. У результаті дослідження було виявлено, що 
використання ЗПГ у судновій енергетиці є ефективним рішенням для зниження екологічних впливів та 
дотримання міжнародних екологічних стандартів. ЗПГ дозволяє значно зменшити викиди вуглекислого газу 
(CO2), оксидів азоту (NOx) і оксидів сірки (SOx), що робить його конкурентоспроможним паливом для суден, 
що працюють у зонах контролю викидів. Технологічно ЗПГ забезпечує високу енергоефективність, зокрема 
завдяки використанню двигунів подвійного палива, що дозволяють оптимізувати витрати на паливо і 
зменшити негативний вплив на навколишнє середовище. Сучасні суднові енергетичні установки, оснащені 
кріогенними системами зберігання та подачі газу, підтверджують ефективність ЗПГ у забезпеченні стабільної 
роботи суден. Економічні дослідження показали, що хоча перехід на ЗПГ вимагає значних початкових 
інвестицій у переобладнання суден та інфраструктуру, в перспективі це дозволяє зменшити експлуатаційні 
витрати та витрати на екологічні заходи, такі як установки для зниження викидів сірки. Практичне значення 
дослідження полягає в тому, що воно сприяє розвитку теоретичних і практичних основ використання ЗПГ як 
екологічно чистого та економічно вигідного палива в судновій енергетиці, що може бути використано для 
вдосконалення існуючих технологій і нормативних актів у галузі судноплавства

Ключові слова: екологічні стандарти; двигуни подвійного палива; кріогенні системи; експлуатаційні витрати; 
зони контролю викидів
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Abstract. The purpose of the article was to consider the issues of increasing the level of efficiency of the use of 
electric energy – the main type of energy in the conditions of the functioning of mining enterprises, using the 
example of their types with underground mining methods. It is confirmed that changing the modes of electricity 
consumption by receivers of the analysed types of enterprises that operate in a continuous cycle of work – 
24 hours a day, is one of the integral and effective measures to increase their energy efficiency. However, it is noted 
that the existing canonical formula for determining the level of energy efficiency of enterprises does not allow 
establishing the level of achievement of the effect in the analysed variant of the measure. It is emphasised that the 
inconsistency of this formula in determining the level of energy efficiency also applies to other modern variants of 
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Introduction
Modern operating conditions of mining enterprises re-
quire new approaches to improving energy efficiency, 
especially in light of recent changes in legislation and 
electricity billing formats. However, in practice, energy 
consumption management at such enterprises remains 
at a primitive level. This not only reduces equipment re-
liability but also diminishes overall economic efficiency. 
There is a need to develop theoretically grounded and 
controllable models for distributing electricity con-
sumption. The relevance of this study lies in the urgent 
transition to more flexible and energy-efficient power 
supply systems that can ensure both resource savings 
and enhanced technological reliability.

The paper by X. Li et al. (2023b) addresses the need 
for industrial users to optimise electricity consumption 
strategies in light of electricity prices real-time fluc-
tuations at the electricity market. Authors purposed 
method that utilises a TimesNet deep learning mod-
el to forecast electricity prices. Subsequently, they also 
build a multi-objective optimisation model that iden-
tifies electricity consumption across various industrial 
loads at different times, based on the predicted prices 
and the users’ specific load demands. To solve optimisa-
tion task method employs the adaptive multi-objective 
particle swarm optimisation algorithm, which helps in 
obtaining a set of Pareto solutions. The effectiveness of 
the proposed method is validated through simulations 
using data from the magnesium industry.

The paper by D.A.G.  Vieira  et al.  (2024) introduc-
es a framework aimed at calculating hourly electrici-
ty prices by examining the interplay between energy 
consumption and pricing. This method employs an ob-
jective function that quantifies the distance from the 
desired consumption level, facilitating necessary ad-
justments. Two optimisation methods, the Trust-Region 
Constrained method and Sequential-Least Squares Pro-
gramming, were tested, demonstrating the capability 
to model the dynamic relationship between consump-
tion and price effectively. The results indicate that this 
framework encourages consumers to shift their energy 
usage to off-peak hours, which can help alleviate peak 
demand and enhance grid stability.

Authors C.  Wang  et al.  (2023) consider the issue 
of regulating electricity consumption by energy-inten-
sive loads from a slightly different perspective, namely, 

ensuring reliable operation of the power grid. In this 
paper, a two-level optimisation model was proposed. 
The inner optimisation focuses on the operational as-
pects, specifically the operational plans for industrial 
loads and thermal power units, while considering the 
integration of new energy sources. The outer optimi-
sation deals with the planning aspects, particularly 
the development layout of industrial loads. The ef-
fectiveness of the method is demonstrated using the 
IEEE 39 bus system.

The paper by Y.  Li  et al.  (2025) presents an elec-
tricity price optimisation model designed to tackle high 
energy costs in complex electricity markets. This price 
optimisation model unites an enhanced shuffle frog 
leaping and particle swarm optimisation algorithms. 
The research utilised electricity consumption data from 
power grids of large cities in China for validation and 
analysis. The authors noted that by optimising the cost 
of electricity, it is possible to regulate energy consump-
tion and forecast it.

The work by L. Dengfeng et al. (2024) discusses the 
significance of time-of-use electricity pricing as a strat-
egy to improve the balance between electricity supply 
and demand, enhance efficiency, and optimise usage 
patterns. Authors propose a combined method that first 
segments the current electricity pricing strategy using 
the Gaussian mixture model clustering algorithm, and 
then optimises it based on the determined profile of 
grid investments and the load characteristics of the 
power grid. The approach is validated through a case 
study of the Chongqing power system in China, with the 
goal of minimising peak load disparities and maximis-
ing the benefits of grid investments.

The work by J. Li et al.  (2024) presents the use of 
electricity price to manage power consumption among 
a group of users. Users often do not want to share their 
private information, making it difficult for operators to 
optimise energy usage effectively. To address this chal-
lenge, the authors propose a two-time-scale incentive 
mechanism. This mechanism alternates between the 
system operator setting a price and users optimising 
their consumption based on that price. After that, the 
operator recalculates the electricity price. Then the 
process is iteratively repeated. In this way, the operator 
indirectly controls the electricity consumption.

increasing energy efficiency, including networks with distributed generation. It is proposed to determine the level 
of energy efficiency by the indicator of the corresponding material costs for the energy consumed. To confirm this 
proposal, a study of the variability of electricity consumption modes in the hours of the day, taking into account 
the variability of tariffs, was conducted. It has been analysed and proven that the consumption and control of 
the operating modes of electricity receivers during the hours of the day should be carried out in the format of a 
process. An analytical justification of the proposed process has been carried out and conclusions have been drawn

Keywords: energy efficiency; control; power supply systems; electric power engineering; linear programming; 
optimisation; price of electricity
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Authors A.  Gupta  et al.  (2024) use optimisation 
techniques to enhance electricity consumption in both 
residential and factory environments. The research 
specifically targets the optimisation of load profiles 
across various scenarios, namely for different seasons 
and days of the week. The goal is to optimise daily load 
distribution. By comparing electricity consumption be-
fore and after optimisation, while considering electicity 
price variations, the study identifies an improved load 
profile. This approach enables consumers to select their 
preferred electricity consumption strategy based on the 
electricity prices.

The format of the proposed levels, or rather, ways 
of approaching the solution of the problem of energy 
efficiency in order to achieve realistically possible indi-
cators in most of the analysed publications, embodies 
a variety of directions which, in turn, are outlined as 
a number of local options – sub-options for the final 
solution option. Such an approach is not contraindicat-
ed; however, in accordance with the set goal, a holistic 
option for achieving the goal is still lacking. At the same 
time, it should be noted that there are few publications 
devoted to the issue of optimising energy consumption 
by iron ore mines. The work by O. Sinchuk et al. (2024) 
can be highlighted, however, given the high energy in-
tensity of the processes, such work will help improve 
energy efficiency.

For a number of reasons, the idea of operational 
control over electricity consumption modes by individ-
ual receivers as a process with centralised management 
and with the ultimate goal of reducing material costs 
for this segment of the enterprise’s budget expendi-
ture was not sufficiently developed in the list of known 
studies. Thus, the purpose of the study was to substan-
tiate the feasibility and format of assessing the materi-
al costs of mining enterprises for consumed electricity 
as an integral indicator of the efficiency of its use for 
the formation of an algorithm for economically achiev-
able operational management of electricity consump-
tion levels by consumers during the hours of the day.

Materials and Methods
Optimisation methods were used to determine the lev-
el of electricity consumption by the enterprise during 
the day. In particular, the optimisation problem of min-
imising the components of electricity costs according 
to the marginal market prices for the day ahead was 
a linear programming problem with constraints. To 
solve this problem, the simplex method implemented 
in Microsoft Excel software was used. To determine 
the minimum and maximum limits on electricity con-
sumption, the daily schedules of electrical loads of 
both individual energy-intensive consumers and the 
entire iron ore mine in Kryvyi Rih (the name is not 
specified for security reasons) were analysed. This data 
was obtained by measuring electricity meters installed 
at the main step-down substation of the enterprise.  

A computational procedure was performed to determine 
the real optimal values of electricity consumption at the 
iron ore mine. The solution to the problem was carried 
out based on the provisions and principles of the sys-
tem approach and system analysis. It should be noted 
that when studying the quality of electricity, as a sys-
tem, it should be considered as an open system, that is, 
one that exchanges energy, matter and information with 
the external environment. As a limitation of the study, 
the cost-target parameters of the external environment 
remained outside the scientist’s attention, they are the 
ones that determine the conflict of interests of the pro-
vider and consumer of services regarding electricity.

Results and Discussion
The Law of Ukraine No. 2019-VIII  (2017), by changing 
the format of settlements for consumed electricity be-
tween consumers and generating organisations, poten-
tially provided the first of the above-mentioned “actors” 
with creativity for the process of intensifying searches 
for increasing electricity efficiency and, including, at-
tracting their own potential reserves of energy resourc-
es for this. However, despite the need to adopt crea-
tive approaches to implementing measures to increase 
their electricity efficiency in the practice of mining en-
terprises, this direction has not yet acquired the status 
of an “energy culture” of the relevant industry.

At the same time, along with the format of deci-
sion tactics in the generalised strategy for solving the 
problem of increasing energy efficiency, new non-trivial 
communication links also arise, which provoke the need 
to change existing canonical concepts and form their 
new formats, which in turn adjust the vision of ways to 
achieve the set goal, including docking or integration 
with perfect options. At the same time, it should be not-
ed that often new solutions are based on non-trivial, 
non-canonical concepts. Thus, with the emergence of 
new options for power supply system structures (PSS), 
including with distributed generation (Kaczmarze-
wski et al., 2021), the cohort of concepts that need to be 
decanonised for the possibility of real evaluation of the 
results obtained includes the format of the traditional 
interpretation of the concept of energy efficiency itself.

The need to change the formula for assessing ener-
gy efficiency is also dictated by the option of changing 
the format of electricity consumption in hours of the 
day, which also represents a segment of solutions in the 
complex of tasks for solving the problem of energy effi-
ciency. In both the first and the second options, accord-
ing to the existing concept of energy efficiency, there is 
no a priori effect in this assessment option, although, as 
a fact, there is a reduction in the material costs of the 
enterprise for the volume of electricity consumed. This 
is a system-forming positive aspect of such solutions.

However, returning to the above-mentioned ways 
of increasing energy efficiency, it should be noted that 
the option of changing the emphasis in the levels of 
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electricity consumption in hours of the day in the for-
mat of existing daily tariffs can and should be applied 
in any variations of PSS structures. That is, this direction 
should be seen as the basic and at the same time start-
ing point in the development of energy-efficient PSS 
options, or rather, the controllability in their structures 
of the distribution of electricity consumption levels be-
tween consumers in hours of the day.

To this should be added that mining enterprises 
are the types of electricity consumers that are most 
suitable for the implementation of this principle, since 
they operate in a continuous cycle – 24 hours a day, 
which provides sufficient variability in the practical im-
plementation of this direction (Telbayeva et al., 2024). 
However, here too, the implementation tactics have 
their own problems in organising the process of con-
trol, since electricity tariffs vary not only in hours of the 
day, but also in the days themselves. That is, monitor-
ing and forecasting should be necessary in this pro-
cess, with the subsequent selection of optimal tariffs in 
hours of the day and, accordingly, the development of 
an algorithm for controlling the distribution of electric-
ity between consumers of the enterprise.

However, it should be added that speaking of the 
need for control of energy flows in the structures of en-
ergy complexes: electricity supply – energy consump-
tion of mining enterprises, it will be correct to note that, 
in fact, control in hours of the day exists in the realities 
of the functioning of these enterprises, but in the pure 
primitivism of this concept. Moreover, such an insuffi-
ciently substantiated, in essence, technology of func-
tioning of aggregate electricity consumers approach, 
often not only does not provide a positive effect in the 
operation of the electric power complex, but on the 
contrary, significantly reduces the reliability and service 
life of electrical equipment and electromechanical sys-
tems of electricity receivers and the power system in 
general (Bakare et al., 2023). Electricity tariffs are also 
significantly affected (Siddiquee  et al.,  2021; Golmo-
hamadi, 2022; dos Santos et al., 2023). Such a measure, 
as, by the way, all others in this direction, without the 

necessary theoretical and model justification, will not 
provide the expected and potentially achievable level of 
positive potential for increasing the level of energy effi-
ciency and the economy of these enterprises as a whole.

The transmission of electricity via main power 
transmission lines is carried out by the National Energy 
Company “Ukrenergo” – a joint-stock company, 100% of 
whose shares are owned by the state. Tariffs for “Ukren-
ergo” are set by the National Commission for Energy and 
Utilities Regulation (NCEUR). The transmission of elec-
tricity is understood as the transportation of electricity 
through the networks of the transmission system oper-
ator (i.e. “Ukrenergo”) from power plants to the points 
of connection of distribution systems. Electricity tariffs 
for industrial enterprises differ from electricity tariffs 
for the population. In general, the cost of electricity for 
industrial enterprises consists of: transmission system 
operator tariff (set by NCEUR for the single operator 
“Ukrenergo”); distribution system operator tariff (set by 
NCEUR for each energy distribution company operator); 
actual cost of electricity (the market price of electricity 
is determined daily by the state-owned company “Mar-
ket Operator” based on the results of trading); the cost 
of the supplier’s services, i.e. its margin (determined by 
each supplier, usually a few percent of the market value).

Electricity distribution tariffs for all regional energy 
companies are set by NCEUR. Thus, the NCEUR Commis-
sion is conducting a regulatory procedure to review the 
maximum prices in the relevant segments of the elec-
tricity market. According to the Resolution of the Na-
tional Commission for State Regulation of Energy and 
Public Utilities No. 1976 (2024), the regulator proposes 
to set the following maximum prices in the day-ahead 
market and the intraday market from December 2024:

▼ from 0.00 to 7.00 – 5,600 UAH/MW · h;
▼  from 7.00 to 17.00 and from 23.00 to 0.00  – 

6,900 UAH/MW · h;
▼ from 17.00 to 23.00 – 9,000 UAH/MW · h.
Figure 1 presents a graphical representation of the 

marginal prices on the day-ahead market and the intr-
aday market.
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Figure 1. Charts of limit prices on the intraday market
Source: compiled by the authors
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Compared to the Resolution of the National Com-
mission for State Regulation of Energy and Public 
Utilities No. 1976 (2024), in the current study it is pro-
posed to increase the maximum price in the time peri-
od from 11.00 to 17.00 from the current 5,600 UAH to 
6,900 UAH per MW · h. At the same time, it is proposed 
to leave the maximum prices on the balancing elec-
tricity market unchanged. The revision of the maximum 
prices on the electricity market is due to the need to 
ensure conditions for commercial imports of electricity 
from European countries in order to cover a possible 
capacity deficit in the autumn-winter period during 
Russian terrorist attacks on the energy system. The or-
ganisation of the functioning of the electricity market 
in Ukraine is handled by JSC “Market Operator” (100% of 
whose shares are owned by the state and are not sub-
ject to privatisation). JSC “Market Operator” ensures the 
conduct of exchange trades in the purchase and sale 
of electricity for regional energy companies, enterprises 
and factories. The main market is the “day-ahead” mar-
ket (DAM). This market sells and buys electricity for the 
day following the day of trading, and trading is actually 
conducted 24/7 (even on weekends).

Mining enterprises, taking into account the ex-
isting difference in hourly daily tariffs for electricity, 

which often reaches almost 5-fold values, a priori in the 
“manual control” option make corrections to the daily 
operating modes of, as a rule, energy-intensive con-
sumers with the corresponding reflection of this pro-
cess on the modes of electricity consumption (Diaz et 
al. , 2016; Gerami et al. , 2021). Giving a certain effect 
in the form of savings in payment levels for consumed 
volumes of electricity, such insufficiently justified 
measures also entail a number of technical difficulties 
for technological units, the modes of which change 
during the day in the range of loads from zero to max-
imum values (Sinchuk, 2019). Figure 2 shows real, ex-
perimentally obtained graphs of electricity consump-
tion by an operating iron ore mine during the hours of 
the day. The format of this sample is typical for all iron 
ore mines. This is confirmed by studies conducted for 
all typical energy-intensive consumers (Maregedze et 
al. ,  2022). This is also the case for certain groups of 
consumers, such as the main drainage complexes of 
groundwater in mines and quarries (Michlowicz & Wo-
jciechowski, 2021; Mykhailenko et al. , 2023) and main 
ventilation installations (de Vilhena Costa & Margari-
da da Silva, 2020). Therefore, it is advisable to consider 
it an option for developing electricity flow control sys-
tems for these types of enterprises. 

Figure 2. Electricity consumption by hours of the day by individual receivers of iron ore mine (Kryvyi Rih)
Notes: a) 08/29/2021; b) 08/29/2022
Source: compiled by the authors
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According to Figure  2, the dynamics of changes 
in the levels of electricity consumption by both indi-
vidual consumers and the entire enterprise indicate 
a significant status of the fluctuation range. Howev-
er, compliance with the possibilities and feasibility 
of controllability requires further substantiation and 
appropriate adjustment. However, compliance with 
the capabilities and feasibility of control requires 
its further justification and appropriate adjustment. 
From the point of view of ensuring the appropriate 
level of efficiency of the quality of consumed elec-
tricity during the day, it is important that this process 
corresponds to the lowest cost according to tariffs on 
the intraday electricity market. This makes it possible 
to mathematically formulate the corresponding task. 
First, it is necessary to determine the forecast volume 
of electricity that the enterprise needs to consume 
during the day:

W0
 = ∫0

T N(t)dt,                            (1)

where W0  – specified amount of electricity, MW  ·  h;  
T = 24 hours (length of day); N(t) – power of consumed 
electricity, MW.

At the same time, the power of electricity is limited 
by the limits:

Nmin
 ≤ N(t) ≤ Nmax,                          (2)

where Nmin  – lower limit of electricity capacity, MW; 
Nmax – upper limit of electricity capacity, MW.

In turn, electricity consumption during the day to 
ensure the required level of efficiency of its use must 
correspond to the lowest cost of electricity consumed 
according to the schedule on the intraday market, 
which is determined by the condition:

C = ∫0
T c(t)N(t)dt→mi

N(t)
n,                      (3)

where c(t)  – price of electricity depending on time 
according to the price tariff on the intraday market, 
MW · h.

Considering the piecewise constant method of set-
ting the marginal price tariff on the intraday market, 
which is presented in Figure 1, the integral in condition 
(3) can be represented as the sum of integrals over seg-
ments of constant values, i.e.:

∫0
T c(t)N(t)dt = ∫0

T1 c1(t)N(t)dt + ∫T1
T2 c2(t)N(t)dt +

+ ∫T2
T3 c3

 (t)N(t)dt + ∫T3
T c4 (t)N(t)dt,               (4)

where T1
 = 7 hour; T2

 = 17 hour; T3
 = 23 hour; T4

 = 24 hour; 
c1

  =  5,600  UAH/MW  ·  h; c2
  =  6,900  UAH/MW  ·  h; 

c3
 = 9,000 UAH/MW · h; c4

 = 6,900 UAH/MW · h.
Given the constancy of tariff prices, their values can 

be taken outside the integral signs, that is, written in 
the form:

∫0
T c1N(t)dt + ∫T1

T2 c2 N(t)dt + ∫T2
T3 c3 N(t)dt + ∫T3

T c4 N(t)dt =
= c1 ∫0

T1N(t)dt + c2 ∫T1
T2N(t)dt + c3 ∫T2

T3 N(t)dt + c4 ∫T3
T N(t)dt,   (5)

or, according to (4):

∫0
T c(t)N(t)dt = c1W1

 + c2W2
 + c3W3

 + c4W4,            (6)

where W1
  =  ∫0

T1N(t)dt – the amount of electricity con-
sumed over a period of time [0; T1]; W1

 = ∫T1
T2N(t)dt – the 

amount of electricity consumed over a period of time 
[T1; T2]; W1

 = ∫T2
T3 N(t)dt – the amount of electricity con-

sumed over a period of time [T2; T3]; W1
 = ∫T3

T N(t)dt – the 
amount of electricity consumed over a period of time 
[T3; T].

Taking into account formula (1) and notation (6), a 
condition that is imposed on the amount of electricity 
consumed during the day can be formulated:

W1
 + W2

 + W3
 + W4

 = W0.                     (7)

Taking into account condition (2), there are limits 
on the amount of electricity consumed during the tariff 
time of day. For a time period can be written:

∫0
T1

 Nmin dt ≤ ∫0
T1

 Ndt ≤ ∫0
T1

 Nmax dt,
Nmin ∫0

T1dt ≤ ∫0
T1

 Ndt
 ≤ Nmax ∫0

T1
 dt,

Nmin T1
 ≤ W1

 ≤ Nmax T1.                       (8)

Limitations for the time period [T1; T2]:

Nmin(T2
 - T1)

 ≤ W2
 ≤ Nmax(T2

 - T1).                (9)

Limitations for the time period [T2; T3]:

Nmin(T3
 - T2)

 ≤ W3
 ≤ Nmax(T3

 - T2).              (10)

Limitations for the time period :

Nmin(T3
 - T2)

 ≤ W3
 ≤ Nmax(T3

 - T2).               (11)

Taking into account (3) and (6), the condition for 
optimising electricity consumption during the day can 
be written:

C(W1; W2; W3; W4)
 = c1W1

 +
+ c2W2

 + c3W3
 + c4W4→ min

𝑊𝑊𝑊𝑊1 ,𝑊𝑊𝑊𝑊2 ,𝑊𝑊𝑊𝑊3 ,𝑊𝑊𝑊𝑊4
 .          (12)

Taking into account the condition (12) and the lim-
itations (7)-(11), it can be obtained the mathematical 
formulation of the problem of minimising the compo-
nents of electricity costs in hours of the day on the in-
traday market according to the given marginal prices. 
From a mathematical point of view, taking into account 
the linearity of the minimised functional (12) and the 
linearity of the constraints (7)-(12), a linear program-
ming problem occurs (Shufian & Mohammad,  2022), 
the solution of which is carried out by a standard al-
gorithm using the “simplex method” (Yan et al., 2019).



Integration of enterprises electricity material costs...

8686 Journal of Kryvyi Rih National University, Vol. 23, No. 1, 2025

To simplify the solution of the formulated problem 
(7)-(12), it seems advisable to switch to specific values, 
dividing all variables by the given volume of electricity 
consumption (1). As a result, the mathematical formu-
lation of the problem of minimising the segments of 
electricity costs in hours of the day on the intraday mar-
ket will take the form:

C(W1; W2; W3; W4)
 = c1W1

 +
+ c2W2

 + c3W3
 + c4W4→ min

𝑊𝑊𝑊𝑊1 ,𝑊𝑊𝑊𝑊2 ,𝑊𝑊𝑊𝑊3 ,𝑊𝑊𝑊𝑊4
 ;          (13)

W1
 + W2

 + W3
 + W4

 = 1;                     (14)

𝑁𝑁𝑁𝑁𝑚𝑚𝑚𝑚𝑚𝑚𝑚𝑚𝑚𝑚𝑚𝑚𝑇𝑇𝑇𝑇1
𝑊𝑊𝑊𝑊0

≤ 𝑊𝑊𝑊𝑊�1 ≤
𝑁𝑁𝑁𝑁𝑚𝑚𝑚𝑚𝑚𝑚𝑚𝑚𝑚𝑚𝑚𝑚𝑇𝑇𝑇𝑇1
𝑊𝑊𝑊𝑊0

  ;                   (15)

𝑁𝑁𝑁𝑁𝑚𝑚𝑚𝑚𝑚𝑚𝑚𝑚𝑚𝑚𝑚𝑚(𝑇𝑇𝑇𝑇2−𝑇𝑇𝑇𝑇1)
𝑊𝑊𝑊𝑊0

≤ 𝑊𝑊𝑊𝑊�2 ≤
𝑁𝑁𝑁𝑁𝑚𝑚𝑚𝑚𝑚𝑚𝑚𝑚𝑚𝑚𝑚𝑚(𝑇𝑇𝑇𝑇2−𝑇𝑇𝑇𝑇1)

𝑊𝑊𝑊𝑊0
  ;            (16)

𝑁𝑁𝑁𝑁𝑚𝑚𝑚𝑚𝑚𝑚𝑚𝑚𝑚𝑚𝑚𝑚(𝑇𝑇𝑇𝑇3−𝑇𝑇𝑇𝑇2)
𝑊𝑊𝑊𝑊0

≤ 𝑊𝑊𝑊𝑊�3 ≤
𝑁𝑁𝑁𝑁𝑚𝑚𝑚𝑚𝑚𝑚𝑚𝑚𝑚𝑚𝑚𝑚(𝑇𝑇𝑇𝑇3−𝑇𝑇𝑇𝑇2)

𝑊𝑊𝑊𝑊0
  ;            (17)

𝑁𝑁𝑁𝑁𝑚𝑚𝑚𝑚𝑚𝑚𝑚𝑚𝑚𝑚𝑚𝑚(𝑇𝑇𝑇𝑇−𝑇𝑇𝑇𝑇3)
𝑊𝑊𝑊𝑊0

≤ 𝑊𝑊𝑊𝑊�4 ≤
𝑁𝑁𝑁𝑁𝑚𝑚𝑚𝑚𝑚𝑚𝑚𝑚𝑚𝑚𝑚𝑚(𝑇𝑇𝑇𝑇−𝑇𝑇𝑇𝑇3)

𝑊𝑊𝑊𝑊0
  ,              (18)

where 𝑊𝑊𝑊𝑊�𝑖𝑖𝑖𝑖= 𝑊𝑊𝑊𝑊𝑖𝑖𝑖𝑖
𝑊𝑊𝑊𝑊0 , (  =1,  … ,4) .

Then 𝐶̂𝐶𝐶𝐶�𝑊𝑊𝑊𝑊�1;𝑊𝑊𝑊𝑊�2;𝑊𝑊𝑊𝑊�3;𝑊𝑊𝑊𝑊�4� = 𝐶𝐶𝐶𝐶(𝑊𝑊𝑊𝑊1;𝑊𝑊𝑊𝑊2;𝑊𝑊𝑊𝑊3;𝑊𝑊𝑊𝑊4)
𝑊𝑊𝑊𝑊0

  .
Let the solution of the problem using the Microsoft 

Excel programme using the “linear programming” algo-
rithm give the following result:

Wi
 = Wiopt(i

 = 1,…,4).                      (19)

It is clear that:

C(W1opt; W2opt; W3opt; W4opt)
 = Cmin.          (20)

When conditions (14)-(18) are met, then:

W1opt
 + W2opt

 + W3opt
 + W4opt

 = 1;            (21)

𝑁𝑁𝑁𝑁𝑚𝑚𝑚𝑚𝑚𝑚𝑚𝑚𝑚𝑚𝑚𝑚𝑇𝑇𝑇𝑇1
𝑊𝑊𝑊𝑊0

≤ 𝑊𝑊𝑊𝑊�1𝑜𝑜𝑜𝑜𝑜𝑜𝑜𝑜𝑜𝑜𝑜𝑜 ≤
𝑁𝑁𝑁𝑁𝑚𝑚𝑚𝑚𝑚𝑚𝑚𝑚𝑚𝑚𝑚𝑚𝑇𝑇𝑇𝑇1
𝑊𝑊𝑊𝑊0

  ;                 (22)

𝑁𝑁𝑁𝑁𝑚𝑚𝑚𝑚𝑚𝑚𝑚𝑚𝑚𝑚𝑚𝑚(𝑇𝑇𝑇𝑇2−𝑇𝑇𝑇𝑇1)
𝑊𝑊𝑊𝑊0

≤ 𝑊𝑊𝑊𝑊�2𝑜𝑜𝑜𝑜𝑜𝑜𝑜𝑜𝑜𝑜𝑜𝑜 ≤
𝑁𝑁𝑁𝑁𝑚𝑚𝑚𝑚𝑚𝑚𝑚𝑚𝑚𝑚𝑚𝑚(𝑇𝑇𝑇𝑇2−𝑇𝑇𝑇𝑇1)

𝑊𝑊𝑊𝑊0
  ;           (23)

𝑁𝑁𝑁𝑁𝑚𝑚𝑚𝑚𝑚𝑚𝑚𝑚𝑚𝑚𝑚𝑚(𝑇𝑇𝑇𝑇3−𝑇𝑇𝑇𝑇2)
𝑊𝑊𝑊𝑊0

≤ 𝑊𝑊𝑊𝑊�3𝑜𝑜𝑜𝑜𝑜𝑜𝑜𝑜𝑜𝑜𝑜𝑜 ≤
𝑁𝑁𝑁𝑁𝑚𝑚𝑚𝑚𝑚𝑚𝑚𝑚𝑚𝑚𝑚𝑚(𝑇𝑇𝑇𝑇3−𝑇𝑇𝑇𝑇2)

𝑊𝑊𝑊𝑊0
  ;           (24)

𝑁𝑁𝑁𝑁𝑚𝑚𝑚𝑚𝑚𝑚𝑚𝑚𝑚𝑚𝑚𝑚(𝑇𝑇𝑇𝑇−𝑇𝑇𝑇𝑇3)
𝑊𝑊𝑊𝑊0

≤ 𝑊𝑊𝑊𝑊�4𝑜𝑜𝑜𝑜𝑜𝑜𝑜𝑜𝑜𝑜𝑜𝑜 ≤
𝑁𝑁𝑁𝑁𝑚𝑚𝑚𝑚𝑚𝑚𝑚𝑚𝑚𝑚𝑚𝑚(𝑇𝑇𝑇𝑇−𝑇𝑇𝑇𝑇3)

𝑊𝑊𝑊𝑊0
  .            (25)

To get to the real values of quantities (19) and (20), 
it is needed to multiply them by the given volume of 
electricity consumption (1):

Wiopt
 = Wiopt

 · W0.(i
 = 1,…,4);                  (26)

Cmin
 = C(W1opt; W2opt; W3opt; W4opt)

 =
= C(W1opt; W2opt; W3opt; W4opt)

 · W0.             (27)

The average value of the consumed electricity ca-
pacity in each section of the considered tariff grid dur-
ing the day is determined by the formulas:

𝑁𝑁𝑁𝑁�1𝑜𝑜𝑜𝑜𝑜𝑜𝑜𝑜𝑜𝑜𝑜𝑜 = 1
𝑇𝑇𝑇𝑇1
𝑊𝑊𝑊𝑊1𝑜𝑜𝑜𝑜𝑜𝑜𝑜𝑜𝑜𝑜𝑜𝑜   ;                       (28)

𝑁𝑁𝑁𝑁�2𝑜𝑜𝑜𝑜𝑜𝑜𝑜𝑜𝑜𝑜𝑜𝑜 = 1
𝑇𝑇𝑇𝑇2−𝑇𝑇𝑇𝑇1

𝑊𝑊𝑊𝑊2𝑜𝑜𝑜𝑜𝑜𝑜𝑜𝑜𝑜𝑜𝑜𝑜   ;                     (29)

𝑁𝑁𝑁𝑁�3𝑜𝑜𝑜𝑜𝑜𝑜𝑜𝑜𝑜𝑜𝑜𝑜 = 1
𝑇𝑇𝑇𝑇3−𝑇𝑇𝑇𝑇2

𝑊𝑊𝑊𝑊3𝑜𝑜𝑜𝑜𝑜𝑜𝑜𝑜𝑜𝑜𝑜𝑜   ;                     (30)

𝑁𝑁𝑁𝑁�4𝑜𝑜𝑜𝑜𝑜𝑜𝑜𝑜𝑜𝑜𝑜𝑜 = 1
𝑇𝑇𝑇𝑇−𝑇𝑇𝑇𝑇3

𝑊𝑊𝑊𝑊4𝑜𝑜𝑜𝑜𝑜𝑜𝑜𝑜𝑜𝑜𝑜𝑜   .                      (31)

The obtained results (26)-(31) of solving the prob-
lem (7)-(12) determine the corresponding efficiency of 
electricity consumption during the day in the presence 
of a tariff of marginal prices on the intraday market, 
determined by the graphs in Figure 1. As an example, 
a numerical calculation of the solution of the problem 
of the declared efficiency of electricity consumption 
during the day in the presence of a tariff of margin-
al prices on the intraday market, determined by the 
graphs in Figure 1, with the following parameters was 
considered:

W0
 = 2,400 UAH/kW · h, Nmin

 = 50 MW, Nmax
 = 150 MW.(32)

Taking into account (32), the problem of minimising 
electricity consumption (7)-(12) can be written as:

C(W1; W2; W3; W4)
 = 5,600 · W1

 +
+ 6,900 · W2

 + 9,000 · W3
 + 6,900 · W4→ min

𝑊𝑊𝑊𝑊1 ,𝑊𝑊𝑊𝑊2 ,𝑊𝑊𝑊𝑊3 ,𝑊𝑊𝑊𝑊4
  (33)

W1
 + W2

 + W3
 + W4

 = 2,400;                 (34)

50 · 7 ≤ W1
 ≤ 150 · 7, 350 ≤ W1

 ≤ 1,050;        (35)

50 · (17-7)м≤ W2
 ≤ 150 · (17-7), 500 ≤ W2

 ≤ 1,500;  (36)

50 · (23-17) ≤ W3
 ≤ 150 · (23-17), 300 ≤ W3

 ≤ 900;  (37)

50 · (24-23) ≤ W4
 ≤ 150 · (24-23), 50 ≤ W4

 ≤ 150.  (38)

The next step is to move on to specific quantities, 
which leads to the following problem statement:

C(W1; W2; W3; W4)
 = 2.333 · W1

 +

+ 2.875 · W2
 + 3.75 · W3

 + 2.875 · W4
min

𝑊𝑊𝑊𝑊�1,𝑊𝑊𝑊𝑊�2,𝑊𝑊𝑊𝑊�3,𝑊𝑊𝑊𝑊�4
  ;    (39)

W1
 + W2

 + W3
 + W4

 = 1;                     (40)

0.146 ≤ W1
 ≤ 0.4375;                     (41)

0.208 ≤ W2
 ≤ 0.625;                     (42)

0.125 ≤ W3
 ≤ 0.375;                     (43)

0.0208 ≤ W4
 ≤ 0.0625.                   (44)

Solving the problem (39)-(44) using the Microsoft 
Excel programme with the “linear programming” algo-
rithm gave the following result:
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W1opt
 = 0.4375, W2opt

 = 0.4375,
W3opt

 = 0.4375, W4opt
 = 0.4375.              (45)

In this case, the minimum value of the objective 
function (39) is:

Cmin
 = 6,593.75.                         (46)

For transition to real values, use the formulas (45), 
(46), considering (26) and (27):

W1opt
 = 0.4375 · 2,400 = 1,050 MWh;          (47)

W2opt
 = 0.4187 · 2,400 = 1,000.08 MWh;         (48)

W3opt
 = 0.125 · 2,400 = 300 MWh;            (49)

W4opt
 = 0.0208 · 2,400 = 49.92 MWh;          (50)

Cmin
 = 6,593.75 · 2,400 = 15,825,000 UAH.      (51)

The average value of the consumed electricity 
capacity in each section of the considered tariff grid 

during the day is determined, considering (47)-(51) by 
formulas (28)-(32):

𝑁𝑁𝑁𝑁�1𝑜𝑜𝑜𝑜𝑜𝑜𝑜𝑜𝑜𝑜𝑜𝑜 = 1,050
7

= 150   MW;                   (52)

𝑁𝑁𝑁𝑁�2𝑜𝑜𝑜𝑜𝑜𝑜𝑜𝑜𝑜𝑜𝑜𝑜 = 1,000.08
10

= 100.008   MW;              (53)

𝑁𝑁𝑁𝑁�3𝑜𝑜𝑜𝑜𝑜𝑜𝑜𝑜𝑜𝑜𝑜𝑜 = 300
6

= 50   MW;                   (54)

𝑁𝑁𝑁𝑁�4𝑜𝑜𝑜𝑜𝑜𝑜𝑜𝑜𝑜𝑜𝑜𝑜 = 49.92
1

= 49.92   MW.                (55)

Figure 3 shows graphs of optimal values of costs of 
a given amount of electricity (33) during the hours of 
the day. Analysis of the graphs shows that the highest 
costs occur at times of the day when the marginal pric-
es on the intraday market are minimal. Thus, in the time 
interval from 0.00 to 7.00, the marginal price for elec-
tricity is minimal. Therefore, the electricity costs should 
be the highest. In the time interval from 17.00 to 23.00, 
the marginal price for electricity is the highest. There-
fore, the electricity costs are the lowest.
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Figure 3. Graphs of optimal values of electricity consumption during the day
Source: compiled by the authors

The list of requirements for the efficiency of elec-
tricity use, which relate more to technical character-
istics, is generally known (Nakhodov et al., 2022). The 
study showed that it is logical to include in the cost 
the corresponding technical characteristics that ensure 
the quality of electricity in a technological sense. Elec-
tricity was considered from the position of cost-target 
indicators. Such an approach should solve the problem 
of synergy of quality-cost characteristics. The system-
atic nature of such an approach ensures the compre-
hensiveness of the study of the quality of electricity as 
a complex open system, which is characterised by the 
exchange of energy, information and matter with the 
external environment. That is, the principle of systema-
ticity can be noted, which is manifested in the synergis-
tic etiology of effects.

The proposed method for optimising daily electric-
ity costs at an iron ore mine using linear programming 
focuses on short-term savings by taking into account 

changes in electricity tariffs and projected consumption. 
This approach allows minimising costs during the day, 
making it possible to optimally distribute consumption, 
reducing material costs for electricity and improving its 
quality and cost characteristics. The mathematical for-
mulation of the problem, in particular the use of linear 
programming, provides an effective solution for short-
term goals. This approach differs from the one proposed 
in T. Li et al. (2023a), where the authors focus on stra-
tegic planning on a monthly horizon, where companies 
must take into account market fluctuations, regulatory 
requirements and changes in energy consumption due 
to a large share of renewable energy sources. While the 
approach to the proposed daily optimisation focuses 
on accurate and efficient consumption allocation to re-
duce energy costs, monthly planning allows for a wid-
er range of economic and environmental factors that 
determine the efficiency of energy companies over a 
longer time horizon.
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Also, the proposed method is focused on industri-
al consumers who receive power from the centralised 
power system, unlike the one considered in the article 
by S. Wang et al. (2024), where strategies for combined 
purchase and sale of electricity are focused on con-
sumers who can simultaneously generate electricity. 
These strategies include pricing and package offers 
that consider individual consumer needs and behav-
iour, and consider the integration of renewable energy 
sources and the development of smart grids. Howev-
er, it is also used for long-term optimisation, which, 
due to market volatility, cannot always be immediate-
ly realised. The method does not require additional 
procedures before optimisation, such as clustering 
(Dengfeng et al. , 2024) of tariffs or deep learning for 
preliminary forecasting (Li et al. , 2023b). The method 
of optimising electricity costs does not require com-
plex calculations and can be implemented by almost 
any software that contains tools for solving linear pro-
gramming problems.

Also, the optimisation is carried out according 
to the most appropriate criterion, such as the cost of 
electricity consumed by the iron ore mine, unlike in 
the study by F.R. Albogamy (2022), where the criterion 
of peak-to-average ratio in terms of power consump-
tion is minimised. The criterion of electricity purchase 
costs more objectively reflects the economic efficiency 
of consumption, as it takes into account the real cost of 
electricity, which may vary depending on prices, load 
schedules and supply conditions. It allows assessing 
the financial impact of the system and find optimal 
energy management strategies. The ratio between 
peak and average consumption can only characterise 
the uniformity of the load, but does not provide direct 
information about costs, so its use without analysing 
financial indicators can lead to suboptimal decisions.

The method is simpler and more focused on the 
individual consumer, while, for example, X.  Wang  et 
al. (2024) consider the optimisation of electricity pur-
chases, taking into account the interaction between 
different market participants, such as producers, sup-
pliers and consumers, as well as the influence of reg-
ulatory authorities. The study of optimising the cost 
of purchasing electricity for an industrial enterprise 
is more effective because it is aimed at a specific con-
sumer with clearly defined consumption conditions, 
tariffs, and load management capabilities. This makes 
it possible to develop real cost-cutting measures, such 
as changing the equipment operating schedule, using 
alternative energy sources, or implementing energy 
management systems. Analysis on the scale of the 
entire electricity market is much more complex due 
to the large number of interrelated factors, such as 

government regulation, supply, demand, and pricing 
mechanisms, which makes it difficult to formulate 
specific solutions for individual consumers. Focusing 
on the enterprise allows for quick and practical results 
that have a direct economic impact. For industrial en-
terprises of the mining and metallurgical complex, 
which were the target object of this study, this ap-
proach is too much to apply.

Conclusions
The establishment of market relations in the electric 
power industry leads to the fact that electricity is con-
sidered a commodity that must meet certain criteria 
of this definition. It is advisable to determine electric-
ity on the scale of its application technology – con-
sumption by receivers of mining enterprises, not only 
unilaterally, according to technical characteristics, but 
also to take into account its cost-target component, 
which is determined through electricity tariff indica-
tors. Knowing the grid of electricity tariffs during the 
day and the predicted required volume of electricity 
consumption per day, it is possible to distribute the 
costs of the entire volume of electricity consumption 
so that the total amount of electricity consumption per 
day is minimal. This approach to the use of electricity 
makes it possible to save material costs for paying for 
electricity, that is, to ensure its appropriate quality and 
cost characteristics. The mathematical formulation 
of the problem of minimising the cost of electricity 
during the day led to the problem of linear program-
ming. The solution to the problem showed that by op-
timising electricity consumption by energy-intensive 
consumers during hours of the day, it is possible to 
achieve a significant reduction in electricity purchase 
costs by shifting the operation of energy-intensive 
consumers to times when the cost of electricity is low. 
The possibility of solving this problem by using stand-
ard software opens the way to its widespread use in 
practice, which is confirmed by a corresponding ex-
ample. Further research will be devoted to analysing 
the use of various optimisation methods to minimise 
the costs of the proposed target function for the pur-
chase of electricity by iron ore mines in terms of con-
vergence and accuracy of determining the extremum.
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Анотація. Метою статті було розглянути питання підвищення рівня ефективності використання електричної 
енергії – основного виду енергії в умовах функціонування гірничодобувних підприємств на прикладі їх типів 
з підземним способом видобутку корисних копалин. Підтверджено, що зміна режимів споживання електричної 
енергії електроприймачами аналізованих типів підприємств, які працюють у безперервному циклі роботи 
(24 години на добу) є одним з невід’ємних і дієвих заходів підвищення їх енергоефективності. Однак зазначено, 
що існуюча канонічна формула визначення рівня енергоефективності підприємств не дозволяє встановити 
рівень досягнення ефекту в аналізованому варіанті заходу. Підкреслено, що суперечливість цієї формули при 
визначенні рівня енергоефективності поширюється і на інші сучасні варіанти підвищення енергоефективності, 
в тому числі на мережі з розосередженою генерацією. Запропоновано визначати рівень енергоефективності 
за показником відповідних матеріальних витрат на спожиту енергію. Для підтвердження цієї пропозиції 
проведено дослідження мінливості режимів електроспоживання за годинами доби з урахуванням мінливості 
тарифів. Проаналізовано та доведено, що споживання та управління режимами роботи електроприймачів за 
годинами доби має здійснюватися у форматі процесу. Проведено аналітичне обґрунтування запропонованого 
процесу та зроблено висновки
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Abstract. Industrial adsorption methods for reducing sulphur content in hydrocarbon streams were investigated 
with an emphasis on their engineering efficiency and technological adaptability in oil refineries. A comparative 
analysis of the use of zeolites, activated carbons, metal-organic frameworks, carbon molecular sieves, metal 
oxides, polymeric materials, metal sulphides, modified clay and bentonite aimed at reducing the sulphur content 
in hydrocarbon streams was conducted. Adsorption using zeolites and metal-organic frameworks was noted to 
be highly effective in removing sulphur-containing compounds such as thiophenes and mercaptans, especially 
at high sulphur concentrations. However, these methods require significant capital expenditure and a complex 
infrastructure to scale. Activated carbons, despite their availability and cost-effectiveness, have demonstrated lower 
efficiency in removing sulphur from heavy hydrocarbons and limited regeneration capabilities. Hybrid methods 
that combine adsorption with catalytic desulphurisation have proven to be promising for deep sulphur removal 
and lower operating costs due to the ability to regenerate the adsorbent. For large plants, hybrid technologies 
and methods using zeolites and metal-organic frameworks are optimal, providing high efficiency while meeting 
environmental standards. For small and medium-sized refineries, activated carbon technologies are economically 
viable. Thus, the choice of adsorption method depends on the specifics of the enterprise, the type of hydrocarbon 
flow and the opportunities for introducing innovative technologies

Keywords: zeolites; organometallic scaffolds; catalytic desulphurisation; oil refineries; activated carbons
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Industrial adsorption methods  
for reduction of sulphur content in hydrocarbon streams

Introduction
Reduction of sulphur content in hydrocarbon streams 
is the most important task of the refining industry 
due to strict environmental standards and the need to 
improve fuel quality. High sulphur content in petrole-
um products not only deteriorates their performance 
characteristics but also contributes to environmental  

pollution, which leads to additional economic and en-
vironmental risks. One of the most effective methods of 
removing sulphur-containing compounds is adsorption, 
which is used to purify hydrocarbon streams at various 
refining stages. In 2023, the development of new and 
improvement of existing adsorbents, such as zeolites, 
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emphasised meeting environmental standards and 
regulatory requirements. H.A.  Al-Jamimi  et al.  (2022) 
proposed a hybrid approach using the support vector 
method (SVM) and genetic algorithm (GA) to treat hy-
drocarbons from sulphur. These minimised the sulphur 
content, SO2 emissions and hydrodesulphurisation 
costs and achieved purification efficiency. The authors 
also emphasised the benefits of complying with strict 
environmental regulations. However, a comprehensive 
analysis of all existing adsorption methods concerning 
economic feasibility and technological adaptability in 
large and small refineries was lacking among scientific 
papers, which requires further research.

The study aimed to evaluate and compare different 
industrial adsorption methods in terms of their appli-
cability for reducing sulphur content in hydrocarbon 
streams in refineries, with a particular focus on the 
engineering aspects and the possibility of integrating 
these methods into existing processes.

Materials and Methods
The study addressed the situation in Azerbaijan, which 
is determined by the availability of significant reserves 
of raw materials to produce zeolites and a developed 
oil and gas industry, where adsorbents are widely used. 
Four main industrial adsorption methods used to re-
duce sulphur content in hydrocarbon streams were 
analysed: adsorption on zeolites, the use of activated 
carbons, metal-organic frameworks (MOFs) and hybrid 
methods combining adsorption with catalytic desul-
phurisation. Sulphur compounds, commonly found in 
the feedstock supplied to oil refineries, were analysed: 
thiophenes, mercaptans and hydrogen sulphide.

The methods of using zeolites, activated carbons, 
metal-organic frameworks, carbon molecular sieves, 
metal oxides, metal sulphides, modified clays and ben-
tonites, as well as hybrid technologies and polymeric 
materials that demonstrate the effectiveness of remov-
ing sulphur compounds under various technological 
conditions were considered. Each method was evaluat-
ed for its effectiveness in removing sulphur from hydro-
carbon streams. The conditions under which the meth-
ods are most effective were determined. An important 
aspect of the analysis was the influence of various 
parameters, such as temperature, pressure and hydro-
carbon stream composition. This was used to identify 
which methods provide the best results for the removal 
of light sulphur compounds and which are more effec-
tive for the removal of complex contaminants such as 
heavy hydrocarbons.

As part of the analysis of the economic feasibility 
of each method, the capital costs of equipment instal-
lation and operation, the cost of adsorbent regenera-
tion, and the cost of replacing them during operation 
were estimated. The analysis of the availability of raw 
materials, durability and cost of adsorbent production 
was prioritised. This was used to identify the most  

activated carbons and metal-organic frameworks, as 
well as combined methods combining adsorption with 
catalytic desulphurisation were prioritised (Yang  et 
al.,  2023). However, the choice of the most effective 
method depends on many factors, including the type 
of feedstock to be treated, sulphur concentration and 
technical features of the plant.

Q. Shi & J. Wu (2021) investigated the use of zeo-
lites in the adsorption processes of sulphur-containing 
compounds, noting their high efficiency at high sulphur 
concentrations. These materials significantly improved 
the quality of hydrocarbon streams and met environ-
mental standards. G.  Li et al.  (2024) analysed the use 
of activated carbons for sulphur removal, pointing out 
their availability and economic benefits. However, they 
emphasised that for heavier hydrocarbon fractions, this 
method had limited effectiveness. B. Saha et al. (2021) 
studied metal-organic frameworks as a promising ma-
terial for sulphur adsorption with high selectivity and 
modification ability. However, the work pointed out that 
the high cost of organometallic frameworks made them 
inappropriate for mass application in large refineries. 
Y. Pan et al. (2024) emphasised the problems of adsor-
bent regeneration, which was an important aspect of 
the long-term operation of these materials in industrial 
conditions. They emphasised that the possibility of re-
generation significantly increased the economic attrac-
tiveness of adsorption technologies.

X.  Wang  et al.  (2024) considered the removal of 
asphalt-resin-paraffin deposits by chemical methods 
in the production of highly paraffinic oil. The authors 
optimised the chemical method of oil well remediation 
by proposing a technique for selecting the most effec-
tive reagent, stressing the importance of an individual 
approach for each specific case. Jumina et al. (2021) in-
vestigated the combination of adsorption and catalyt-
ic desulphurisation, confirming their high efficiency in 
sulphur removal. They also observed that such methods 
could reduce operating costs by reducing the need for 
frequent replacement or regeneration of adsorbents. 
S.A.  Ganiyu & S.A.  Lateef  (2021) emphasised the ad-
vantages of combined technologies that provided deep 
hydrocarbon purification and minimised waste. They ar-
gued that such approaches could significantly improve 
the economic efficiency of refineries.

K. Taghaddom et al. (2023) identified the high level 
of capital cost in implementing advanced refining tech-
nologies, which was a serious constraint for Small and 
medium-sized enterprises (SMEs). They also investigat-
ed possible ways to optimise the cost when using ac-
tivated carbon for biomass degassing, highlighting the 
importance of selecting an efficient adsorbent and pro-
cess parameters to maximise profitability. W. Zhang et 
al.  (2022) investigated the environmental aspects of 
adsorption applications, emphasising the need to se-
lect methods that minimise emissions and waste dur-
ing the purification of hydrocarbon streams. Their study 
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cost-effective methods for large refineries, as well as 
for small and medium-sized enterprises that may face a 
lack of financial resources. The scalability of the meth-
ods was also an important aspect of the study. The pos-
sibility of implementing these technologies at different 
stages of production, from small installations to large 
production facilities, was assessed. The integration of 
the methods into existing refinery process chains, a sig-
nificant aspect in terms of equipment modernisation 
and process optimisation, was analysed. The peculiar-
ities of each technology in terms of implementation in 
real operation were addressed as well.

An important part of the study was the sustainabili-
ty of the selected methods and their environmental im-
pact. This analysis analysed the possibility of adsorbent 
regeneration, which reduces the amount of waste and re-
duces the cost of replacing adsorbents during operation. 
The extent to which each method affects the ecosystem 
was also investigated, addressing the long-term oper-
ation of the equipment and the possible environmen-
tal risks associated with the use of these technologies.

The study also developed recommendations for re-
fineries on the selection of optimal adsorption meth-
ods. For this purpose, the needs of large and small 
refineries were analysed, as well as possible ways to 
improve existing desulphurisation processes. The rec-
ommendations cover both technical characteristics as 
well as economic and environmental aspects aimed at 
optimising processes, addressing all factors affecting 
refinery efficiency and long-term sustainability.

Results
Adsorption of sulphur-containing compounds is crucial 
for the purification of hydrocarbon streams, providing a 
reduction in sulphur emissions and improving the qual-
ity of the fuel produced. High sulphur content in hydro-
carbons not only degrades their performance charac-
teristics but also contributes to increased emissions of 
toxic compounds into the atmosphere. Therefore, the 
main objective of adsorption is to improve the quality of 
fuel. In the process of sulphur removal, fuel performance 
is significantly improved: the harmful effect on engines 
is reduced, the service life of equipment is increased, 
and operating costs are reduced. In addition, improve-
ment of fuel quality leads to its more efficient utilisa-
tion, which contributes to saving energy resources and 
reducing the cost of hydrocarbon materials processing.

In the adsorption process, sulphur compound mol-
ecules adsorb on the surface of the adsorbent material, 
which significantly reduces the concentration of sulphur 
in the fuel. This method of sulphur removal is highly 
efficient, which allows the production of fuel following 
the environmental standards Euro-5, Euro-6 and Azer-
baijan standards (Griffiths, 2023). To ensure compliance 
of the implementation of adsorption technologies with 
international standards, as well as to minimise emis-
sions and comply with environmental regulations, the 

company needs an environmental management system. 
The basis for its development and implementation is 
provided by ISO  No.  14001  (2015) standard, with the 
help of which the requirements for fuel quality, norms of 
sulphur level reduction to minimum values, and meth-
ods of adsorbent selection are established. For instance, 
biochar is an effective and inexpensive means of re-
moving gaseous pollutants from combustion flue gases, 
including SO2 and volatile organic compounds. It is a 
cheaper alternative to solid sorbents such as activated 
carbon, zeolites, carbon nanotubes, carbon molecular 
sieves and metal-organic frameworks (Wen et al., 2023).

Adsorption on zeolites is one of the most effec-
tive methods of purification of hydrocarbon streams 
from sulphur-containing compounds. Zeolites have a 
unique microporous structure, which can be used to 
provide high selectivity to various sulphur-containing 
substances, such as thiophenes and mercaptans (Lee & 
Valla, 2019). These substances are major contaminants 
in hydrocarbon streams, and their removal by zeolites 
significantly improves fuel quality. The selectivity of 
zeolites to thiophenes and mercaptans is due to their 
size, polarity and structural feature, which allows effec-
tive retention of molecules of these compounds on the 
adsorbent surface (Pérez-Botella et al., 2022). An impor-
tant advantage of zeolites is their ability to regenerate. 
After saturation of the adsorbent with sulphur-contain-
ing molecules, it can be subjected to the regeneration 
process, restoring its adsorption properties. Depending 
on the type of adsorbent, it can be regenerated 3-10 
times: activated carbon up to 5 times, biochar and met-
al-organic frameworks up to 10 times, provided the 
optimum conditions are met. This reduces operating 
costs, allowing the adsorbent to be reused many times 
without the need to replace it. Regeneration of zeolites 
is usually carried out by a thermal method, which re-
moves all accumulated contaminants and returns the 
material to its original state. This process is a key factor 
in making the use of zeolites in industry more econom-
ically attractive.

However, there are several limitations in the use of 
zeolites. One of them is a decrease in adsorption effi-
ciency at high sulphur concentrations in hydrocarbon 
streams (Chai et al., 2021). In such conditions, the zeo-
lite can be saturated quickly, which leads to the need 
for frequent regeneration or replacement of the mate-
rial. Zeolites are also susceptible to contaminants, such 
as particulate matter or other organic matter, which 
can block the pores and reduce the overall efficiency 
of the adsorption process. These limitations need to be 
addressed in designing treatment systems to ensure 
stable operation of the adsorption unit under variable 
loads and hydrocarbon stream composition.

Activated carbons are one of the most popular and 
economically available materials for the removal of sul-
phur-containing compounds from hydrocarbon streams. 
This adsorption method is suitable for the removal of 
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hydrogen sulphide (H₂S) and light sulphur compounds 
such as alpha-methylthiophene or methylmercaptans. 
Due to their highly porous structure, activated carbons 
provide a large surface area for adsorption, rendering 
them effective for the adsorption of gas or soluble sul-
phur-containing molecules, especially in the early stag-
es of the purification process (Paucar et al., 2021).

One of the main advantages of activated carbons is 
their economic availability. The material has a relative-
ly low cost and is available in various forms, which can 
be used in a wide range of industrial processes. Activat-
ed carbons, in contrast to organometallic frameworks 
and zeolites, are used in cases where sulphur purifica-
tion depth requirements are less stringent, such as in 
small or medium-sized plants where savings on capital 
investment are key. This may apply to cases such as 
treating a hydrocarbon stream with sulphur content 
as low as 500 parts per million (ppm), which meets 
less stringent requirements than for deep purification 
requiring significant investment in higher quality ad-
sorbents such as metal-organic frameworks, which can 
operate effectively at sulphur contents as low as 10-
50 ppm. In such cases, activated carbons can perform 
effectively despite their higher tendency to saturate, 
making them an attractive choice if purification depth 
requirements do not exceed 500-1,000 ppm. This is also 
true for processes where economic efficiency is more 
important than ultra-purification. However, despite the 
economic benefits, the use of activated carbons has 
several limitations. One of them is their low efficiency 
in the treatment of heavy hydrocarbon streams. For the 
removal of sulphur from heavy oil fractions, activated 
carbons do not always provide the required degree of 
purification, as their porous structure may not be able 
to cope with large molecules or high concentrations 
of contaminants. In addition, the regeneration pro-
cess of activated carbons is labour-intensive and ex-
pensive. Due to the saturation of the adsorbent with 
sulphur-containing compounds, the process of regen-
erating the adsorbent requires significant energy and 
time, which increases operating costs. In most cases, 
activated carbons lose part of their adsorption capacity 
after several regeneration cycles, which leads to the 
need for their frequent replacement.

MOFs are innovative materials that have attract-
ed much attention due to their high selectivity in the 
adsorption of various sulphur-containing compounds. 
These materials are composed of metals bonded with 
organic ligands, which provides them with unique po-
rous structures with a large surface area. MOFs can se-
lect and adsorb specific molecules such as thiophenes, 
mercaptans and other sulphur-containing organic com-
pounds, making them extremely effective for sulphur 
purification of hydrocarbon streams. Their high selec-
tivity allows achieving a significant reduction of sulphur 
concentration with relatively low energy and time con-
sumption for the purification process (Yu et al., 2024).

One of the main advantages of MOFs is the abili-
ty to modify their structure depending on the specific 
needs of the refinery. The porous structure of these ma-
terials can be adapted by changing the type of metals 
or organic ligands, which can be used for optimised 
adsorption properties for specific types of hydrocarbon 
streams. This flexibility makes MOFs promising for cre-
ating customised solutions, which is especially impor-
tant when dealing with different types of oil and gas. 
In contrast to traditional adsorbents such as activated 
carbons or zeolites, MOFs open new opportunities for 
improving treatment efficiency and reducing costs.

However, despite their advantages, the use of MOFs 
faces several limitations. One of the main factors is the 
high cost of these materials. The production of MOFs 
requires complex synthetic processes and expensive 
starting materials, which makes their use expensive, 
especially in large-scale production where significant 
amounts of adsorbents are required. In addition, MOFs 
have low stability in aggressive industrial environments 
such as high temperatures, humidity and the presence 
of various contaminants. Therefore, in refineries, these 
materials can lose their effectiveness due to structural 
degradation, which limits their durability and requires 
additional replacement or regeneration costs.

Carbon molecular sieves (CMS) are an important 
component of modern hydrocarbon stream treatment 
technologies. Their application covers a wide range of 
refinery and gas industry applications, as they reduce 
sulphur compounds to environmental standards. CMS 
demonstrates high efficiency in the removal of hydro-
gen sulphide, thiols and light mercaptans from natu-
ral gas and hydrocarbon streams (Nezhad et al., 2023). 
For instance, they are used in feedstock pretreatment 
stages, where adsorbents placed in columns or reactors 
reduce the sulphur content before the main refining 
processes. This not only improves feedstock quality but 
also protects subsequent stages from contamination.

In large refineries, hydrotreating is the standard 
method for desulphurisation of heavy fractions such as 
diesel and petrol. CMS can be used as a supplement, 
providing fine purification after the main treatment. 
This is particularly important for achieving ultra-low 
sulphur concentrations, making them indispensable to 
produce high-quality petroleum products. Hydrogen 
used in hydrotreating can contain hydrogen sulphide, 
which contaminates the catalysts. CMS effectively re-
move these compounds, increasing the productivity 
and durability of the equipment.

CMS offers several key advantages. They are flex-
ible in terms of customisation to specific streams and 
compounds, environmentally friendly as they meet 
Euro 5 and Euro 6 standards, and cost-effective due 
to reduced catalyst wear and regeneration capabili-
ties. These characteristics make them a competitive 
solution for modern refineries. Nevertheless, there are 
technical limitations: large volumes of adsorbent are 
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required to process large volumes of feedstock, which 
increases costs. In addition, wear and tear during regen-
eration cycles and extreme conditions at some refining 
stages require additional solutions.

Hybrid methods, combining adsorption and catalyt-
ic desulphurisation, represent an innovative strategy for 
deep sulphur removal from hydrocarbon streams. This 
approach combines the advantages of the two process-
es: adsorption effectively removes sulphur-containing 
substances such as thiophenes and mercaptans, while 
catalytic desulphurisation breaks down more complex 
sulphur compounds into less harmful substances. The 
combined use of adsorption and catalysis techniques 
can provide deeper purification of hydrocarbons, al-
lowing sulphur levels to be achieved to meet the most 
stringent environmental standards. For instance, the 
Euro-6 standard for automotive fuels requires a sulphur 
content of no more than 10  mg/km, which is signifi-
cantly lower compared to less stringent standards such 
as Euro-5, where the allowable sulphur level is 50 mg/
km. Such low sulphur levels can be achieved by using 
advanced technologies, such as hybrid methods, and 
more efficient adsorbents that provide purification at a 
deeper level. This combination of processes is particu-
larly effective when dealing with heavy hydrocarbons 
where standard purification methods are insufficient 
(Hassan et al., 2022).

One of the key advantages of hybrid methods is 
increased cost efficiency, due to the possibility of re-
generation of both adsorbent and catalytic material. 
Materials such as activated carbon, zeolites, carbon 
molecular sieves and metal-organic frameworks are 
often used for adsorption of sulphur-containing com-
pounds. These adsorbents effectively remove sulphur 
in the purification stage of hydrocarbon streams and 
can be subjected to multiple regeneration. Catalysts 

used for catalytic hydrodesulphurisation are metal 
oxides (e.g., vanadium oxides, molybdenum oxides), 
metal sulphides and aluminosilicates, which promote 
a chemical reaction that removes sulphur from hy-
drocarbons at high temperatures and pressures. Im-
portantly, both adsorbents and catalysts can be re-
generated, significantly reducing operating costs and 
improving the durability of the purification process. 
The regeneration of adsorbents allows for 3-10 times 
of use, depending on the type of material and pro-
cess conditions. Catalytic materials, such as sulphides 
and metal oxides, can be recovered 3-5 times using 
thermal or chemical methods (Ismailov & Gashi-
mov,  2010). The combination of these processes not 
only improves fuel quality but also reduces long-term 
operating costs for hydrocarbon treatment.

However, the use of hybrid methods also has its 
limitations. One of the main obstacles is the difficul-
ty of implementing such technologies into the exist-
ing refinery infrastructure. Integrating adsorption with 
catalytic desulphurisation requires complex equipment 
upgrades as well as staff training, which can require sig-
nificant capital expenditure. In addition, such systems 
require fine-tuning of the processes to ensure their syn-
chronised operation and avoid a reduction in overall 
purification efficiency. As a result, despite the high po-
tential of hybrid methods, their implementation can be 
difficult, especially in the case of the limited financial 
and technological capabilities of the enterprise. Refin-
ers face a variety of factors when selecting technolo-
gies for removing sulphur from hydrocarbon streams, 
including the efficiency, cost-effectiveness, scalabil-
ity and sustainability of the methods used (Table  1). 
Each of the existing technologies has its strengths and 
weaknesses that must be assessed in the context of the 
specific operating conditions of the refinery.

Source: compiled by the authors based on V.C. Srivastava (2012)

Method Sulphur removal 
efficiency (ppm)

Economic 
profitability Scalability Regeneration 

capability (times)
Suitable petroleum 

products

Zeolites 10-50 High High 5-6 Light hydrocarbon flows

Activated carbons 50-100 Average Average 2-3 As a supplement  
in hydrotreating

Metal-organic 
frames <10 Low High 5-6 For high-purity products

Hybrid methods <10 Average Average 3-4 For the fine purification  
of heavy hydrocarbons

Carbon molecular 
sieves <10 Average High 4-5 For high-purity products

Metal oxides <10 High High 5-6 Light hydrocarbon flows

Polymeric 
materials 10-20 Average Average 1-2 As a supplement  

in hydrotreating

Metal sulphides 10-50 High Average 2-3 Light hydrocarbon flows

Modified clays and 
bentonites 10-50 High High 3-4 Light hydrocarbon flows 

and diesel

Table 1. Comparative analysis of adsorption methods
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Methods based on the use of metal-organic frame-
works and hybrid technologies show the best results 
in terms of efficiency. MOFs are highly selective and 
can be used to effectively remove sulphur-containing 
compounds, even at high sulphur concentrations, such 
as those found in primary and secondary refining stag-
es such as hydrotreating and hydrodesulphurisation. 
High levels of sulphur are often encountered in these 
stages, requiring effective purification methods. Hybrid 
methods, combining adsorption with catalytic desul-
phurisation, can be effectively applied to hydrotreating 
and hydrodesulphurisation in refineries. For instance, 
in the hydrotreating stage of diesel or petrol where 
sulphur-containing compounds are in high concen-
trations, the use of hybrid methods can provide deep 
purification and high sulphur removal rates, reducing 
the need for continuous replacement of adsorbents and 
catalysts. It also helps maintain process stability under 
high temperature and pressure conditions. Activated 
carbons and zeolites are effective in the purification 
of hydrocarbons from sulphur, but their effectiveness 
is limited at high sulphur concentrations (greater than 
1-2%) or complex sulphur-containing compounds such 
as thiophenes. Under such conditions, MOFs and carbon 
molecular sieves are more effective, providing better 
selectivity and high capacity.

Cost-effectiveness is essential, especially for busi-
nesses with limited budgets. Activated carbons are a 
more affordable option due to low material costs and 
ease of implementation. This solution is ideal for small-
er refineries or temporary situations, such as equipment 
refurbishment or short-term peaks, where full modern-
isation of sulphur treatment processes is not feasible. 
While MOFs and hybrid methods offer high efficiency, 
their cost and complexity of implementation can be 
significant, making them less economical in the short 
term. However, when considering the long-term bene-
fits of improved fuel quality and compliance with en-
vironmental standards, more expensive methods may 
justify the investment.

Scalability is also an important criterion, especially 
for large refineries where large volumes of hydrocar-
bons need to be processed. Zeolites and MOFs have a 
high potential for scalability. This makes them prom-
ising for large plants where methods capable of op-
erating efficiently at high flow volumes are required. 
These technologies offer high levels of purification 

down to sulphur levels, for instance, in the range of 
10-50 ppm, making them attractive to large plants that 
need to meet stringent environmental standards and 
handle more complex hydrocarbon streams. Adoption 
of technologies such as catalytic hydrodesulphurisa-
tion requires significant capital investment, which can 
range from USD 5 to USD 10 million, depending on the 
scale and complexity of the plant. This limits their use 
to small refineries that cannot justify such costs. Small 
refineries typically have a capacity of up to 50,000 bar-
rels of oil per day and are limited in resources. These 
facilities often opt for more affordable and easily scal-
able technologies, such as adsorption using activated 
carbons. These techniques allow the solution to be 
quickly integrated into existing systems without signif-
icant installation and maintenance costs.

The sustainability of technological solutions is im-
portant for long-term application. Hybrid technologies, 
which combine adsorption and catalytic desulphurisa-
tion, are the most environmentally friendly option, as 
they allow for the reuse of adsorbents and catalysts, 
which reduces waste and minimises environmental 
pollution. This approach contributes to the overall 
sustainability of the process. MOFs, despite their high 
efficiency, require further research to optimise their 
stability and durability in industrial applications. This 
limits their widespread use, although their sustaina-
bility prospects remain promising. Activated carbons, 
although easily regenerated, can pose environmental 
problems due to the need for frequent replacement and 
disposal of the material.

Thus, the choice of method for sulphur removal 
from hydrocarbon streams depends on many factors. For 
large refineries focused on high efficiency and scalabil-
ity, MOFs or hybrid methods are preferred. For plants 
with limited financial resources or those that need to 
implement solutions quickly, activated carbons will be 
more suitable. The choice should be based on a com-
prehensive assessment of all factors, including efficien-
cy, cost, scalability and environmental sustainability of 
the technologies (Cako et al., 2022). Technological ad-
aptability is a key factor in the selection of sulphur re-
moval methods for refineries, as the successful integra-
tion of new technologies must address both economic 
viability and environmental standards (Table 2). In this 
context, scalability, integration into existing processes 
and environmental sustainability are important aspects.

Aspect Zeolites Activated carbons Metal-organic frames Hybrid methods
Integration Complex Simple Complex Average

Environmental sustainability Moderate Limited High High
Initial costs Average Low High Average

Sulphur-containing 
substances

Hydrogen sulphide, 
organic sulphur-

containing compounds

SO2, hydrogen sulphide, 
volatile organic 

compounds

SO2, volatile organic 
sulphurous compounds

SO2, hydrogen 
sulphide, organic 

compounds

Table 2. Technological adaptability of adsorption methods

Source: compiled by the authors based on K. Chen et al. (2020)
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The integration of new technologies into existing 
processes is another key aspect. Activated carbon, due 
to its relatively low cost and ease of use, can be easily 
integrated into existing treatment systems. This tech-
nology does not require fundamental process changes, 
which greatly simplifies its implementation and reduc-
es the capital cost of modernisation. In the case of zeo-
lites and MOFs, the integration process may require not 
only significant financial investment but also a redesign 
of some equipment, making their application complex 
and requiring careful preparation. Thus, for plants that 
already have functioning plants, activated carbons are 
a better option in terms of technological adaptability.

Environmental aspects are substantial in the long-
term sustainability of technologies. In the face of in-
creasing environmental demands, adsorbent recovery is 
becoming an important mechanism for reducing waste 
and increasing material efficiency. Hybrid methods that 
combine adsorption with catalytic desulphurisation 
have significant environmental potential, as they allow 
for multiple regeneration of adsorbents and catalysts, 
thus reducing waste. Activated carbons, although they 
have limitations in terms of regeneration frequency, 
such as reduced efficiency with multiple regenerations 
and possible accumulation of contaminants in the po-
rous structure, can also reduce environmental impacts 
due to the possibility of material reuse. These limita-
tions relate to the loss of adsorption capacity and the 
need to use additional methods, such as thermal or 
chemical regeneration, to maintain their efficiency at 
the required level. While MOFs, despite their high ef-
ficiency, require further research in terms of their sus-
tainability and regeneration, which limits their wide-
spread use in industrial plants.

Thus, when choosing technologies for removing 
sulphur from hydrocarbon streams of refineries, it is 
necessary to consider their technological adaptability. 
For large enterprises with the possibility of significant 
capital investments, it is advisable to introduce more 
efficient but expensive technologies, such as zeolites 
and MOFs. For smaller or temporary solutions, methods 
that can be easily integrated into existing systems, such 
as activated carbons, are more suitable, especially if the 
focus is on cost optimisation and minimising environ-
mental impact.

With environmental standards constantly evolving 
and the desire to improve fuel quality, refineries are 
faced with the need to select effective technologies 
for sulphur removal from hydrocarbon streams. Recom-
mendations for selecting adsorption methods for such 
plants depend on a variety of factors, including refin-
ery size, technical capabilities and financial resources. 
For large refineries, hybrid methods or metal-organic 
frameworks are appropriate. These require significant 
upfront costs but provide high sulphur removal effi-
ciencies to achieve the desired environmental stand-
ards even when treating complex hydrocarbon streams. 

Hybrid systems incorporate adsorption and catalytic 
desulphurisation to provide deep purification, making 
them attractive to large plants with long-term environ-
mental and economic goals. At the same time, MOFs 
can be used to optimise purification due to their high 
selectivity and ability to be modified to suit specific re-
finery conditions.

Activated carbons are suitable for smaller refin-
eries, those with limited financial resources, and for a 
quick or temporary solution to a treatment problem: 
they are low-cost, easy to use and readily available. Al-
though activated carbons are not as effective for deep 
removal of sulphur in complex hydrocarbons, they can 
be used for pretreatment, making them a good option 
for refineries that cannot afford to implement more ex-
pensive technologies.

The choice of technology should be preceded by an 
analysis of economic viability and environmental com-
pliance. It is necessary to address the cost of installa-
tion and operation of technologies, their durability, the 
possibility of material regeneration, and the impact on 
the environment. Therefore, refineries should select 
technologies with a view to long-term benefits, opti-
mising costs and achieving maximum efficiency in the 
treatment of hydrocarbon streams from sulphur.

Discussion
The study determined that adsorption methods demon-
strate high efficiency for removing sulphur compounds 
from hydrocarbon streams, but each technology has its 
limitations. Activated carbons, despite their effective-
ness in removing sulphur, are limited in their applica-
tion at high sulphur concentrations in the stream and 
are sensitive to heavy hydrocarbon contamination. This 
limits their use in complex hydrocarbon streams. 

Zeolites are reliable adsorbents due to their se-
lectivity to thiophenes and mercaptans. B.  Bulut  et 
al.  (2022) conducted studies on LPG desulphurisation 
using modified zeolites. These zeolites were treated 
with metal ions (Cu2+, Zn2+ and Cu2+-Zn2+) through liq-
uid phase ion exchange. The study confirmed that these 
modified zeolites were effective in removing dimethyld-
isulfide and thiophene from the gas stream, showing 
high efficiency. T. Yu et al. (2022) also demonstrated that 
the main problem with the use of zeolites is a decrease 
in their selectivity and sorption capacity at high sulphur 
concentrations in the treated stream. Contamination of 
zeolites with hydrocarbons or other substances can 
block the active centres, which significantly reduces 
their efficiency. To solve this problem, methods are be-
ing developed to regenerate zeolites and increase their 
resistance to contamination, such as the use of addi-
tional modifiers or combinations with other sorbents.

It is worth noting that the efficiency of zeolites 
in removing thiophenes and mercaptans depends not 
only on their structure but also on process conditions, 
such as temperature, pressure and composition of the 
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processed mixture. An important area of research is 
the development of modified zeolites with improved 
catalytic and sorption properties capable of handling 
high sulphur concentrations. The creation of technol-
ogies that minimise zeolite degradation and facilitate 
their regeneration are prioritised to ensure sustainable 
operation in industrial conditions. The use of activated 
carbons has confirmed their economic affordability and 
ease of integration into existing production processes 
(Kosogina et al., 2019). However, their low efficiency in 
handling heavy hydrocarbons and the impossibility of 
multiple regenerations made them less suitable for 
deep sulphur removal tasks. This confirms the need to 
use activated carbons only in combination with other 
technologies or for temporary solutions.

S.Z. Naji & C.T. Tye  (2022) investigated the use of 
activated carbon as a precursor and catalyst in biodies-
el production. They concluded that activated carbon 
can be easily integrated into technological processes 
due to its availability and ease of use. This makes it an 
attractive option for improving refinery operations with 
minimal modification of existing equipment. K.L. Tan & 
K.Y. Foo (2022) determined that, despite their economic 
availability, activated carbons have several limitations 
in the treatment of refinery wastewater. Their adsorption 
capacity can decrease at high pollutant concentrations, 
requiring frequent regeneration or replacement of the 
material (Hulevskyi & Postol, 2022). In addition, activat-
ed carbons are less effective at removing more complex 
or high molecular weight organic compounds, which 
limits their use in more severe processing conditions.

X. Wang et al.  (2021) confirmed the results of the 
study that activated carbons can be successfully in-
tegrated into existing processes without the need for 
significant technical changes. This underscores their 
attractiveness as a cost-effective solution that allows 
petrochemical plants to quickly adapt to the require-
ments of purification. At the same time, these carbons 
provide a sufficiently high level of adsorption for most 
common pollutants, which confirms their wide appli-
cability in current technologies. Metal-organic frame-
works, despite their high selectivity and flexibility in 
structure tuning, have demonstrated insufficient resist-
ance to industrial conditions. The high cost of synthesis 
and the need to develop more stable structures are the 
main obstacles to their widespread use. Nevertheless, 
their potential in the long term is high, making them an 
attractive target for further research.

The study by J. Guo et al. (2021), which determined 
that metal-organic framework materials have several 
advantages, such as high selectivity in the sorption of 
various pollutants and the possibility of modifying their 
structure to improve properties, is noteworthy. This al-
lows MOFs to effectively remove specific pollutants, 
such as sulphur compounds, even at low concentrations 
in the stream. In addition, the ability to modify structure 
parameters such as pore size and chemical environment 

opens additional opportunities for their application in 
various fields, including petrochemicals. S.G. Yunusov et 
al. (2023) noted that desulphurisation of coke oven gas-
oline and diesel fraction blends by alternative meth-
ods (adsorption, extraction, oxidative desulphurisation 
using hydrogen peroxide and alkyl peroxides) is an 
important task to reduce sulphur emissions, cheapen 
refining, and improve fuel performance. For instance, 
the authors proposed to use adsorbents to prevent the 
loss of octane fuel. However, their proposed methods 
require further improvement to ensure stability and 
efficiency under industrial conditions. The results of 
Z. Zaidi et al. (2023) concur with the results of this study 
as they confirm the effectiveness of alternative desul-
phurisation methods in reducing the sulphur content 
of fuel fractions. The application of such methods as 
adsorption and catalysis can significantly improve the 
quality of coke oven petrol and diesel fraction blends, 
reducing their harmful impact on the environment.

Hybrid methods combining adsorption with cata-
lytic desulphurisation showed the best results in terms 
of sulphur removal depth. In addition, the ability to re-
generate adsorbents reduced operating costs. However, 
the complexity of their integration into the existing in-
frastructure and the high initial cost of the equipment 
limits their use in some cases. These aspects require 
further optimisation to ensure greater technological 
adaptability. S.  Gooneh-Farahani & M.  Anbia  (2023) 
also conducted a study, the results of which confirmed 
that hybrid methods combining different approaches 
to remove sulphur from hydrocarbon streams show 
high efficiency in achieving deep purification. The use 
of technologies such as the combination of adsorption 
with catalytic process or membrane filters can increase 
the degree of sulphur removal with less energy and 
feedstock. These methods can significantly improve the 
quality of petrochemical products while meeting strin-
gent environmental standards.

A. Asghar  et al.  (2022) determined that the intro-
duction of hybrid technologies into biorefinery infra-
structure faces several challenges, including the need 
to modernise existing equipment and the high cost of 
new systems. One solution may be to introduce hybrid 
technologies in a phased manner, allowing them to be 
gradually integrated into existing processes. Equally, an 
important step is to develop flexible and economically 
feasible schemes for the regeneration and replacement 
of the materials used, which will help to reduce initial 
costs and improve system longevity. Their study con-
firms that hybrid methods do provide significant im-
provements in the efficiency of sulphur removal from 
hydrocarbon streams. By combining different tech-
nologies, the limitations of each can be compensated 
for, providing deeper purification and lower operating 
costs. This confirms the potential of hybrid solutions 
as a key element in modernising refining processes to 
meet modern environmental requirements.
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Comparison of the methods showed that the choice 
of technology depends on several factors, including 
sulphur concentration, hydrocarbon stream compo-
sition, economic viability and equipment availability. 
This demonstrates the need for an integrated approach 
when planning desulphurisation systems. Integration 
of several methods may prove to be the most effective 
strategy to meet both environmental and econom-
ic requirements. D.C.C. da Silva Medeiros et al.  (2022) 
concluded that when selecting adsorption technology 
for the treatment of hydrocarbon streams, process ef-
ficiency, economics and the composition of the stream 
itself are key factors. Efficiency depends on the ability 
of the adsorbent to selectively remove pollutants with 
minimum energy and material consumption. It is also 
important to consider the composition of the hydrocar-
bon stream, as the presence of various impurities can 
significantly influence the choice of adsorbent and the 
optimisation of the treatment process.

T. Alomar et al.  (2024) determined that to achieve 
both the environmental and economic goals of refiner-
ies, it is often necessary to combine several treatment 
methods. For instance, the use of adsorption in combi-
nation with catalytic processes or membrane technolo-
gies can increase the degree of pollutant removal and 
reduce the cost of material recovery. Thus, the integra-
tion of different technologies can achieve an optimal 
balance between costs and environmental require-
ments, which is critical for the sustainable operation of 
a refinery. Thus, the effectiveness of adsorption technol-
ogies directly depends on the composition of the hydro-
carbon stream and the selected adsorbent. In the case 
of multi-component streams, a combination of different 
treatment methods can significantly improve the results 
compared to a single approach. This confirms the need 
for a more careful selection and combination of tech-
nologies to achieve optimal performance at minimum 
cost and compliance with environmental standards.

Conclusions
The results of the study identified the key features and 
limitations of various adsorption methods for remov-
ing sulphur from hydrocarbon streams, as well as their 
applicability in different refinery conditions. Zeolites 
have demonstrated high selectivity and efficiency for 
removing sulphur compounds such as thiophenes and 
mercaptans. However, their sensitivity to heavy hydro-
carbon contamination and reduced performance at 
high sulphur content have limited their use in highly  

contaminated streams. They remained the optimal 
solution for deep treatment of light hydrocarbon frac-
tions. Activated carbons have proven to be the most 
cost-effective and affordable option for companies 
with limited financial resources. They are effective for 
the pre-treatment of low-sulphur hydrocarbon streams, 
but their limited regeneration capacity and reduced 
efficiency with heavy hydrocarbons reduce their at-
tractiveness for more complex processing conditions. 
MOFs represent an innovative method with the highest 
selectivity and the ability to be customised to specific 
applications. However, their high cost and insufficient 
operational stability make them less competitive for 
widespread use in current industrial environments. 
Nevertheless, they remain a promising area for further 
research and technological improvements.

Hybrid methods that combine adsorption and cata-
lytic desulphurisation have shown the highest efficiency 
for the deep treatment of complex hydrocarbon streams. 
At the same time, they are characterised by high im-
plementation costs and complexity of integration into 
existing technological processes. Additional materials, 
such as carbon molecular sieves, metal oxides and sul-
phides, modified clays and bentonites, have demonstrat-
ed specific advantages, but their application depends on 
individual processing conditions. UMCs are versatile for 
optimising desulphurisation processes, making them an 
important element in the development of the refining 
industry in the face of environmental challenges. The 
choice of the optimal adsorption method is determined 
by the economic and technical capabilities of the refin-
ery. Large refineries can effectively use hybrid technol-
ogies and MOFs, while smaller refineries can integrate 
activated carbons or modified clays to reduce costs. The 
main limitation of this study is the lack of experimental 
data in refinery conditions, which limits the ability to 
accurately assess the effectiveness of the methods. In 
the future, a detailed study of the long-term stability 
and regeneration of adsorbents such as metal-organic 
frameworks in real industrial conditions are required.
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Анотація. Досліджено промислові адсорбційні методи зниження вмісту сірки у вуглеводневих потоках з 
акцентом на їх технічну ефективність та технологічну адаптивність на нафтопереробних заводах. Проведено 
порівняльний аналіз використання цеолітів, активованого вугілля, металоорганічних каркасів, вуглецевих 
молекулярних сит, оксидів металів, полімерних матеріалів, сульфідів металів, модифікованих глин і бентоніту 
для зниження вмісту сірки у вуглеводневих потоках. Адсорбція з використанням цеолітів та металоорганічних 
каркасів виявилася високоефективною для видалення сірковмісних сполук, таких як тіофени та меркаптани, 
особливо при високих концентраціях сірки. Однак ці методи вимагають значних капітальних витрат і складної 
інфраструктури для масштабування. Активоване вугілля, незважаючи на його доступність та економічну 
ефективність, продемонструвало нижчу ефективність у видаленні сірки з важких вуглеводнів та обмежені 
можливості регенерації. Гібридні методи, що поєднують адсорбцію з каталітичною десульфурацією, виявилися 
перспективними для глибокого видалення сірки і зниження експлуатаційних витрат завдяки можливості 
регенерації адсорбенту. Для великих заводів оптимальними є гібридні технології та методи з використанням 
цеолітів і металоорганічних каркасів, що забезпечують високу ефективність при дотриманні екологічних 
стандартів. Для малих і середніх нафтопереробних заводів економічно доцільними є технології з використанням 
активованого вугілля. Таким чином, вибір методу адсорбції залежить від специфіки підприємства, типу потоку 
вуглеводнів та можливостей впровадження інноваційних технологій

Ключові слова: цеоліти; металоорганічні каркаси; каталітична десульфуризація; нафтопереробні заводи; 
активоване вугілля
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