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Abstract. The relevance of the study is due to the need to improve the energy efficiency of buildings and create
a comfortable microclimate in the context of growing requirements for environmental friendliness and energy
savings. The purpose of the study was to assess how different approaches to heating and ventilation systems increase
comfort and energy efficiency in buildings. Methods of technology efficiency analysis and comparative evaluation of
energy systems were used to determine optimal solutions in the field of microclimate automation and integration of
renewable energy sources. The results showed that adaptive heating and ventilation systems substantially increase
energy efficiency. Heat pumps combined with geothermal technologies maintain a stable indoor temperature even
under variable external conditions. Ventilation systems with heat recovery reduce energy loss by retaining heat during
air exchange. Automation of the microclimate using sensors and control systems allows adjusting the parameters
of heating and ventilation depending on the occupancy of the premises, humidity level, and air composition. The
integration of renewable energy sources, such as solar collectors and biomass, shows high efficiency in reducing the
consumption of traditional energy resources. Analysis of facilities in different countries demonstrated that the best
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results were achieved thanks to an integrated approach that combines modern technologies and adaptive solutions.
Buildings with integrated adaptive systems maintain a stable microclimate regardless of external conditions, which
has a positive effect on user comfort. Optimising energy consumption also reduces operating costs, making such
solutions economically feasible for long-term use. Adaptive systems not only provide comfortable conditions but also
substantially reduce energy consumption in buildings for various purposes

Keywords: energy efficiency; heat pumps; geothermal technologies; heat recovery; automation; renewable energy

sources

Introduction

In construction, one of the main goals is to create com-
fortable conditions for people with minimal energy con-
sumption. Heating and ventilation systems are among the
most energy-intensive in buildings, so it is important to
develop adaptive technologies that effectively regulate the
microclimate depending on changing conditions. Adap-
tive heating and ventilation systems automatically adjust
the temperature, humidity, and air exchange according to
the needs and surrounding conditions. Due to the intro-
duction of smart technologies such as heat pumps, geo-
thermal systems and heat recovery systems, it is possible
to drastically reduce energy consumption and ensure an
optimal indoor microclimate. Automated control systems
increase efficiency by dynamically adapting heating and
ventilation settings to real-world conditions, such as tem-
perature, humidity, or room occupancy. These technolo-
gies help to maximise the use of energy resources and im-
prove comfort in buildings.

The problem of effective microclimate management
in modern buildings using adaptive heating and ventila-
tion systems is relevant, as it affects the energy saving and
comfort of residents. D. Bui ef al. (2021) noted that adap-
tive heating and ventilation systems made it possible to
effectively adjust the microclimate parameters depending
on external and internal conditions, which helped to re-
duce energy consumption. The authors also stressed the
importance of automation to maintain a stable temper-
ature in buildings without overspending energy. Z. Liu et
al. (2023) stated that the integration of heat pumps and
geothermal installations helped to ensure a stable tem-
perature regime in buildings while substantially reducing
energy costs. According to them, this also allowed reduc-
ing the impact of seasonal temperature fluctuations on
heating efficiency. T. Pekdogan et al. (2021) investigated
the role of heat recovery systems in reducing energy costs
during ventilation, which substantially reduced the cost
of heating rooms. It was also noted that such systems
improve the air quality in buildings, keeping them warm
even at high levels of air exchange. C. Lin et al. (2022) fo-
cused on mechanical ventilation systems that can adapt
to changes in the number of people in rooms, improving
the efficiency of air exchange. Such technologies opti-
mise energy consumption, considering the specific needs
of each room. G. Qiang et al. (2023) stressed the impor-
tance of automating heating and ventilation processes,
which allowed dynamic adjustment of system parame-
ters depending on changes in environmental conditions.
According to the researchers, this not only increased

the efficiency of the systems but also provided comfort
throughout the year.

P Lamsal et al. (2023) evaluated the effectiveness of
adaptive systems in office buildings, emphasising that
they can reduce energy costs while maintaining optimal
working conditions. According to their estimates, such sys-
tems provided a better microclimate and helped increase
employee productivity. A. Hassan & K. El-Rayes (2021)
believe that the integration of renewable energy sources,
such as solar collectors and biomass, into heating and
ventilation systems substantially reduces dependence on
traditional energy resources. They added that this combi-
nation has helped reduce greenhouse gas emissions and
increase the sustainability of buildings’ energy supply.
S. Ahmed et al. (2021) in their study emphasised the im-
portance of using solar collectors in temperate climates
to reduce the need for traditional energy sources. This
provided for the reduced heating costs and load on the
overall energy system of the building. P. Zheng et al. (2022)
underlined that adaptive heating and ventilation systems
were most effective for large buildings, such as business
centres, where constant regulation of temperature and air
exchange is necessary. The authors pointed out that such
systems can substantially reduce energy costs while main-
taining a comfortable environment for a large number of
people. A. Adegbenro et al. (2021) emphasised the need
for continuous monitoring and adaptive management to
maintain high efficiency of heating and ventilation sys-
tems throughout their life cycle. They noted that without
regular monitoring, adaptive systems could lose their ef-
fectiveness due to changes in operating conditions. Thus,
although numerous studies confirm the effectiveness of
adaptive heating and ventilation systems, there is a need
to review their application in different types of buildings,
in particular, in different climatic zones and considering
economic aspects.

The purpose of the study was to analyse ventilation
technologies and their role in maintaining a comfortable
indoor microclimate, assess the economic advantages,
and disadvantages of adaptive systems considering the
conditions of different climatic zones, and evaluate the
impact of the integration of renewable energy sources on
reducing energy costs in heating and ventilation systems.

Materials and Methods
This study covered various aspects of integrating adap-
tive heating, ventilation, and energy systems, in particu-
lar, technologies that can substantially reduce energy
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consumption in buildings that run on traditional fuels
while reducing operating costs. The efficiency assessment
of such systems was conducted on the basis of an analysis
of scientific publications that include energy consump-
tion data and a review of existing studies, which allowed
for determining their effectiveness in real operating con-
ditions. An important aspect of this study was the analysis
of ventilation systems with heat recovery, the effectiveness
of which was evaluated by examining their ability to re-
cover heat from the exhaust air and redirect it to heat the
supply stream. This determined the potential of such sys-
tems in improving the energy efficiency of buildings and
reducing heating costs, especially in cold climates.

Special attention was paid to the operation of sensors
that monitor key parameters of the microclimate, such
as temperature, humidity, and carbon dioxide (CO,) lev-
els. The influence of automated systems based on these
sensors on the optimisation of energy consumption, and
precise regulation of equipment operation, which helps
to reduce the load on the system and provides comfort
for users was assessed. In addition, the introduction of
renewable energy sources, such as solar collectors, pho-
tovoltaic panels, and biomass, into the energy systems of
buildings was considered based on the analysis of climatic
features of regions, the amount of available resources, and
the technological compatibility of equipment with exist-
ing systems. This enabled the evaluation of the renewa-
ble energy sources’ potential to reduce energy costs and
greenhouse gas emissions, ensuring sustainable energy
supply for buildings.

The efficiency of different systems was compared
using the example of buildings in Germany (Maier et
al., 2022), Denmark (Johansen & Werner, 2022), Sweden
(Behzadi & Sadrizadeh, 2024), and Ukraine (Sotnyk et
al., 2024). The analysis concentrated on assessing energy
consumption, economic indicators such as system pay-
back and operating costs, and user comfort levels. Spe-
cial attention was paid to various climatic conditions: in
Germany and Ukraine, the effectiveness of adaptive sys-
tems was researched in temperate continental climates,
in Denmark — in marine climates, and in Sweden — in cold
northern climates. In addition, the specifics of buildings
were considered: in Germany, mainly office buildings
with high ventilation requirements were analysed, in
Denmark - residential buildings with the integration of
renewable energy sources, in Sweden — public buildings
with high energy-saving standards, and in Ukraine — mul-
ti-storey residential buildings with traditional heating
and ventilation systems. Energy savings, reduced operat-
ing costs, and the ability to adapt to temperature changes
throughout the year were compared.

The final stage of the study included the comparison
of the efficiency of different heating and energy-saving
systems in buildings in different countries. The efficien-
cy assessment was based on criteria such as reduced
energy consumption, improved air quality, and reduced
CO, emissions, initial costs, and terms of return on in-
vestment. Lowering energy consumption and improving
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air quality were assessed by indicators of energy con-
sumption and the concentration of harmful substances
on the premises.

Results

In buildings where energy efficiency is a priority, the inte-
gration of adaptive heating systems is an important ele-
ment not only to reduce energy costs but also to provide a
comfortable environment for residents. One of the prom-
ising areas in this area is the use of heat pumps and ge-
othermal installations, which automatically regulate the
temperature depending on external weather conditions
and user needs. Heat pumps and geothermal installations
are critical elements of adaptive heating systems, each of
which has its own characteristics and operational features.
Heat pumps operate on the principle of heat exchange,
converting heat from the environment (air, water, or land)
into energy for heating buildings. They are efficient even in
cold winter conditions, which lessens the consumption of
traditional energy sources such as gas and electricity. This
makes such a heating system a sustainable and cost-effec-
tive solution. One of the fundamental parameters is the
energy conversion factor, which can reach values of 3-5,
which means the production of three to five units of heat
for each unit of electricity consumed (Cui et al, 2024).
Geothermal installations, on the other hand, use the heat
stored in the ground. Geothermal pumps are able to use
a stable ground temperature (approximately 10-15°C) for
heating in winter and cooling in summer, which makes
them very effective in temperate regions. They provide
sustainable energy regardless of weather changes, have a
long service life and high energy efficiency. According to a
study by the European Environment Agency, geothermal
systems can reduce CO, emissions by 50-70% compared to
traditional gas or coal-fired systems (Adebayo et al., 2024).

Due to automation and intelligent control systems
that regulate the operation of these installations, it is pos-
sible to reduce energy consumption depending on envi-
ronmental changes. The systems can automatically adapt
to changes in temperature and weather conditions and
the internal needs of users, which allows providing max-
imum comfort at minimal cost. Adaptive heating systems
that use heat pumps and geothermal installations have a
number of advantages and disadvantages that should be
considered when adapting them to specific climatic con-
ditions. The main advantage of such systems is reduced
heating costs due to high energy efficiency. According
to the studies, heat pumps can provide an energy con-
version rate of 3-5, which means producing 3-5 units of
heat for every unit of electricity consumed, even in cold
climates (Mahmoud et al., 2021). Geothermal installations
use a stable soil temperature that remains relatively con-
stant at depth, allowing them to operate efficiently even
at low ambient temperatures. An additional advantage is
environmental friendliness: the use of renewable ener-
gy sources, such as geothermal and solar, substantially
reduces greenhouse gas emissions. For example, switch-
ing to heat pumps reduces CO, emissions on average, by



50-70% compared to traditional heating systems that run
on gas or coal (Rane ef al,, 2024). The economic benefits
of such systems include low operating costs. The average
return on investment period for heat pumps is 5-7 years,
depending on climatic conditions and the level of energy
subsidies in the country. Therewith, the disadvantages are
high initial costs for equipment, design, and installation,
which can vary depending on climatic conditions and the
type of buildings. For example, in regions with extremely
low winter temperatures (northern Sweden, north-west-
ern Canada, Iceland), heat pumps may require additional
energy sources, such as electric heaters, which may affect
overall energy efficiency. In addition, in warm climates
(southwestern United States, southern Spain, Australia),
the efficiency of geothermal installations may be limited
due to the insufficient temperature gradient of the soil.

The need for energy efficiency and comfort in build-
ings requires the introduction of innovative technologies
that reduce energy costs and create optimal conditions
for residents. One of these solutions is ventilation systems
with heat recovery, which improve air quality and substan-
tially reduce the energy consumption of buildings. This
was an important step in the development of construction
technologies, as it allows efficient use of exhaust air heat
and minimises the need for additional energy resources
for indoor heating (Loni et al., 2021). The basic principle
of operation of a ventilation system with heat recovery is
to transfer part of the heat energy contained in the outgo-
ing air to the air entering the room using heat exchangers,
without mixing them. Even in the cold period of the year,
the air entering the room already has a comfortable tem-
perature, which reduces the load on the heating system.
The use of such systems can substantially reduce heating
costs since the exhaust air that is removed from the prem-
ises usually has a high temperature, providing for effective
use. It also lowers the need for additional energy sources
to heat the air coming from outside, especially during the
cold winter months. The indoor air quality does not suffer
since the recovery system does not mix the incoming and
outgoing air, thus providing a high degree of purification
and ventilation.

Heat recovery systems have substantial advantag-
es for residential, commercial, and industrial buildings,
as they allow achieving sustainable and efficient energy
consumption. According to scientific research, the intro-
duction of such systems can reduce energy costs by up
to 40%, depending on the size of the building and its op-
erating conditions (Gaur ef al., 2021). In addition, these
technologies reduce greenhouse gas emissions because
they use less energy from traditional sources, such as gas
or electricity. Despite the obvious advantages, the heat
recovery system has certain requirements for installation
and maintenance. An important condition for its efficient
operation is regular cleaning of filters and heat exchang-
ers, which will ensure smooth operation of the system and
maintain indoor air quality. In addition, it is important to
properly configure the system according to the needs of
users to avoid excessive power consumption.
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In places where comfort and efficiency are priorities
in residential and commercial buildings, microclimate au-
tomation is becoming an important element for creating
optimal conditions. Due to technological advances, it is
possible to dynamically control the parameters of temper-
ature, humidity, and carbon dioxide content, which opens
up new prospects for achieving a high level of comfort and
energy efficiency. The installation of sensors that measure
these parameters allows you to automatically adjust the
microclimate in the room depending on the number of
people in it. This not only provides comfort but also re-
duces energy consumption, which is important for sus-
tainable development (Rane et al., 2024). One of the main
principles of microclimate automation is the integration
of temperature, humidity, and carbon dioxide sensors,
which allows accurately determining the parameters of
indoor air and responding to changes in real time. For ex-
ample, an increase in temperature or carbon dioxide lev-
els, which often occurs due to an increase in the number
of people in a room, can automatically activate the venti-
lation or air conditioning system, creating a comfortable
environment for stay. Temperature and humidity sensors
provide precise control of the level of comfort in the room,
as these parameters directly affect the feeling of warmth
or coolness. According to these indicators, the system
adjusts the operation of the air conditioner or heater to
maintain the desired temperature without excessive fluc-
tuations, which usually require additional energy costs.

Carbon dioxide sensors are important for keeping the
air fresh, as CO, elevated levels may indicate the need for
ventilation, which reduces gas concentrations and im-
proves air quality. Automation has the advantage of be-
ing able to adapt the system to changes in the number of
people in a room. For example, in large offices or public
buildings, where the number of visitors may vary through-
out the day, the system automatically adjusts the level of
ventilation and temperature depending on changes in
attendance. If there are a lot of people in the room, the
system increases the intensity of ventilation to improve air
quality and reduce carbon dioxide levels. When the num-
ber of people decreases, the system automatically reduces
energy consumption, adjusting the microclimate parame-
ters to new conditions. Such automated systems not only
increase comfort but also provide substantial energy sav-
ings. Since ventilation, heating, and air conditioning only
work as needed, rather than continuously, energy costs
are substantially diminished. This is an important factor
for ensuring sustainable development, lessening the eco-
logical footprint of buildings without compromising the
comfort and health of residents.

The introduction of microclimate automation has
multifaceted consequences. In addition to saving energy,
such systems can substantially improve indoor air qual-
ity, reducing the health risks associated with insufficient
ventilation or excessive humidity. They also help maintain
optimal working conditions, increasing people’s produc-
tivity and overall well-being. Climate change and energy
efficiency issues are becoming particularly important,
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and combining traditional heating and ventilation sys-
tems with renewable energy sources is an important step
towards achieving sustainable development (Kozakevich
& Kotyakova, 2021). The use of solar collectors, photovol-
taic panels, and biomass substantially reduces the carbon
footprint and energy costs, making buildings not only
energy efficient but also environmentally friendly. Inte-
grating these technologies into everyday life is essential
to reduce the negative impact on the environment and
achieve global goals in the fight against climate change
(@stergaard et al., 2022).

Solar collectors are one of the most cost-effective and
common solutions for using renewable energy sources in
buildings. They convert solar radiation into thermal ener-
gy that can be used to heat water or rooms. Solar collectors
not only reduce the consumption of traditional energy
sources but also help reduce the cost of heating and hot
water while providing clean energy. In temperate and sun-
ny climates, such systems can substantially increase the
energy independence of buildings. Photovoltaic panels al-
low generating electrical energy from solar radiation. Their
installation on the roof or walls of buildings can cover part
of the building’s energy needs and reduce dependence
on centralised energy suppliers. Photovoltaic systems
also have a long service life and high reliability, making
them a profitable investment for building owners. They
can become the main source of electricity for small and
medium-sized buildings, especially in sunny regions with
high solar radiation intensity. Another promising source
of energy is biomass, which includes organic materials
such as wood, agricultural waste, and biological waste. Bi-
omass can be used to generate heat and electricity, which
allows not only to meet the energy needs of buildings but
also to efficiently dispose of waste, such as wood pellets
or agricultural residues, which can be processed into
energy resources using boilers or biogas plants. In some
countries, such as Sweden, Poland, and the United King-
dom, biomass is widely used for district heating, where
agricultural and forest waste is processed into energy
supplied to the grid or directly to buildings (Saira, 2021).
Biomass is also used for the production of biogas in spe-
cialised installations, which provides energy and reduc-
es the amount of organic waste. It is a renewable energy
source that helps reduce dependence on fossil fuels such
as coal or oil. However, for efficient use of biomass, it is
important to correctly calculate the capacity of the system
and consider the energy needs of a particular building.

The combination of renewable energy sources with
heating and ventilation systems can not only save energy

but also reduce carbon dioxide emissions into the atmos-
phere, which is a crucial factor in the fight against global
warming. The use of these technologies helps to reduce
the level of environmental pollution, contributing to the
achievement of sustainable development goals. Research
shows that buildings that use renewable energy sources
can reduce their carbon emissions by up to 50% com-
pared to buildings that use only traditional energy sources
(Tejani & Toshniwal, 2023). Integrating renewable ener-
gy into buildings also reduces operating costs, as energy
from solar or biomass is cheaper compared to tradition-
al fuels. For example, the cost of electricity generated by
solar panels in 2023 ranged from USD 0.03 to USD 0.06
per kilowatt-hour, depending on the region, while the
cost of electricity produced based on fossil fuels averaged
USD 0.08-0.12 per kilowatt-hour. In the case of biomass,
the cost of thermal energy varies between USD 20-30 per
megawatt-hour, which is substantially lower than the cost
of gas-based energy, which often exceeds USD 40-50 per
megawatt-hour. These indicators indicate the econom-
ic feasibility of switching to renewable energy sources
both to reduce costs and improve the energy efficiency of
buildings (Heptonstall & Gross, 2021). These technologies
contribute to improving the energy efficiency of buildings,
which, in turn, increases their competitiveness in the real
estate market. By reducing energy costs and carbon emis-
sions, such buildings become more attractive to investors
and potential buyers who pay attention to environmental
friendliness and energy efficiency.

Climate change and energy efficiency issues are be-
coming particularly important, and combining traditional
heating and ventilation systems with renewable energy
sources is an important step towards sustainable develop-
ment. Approaches to the design and operation of build-
ings include the integration of advanced technologies, in
particular, renewable energy sources, with intelligent con-
trol systems, which allows achieving maximum results in
reducing energy consumption and improving the quality
of the internal environment. Comparing the efficiency of
different systems in different countries shows that the best
results are achieved when applying integrated solutions,
including microclimate automation, the use of renewable
energy sources, and the integration of intelligent control
systems. Analysis of buildings in European countries such
as Germany, Denmark, and Sweden shows that the intro-
duction of solar collectors, geothermal heating systems,
and intelligent ventilation systems can substantially re-
duce energy consumption and improve indoor microcli-
mate (Table 1).

Table 1. Comparison of the efficiency of different energy supply systems in buildings in different countries

Country Technologies Energy consumption Air quality CO, emissions Initial Return on
reduction improvement reduction costs (%) investment (years)
Solar panels, heat
Germany pumps, automated 30-40% - 25-30% 20-25% 5-7
control
Intelligent ventilation
Denmark systems with heat 15-20% 10-15% - 25-30% 4-6
recovery
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Table 1, Continued

A Energy consumption Air quality CO, emissions Initial Return on
Country Technologies A A A .
reduction improvement reduction costs (%) investment (years)

Biomass, intelligent

Sweden | heating and ventilation 25-35% - 20-25% 30-35% 6-8
control systems

Solar collectors, heat
Ukraine | PUmps automated 10-15% 5-10% 10-15% 40-50% 7-10

microclimate control

systems

Note: initial costs include the cost of equipment (solar panels, heat pumps, ventilation units, sensors), design, installation, integration

with infrastructure, and software configuration
Source: compiled by the authors

In Germany, where the climate is temperate con-
tinental with cool winters and warm summers, the use
of solar panels and heat pumps is a rational choice. A
substantial level of solar radiation allows for stable en-
ergy generation throughout the year, and the combina-
tion of these technologies with automated control sys-
tems effectively regulates the temperature conditions in
buildings. A special feature of such solutions is their use
both in multi-storey residential buildings and in private
cottages, where high-quality thermal insulation helps
to minimise energy losses. For example, hybrid systems
that combine solar panels, heat pumps, and automated
control systems provide optimal response to changing
external weather conditions and internal needs (Maier et
al., 2022). In Denmark, which is famous for its environ-
mental initiatives, intelligent ventilation systems with
heat recovery are most widely used. This technology is
particularly relevant for public buildings and offices,
where ensuring high air quality is essential for employee
health and productivity. Automation systems integrated
with sensors for carbon dioxide levels, temperature, and
humidity adjust the intensity of ventilation depending
on the number of people in the room, thereby reducing
energy costs. This combination of economy and envi-
ronmental friendliness provides Denmark with high
energy efficiency indicators (Johansen & Werner, 2022).
Sweden, which has traditionally focused on renewable
energy sources, is actively implementing biomass-based
technologies. The use of biomass as a fuel is relevant for
residential buildings and municipal facilities, such as
schools or hospitals, especially in the northern regions
of the country with harsh climates. The intelligent heat-
ing and ventilation control systems that ensure optimal
heat distribution reduce carbon dioxide emissions and
also help to achieve high energy efficiency. In addition,
such systems allow reducing resource consumption by
fine-tuning real-time operation parameters (Behzadi &
Sadrizadeh, 2024).

Analysis of the effectiveness of various solutions
shows that the integration of modern technologies with in-
telligent control systems has many advantages. Such sys-
tems can reduce energy consumption by automating and
adapting to changing conditions, such as ambient temper-
ature or the number of people in the room. They help to
improve the comfort of residents, creating optimal condi-
tions for work and recreation. In addition, such solutions
are cost-effective in the long term, as they can substantial-
ly reduce the cost of energy supply to buildings. Notably,
the introduction of intelligent control systems requires a
substantial initial investment in the development and in-
stallation of the necessary equipment, which can become
a barrier for some building owners. However, in the long
run, because of energy savings and reduced operating
costs, such investments pay off and become cost-effective.

In Ukraine, climatic conditions vary substantially,
which requires flexible approaches to the energy supply
of buildings. In 2023, solar collectors, heat pumps, and
automated microclimate management systems were in-
troduced in residential and commercial buildings, which
helps reduce energy consumption. Of particular interest
are pilot projects in Kyiv that demonstrate the potential
of such technologies in multi-storey buildings. The intro-
duction of heat recovery systems can substantially reduce
energy losses and environmental impacts. Despite the
high initial costs, such initiatives show positive econom-
ic dynamics due to reduced operating costs (Deshko et
al.,, 2021). Adaptive heating and ventilation systems are
becoming an important tool for reducing operating costs
in buildings due to their ability to optimise energy con-
sumption and reduce heat loss. One of the key aspects of
such systems is automation, which adapts the microcli-
mate parameters to changing conditions, such as outdoor
temperature, humidity and indoor carbon dioxide levels.
This ensures not only a reduction in power consumption
but also a reduction in the load on the system, lowering
the cost of its maintenance (Table 2).

Table 2. Comparison of operating costs for traditional and adaptive systems in buildings

Parameter Traditional systems (average value) Adaptive systems (average value) Savings
Energy costs (kWh/m? per year) 1,500 900 40%
Maintenance costs (UAH/year) 500 300 40%
Heat consumption (kWh/m? per year) 1,200 750 37.5%
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Table 2, Continued

Parameter Traditional systems (average value) Adaptive systems (average value) Savings
Savings on energy consumption (UAH/year) 1,200 1,800 50%
Installation cost (thousand UAH) 200 250 -
System return on investment period (years) 7 5 -
Environmental savings (CO, emissions, t/year) 2.5 1.5 40%

Source: compiled by the authors on the basis of data obtained by Y. Alassaf (2024)

One of the most effective ways to achieve savings is to
use heat recovery technologies. Ventilation systems with
recuperation allow using exhaust air energy to heat or
cool the supply air, which substantially reduces the cost of
energy supply to buildings. These technologies are impor-
tant for reducing costs, as the heat that is usually removed
through the ventilation system is returned to the system
and used to maintain a comfortable microclimate without
additional energy costs. Optimisation of energy consump-
tion is also achieved by using heat pumps and geothermal
installations. These technologies can substantially reduce
the need for traditional heating fuel, as they use renewable
energy sources. Heat pumps can operate in both heating
and cooling modes, maintaining a stable indoor temper-
ature without constantly recharging the system with fuel.
Equally important is automation, which is conducted us-
ing temperature, humidity, and CO, sensors, which allows
dynamically changing system parameters depending on
user needs. This provides for substantially reduced energy
costs since the system operates only when necessary, and
with maximum efficiency. Thereby, such control reduces
the need for constant maintenance of complex mecha-
nisms and prevents overloading of systems. A comparison
of building maintenance costs with traditional and adap-
tive systems shows that the latter can substantially reduce
overall energy costs. Energy savings offset the high initial
costs of installing such systems, making them profitable
in the long run. Due to an integrated approach that in-
cludes the use of renewable energy sources and intelligent
management systems, substantial resource savings can be
achieved, which has a positive impact not only on finan-
cial performance but also on the environmental situation
in the region.

Discussion
The study on adaptive heating and ventilation systems
for optimising the microclimate in modern buildings has
shown their substantial potential for improving ener-
gy efficiency and comfort in residential and commercial
premises. The analysis showed that these systems can
automatically adjust the temperature and humidity de-
pending on the external conditions and needs of users,
providing a stable microclimate with minimal energy con-
sumption. This reduces operating costs and contributes
to long-term resource savings. A. Rieser et al. (2021) also
investigated this issue, confirming that adaptive heating
and ventilation systems regulate microclimate parame-
ters depending on external conditions and the needs of
residents. The use of temperature, humidity, and motion
sensors automates the process, providing comfort with
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minimal energy costs. This is especially important for
buildings with different functional purposes, where the
requirements for the microclimate change throughout
the day. H. Farzaneh et al. (2021) determined that adap-
tive systems can reduce power consumption by 30-40%
due to precise adjustment of operating parameters. They
can lower the temperature or turn off ventilation in empty
rooms during non-working hours. This not only saves re-
sources but also reduces the carbon footprint of buildings
that meet modern environmental standards. However, the
effectiveness of adaptive systems largely depends on the
quality of the equipment and proper configuration. In-
correctly installed or uncalibrated sensors can reduce the
accuracy of the system, resulting in energy losses. The in-
troduction of such technologies requires an initial invest-
ment, which, although it pays off over time, can become
a barrier to widespread adoption in residential buildings.

Research on heat pumps and geothermal installations
has shown how these technologies optimise energy con-
sumption through the use of renewable energy sources.
Heat pumps provide efficient heating and cooling and op-
erate without constant refuelling, which reduces depend-
ence on fossil fuels and reduces the carbon footprint of
buildings. The results showed that the use of such systems
in a variable climate can substantially reduce energy costs
while maintaining comfort. E. Hataj et al. (2021) conclud-
ed that heat pumps and geothermal systems efficiently
use soil, water, or air energy to heat or cool buildings. Due
to their high energy conversion rate, they can provide up
to 4 kW of heat or cold for every kW of electrical energy
consumed. This can substantially reduce the consump-
tion of traditional energy sources, increasing the ener-
gy efficiency of buildings. Upgrading the district heating
system through the integration of modular heat pumps,
geothermal water, and photovoltaic installations can con-
tribute to creating sustainable urban energy, further im-
proving energy efficiency and reducing dependence on
non-renewable energy sources.

A. Hoang & X. Nguyen (2021) determined that geo-
thermal installations maintain a stable temperature due
to the use of soil thermal inertia, which ensures stable
operation regardless of weather conditions. These sys-
tems are effective even in extreme climatic conditions.
When combined with other renewable sources, such as
solar panels, they create efficient systems with minimal
carbon dioxide emissions. These results confirm previ-
ous studies conducted in countries with different climatic
conditions, in particular, in Germany and Sweden, where
the introduction of heat pumps and geothermal systems
has shown substantial energy savings, reducing heating



costs. An increase in the efficiency of systems in temper-
ate and cold climates was also recorded, which indicates
their ability to work under temperature fluctuations, con-
firming the practicality of such technologies for different
regions with different climatic characteristics. Another
important aspect of the study was the ventilation system
with heat recovery. It was identified that these systems re-
store some of the thermal energy of the exhaust air and
use it for heating or cooling the supply air, which reduces
the cost of heating and cooling buildings. Heat recovery
has become an effective tool for combating energy costs,
enabling a substantial reduction of the amount of energy
discharged from rooms through ventilation ducts.

N. Asim et al. (2022), concluded that ventilation sys-
tems with heat recovery can store up to 90% of the ther-
mal energy normally lost through ventilation. They work
on the principle of heat transfer from the exhaust air to the
supply air, providing a comfortable microclimate in the
room. This not only increases the energy efficiency of the
building but also improves air quality by removing pollu-
tion and moisture. J. Li et al. (2021) also demonstrated that
the use of heat recovery plants can substantially reduce
the cost of heating in winter and cooling in summer since
the system minimises energy losses. For example, in resi-
dential buildings with modern heat recovery installations,
energy costs can be reduced by 20-30%. This makes such
systems attractive for both the private sector and commer-
cial facilities, especially in the face of rising energy tariffs.

The conclusions of researchers correlate with the
conclusions of the authors since they confirm the effec-
tiveness of heat recovery technologies in reducing energy
consumption. The use of such systems ensures an optimal
combination of energy efficiency and comfortable indoor
conditions. These examples of cost reduction confirm the
real financial benefits, which makes these technologies
particularly relevant in the context of modern energy chal-
lenges. Automation of the microclimate was evaluated on
the example of using temperature, humidity, and carbon
dioxide (CO,) sensors. Studies have shown that the use of
such sensors allows the system to dynamically adjust the
parameters of the microclimate depending on the num-
ber of people in the room or changing environmental
conditions. This ensures efficient use of energy resources
since the system operates only when necessary, and with
maximum efficiency, minimising energy costs.

S. Croce & S. Tondini (2022) also conducted a study
that confirmed that modern microclimate automation
systems use temperature, humidity, lighting, and motion
sensors to continuously monitor indoor conditions. Due
to this, the systems can adapt their work in real time, pro-
viding maximum comfort for users. Such technologies not
only increase convenience but also contribute to more
efficient use of resources, reducing energy consumption
during non-working hours or in empty rooms. E Carluc-
ci et al. (2023) also discovered that dynamic microclimate
control reduces energy consumption by fine-tuning the
operation of systems depending on actual needs. Mo-
tion sensors can automatically turn off heating or lighting
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when the room is not in use, which saves up to 20-30% of
energy. Combined with intelligent control algorithms, this
creates opportunities for implementing energy-efficient
solutions in residential, office, and industrial buildings,
and the energy flexibility of building systems in future
scenarios, optimising the dynamic shading management
strategy, and defining a new energy flexibility metric can
further improve the efficiency of such solutions.

Comparing the results of the study, it can be conclud-
ed that automation of the microclimate using sensors has
a substantial impact on reducing energy consumption.
The results show that the integration of sensors with con-
trol systems provides for achieving an optimal balance be-
tween comfort and efficiency. This is confirmed by pract
ical examples of reducing energy costs in buildings where
such systems are implemented. As for the integration of
renewable energy sources, the results of the study indicat-
ed that the use of solar collectors, photovoltaic panels, and
biomass can substantially reduce dependence on tradi-
tional energy sources. These technologies have helped re-
duce the carbon footprint of buildings and ensure energy
independence. The study suggested that the integration of
renewable energy sources with adaptive heating and ven-
tilation systems is an important step towards sustainable
development in the construction sector.

A. Pascaris et al. (2021) concluded that the use of re-
newable energy sources such as solar panels, geothermal
installations, and biomass ensures that buildings are in-
dependent of fossil fuels. The integration of these systems
into the building allows not only to generate energy but
also to store its surplus for further use. This approach is
the basis of a modern “smart home” that meets the prin-
ciples of energy efficiency and sustainable development.
L. Paraschiv & S. Paraschiv (2023) stated that solar col-
lectors effectively heat water, reducing gas or electricity
consumption, which leads to a reduction in greenhouse
gas emissions. The use of biomass, in particular, pellets
or wood waste as an energy source, also contributes to re-
ducing the carbon footprint since the process of burning
them is carbon-neutral. Together, these solutions allow
buildings to meet modern environmental standards and
reduce energy costs.

Analysing the results of the study, it can be conclud-
ed that the integration of renewable energy sources into
building systems has substantial potential for reducing
the carbon footprint. The use of solar collectors and bio-
mass reduces dependence on traditional energy sources
and actively contributes to the achievement of goals to
reduce greenhouse gas emissions. This is confirmed by
data on reducing energy costs and improving the environ-
mental situation in regions where such technologies are
actively used. The study confirmed that adaptive heating
and ventilation systems combined with renewable ener-
gy sources and automation can substantially improve the
energy efficiency of buildings and provide a comfortable
environment for residents. The results of a comparative
analysis of various technologies showed that the best re-
sults are achieved precisely through the integration of

Bulletin of the National Transport University. 2026. Vol. 30, No. 2



16  Adaptive heating and ventilation systems...

modern technologies with intelligent control systems that
reduce energy consumption, improve the microclimate,
and reduce operating costs.

Conclusions

The study showed that adaptive heating and ventilation
systems are an effective tool for achieving an optimal mi-
croclimate in modern buildings. The use of such technolo-
gies can substantially increase energy efficiency, reducing
energy supply costs, and simultaneously providing com-
fortable conditions for residents. Heat pumps and geo-
thermal systems that regulate indoor temperatures reduce
energy consumption through the use of renewable energy
sources, which is an important advantage over traditional
fossil fuel heating methods. Ventilation systems with heat
recovery have become one of the main elements that can
substantially reduce energy costs. The use of waste heat
for preheating or cooling the supply air reduces the need
for energy for heating and air conditioning, which saves
energy without compromising air quality.

Automation of the microclimate in buildings using
temperature, humidity and CO, level sensors substantial-
ly optimises power consumption. Automatic adjustment
of system parameters depending on changes in environ-
mental conditions and the number of people in the room
allows reducing energy costs and providing a stable level
of comfort, which is important for improving the quality of

Analysis of the efficiency of various technologies in differ-
ent countries has shown that the best results are achieved
when integrating adaptive heating and ventilation systems
with intelligent control systems that allow optimising en-
ergy use and improving the indoor microclimate. Such
systems demonstrate maximum efficiency in reducing
energy consumption and energy costs. Considering cli-
matic conditions is crucial for the selection and efficien-
cy of adaptive heating systems, such as heat pumps and
geothermal installations. In cold regions, geothermal in-
stallations may be more efficient due to the stability of the
Earth’s temperature, while in warm climates, heat pumps
that use air or water may be more optimal for reducing
energy consumption and providing comfort in buildings.

The results of the study confirmed that the introduc-
tion of adaptive technologies in heating and ventilation
systems is an effective tool for reducing energy costs and
improving the quality of life in buildings. The use of intel-
ligent systems and renewable energy sources can not only
increase energy efficiency butalso reduce the environmen-
tal impact of buildings, which is an important step towards
sustainable development. Prospects for further research
are to study the long-term efficiency of the integration of
adaptiveheatingandventilation systemswith various types
of renewable energy sources in different climatic zones.
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AHOTAUIf. AKTYyaJIBHICTh JOCTiIXKEHHS 3yMOBJI€HA HEOOXiIHICTIO MiABUIIIEHHSI eHeProe(eKTUBHOCTI OyIiBeJb Ta
CTBOPEHHS KOM(OPTHOTO MiKpPOKJIIMATy B YMOBAX 3pOCTAIOYHX BUMOT JI0 €KOJIOTIYHOCTI i1 EKOHOMIT eHepropecypciB.
JocutiskeHHsT MaJIo Ha MeTi OI[iHUTH, SIK Pi3Hi MiAX0Mu A0 CHUCTEM ONAJIEHHS Ta BEHTHUJIALII MiABUIYIOTh KOMMOPT
i eneproedeKTUBHICTD y OymiBaAx. [yl BU3HAUEHHs ONTHMAIBHUX pileHs y cdepi aBToMarusarii MikpokstiMary
Ta iHTerpanii BifHOBIIOBAIBHUX JPKepeJl eHeprii Oy BUKOPUCTaHI METOAU aHaJIi3y e()eKTUBHOCTI TEXHOJIOTIH Ta
NOPiBHAJIBHOI OLIIHKY €HepreTUYHUX CUCTeM. Pe3yJibraTy IoKkasaJy, 1110 afallTUBHI CUCTeMU Olla/IeHHs Ta BEHTUJIALT
3HAYHO IiIBUINYIOTH eHeproedeKTUBHICTh. TemioBi HAaCOCHM y TMOETHAHHI 3 TeOTEPMAJTBLHUMU TEXHOJIOTiAMU
MiITPUMYIOTh CTa0iIbHY TeMIIepaTypy B IPUMillleHHAX HaBIiTh 3a 3MiHHUX 30BHIIIHIX yMOB. BeHTU/IAIIHI cucTeMU
3 peKymeparji€io Teria 3HIKYIOTH BTpPaTH eHeprii, 30epiraioyu Temsao mif Yac MoBiTpooOMiHy. ABTOMarm3aris
MIKpPOKJIIMaTy 3a JOIIOMOIOI0 JATYUKIB I CHCTeM KepyBaHHS JO3BOJISIE PeryjlioBaTH IapaMeTpu ONaJIeHHs Ta
BEHTUJIALIT 3aJI€)KHO BiJl 3alI0BHEHOCTI IPUMIillleHb, piBHS BOJIOTOCTI Ta CKJIaLy IOBITPA. [HTerpanis BiJHOBJIIOBAHUX
JPKepeJI eHeprii, TaKUX IK COHSYHI KoJIeKTopH Ta 6ioMaca, ToKa3aJjia BUCOKY e(peKTUBHICTh y 3MeHIIIeHHi CITO)KUBaHHSA
TpaguLiiHUX eHepropecypciB. AHaIi3 00’eKTiB y pi3HUX KpaiHax IOKa3aB, 10 HalKpalux pe3yJsTaTiB JOCATaloTh
3aBIIIKM KOMILJIEKCHOMY HiAXO0My, 1110 IOEIHYE Cy4YacCHi TeXHOJIOTi] Ta afaTUBHI pillieHH:A. Bynisii 3 inTerpoBanuMu
aJalTUBHUMHU CHCTeMaMu 30epiraiors cTabijibHUN MiKpOKJIiMaT He3asesKHO BiJ] 30BHIIIHIX YMOB, 1110 IIO3UTUBHO
BIIJIMBAa€e Ha KoMdopT KopucTyBauiB. OnTumisaliia eHeprocnosKUBaHHs TaKOXK 3HIIKYE eKCITyaTallilfHi BUTpaTH,
pob6yAYM Taki pillleHHs eKOHOMIYHO JOUiTBHUMMU JIJIs1 JOBIOCTPOKOBOTO BUKOPHUCTAHHSA. AJaNTUBHI CUCTEMHU He
Jiiiie 3a0e3nevyioTb KOMGOPTHI YMOBH, a It 3HaYHO CKOPOUYYIOTH CIIOXKUBAHHSA eHepropecypciB y OyaiBJIAX pisHOTO
NpU3HA4Y€HHS

KniouoBi cnosa: eHeproedeKTUBHICTh; TEeNJIOBI HacocH; reorepMajibHi TeXHOJOTI]; peKylepaiis Tea;
aBTOMAaTH3allisl; BiTHOBJIIOBaHI JIyKepeJsia eHeprii
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Abstract. The aim of the study was to develop a hierarchical fuzzy model for assessing the risks of road transportation
of dangerous goods, taking into account the influence of the human factor to increase the accuracy and informativeness
of decision-making in the field of transport security. The study employed a systematic approach, analysis and synthesis,
expert assessment, comparative analysis, and fuzzy modelling based on the Mamdani algorithm, implemented in
MATLAB, to assess human factor risks. The research resulted in the development of a hierarchical fuzzy framework for
evaluating risks associated with the road transportation of dangerous goods. A key focus of the model is the assessment
of human factors based on three input variables: the driver’s health status, their experience in transporting dangerous
goods (measured in tonne-kilometres), and the duration of accident-free operation. The fuzzy model, implemented
using the Mamdani algorithm, includes 27 fuzzy logic rules and has demonstrated stable behaviour even under varying
input parameters. Testing the model on four real drivers produced scores reflecting the quality of the human factor,
ranging from 28.5 to 62.6 points. These scores indicate the model’s sensitivity to individual personnel characteristics. An
integrated assessment of overall risk is generated through a two-level aggregation of results from sub-models, allowing
the system to adapt to different transportation scenarios. This model can be effectively incorporated as a critical
component of a logistics operator’s Decision Support System for dynamic risk analysis prior to each transport operation

Keywords: decision support system; expert evaluation; accident-free experience; membership function; logistics
safety

Introduction

Transporting dangerous goods by road is one of the riski-  various risk factors, including regulatory, logistical, phys-

est aspects of logistics. Accidents during such transporta-
tion can have severe consequences for human life, prop-
erty, and the environment. Traditional risk assessment
methods rely largely on deterministic or stochastic mod-
els, which fail to consider the complex interactions among

ical, and human elements. Furthermore, these methods
are less effective when dealing with incomplete, unclear,
or subjective data. This is particularly crucial when eval-
uating human factors, such as a driver’s health, fatigue,
or experience in handling dangerous goods. Despite the
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growing interest in using fuzzy logic and multicriteria
approaches to address these issues, this area remains un-
derdeveloped. Therefore, there is a need to create a hierar-
chical fuzzy model that considers the influence of the hu-
man factor as a key source of risk in the transportation of
dangerous goods by road. This model should offer a more
accurate and flexible risk assessment by processing both
quantitative and qualitative data, ultimately making the
decision-making process in safe logistics more efficient.

An analysis of the literature published in scientific
journals reveals a growing interest among the scientific
community in risk assessment in logistics, particularly re-
garding the influence of human factors. Modern research
increasingly employs approaches such as fuzzy logic, mul-
ti-criteria analysis, and machine learning to model situa-
tions where personnel behaviour, condition, or errors are
critical. Significant attention is devoted to various aspects,
including driver fatigue, instruction violations, underesti-
mation of risks in warehouse or transportation operations,
and the effects of psychological stress on the quality of
logistics procedures. N. Vojinovi¢ et al. (2021) considered
the results of the latest trends in the development of fuzzy
modelling for assessing the activities of road transport
companies engaged in the transportation of dangerous
goods: the method of improved fuzzy step-by-step analy-
sis of weighting coefficients; the method of decision-mak-
ing by multiple criteria (MCDM Method); the method of
finding an alternative to rough measurement and ranking
based on a compromise solution (R-MARCOS - “Rough
Measurement Alternatives and Ranking according to the
Compromise Solution” method). As a result of the fuzzy
modelling, the authors obtained rating scores for 11 com-
panies that operate in the service market.

S. Benchkovska et al. (2020) introduced an innovative
method for risk assessment that emphasises the role of
“human errors”. The main idea behind this method is to
evaluate and model the human factor as a primary cause
of road traffic accidents. To quantify the parameter relat-
ing to the human factor, fuzzylogic techniques are utilised.
This model calculates the probability of a road accident
occurring during the transportation of hazardous goods.
This new approach to risk assessment considers various
factors, including how the human element influences the
likelihood of accidents, and recognises the diversity of
the different segments that comprise the overall route for
transporting dangerous cargo. The method is valuable for
assessing risk variability and accounts for the human fac-
tor on both planned and existing routes. It also takes into
consideration the classification of road sections, catego-
risation of hazardous materials, and the potential impact
of various scenarios and risks on transportation safety. A
comparative analysis of risk models for transporting dan-
gerous goods by rail may be useful for examining similar
models for road transportation, particularly in fuzzy risk
modelling (Benchkovska e al, 2020). T.D. MiloSevi¢ et
al. (2021) discussed the development of a fuzzy Mamdani
model designed to assess the quality of routes used for the
transportation of dangerous goods by road. The evaluation
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of these routes is based on five specific criteria. Each in-
put variable is represented by three membership func-
tions, while the output variable is determined through
five membership functions. The rules within the fuzzy log-
ic system are created using the Aggregation of Weighted
Preconditions (ATPP) method, which helps build a knowl-
edge base grounded in expert experience and intuitive
reasoning. Given the number of input variables and their
respective membership functions, a total of 243 rules has
been defined. To establish the weights for the member-
ship functions, three experts from the Ministry of Defence
were consulted, and the weight values were determined
using the Full Consistency Method (FUCOM). B. Mati¢ et
al. (2022) developed a fuzzy model of road infrastruc-
ture based on multicriteria analysis. The determination
of weighting coefficients for evaluation criteria in fuzzy
models is discussed in a paper by Z. Stevi¢ et al. (2022) in
the field of applied mathematics.

S.A. Beczkowska & I. Grabarek (2021) discussed the
key role of the human factor in ensuring safety during the
transportation of dangerous goods. The authors examine
common staff errors, the causes of safety violations, and
how the psychological and physical well-being of em-
ployees can influence risk levels. They placed particular
emphasis on the need to consider behavioural and organ-
isational aspects when evaluating threats in transporta-
tion processes. The article highlights the significance of a
systematic approach to enhancing safety, which includes
training, monitoring, and management of human factors.
The article by T. Panchyshyn et al. (2024) presented an
analysis of international experience in investing in human
capital development. The authors explore the key trends
and effective strategies of states and corporations to im-
prove the quality of education, training and innovation
activity of employees. Particular attention is paid to the
role of investment in the formation of a competitive econ-
omy in the context of digital transformation. The article by
K.M. Bozhko et al. (2024a) presented a method for assess-
ing the effectiveness of investments in the human capi-
tal of an enterprise using fuzzy modelling based on linear
and logarithmic scales of input data. In another article by
K. Bozhko et al. (2024b) considered an approach to eval-
uating start-up projects from the investor’s perspective
based on fuzzy models. They proposed the use of variable
evaluation criteria to take into account the uncertainty
and subjectivity of investment decisions. Thus, a review
of the literature indicated the relevance of applying fuzzy
modelling to assess the risks associated with the transport
of dangerous goods by road, which encourages the author
to continue research in this direction.

Despite the existence of some studies on risk mod-
elling in the transportation of dangerous goods, several
important aspects remain underdeveloped. First, there is
no holistic hierarchical model that would simultaneous-
ly cover all key groups of risk factors — regulatory, logisti-
cal, physical, and human - in a single fuzzy environment.
Secondly, the human factor, despite its critical role in
accidents, is often considered in a fragmented manner
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or without taking into account the interrelationships
with other risk groups. There is also a lack of models that
would allow quantitative assessment of the human factor
based on variables of the driver’s health, experience, and
behavioural characteristics in dynamic transportation
conditions. Additionally, the challenge of adapting input
linguistic or fuzzy data to a formalised multi-level evalu-
ation structure is still relevant, complicating the practical
application of these models within logistics information
systems. Most existing approaches also lack a mechanism
for comparative analysis based on qualitative criteria,
which would allow for ranking routes or carriers through
an integrated risk assessment. Therefore, the develop-
ment of a hierarchical fuzzy model that includes a com-
prehensive assessment of the human factor as a separate
module remains essential and inadequately addressed in
current scientific and applied research. This article aimed
to design and substantiate a hierarchical fuzzy model for
assessing risks in the road transportation of dangerous
goods, with particular emphasis on integrating the human
factor into a comprehensive risk assessment framework.
The objectives of the study included the formalisation of
key risk factor groups, the development of a fuzzy model
for evaluating the human factor, the construction of a hi-
erarchical structure of the integrated risk model, and the
validation of its applicability using empirical data to sup-
port managerial decision-making in the transportation of
dangerous goods.

Materials and Methods
The research materials comprised regulatory and le-
gal acts and specialised regulations in the field of road
transport of dangerous goods, academic publications on
transport risk assessment, and results of pilot testing of a
fuzzy model based on data from four drivers. The study
employed a systematic approach, as well as methods of
analysis and synthesis, expert assessment, fuzzy model-
ling, and comparative analysis. Fuzzy logic was used to
formalise dependencies between human factor parame-
ters, and the model was constructed using the Mamdani
algorithm. The feasibility of applying this algorithm was
determined by a combination of factors, including its ef-
fectiveness under conditions of a small sample size and
its suitability for supporting management decision-mak-
ing with limited input data. In addition, the Mamdani al-
gorithm is widely implemented in the MATLAB package,
which enables the rapid development and adjustment of
fuzzy models through a graphical interface. It has been
traditionally used in fuzzy risk assessment models, where
excessive precision is not required, whereas efficiency in
decision-making is prioritised. The model was based on
the hypothesis of a normal distribution of input data.
The input data were empirical and obtained from annu-
al reports of Ukrainian motor transport enterprises. The
study examined the human factor assessment module
of a two-level hierarchical risk model for the transport
of dangerous goods by road. In the basic fuzzy model,
only the driver was considered as the main agent in the

Bulletin of the National Transport University. 2026. Vol. 30, No. 2

process, without including other transport participants
such as logistics specialists, mechanics, system admin-
istrators, or freight forwarders. The Human Factor mod-
el contained three input variables — Health, Volume, and
Safetime — and one output variable, Hum, which reflect-
ed an integrated score of the human factor quality. The
Health variable characterised the driver’s state of health
and was assessed on a ten-point scale based on expert
medical evaluation. The Volume variable reflected accu-
mulated experience in transporting dangerous goods and
was measured in millions of tonne-kilometres. The Safe-
time variable characterised the duration of continuous ac-
cident-free driving before the journey. Gaussian member-
ship functions were applied to the input variables, while
triangular membership functions were used for the out-
put variable; the knowledge base of the model contained
27 fuzzy logic rules. In the human factor submodel, all
weighting coefficients were set equal to 1. The procedure
for forming the base of 27 fuzzy inference rules was car-
ried out by the authors acting as experts. Additional infor-
mation was obtained through oral surveys of managers of
motor transport enterprises. The ranges of variables were
defined as follows: Health € [1; 10], Volume € [0; 1], Safe-
time € [0; 1,000], Hum € [0; 100]. If actual values exceeded
the defined limits during modelling, boundary values were
applied. The parameters of the membership functions
were determined using the MATLAB environment during
the development of the fuzzy model in interactive mode:

« for input Health 0 =1.529; average membership val-
ues were 1; 5.5; 10;

« for input Volume ¢=0.17; average membership val-
ues were 0; 0.5; 1;

« for input Safetime o = 152.9; average membership
values were 100; 550; 1,000;

« for output Hum, vertex coordinates were 0; 50; 100
points.

The assessment of drivers’ health status was conduct-
ed by a qualified medical professional using a ten-point
scale in accordance with the ethical principles set forth in
the Declaration of Helsinki of the World Medical Associ-
ation (WMA, 2024), ensuring confidentiality of personal
data and obtaining informed consent from all partici-
pants. Input data for model validation were generated for
four drivers based on pre-trip medical checks, transport-
ed cargo volume, and accident-free driving records. Model
validation was performed using functional testing in the
Fuzzy Designer MATLAB environment, with average input
values: Health =5 points, Volume = 0.5 million tkm, Safe-
time =550 hours. The MATLAB environment was used for
modelling and processing results, including implementa-
tion of model structure, membership functions, rule base,
and defuzzification procedure.

Results and Discussion
The preliminary analysis indicates that all possible risk
factors for the transportation of dangerous goods by road
can be grouped into common features: regulatory; logis-
tical; physical. Regulatory features include a set of legal



rules and regulations governing the transportation of
dangerous goods, as well as the degree of compliance with
their requirements by the carrier. Logistical factors include
coordinating the complexity of the route with the regula-
tions, continuous online monitoring of its progress, and
optimising the schedule for the busiest sections. Physical
features include material factors of the driver-vehicle-en-
vironment system: readiness of the vehicle for the trans-
portation of dangerous goods; quality of the road surface;
meteorological and air pollution conditions. All three
groups of factors have a certain impact on the human fac-
tor. The human factor provides feedback to other groups
of risk factors. For example, the optimal route logistics
from the driver’s point of view is one that will provide him
with sufficient rest without reducing his salary. Structur-
ing the risk factors into groups leads to a hierarchical fuzzy
model with two levels, the first of which contains four
fuzzy models for each group, and the second level con-
tains a model with four inputs and the results of the eval-
uations performed by the first level models. The output of
the second-level model provides a score for the total risk
of dangerous goods transportation. Thus, fuzzy risk mod-
elling uses a set of five models on the full set of factors M:

M= RegULogUPhUHum, ey

where Reg- regulatory factors (regulations); Log—logistics
factors; Hum — human factor.

The human factor is considered. For the basic fuzzy
model, only the driver is taken into account as the main
subject of the process, while other participants (logistics
specialists, mechanics, system administrators, freight for-
warders, etc.) are not considered. For the integrated as-
sessment of the human factor, three main parameters are
selected:

« driver’s health condition — Health;

« experience: the volume of dangerous goods trans-
portation over the entire driver’s career — Volume;

« period of continuous trouble-free operation on the
day of transportation — Safetime.

The block diagram of the two-level fuzzy risk mod-
el for the transportation of dangerous goods by road is
shown in Figure 1.

Flézfzgel‘\]/‘[ecl)czlel Transportation Risk
Fuzzy Models h
of Level 1 | Reg | Hum P Log |

PRLT T Ft
\_ Volume  Safe Time )

Risk Factors

Figure 1. Two-level fuzzy risk model
for road transportation of dangerous goods
Note: Reg - regulations; Hum - human factor; Ph - physical
environmental influences; Log — logistics
Source: created by the authors
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At the first level of the fuzzy model, the following pa-
rameters were identified: Reg (regulations), Hum (human
factor), Ph (physical environmental influences), and Log
(logistics). The human factor assessment module repre-
sented one of the principal components of the first-level
model and reflected the influence of driver-related char-
acteristics on overall risk formation. The second level is a
fuzzy risk assessment. Within the scope of this study, con-
sideration was limited to the fuzzy model of the human
factor in the road transportation of dangerous goods. For
all three input factors of the model, corresponding values
and evaluation scales were defined within the adopted
methodological framework. Experience in the trans-
portation of dangerous goods was measured in million
tonne-kilometres of transported cargo (million tkm). The
accident-free driving record was measured in hours spent
behind the wheel. The ranges for all three input variables
were subsequently defined: Health € [1; 10], Volume € [0; 1],
Safetime € [0; 1,000], Hum € [0; 100]. If the range limits of
any of the functions are exceeded, the modelling saves its
limit value. The Hum output function has a 100-point rat-
ing scale Hum [0; 100]. The section of the four-dimension-
al surface along the Safetime coordinate has the shape of
a surface with a convex shape, which indicates the mono-
tonicity of the output function (Fig. 2).

Surface Viewer: HumanFactar
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Figure 2. Decision surface for the human factor fuzzy
model in coordinates “Health — Volume”
Source: created by the authors

Figure 2 illustrates a cross-section of the decision
surface for the HumanFactor fuzzy model, with Safe-
time fixed at 550 hours. The plotted relationship demon-
strates the variation of the integral human factor assess-
ment (Hum) under the influence of two input variables:
Health and Volume. The non-linear surface indicates that
improvements in driver health parameters and accumu-
lated transport experience correlate with an increase in
the overall assessment. This confirms the model’s capac-
ity to account for the synergistic, rather than isolated,
influence of input parameters on the final result. Model
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effectiveness is verified via the “Rules” option within the
“View” menu of the MATLAB Fuzzy Designer module. In-
itially, the model adopts average values for all input pa-
rameters:

« health: 5 points;

« experience: 500,000 tonne-kilometres of dangerous
goods transported;

« uninterrupted period of accident-free transport pri-
or to the start of the expedition: 550 hours.

The result of modelling under such conditions is 50
points ofhuman factor quality (Fig. 3). The higher the score,
the lower the risk for transportation. In a comparative anal-
ysis (rating) of carriers, the highestlevel in the quality scale
will be occupied by those agents with the highest score.
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Figure 3. Unclear assessment
of the human factor (score equal to 50 points)
Source: created by the authors

The result shown in Figure 3 indicates that, for
Health =5.5 points, Volume = 0.5 million tkm and Safe-
time =550 hours, the fuzzy HumanFactor model produces
an output value of Hum =50 points. This corresponds to
the average level of human factor assessment and con-
firms the model’s consistency for an average combination

of input characteristics. The highest human factor quality
score in this fuzzy model is 85.4 points, and the lowest is
14.6 points. Low risk has a range from 85.4 to 68.9 points;
medium risk has a range from 68.8 to 41.8 points; high
risk has a range from 41.7 to 14.6 points. The specificity
of fuzzy modelling is that it does not provide hard bound-
ary estimates, since the values are formed on the basis of
membership functions that reflect the degree of member-
ship in linguistic terms, rather than clear boundaries. If
the user of a fuzzy expert system needs exactly the bound-
ary scores (0 and 100 points), then it is necessary to stretch
the range of the output function in both directions or ap-
ply normalisation of the results after defuzzification. This
will allow the model to be adapted to the requirements of
a specific application task, for example, for comparison
with traditional rating scales. Determining the threshold
value for decision-making is the prerogative of the user
of the expert system based on a fuzzy model, that is, the
manager or responsible person of the transport enterprise.
The fuzzy model of the human factor was tested at the
premises of ALA-TRUCK Ltd (Kyiv) between 1 June 2025
and 10 June 2025. Four drivers (D1-D4) with documented
experience in the transport of dangerous goods took part
in the pilot testing. The sample included adult drivers with
a valid driving licence for the relevant category, existing
experience in the transport of dangerous goods, and a
complete set of input data for modelling. The grounds for
exclusion were the absence of voluntary consent to partic-
ipate, the absence of confirmed experience in the relevant
transport operations, incomplete input data, and medical
contraindications to the performance of professional du-
ties at the time of assessment. A general practitioner with
nine years of professional experience assessed the Health
indicator. This specialist was responsible for conducting
pre-trip health checks on drivers at the company. He car-
ried out the initial medical assessment of the drivers’ con-
dition on a 10-point scale, with the results subsequently
used in a fuzzy model. The Volume and Safetime indica-
tors were derived from drivers’ work data documented by
ALA-TRUCK Ltd. Table 1 shows the values of the human
risk factor components for four drivers (D1, D2, D3, D4).

Table 1. Values of human risk factor components for drivers

No. Name Health, balls Volume, TKM Safe time, hours
1 D1 9 0 80
2 D2 7 0.1 150
3 D3 5 0.5 300
4 D4 8 1 220

Source: created by the authors

Table 1 presents the initial values of the three human
risk factor components for four drivers, which were used
as input data for the HumanFactor fuzzy model. A com-
parison of the indicators reveals variations in drivers’ indi-
vidual characteristics, including health status, the volume
of dangerous goods transported, and accident-free driving
records. Driver D1 has the highest health rating, but lacks
experience in transporting dangerous goods and has the
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lowest Safe Time value. Driver D4, conversely, combines
a high level of health with the highest transport volume,
whilst D3 has average or moderate values across all three
indicators. The data presented in the table serve as the ba-
sis for further fuzzy evaluation of the human factor and for
a comparative ranking of drivers. The results of the fuzzy
human risk factor assessment for four drivers are shown
in Figures 4-7.
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Figure 4. Unclear assessment
of the human risk factor (D1 received 49 points)
Source: created by the authors
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Figure 5. Unclear assessment
of the human risk factor (D2 received 28.5 points)
Source: created by the authors
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Figure 7. Unclear assessment
of the human risk factor (D4 received 62.6 points)
Source: created by the authors

Figure 4 demonstrates the results obtained for driver
D1, for whom the model generated a score of 49 points.
This value corresponds to an average human factor rating
and indicates a moderate level of risk associated with the
influence of human-related factors. Figure 5 presents the
assessment results for driver D2, who scored 28.5 points.
This value represents a low score on the 100-point scale
and indicates an increased level of risk associated with
potential human error. Figure 6 illustrates the results ob-
tained for driver D3, for whom the model assigned a score
of 49.5 points. Similar to driver D1, this value corresponds
to an average human factor rating and reflects a moderate
level of risk. Figure 7 presents the assessment results for
driver D4, who scored 62.6 points, representing the highest
value among the evaluated drivers. This result indicates a
relatively low level of risk associated with human-error-re-
lated accidents. As follows, Figures 4-7 shows the results of
the fuzzy assessment of the human factor for the four driv-
ers. Driver D1 scored 49 points, D2 scored 28.5 points, D3
scored 49.5 points, and D4 scored 62.6 points. The values
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of the human risk factor (D3 received 49.5 points)
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Drivers were assessed based on three criteria: health
status, the volume of dangerous goods transported, and
accident-free record. The scores achieved through this
evaluation allowed for comparative analysis and ranking.
According to the results, D4 demonstrated the highest
quality regarding human factors, scoring 62.6 points and
securing first place in the ranking. D3 followed in second
place with a score of 49.5 points, while D2 came in third
with 49 points. The lowest score of 28.5 points was record-
ed by D1, who occupied the last position. This ranking
enables the logistics operator or employees of security
service to make informed decisions about route assign-
ments and to determine the need for additional monitor-
ing or staff training. To summarise the modelling results,
the developed fuzzy model of the human factor demon-
strated the ability to classify drivers by risk level based on
the combined effects of health parameters, experience in
transporting dangerous goods, and accident-free driv-
ing history. The scores obtained and the resulting rank-
ing confirmed the model’s sensitivity to individual driver
characteristics and demonstrated its potential for com-
parative analysis in the field of transport safety. This pro-
vides grounds for considering the HumanFactor model as
a functionally suitable component of a two-level hierar-
chical system for assessing the risks of road transport of
dangerous goods.

The results obtained confirm the validity of using
fuzzy modelling to assess the risks associated with the
road transport of dangerous goods, combining quantita-
tive indicators with expert judgements. This approach is
generally consistent with the study by M.M. Aliabadi et
al. (2024), which consider the human factor as one of
the key causes of accidents in the transport of danger-
ous goods. In particular, in the article by M.M. Aliabadi et
al. the assessment of human error is combined with ar-
tificial intelligence methods and fuzzy inference tools.
Unlike studies focusing primarily on transport routes,
infrastructure conditions, or individual risk scenarios, as
shown in the work of Z. Wang (2018) and M.M. Aliaba-
di et al. (2024), the present study identified the human
factor as a separate functional module within a hierar-
chical assessment system. Z. Wang (2018) proposed a
fuzzy model for assessing the transportation routes of
dangerous goods, which includes two indicators: a prob-
ability indicator and a reliability indicator. The goal of
this model is to identify the optimal route schedule that
minimises risk while maintaining specific levels of prob-
ability and confidence. Research on transport accidents
reveals that the human factor is the most significant
contributor to the occurrence of these accidents. There-
fore, understanding the level of driver unreliability and
examining driver behaviour during the transportation of
dangerous goods requires thorough investigation. The
authors employ fuzzy logic to describe driver actions.
In this model, human behaviours are expressed using
linguistic terms. The model based on an author’s ques-
tionnaire and expert research that identified particular
features of human behaviour. The output parameter of
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the model represents the intensity of human error that
can lead to accidents. M.M. Aliabadi et al. (2024) investi-
gated the identification of human errors and risk assess-
ment during the road transportation of petroleum prod-
ucts. The study proposed the application of the SHERPA
method combined with fuzzy modelling techniques. An
overview of current research into the challenges arising
from the risk assessment of dangerous goods transport
is provided in the article by E Ma et al. (2025). An origi-
nal development of the Fine-Kinne fuzziness risk assess-
ment model, based on the Pythagorean fuzzy set, can be
found in work S.R. Satict & S. Mete (2024). At that time,
M. Gul et al. (2022) improved the Fine-Kinne fuzzy model
by calculating weighting coefficients for risk factors. The
resulting model was tested at petrol stations. V. Tsopa et
al. (2022) devoted to the multi-factor fuzzy assessment
of occupational risks for lorry drivers. S. Vahabzadeh et
al. (2025) presented the use of fuzzy modelling for as-
sessing risks associated with the transport of dangerous
goods and provided a comparative analysis of the Fane-
Kinne model and the fuzzy analytic-hierarchical model.
T. Luan et al. (2024) focused on the application of a fuzzy
Bayesian statistical model for risk assessment in the
transportation of dangerous goods through road tunnels.
A distinctive feature of this approach is the mechanism
for compensating for errors caused by insufficient input
data. Such compensation is possible through fuzzy data
representation and fuzzy inference rules. In doing so, the
authors calculated the risks for the network formed by
motorways and tunnels and used the monitoring of each
transport node to correct the assessment of accident
probability in real time.

However, the role of the human factor as a separate
subsystem within the model’s multi-level architecture is
not explored. An important result was that the final as-
sessment proved to be sensitive primarily to the com-
bination of input parameters rather than to any single
indicator in isolation. This finding highlighted the com-
plex nature of risk and confirmed the advantages of fuzzy
logic in modelling interdependencies between a driver’s
health, experience, and accident-free driving. In this re-
spect, the proposed model complemented existing re-
search, including the work of V. Tsopa et al. (2022), where
fuzzy approaches were applied to the ranking of alterna-
tives, route selection, and occupational risk assessment.
However, the results of this work should be interpret-
ed with certain limitations in mind. The model covered
only a small number of variables and does not include
the driver’s dynamic psychophysiological characteristics,
journey situational factors, or telematics data. Further-
more, the practical accuracy of the study depends on the
quality of the membership functions and the rule base,
which is a typical limitation of fuzzy models, as indirectly
indicated by E Ma et al. (2025). Consequently, hierarchi-
cal fuzzy modelling is promising for assessing the safety
of road transport of dangerous goods, as it integrates the
human factor into a multi-level risk model without sacri-
ficing interpretability or practical value.



Conclusions
The study demonstrated the feasibility of applying fuzzy
approaches for expert risk assessment in the road trans-
portation of dangerous goods. These methods effectively
handled incomplete, linguistic, and subjective data typi-
cal of the transport sector. A two-level multifactor model
was developed, aggregating risks into four categories: reg-
ulatory, logistical, physical, and human. This approach
enabled the calculation of an integrated transportation
hazard indicator while maintaining transparency for ex-
pert interpretation. A key outcome was the development
and validation of the “human factor” model, which was
tested using real driver data. The model enabled rapid
ranking of personnel according to risk level, taking into
account health status, professional experience, and ac-
cident-free records. It was established that even minor
variations in these parameters significantly affected the
overall risk rating, confirming the critical role of the hu-
man factor in shaping transportation risk. At the same
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data on the driver, route, and weather conditions. It was
anticipated that integration with telematics systems and
HR platforms would improve the accuracy of input data
and the responsiveness to critical changes. The system
could provide dispatchers with visual risk dashboards,
automated alerts, and recommendations for route ad-
justments or driver replacement, thereby enhancing
transportation safety. Thus, the developed hierarchi-
cal fuzzy model provided a basis for an integrated risk
management system in the transportation of dangerous
goods and demonstrated strong potential for further au-
tomation of decision-making processes. Prospects for
further research included expanding the model structure
through the incorporation of dynamic indicators, cali-
bration of weighting coefficients, and integration with
route optimisation tools to improve the accuracy of risk
assessment.
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lepapxiyHe HeuiTKe MoAEeNIOBAHHA PU3UKIB ABTONEPEBE3€EHb
He6e3neyHUX BAOHTAXiB 3 YPAXYBAHHAM BMJIMBY JIIOACBKOro GaKkTopy
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AHoTaUif. MeTo0 noCTimKeHHsI OyJI0 po3pobJeHHs iepapxidHOi HEeUYiTKOI MOjeJsIi JJisl OIiHIOBaHHSI PU3UKIB
aBTOMOOIJIBHOTO ITepeBe3eHHs HeOe3[IeYHNX BaHTAKIB 3 YpaxyBaHHAM BIJIUBY JIIOACHKOTO (pakTOpa, 10 JO3BOJISIE
MiJBUINUTH TOYHICTH Ta iH(OPMATUBHICTH NPUNHATTA pimeHs y cdepi TpaHCIOpTHOI 6e3neku. Y AOCimKeHHi
3aCTOCOBAHO CHCTEMHMH MiAXiJl, METOAHM aHaMi3y i CHHTEe3y, eKCIepTHOTO OIiHIOBaHHs, IOPiBHAIBHOIO aHAJIi3y,
a TAaKOK HeYiTKe MOJEJI0OBaHHSA Ha OCHOBi asroputMmy MampjaHi, peanisoBaHoro B cepenoBuilli MATLAB, nis
OI[iIHIOBAHHSI PU3UKIB, MOB’SI3aHUX i3 JIOACHKKUM (PAKTOPOM IIiJ] YaC aBTOMOOLIHHOTO MepeBe3eHHs Hebe3meUHnxX
BaHTQKiB. Y pe3yabrari JOCTiIKeHHSA OyI0 pO3poOJIeHO iepapxiuHy HEYITKY MOJesb OIHIOBaHHS PU3UKIB
nepeBe3eHHs He0e3[eYHUX BaHTAKiB aBTOMOOITBHUM TpaHCIIOPTOM. K/TI0OUOBUM eJIeMEHTOM MOJIeJIi € OI[iHIOBaHHSA
JIIONICBKOTO (haKTOpa, M0 I'PYHTYETHCS HA TPHOX BXiTHUX 3MiHHUX: CTaHi 3JI0POB’sl BOJis1, 1OTO JOCBifi mepeBe3eHHs
Hebe3MeYHNX BAaHTaKiB (BUMipIOBAHOMY B TOHHO-KiJTOMeTpax) Ta TpUBAIOCTi 6e3aBapiiiHoi po6oTu. HediTky Momesb
OyJIo peasli3oBaHO i3 3aCTOCYBaHHAM aJrOpUTMy MamaHi; BOHa BKJIOYa€ 27 mMpaBMJI HEUITKOI Joriku. Mopmesb
MPOJIEMOHCTPYBAaJja CTIMKYy MOBEIIHKY 3a YMOB BapiloBaHHS BXiIHMX IapameTpiB. AmpoOarisi Momesi Ha JaHUX
YOTUPHOX peabHUX BOMiiB 3abe3neunsia OTPUMaHHS OIiHOK SKOCTI JIIOIICBKOTO (haKTopa B Jianma3oHi Bim 28,5 10
62,6 6asta, M0 CBiTUMTH IIpO i Yy TIUBICTE 10 iHAMBIAyaIbHUX XapaKTePUCTHUK IIepCcoHay. [HTerpasbHe OIiHIOBaHHSA
3araJJbHOT0 PHU3HUKY (POPMYETHCS IIJISIXOM ABOPIBHEBOI arperailii pe3yJsbrariB migMmopesieil, mo 3abesredye
ajanTariio CUCTeMH JJ0 Pi3HUX ClleHapiiB IepeBe3eHb. 3alPOIIOHOBAHA MOJIETb MOsKe OyTH e(heKTUBHO iHTerpoBaHa
SIK KJIIOYOBMU KOMIIOHEHT CHCTeMH HiITPUMKU NPUHHATTA pillleHb JIOTICTUYHOTO oleparopa Jjis JUHAMiYHOTO
aHa/Ti3y pU3UKIB Ilepef KOSKHUM TPAHCIIOPTHUM peficoM

KniovoBi cnoBa: cucreMa miATPUMKY TPUUHATTSA pPillleHb; eKCIIEPTHE OI[iHIOBAaHHS; 0e3aBapiliHUMA CTasK; QPyHKITIA
HaJIe;KHOCTi; 6e31eKa JIOTiCTUKU
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Abstract. This study aimed to enhance the methodology for evaluating the probability of safe navigation by
incorporating the quantitative influence of navigational hazards. A set of mathematical models was developed to
assess how the number and arrangement of hazards affect the likelihood of safe passage. Variance and correlation
analyses were employed to quantify the impact of key risk factors. The findings revealed that the primary determinants
of navigational safety include the distance to hazards, the accuracy of vessel position determination, the ship’s
manoeuvring characteristics, and prevailing hydrometeorological conditions. For hazard distances exceeding 1.5
nautical miles, the probability of safe passage surpassed 0.99; however, at 0.8 miles, it declined to 0.78. When navigating
between two hazards, the probability ranged from 0.97 to 0.995, depending on their spatial configuration. An increase
in the number of hazards correlated with a reduced probability of safe passage: with five hazards, this probability could
drop to as low as 0.65. Analysis of navigational measurement errors indicated that position determination with 0.5-
mile accuracy yielded a safety probability of 0.995, whereas an error of 2 miles reduced it to 0.75. The implementation
of integrated navigation systems improved safety levels by 5-10%. The results substantiate the effectiveness of a
comprehensive navigation planning approach, integrating several core principles: precise coordinate determination
via integrated systems, adaptive routing based on hazard density and situational variability, dynamic speed regulation
according to environmental conditions, and proactive obstacle avoidance through predictive modelling and real-
time data. This methodological framework holds significant practical value for enhancing navigational efficiency and
resilience in areas of high complexity, enabling risk mitigation and route stability even under adverse conditions

Keywords: collision risk; manoeuvring characteristics; spatial arrangement; adaptive routes; hydrometeorological
conditions

Introduction

Maritime safety remains a cornerstone of modern navi-
gation, as it directly affects both the preservation of hu-
man life and the economic efficiency of global shipping
operations. With the increasing intensity of traffic on
major sea routes, the advancement of automated navi-
gation systems, and the growing demand for precision in
vessel positioning, the problem of accurately accounting
for navigational hazards has become increasingly critical.

Traditional approaches to risk assessment in maritime
navigation are often grounded in simplified models that
fail to consider the quantitative dimensions of navigational
hazards - such as proximity to obstacles, their spatial con-
figuration, and the likelihood of critical incidents. These
models typically emphasise general hazard classification
or the designation of high-risk zones without conducting
a detailed quantitative analysis. As a result, they rely on
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averaged risk indicators that neglect environmental var-
iability and do not facilitate dynamic route adjustments
in response to changes in obstacle density. This leads to
diminished accuracy in risk prediction and highlights the
pressing need to refine safety assessment methodologies.
A key limitation of conventional analytical techniques
lies in their static nature, which overlooks the dynamic and
rapidly evolving conditions of the navigational environ-
ment. For instance, the study by I. Gritsuk et al. (2023) on
adaptive route planning demonstrated that static hazard
maps are inadequate for real-time prediction of safe nav-
igational pathways under changing maritime conditions.
The researchers emphasised that the mere increase in the
number of hazards is not sufficiently captured by existing
risk assessment models. Further insight into the problem
is provided by O. Melnyk et al. (2025), who investigated the
influence of navigational inaccuracies on maritime safety.
Their findings indicate that a positional error of 2 nauti-
cal miles can substantially reduce the probability of safe
passage — especially for vessels with limited manoeuvring
capabilities. However, the deployment of integrated navi-
gation systems has been shown to mitigate these risks, en-
hancing overall safety levels by 5-10%. Equally important
is the challenge of adaptively correcting navigation routes
in light of the spatial distribution of hazards. Instead of
treating threats as isolated objects, O. Melnyk et al. (2023)
proposed a route optimisation method that considers the
mutual positioning of dangerous elements. Their model-
ling results revealed that when navigating between two
hazardous objects, the probability of safe passage ranges
from 0.97 to 0.995, depending on the separation between
hazards and the vessel’s handling characteristics. None-
theless, even such models fall short in addressing the full
spectrum of real-time environmental changes. Addition-
ally, hydrometeorological factors represent a vital aspect
of navigational risk. A. Maternova et al. (2022) demonstrat-
ed that strong winds and wave conditions significantly
impair the manoeuvring performance of vessels, thereby
increasing the likelihood of navigational errors. While the
adaptive speed control algorithms proposed in their work
partially reduce these risks, they still do not account for
the cumulative impact of the quantitative characteristics
of hazards present within the vessel’s navigational zone.
Statistical analysis methods have increasingly at-
tracted attention as tools for enhancing the accuracy of
navigational risk assessments. In particular, the study by
H. Huy-Tien et al. (2023) highlighted the applicability of
correlation analysis in establishing relationships between
the number of hazards and the overall safety level of a ves-
sel’s passage. While their results confirmed a statistically
significant association, the method’s primary limitation
was its inability to account for nonlinear dependencies,
which are often inherent in complex and dynamic navi-
gational environments. Technical characteristics of ves-
sels also play a crucial role in shaping navigational risk.
According to A. Rawson et al. (2021a), ships with limited
manoeuvrability are particularly susceptible to risk in
narrow waterways with high concentrations of navigation-
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al hazards. However, their model lacks real-time dynamic
course correction capabilities, reducing its practical ef-
fectiveness in fast-changing operational settings. Further
contributions to the modelling of navigational risk in-
clude the work by A. Rawson et al. (2021b), who developed
a theoretical model incorporating the number of hazards
within a vessel’s transit area. While this model represents a
step forward in quantifying navigational complexity, it has
not undergone empirical validation. Its theoretical status
limits its utility in real-world applications, where environ-
mental conditions and vessel behaviours exhibit signifi-
cant variability. A broader perspective on risk integration
is presented in the concept of integrated risk analysis pro-
posed by W. Zhang et al. (2022). Their framework com-
bines mathematical modelling, statistical evaluation, and
adaptive route planning. Although promising, the model
does not account for real-time fluctuations in the naviga-
tion environment, which undermines its capacity to fully
address situational dynamics — a critical shortcoming for
practical deployment.

Collectively, existing research underscored the sig-
nificance of incorporating the quantitative dimension of
navigational hazards into safety assessments. However,
there remains a distinct gap: no existing methodology
effectively integrates all key risk factors — including haz-
ard density, spatial configuration, vessel manoeuvrability,
measurement uncertainties, and environmental dynam-
ics — into a unified and adaptive safety assessment frame-
work. Therefore, the present study sought to develop an
improved methodology for evaluating navigational safety,
with a particular focus on the quantitative characteristics
of navigational hazards. The core objectives of the re-
search included the development of mathematical mod-
els, their validation through ship movement simulations,
and a comprehensive analysis of how key risk factors in-
fluence the probability of safe vessel passage.

Materials and Methods

The research employed the navigational and manoeuvring
characteristics of the Project 58155 “Gyurza-M” small ar-
moured artillery boat (Ukraine) as a representative vessel.
This type of surface ship was selected due to its extensive
operational use in coastal environments, which are typ-
ical for the Black and Azov Seas. The modelling incorpo-
rated the vessel’s key tactical and technical parameters,
including a length of 23 m, a draft of up to 1 m, an average
cruising speed of 25 knots, minimal turning radius, brak-
ing characteristics, and control response time. The meth-
odological framework was cantered on the development
of mathematical models that reflect the influence of the
quantitative factor of navigational hazards on the proba-
bility of safe navigation. These models were subsequently
verified through simulation of ship movements under re-
alistic navigational conditions.

Key components of the methodology included: ac-
curacy analysis of vessel position determination using
both visual bearings and radar data; assessment of nav-
igational safety when passing either a single hazard or
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navigating between two hazards; comparative analysis
of safety probabilities in navigational areas as a function
of the number and spatial configuration of hazards. The
probability of safe passage through a given navigational
zone was calculated using approximate analytical for-
mulas derived from empirical relationships, supported
by probability data from the Maritime Tactical Table MT-
75 (1975). This enabled the integration of vessel behaviour
models with environmental and hazard-related inputs,
forming a comprehensive tool for evaluating navigational
risk. The experimental component of the study involved
a comprehensive analysis of factors influencing naviga-
tional safety, with particular emphasis on errors in vessel
positioning, ship manoeuvring characteristics, and the
spatial distribution of navigational hazards. The vessel’s
motion parameters were considered in detail, including
drift, course, speed, inertial behaviour, and the influence
of hydrometeorological conditions.

Analytical methods rooted in probability theory were
applied to evaluate the likelihood of safe passage. Specif-
ically, calculations were based on the normal distribution
of positioning errors and the Laplace function, follow-
ing the approach outlined by K.I. Kuhlman (2013). These
probabilistic models allowed for the quantification of risk
under various operational and environmental conditions.
A retrospective analysis of maritime incidents was con-
ducted using publicly available data sources, including
reports from the International Maritime Organization
(IMO, n.d.) and archives of the Ukrainian Research Insti-
tute of Shipping. The focus was on incidents occurring in
zones with high concentrations of navigational hazards,
where primary causal factors included measurement er-
rors, failure to maintain recommended safe distances, and
limitations in vessel manoeuvrability — often exacerbated
by dense maritime traffic. To model the relationship be-
tween safety levels and vessel interactions in constrained
navigation environments, high-traffic scenarios were sim-
ulated. These included conditions characteristic of nar-
row straits, port approaches, and internal waters where
manoeuvrability is severely restricted. The probability of
safely navigating a given section was calculated using the
following expression, adapted from MT-75 tactical proba-
bility data (1):

p= H?:lpir (1)

where 7 is the number of navigational hazards along the
route, P; is the probability of safely passing the i'™ obsta-
cle, P is the total probability of safe passage through the
navigational section. Each individual probability P; was
defined using the formula (2):

Di 2
P=1-exp\ =31 ) 2)

where: D; is the minimum distance from the vessel’s tra-
jectory to the i hazard (nautical miles), M; is the radial
root mean square error (RMSE) of vessel position determi-
nation near the i*" hazard.
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To account for the interaction of multiple hazards (up
to five), the refined RMSE M, was determined using the
formula (3):

M;=v/M§ + (0.7K{)?, 3)

where: M, is the RMSE of the most recent navigation ob-
servation, K. is the course accuracy coefficient, ¢ is the
travel time (in hours) from the last observation to the risk
assessment point, 0.7 is an empirically derived coefficient
accounting for inertial propagation of course error.

Additionally, navigation measurement errors and
variations in the estimation of vessel coordinates were
taken into account, which allowed for more accurate
forecasts of possible threats during movement. The de-
pendence of the safety level on the density of navigation
hazards, the type of vessel and its manoeuvring charac-
teristics was analysed. The influence of meteorological
conditions, navigation equipment errors and human fac-
tors on the accuracy of determining the vessel’s location
was separately considered. The marginal measurement
error was 2% at a confidence level of 95%. An analysis
of various marine traffic scenarios was also conducted,
taking into account the variable navigational situation,
including collision risks and the need for operational
avoidance of obstacles.

The study provided for a comparative analysis of var-
ious methods for determining navigational safety, includ-
ing classical methods of course setting, assessment of the
accuracy of navigation system sensors and the influence
of vessel motion parameters on the probability of safe
passage. Methods of numerical modelling and graphical
interpretation of results were used to compare calculat-
ed and experimental values. Additionally, ship passage
through potentially dangerous areas was simulated us-
ing historical navigation data and predictive calculations
of the impact of changes in course and ship speed on the
overall probability of safe navigation. The study analysed
methods for minimising risks, including preliminary route
planning taking into account permissible distances to
navigational hazards, modelling emergency manoeuvres
with a change in course by a fixed angle when a critical dis-
tance is reached, building adaptive routes with real-time
course correction when navigation errors increase, and
using Z-shaped and circular manoeuvres in limited water
areas. The effectiveness of each method was assessed by
the change in the probability of safe passage of the ship.

Results
The results of the study were obtained by computer mod-
elling the passage of surface ships through navigationally
difficult areas of the sea, taking into account the different
number and configuration of hazards. For this purpose,
mathematical models were used that take into account
the distance to navigational objects, the accuracy of de-
termining the location of the ship, the inertial and ma-
noeuvring characteristics of the ship, as well as the errors
of navigational measurements. The calculation of the



probability of safe passage was carried out according to
the formulas (1, 2, 3) given in the methodological part,
using the probability tables of the Maritime Tactical Table
MT-75, adapted to specific scenarios of the navigational
situation. Analysis of navigational safety data showed that
the probability of safe passage of a ship significantly de-
pended on its distance from the navigational hazard and
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the accuracy of determining the location of the ship (Ta-
ble 1). For distances over 1.5 miles, the probability of safe
passage remained high (0.99 and above), while at distanc-
es less than 1 mile it decreased to 0.78. When passing be-
tween two hazards, the probability of safe passage ranged
from 0.97 to 0.995, depending on the spatial arrangement
of the obstacles.

Table 1. Probability of safe passage of a navigation section at different distances to hazards

Distance to first hazard

Distance to second hazard

Ship’s root mean square error

(miles) (miles) (miles) hessineipmbabilavl
1.2 - 0.5 0.997
0.8 - 0.5 0.78
1.5 - 0.5 0.99
1.6 3.4 1.2 0.97
2 5 0.8 0.995

Source: calculated by the author based on Maritime Tactical Table MT-75 (1975)

The assessment of navigational safety when manoeu-
vring near one or between two navigational hazards re-
vealed that the decisive factor influencing the probability
of safe passage is the accuracy of the vessel’s positioning
and its distance from the sources of potential threat. Data
analysis demonstrated that, when passing near a single
navigational hazard, the probability of safe passage signif-
icantly decreased as the distance decreased. Specifically,
if the distance to the hazard exceeded 1.5 miles, the safe-
ty of navigation remained at a high level (0.99 or greater).
However, when approaching the object at a distance of
0.8 miles, the probability of safe passage decreased to 0.78,
indicating a significant increase in the risk of an emergen-
cy. A detailed analysis further showed that risks increase
markedly when passing between two navigational haz-
ards. For example, in the case where the vessel passed
between obstacles located 1.6 miles and 3.4 miles apart,
with the accuracy of position determination at 1.2 miles,
the overall probability of safe passage decreased to 0.97.
This situation is explained by the fact that even minor
deviations in navigational position can lead to the ves-
sel’s actual course being dangerously close to hazardous
objects. Conversely, when the navigational hazards were
situated at considerably greater distances — 2 miles and
5 miles — and the accuracy of position determination was
maintained at 0.8 miles, the probability of safe passage
increased to 0.995, representing an almost complete guar-
antee of the absence of emergencies.

Separately, it should be noted that the accuracy of
position determination significantly impacts the overall
level of safety. It has been established that insufficient
accuracy in navigational measurements can consider-
ably reduce the probability of safe passage, even if the
distance to the hazards is relatively large. This occurs be-
cause errors may cause the vessel to follow an unplanned
trajectory, increasing the risk of entering a dangerous
zone. For example, with a positioning error of 1.2 miles,
even at a distance of 1.6 miles to the nearest hazard, the
safety level was only 0.97, indicating the necessity of

employing more accurate navigation methods. A critical
aspect in ensuring navigational safety is the influence of
hydrometeorological factors on the accuracy of deter-
mining the vessel’s coordinates. Variations in conditions
such as wind force, current direction, and wave height
can significantly affect the vessel’s trajectory. Under calm
conditions (wind <5 m/s, waves <1 point, no currents),
the vessel’s deviation from the calculated course, with a
root mean square error of 0.8 miles, did not exceed 0.3
miles. However, in stormy conditions (wind exceeding
12 m/s, waves of 4-5 points, side current >1 knot), the
actual deviation could reach 0.7-1 mile, which substan-
tially exceeds the permissible level and reduces the prob-
ability of safe passage by 10-15%. In such circumstances,
navigational calculations require mandatory correction,
taking into account the influence of weather factors, par-
ticularly when navigating near hazardous areas with lim-
ited manoeuvring space.

The study of the influence of the number of naviga-
tional hazards on the probability of safe navigation re-
vealed a clear relationship between the level of risk and
the density of obstacles (Table 2). The analysis of navi-
gational situations was conducted for routes of 10 to 20
nautical miles in length, typical of complex traffic zones
in coastal and restricted areas. In these zones, vessel pas-
sages were simulated with varying numbers of potential
threats — from one to five or more — with fixed distances be-
tween hazards ranging from 1.2 to 3 miles. The numerical
probability values presented in the table were calculated
using the combined probability formula. Tabular values
from the Maritime Tactical Table MT-75, adapted to the
conditions of the scenarios, were employed for these cal-
culations. It was found that as the number of navigational
hazards increases over a fixed route length, the probability
of safe passage gradually decreases — from 0.995 for one
hazard to 0.65 for five or more densely spaced obstacles
along the route. This trend is explained by the cumulative
effect of risk and the reduction in available manoeuvring
space to avoid each subsequent threat.
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Table 2. Effect of the number of navigational hazards on the probability of safe passage

Number of hazards Distance between hazards (miles) Probability of safe passage P
1 >3 0.995
2 2.5 0.98
3 2 0.92
4 1.5 0.85
5 or more <15 0.78-0.65

Source: calculated by the author based on Maritime Tactical Table MT-75 (1975)

In the case of single navigational hazards located at
a distance of at least 3 miles from the vessel, the proba-
bility of safe passage remained consistently high (0.995).
This is explained by the fact that the vessel has sufficient
manoeuvring space to adjust its course even under ad-
verse weather conditions or minor navigational errors.
This situation indicates that isolated obstacles, although
present, do not pose a critical threat provided the route
is properly planned. When two navigational hazards were
situated approximately 2.5 miles apart, the probability of
safe passage decreased slightly to 0.98. Although this still
represents a high level of safety, there was a tendency for
manoeuvring to become more complex, particularly if
the vessel had limited manoeuvrability or additional hy-
drometeorological factors were present. In such cases,
maintaining safe passage required more precise calcula-
tion of movement parameters and continual course ad-
justments. More significant changes in safety levels were
observed when the number of hazards increased to three
or more. Specifically, with obstacles spaced about 2 miles
apart, the probability of safe passage decreased to 0.92.
This indicates that the possibility of safe manoeuvring di-
minished markedly, and the risk of entering a danger zone
increased. Under such conditions, the vessel was required
to perform more precise evasive manoeuvres, as any de-
viation from the prescribed trajectory could substantially
increase the risk of an emergency. The critical case arose
when the number of navigational hazards exceeded three
and the distance between them was reduced to 1.5 miles.
Under such conditions, the probability of safe passage
dropped to 0.85 or lower, indicating significant naviga-
tional challenges. For example, in the scenario of a vessel
passing through a section with five navigational hazards
spaced 1.5 miles apart, the probability of safe passage was
only 0.78. If the distance between hazards was further re-
duced to 1.2 miles, the probability could fall to 0.65. This
reflects a critical level of risk, where any navigational error
or unexpected deviation from course could result in a col-
lision with a hazard.

It is important to highlight the influence of position-
ing errors. Even when the distance between hazards is
relatively large, inaccuracies in navigational measure-
ments can significantly affect the probability of safe pas-
sage. For instance, in high-density hazard zones, an error
in determining the vessel’s coordinates by just 0.5-1 mile
can substantially alter the vessel’s trajectory and increase
the risk of entering the danger zone. This underlines the
necessity of employing high-precision navigation sys-
tems and ensuring continuous real-time course correc-
tion. Another major factor influencing safety levels is the
hydrometeorological environment. In stormy conditions
or under strong winds, vessels may deviate from the
calculated course, increasing the likelihood of entering
a hazardous area. This is particularly critical in regions
with a high density of navigational hazards, where even
minor course deviations can result in collisions. For ex-
ample, strong crosswinds or currents causing a drift of
0.5-1 mile from the intended route can reduce the prob-
ability of safe passage by 5-10%, even when corrective
manoeuvres are applied.

Based on the findings, it is evident that maritime nav-
igation in areas with a high density of hazards necessitates
a comprehensive approach. This includes precise naviga-
tional planning, the use of advanced technologies for de-
termining the vessel’s coordinates, and real-time course
correction. The adoption of adaptive routing, which ac-
counts for possible variations in the vessel’s movement
and changing hydrometeorological conditions, can sig-
nificantly enhance the overall level of navigational safety.
The analysis also demonstrated that the accuracy of deter-
mining the vessel’s location is one of the key factors affect-
ing the probability of safe passage through a navigational
section (Table 3). Errors in coordinate determination can
significantly alter the calculated and actual course, there-
by increasing the risk of entering a hazardous zone. The
calculations were conducted with consideration of vari-
ous values of systematic and random errors characteristic
of modern navigation systems.

Table 3. Effect of vessel positioning error on the probability of safe passage

Ship location error (miles)

Probability of safe passage P

<05 0.98-0.995

1 0.95-0.97
1.5 0.85
2 0.75

Source: calculated by the author
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The main factors affecting the level of navigational
safety were systematic and random errors in navigational
measurements, delays in data transmission, the presence
of radio interference, and the compatibility of different
navigational systems with each other. The study was con-
ducted by comparing the performance of various types of
equipment, analysing their accuracy under real naviga-
tional conditions, and assessing the impact of their charac-
teristics on the overall probability of safe passage through
a navigational section. The results confirmed that the ac-
curacy of determining the vessel’s position is directly de-
pendent on the type and quality of navigational equipment
used, as well as on the conditions under which it operates.

When using a modern satellite Global Positioning
System in combination with inertial navigation systems,
the average error in determining the vessel’s coordinates
did not exceed 0.5 miles. This enabled a high probability
of safe passage — within the range 0f 0.98 to 0.995 - even in
complex navigational situations, such as passing between
two closely spaced hazards. In open sea conditions, where
there is minimal radio interference or significant atmos-
pheric anomalies, the accuracy of satellite navigation
remained stable, allowing the vessel to maintain a desig-
nated course effectively, even in situations with limited
visibility. However, when satellite navigation was used in
isolation — without correction from additional systems —
periodicincreases in positioning errors of up to 1 mile were
observed. These deviations could result from signal trans-
mission delays, multipath reflections in coastal zones, or
electromagnetic interference, particularly under condi-
tions of high maritime traffic. In such cases, the probability
of safe passage decreased to 0.95-0.97. In areas with dense
shipping activity, mutual interference from signals emit-
ted by other vessels or coastal radio stations can lead to
short-term malfunctions in navigational systems, which
is especially hazardous when transiting narrow passages.

Significantly lower navigational safety indicators were
observed when only radio navigation systems or tradi-
tional methods of position fixing — such as radar bear-
ings and optical observations — were used. In such cases,
the average positioning error reached 1.5-2 miles, corre-
sponding to a reduction in the probability of safe passage
to between 0.75 and 0.85. This is attributable to the lower
accuracy of radar-based methods compared with satellite
systems, particularly under conditions of poor visibility or
in areas with a high concentration of navigational objects,
where significant coordinate errors may occur. Situations
became especially hazardous when vessels transited ar-
eas with closely spaced navigational hazards (less than
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1.5 miles apart) and position fixing relied solely on radar
measurements or optical control. Under such conditions,
atmospheric factors (e.g., rain, fog), along with poten-
tial errors in the functioning of navigational equipment,
could reduce the probability of safe passage to as low as
0.65. This highlights the fact that increased navigational
complexity can substantially elevate the risk of collision or
entry into danger zones.

The effectiveness of integrated navigation systems —
combining multiple technologies such as satellite navi-
gation, inertial systems, and radar control — was also an-
alysed. The use of such composite solutions enabled the
positioning error to be maintained within 0.5-0.8 miles,
thereby ensuring a high level of safety even under chal-
lenging conditions. For instance, when passing between
two hazards spaced 1.5 miles apart, the use of an integrat-
ed navigation system allowed the safety probability to be
maintained at 0.95 or higher. In contrast, relying on a sin-
gle source of navigational data could result in this figure
dropping to 0.85 or lower. An additional factor influencing
the accuracy of navigational measurements was the sta-
bility of navigation equipment under conditions of vari-
able magnetic fields and electromagnetic interference.
The analysis demonstrated that in areas characterised by
strong magnetic anomalies — such as those near under-
water volcanoes or regions of intensive industrial activi-
ty — temporary malfunctions in magnetic compasses and
other navigational devices may occur. These disturbances
can further complicate the accurate determination of ves-
sel coordinates.

The data obtained indicate that navigational accuracy
depends not only on the technical quality of the equip-
ment but also on the appropriateness of its operational
strategy. The implementation of automated vessel course
correction methods, based on multifactorial data analysis,
along with the utilisation of multiple independent sourc-
es of navigational information, significantly reduces the
risks associated with positional errors. This approach is
particularly crucial in complex navigational areas, where
even minor deviations from the planned route can result
in emergency situations. The analysis of vessel movement
simulations through potentially hazardous areas showed
that the effectiveness of avoiding navigational hazards de-
pends largely on route characteristics and the precision of
navigational measurements (Table 4). Several representa-
tive scenarios of transit through complex areas were mod-
elled, each involving a different number of navigational
hazards, varying hydrometeorological conditions, and di-
verse manoeuvring strategies.

Table 4. Probability of safe passage as a function of number of hazards and hydrometeorological conditions

Number of hazards  Distance between hazards (miles) = Hydrometeorological conditions  Probability of safe passage P
1-2 >3 Favourable 0.98-0.995
1-2 >3 Moderate disturbance 0.96-0.98
1-2 >3 Strong wind, current 0.9-0.95
3-4 2-2.5 Favourable 0.94-0.96
3-4 2-2.5 Moderate disturbance 0.9-0.92
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Table 4, Continued

Number of hazards  Distance between hazards (miles) = Hydrometeorological conditions  Probability of safe passage P
3-4 2-2.5 Strong wind, current 0.85-0.88
5 or more <15 Favourable 0.88-0.9
5 or more <15 Moderate disturbance 0.82-0.85
5 or more <1.5 Strong wind, current 0.75-0.8

Source: calculated by the author

Several main strategies were considered: plotting an
optimal route taking into account navigational hazards,
employing evasive manoeuvres, adjusting vessel speed,
and utilising adaptive course control through modern
navigation technologies. Analysis of the modelling re-
sults indicated that the level of navigational safety large-
ly depends on the risk minimisation strategies applied
when transiting potentially hazardous areas. The use of
pre-planned optimal routes enabled a reduction in the
probability of entering dangerous zones even before the
commencement of navigation. Analysis of routes devel-
oped using mathematical models and navigational charts
demonstrated that, with appropriate trajectory planning,
it was possible to maintain a probability of safe passage at
0.95 or higher, even under challenging conditions. Howev-
er, this method proved less effective in dynamically chang-
ing navigational situations or when immediate course al-
terations were required due to unforeseen circumstances.

The most effective strategies were active manoeu-
vring methods, which reduced the risk of entering haz-
ardous zones without significant deviation from the pri-
mary route. Evasive manoeuvre simulations showed that
employing variable courses with short-term adjustments
increased the probability of safe passage, particularly in
areas with a high density of navigational hazards. For in-
stance, in scenarios involving passage between three or
more hazards, the application of adaptive manoeuvres
improved the probability of safe passage by 5-10% com-
pared with static routing. Adjusting vessel speed accord-
ing to the navigational context also demonstrated notable
effectiveness. In high-risk areas, reducing speed helped
decrease positional error and provided additional time
for course correction by the crew. In scenarios where ves-
sel speed was reduced by 20-30% of the optimal cruising
speed, the probability of safe passage increased by 3-7%
relative to cases where the vessel maintained constant
speed. Another significant factor was the use of integrat-
ed navigation systems for real-time situational analysis.
The combination of satellite, radar, and inertial naviga-
tion data substantially reduced risk in confined naviga-
tional areas. In practice, the use of such systems in sce-
narios involving a high density of navigational hazards
(five or more obstacles) maintained the probability of safe
passage at approximately 0.85. In contrast, the absence
of integrated systems could result in a reduction of this
indicator to 0.75 or lower. In conclusion, the findings of
the study confirm that effective management of a vessel’s
route in complex conditions should involve a combina-
tion of strategies: optimal route planning, active manoeu-
vring, speed regulation, and the application of modern
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navigation technologies. Collectively, these measures
contribute to a significant reduction of risk, even in high-
threat navigational environments.

Discussion

The analysis of the obtained results indicates a critical
dependence of navigational safety on both the distance
to potential hazards and the accuracy of determining the
vessel’s position. The findings align with those of S. Guc-
ma et al. (2022), who observed that navigational risk in-
creases markedly as the distance between a vessel and a
hazard decrease. Specifically, their study demonstrated
that the probability of safe passage remains above 0.99
when the vessel maintains a distance greater than 1.5 nau-
tical miles from hazards — corroborating the findings of
T. Chang & H. Wang (2023), who emphasised that naviga-
tional safety deteriorates significantly when this distance
falls below 1 mile. The results of the current study further
confirm the critical role of positional accuracy in ensuring
safe navigation. As noted by J. Bi et al. (2022), even minor
errors in the determination of the vessel’s coordinates
can lead to incorrect trajectory assessments. This obser-
vation is consistent with the present data, which indicate
that a positional error of 1.2 nautical miles can reduce the
probability of safe passage to 0.97, even at relatively safe
distances from hazards. This finding is in line with the
conclusions of A. Nowy et al. (2021), who stressed the ne-
cessity of employing high-precision navigation systems to
mitigate such risks.

Particular attention should be paid to scenarios in-
volving passage between two navigational hazards. The
results indicate that the probability of safe passage var-
ies significantly depending on the spatial arrangement
of obstacles, consistent with the findings of L. Bowo et
al. (2024). For instance, with hazards spaced between 1.6
and 3.4 miles apart and a location error of 1.2 miles, the
probability of safe passage was measured at 0.97. This
supports the conclusions of A. Misuri et al. (2021), who
demonstrated that even minor positional discrepancies
can materially alter the vessel’s route and affect the overall
safety margin. The study also highlighted the substantial
influence of a vessel’'s manoeuvrability on the level of nav-
igational safety. Ships with higher manoeuvrability exhib-
ited a significantly greater likelihood of avoiding hazards,
aligning with the findings of P. Han et al. (2024). Converse-
ly, E. Uflaz et al. (2022) reported that for vessels with lim-
ited manoeuvrability, even routes considered relatively
safe can become critical — a conclusion that is likewise
supported by the results obtained in this study. Hydro-
meteorological conditions emerged as another key factor



affecting the accuracy of navigational measurements and
the general level of maritime safety. The research findings
of C. Zhao et al. (2021) demonstrated that strong winds
and currents can lead to considerable deviations from the
intended course, a trend that is also evident in this study.
For instance, under calm conditions, the position deter-
mination error might be limited to 0.8 miles; however, in
stormy conditions, this error can increase significantly,
echoing the conclusions of Z. Qiao et al. (2021).

An important aspect influencing navigational safety
is the number of hazards encountered along the route.
Analysis of the collected data confirmed that an increase
in the number of hazardous objects leads to a decline in
the probability of safe passage, a finding consistent with
the study by Y. Chen et al. (2021). For example, when
navigating a section with five hazards spaced 1.5 nauti-
cal miles apart, the probability of safe passage decreased
to 0.78. This corresponds with the conclusions of U. Oz-
tlirk et al. (2021), who identified a critical escalation in
risk in densely trafficked navigational areas. Further anal-
ysis revealed that when the number of hazards increases
to seven, the probability of safe passage may drop below
0.7 — approaching or crossing the safety threshold. This
deterioration is largely due to the increased frequency of
required manoeuvres and the reduced ability to accurate-
ly predict and maintain a safe course in confined waters.
Moreover, in high-traffic areas, the complexity of vessel in-
teractions further exacerbates the risk of collision, which
supports the findings of R. Figskin et al. (2021). These re-
sults underscore the importance of route optimisation
strategies that aim to avoid or minimise exposure to zones
of elevated hazard density as a key approach to enhancing
navigational safety.

In contrast to the assertion by L. Pham & L. Van
Hoang (2024) — who argue that safety levels are deter-
mined solely by proximity to navigational hazards — the
results of the present study demonstrate that the accuracy
of positional measurements is equally critical. Even when
hazards are situated at relatively safe distances, errors in
determining the vessel’s location can significantly reduce
the probability of safe passage, a factor overlooked in their
research. The findings on positional accuracy also align
with the conclusions of Y. Liu &Y. Ma (2023), who reported
that the exclusive use of radio navigation systems — with-
out satellite correction - leads to substantial navigation
errors. Meanwhile, P Antao et al. (2023) argue that auton-
omous inertial navigation systems can partially mitigate
such errors, a position partially corroborated by this study.
Furthermore, Z. Wang et al. (2023) note that modern sat-
ellite navigation systems are capable of maintaining a po-
sitional error margin of within 0.5 miles, which aligns with
the current data. However, T. Liu et al. (2024) cautioned
that even these technologies may prove unreliable under
adverse conditions — a concern substantiated by the cur-
rent analysis in challenging operational environments.

The evaluation of different manoeuvring strategies is
also consistent with the findings of S. Wang er al. (2022),
who assert that adaptive manoeuvres are effective in
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reducing navigational risk, even in areas of high haz-
ard density. This effectiveness is attributed to dynamic
course adjustments based on real-time situational data,
which improve the vessel’s ability to avoid hazards and
increase decision-making flexibility. Additionally, adap-
tive manoeuvring strategies help mitigate the impact of
adverse hydrometeorological conditions — such as strong
currents or gusting winds — as confirmed by field observa-
tions. Conversely, the findings also support the position
of S. Fu et al. (2021), who highlighted the limitations of
static route planning in dynamic navigation environ-
ments. The current study shows that static routing, es-
pecially under variable traffic and environmental con-
ditions, contributes to increased errors in estimating the
vessel’s optimal trajectory and reduces overall safety mar-
gins. Taken together, the findings strongly support the
necessity of a comprehensive and dynamic approach to
route planning. This includes the integration of adaptive
threat-avoidance algorithms, real-time environmental
monitoring, and predictive navigation models that allow
for informed and flexible decision-making in complex
maritime conditions.

Considerable attention must be given to the vessel’s
speed, as it significantly influences manoeuvrability and
the ability to respond promptly to navigational hazards.
J. Froese (2022) demonstrated that reducing speed by
20-30% from the vessel’s standard cruising speed can
increase the probability of safe passage by 3-7%, a find-
ing that aligns closely with the results of this study. This
improvement is largely attributed to the additional time
available for situational assessment and course correc-
tion, which is particularly beneficial in scenarios involv-
ing restricted visibility or high densities of navigational
hazards. Conversely, H. Ha et al. (2023) argue that speed is
not a decisive factor in navigational safety, asserting that
vessel manoeuvrability and the accuracy of navigational
systems exert a more pronounced influence. However,
the present findings suggest that in complex navigational
environments, speed reduction remains an effective risk
mitigation strategy and should not be underestimated.
Furthermore, L. Pham & L. Van Hoang (2024) highlight
the value of intelligent navigation systems that integrate
predictive modelling with real-time navigational data.
This perspective is fully consistent with the current study,
which confirms that the combined application of multiple
technological solutions significantly enhances safety. In
particular, the integration of satellite-based positioning,
automated maritime traffic analysis, and meteorologi-
cal forecasting facilitates timely responses to emerging
threats and reduces the influence of unpredictable exter-
nal factors. Adaptive navigation systems, capable of re-
al-time route adjustments, further enable the avoidance
of high-risk areas without necessitating substantial devia-
tions from the intended course.

The evidence obtained clearly indicates that the
adoption of such technologies can substantially lower ac-
cident rates and improve the overall efficiency of maritime
transport operations. In conclusion, effective vessel route
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management in challenging environments requires a com-
prehensiveapproach—onethatincorporateshigh-precision
navigational equipment, adaptive route planning, and dy-
namic speed regulation. Together, these elements contrib-
ute to a marked improvement in navigational safety, even
under adverse or rapidly changing maritime conditions.

Conclusions

The analysis of navigational safety data confirmed the
critical influence of the distance to potential hazards and
the accuracy of ship position determination on the prob-
ability of safe passage. It was established that when the
distance to hazards exceeded 1.5 miles, the probability
of safe passage remained high (0.99 or above). However,
when this distance decreased to 0.8 miles, the probabil-
ity dropped significantly to 0.78, indicating a substantial
increase in navigational risk. For passages between two
navigational hazards, the overall probability of safe pas-
sage ranged from 0.97 to 0.995, depending on both the
accuracy of navigational measurements and the spacing
between obstacles.

The study confirmed that errors in ship position de-
termination constitute a key risk factor. For instance, with
an error of 1.2 miles, even at relatively large distances from
hazards, the probability of safe passage fell to 0.97. These
findings highlight the necessity of employing high-pre-
cision navigation systems to mitigate the effects of both

influencing navigational safety included the vessel’s ma-
noeuvrability and prevailing hydrometeorological condi-
tions. Vessels with high manoeuvrability exhibited a great-
er likelihood of safe passage in close-proximity scenarios,
owing to their capacity for rapid course adjustments. Con-
versely, adverse weather conditions such as strong winds,
currents, and waves adversely affected the precision of
navigational measurements, increasing the risk of devia-
tion from the planned route.

Future research should focus on the development and
implementation of adaptive routing strategies that dy-
namically account for variable navigational and environ-
mental conditions. The integration of satellite-based posi-
tioning, radar data, and inertial navigation systems within
comprehensive navigation solutions is recommended to
enhance situational awareness. Additionally, active ma-
noeuvring and speed adjustment protocols tailored to the
level of navigational risk should be further investigated
and applied in practice. The study’s limitations include its
reliance on idealised models that do not incorporate hu-
man factors or the fluctuating intensity of maritime traffic
under real-world conditions. Subsequent research could
address these gaps by designing algorithms for real-time
automatic course correction, thereby further improving
navigational safety in challenging sea areas.
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YAOCKOHQJIEHHA METOAUKMU BPAXYBAHHSA BIJIMBY KifibKicHOro pakTopy
HaBirauinHux Hebesnek Ha UMOBIPHICTb 6e3neku NIABAHHA
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AHoTauifA. MeTol0 HOCTiIKeHHs Oy/I0 BIOCKOHAJIEHHSI METOAWKHU OI[iIHKKM WMOBIpHOCTI 0e3meKku NJIaBaHHS 3
ypaxyBaHHSIM KiJgbKicHOTO (pakTopa HaBiramiiHux HeOe3rnek. MeTOmOJIOTisA BKJIIOYATa PO3POOKY MaTeMaTHIHUX
MojieJiel, 1[0 BPAaxOBYIOTh BIJIMB KiJIBKOCTI Hebeanek Ha HMOBIpHICTh 6e3MeYHOro IPOoXofy, IX aHasi3 IpOBOIUBCA
i3 3aCTOCYBaHHSAM METO/IB AMCIIEPCITHOTO Ta KOPEJISMiHOTO aHaJji3y, 110 J03BOJWIO OIiHUTH BIJIUB OCHOBHHUX
¢akTopiB pusuky. JlocaifKeHHA MOKa3aslo, 0 OCHOBHUMH (haKTOpaMy, IO BIJIMBAIOTh Ha pPiBeHb Oe3lekH, €
BifiIcTaHb 70 HaBiranilHNX Hebe3mneK, TOYHICTh BUBHAUEHHS MiCIsI KOpadJisi, MaHEBPOBi XapaKTEepUCTUKH CyJTHA Ta
rinpomereopostoriuni ymoBu. i1 Bincrani monan 1,5 Musti IMOBipHicTh 6e3nie4HOro Ipoxoay epesuiysasia 0,99, Toxi
AK rpu 0,8 MuJTi BOHa 3HMSKyBastacs 1o 0,78. ITpu npoxomskeHH] Midk 1BoMa Hebe3nekaMy HMOBIpHICTb 3MiHIOBaJIacs
Bix 0,97 mo 0,995 3a/ieskKHO Bif X MPOCTOPOBOTO po3TallyBaHHs. 30UIbIIEHHS KiTbKOCTI Hebe3neK MPU3BOAUIO J0
3HIKeHHA HMOBIPHOCTi 6€311eYHOTr0 ITPOXOy: IIPH IT'ATU HeOe3IeKax BOHA MOIJIa 3MeHIIUTHCA 110 0,65. AHaTi3 BIVINBY
noxuboK HapiranilHUX BHMIipIOBaHb IIOKa3aB, [0 IIPU TOYHOCTI BU3HA4YEHHs Micid cygHa 0,5 mMuii #MOBipHICTE
6esmneku cranoBuita 0,995, a mpu moxuo1Ii 2 Musti—0,75. BUKOpUCTAaHHSA iHTErpOBAHUX HABIraliiHUX CUCTEM JI03BOJISTIO
MiIBUINUTH piBeHb Oe3neku Ha 5-10 %. OTpuMaHi pe3yJIbTaT! MigTBepPKYIOTh e()eKTUBHICTh KOMIIJIEKCHOTO ITiIX0Iy
JI0 HaBiramiifHOTO TJIAaHYBaHHs, SIKUM 0a3yeThCs HA MOETHAHHI KiMBKOX KJIOYOBUX MPUHIWITB: BUKOPUCTAaHHI
iHTerpOBaHUX CHUCTEM JJIA TOYHOIO BHU3HAUYEeHHS KOOPJAWHAT CyJgHA, 3aCTOCYBaHHI agalTUBHUX MapIIpPyTiB, IO
BPaxOBYIOTh IIIJIBHICTh HeOE3IeK i 3SMiHHICTh HaBiramiiHoi cuTyarii, TMHaAMIYHIl KOpeKIIii MIBUIKOCTI pyXy 3aIesKHO
BiJl 30BHIIIIHIX YMOB, a TAKO)X ONlEPaTUBHOMY YXWJIEHHI Bill IlepelIKkoj] Ha OCHOBi IIPOrHO3HOI'O MOJEJIOBAaHHA Ta
peanbHUX HaBiramitHux gaHux. TakKWH MiOXig Mae BUCOKY MPAKTUYHY IiHHICTH AJISI MiIBUIIEHHS e(EeKTUBHOCTI
VIpaBJIiHHS CyIHOILUIaBCTBOM Y paiioHaX 3 MiJABUIIEHOIO HABIramiitHOIO CKJIAAHICTIO, IO J03BOJIsIE MiHIMi3yBaTH
BILJIUB PU3UKIB i 3a6e3meynTy cTabiIbHICTh MapIIPYTiB HABIiTh Y HECIPUATINBUX YMOBaxX

KnioyoBi cnoBa: pu3mK 3iTKHEHHHA; MAaHEBPOBi XapaKTePHUCTHKH; IPOCTOPOBE PO3TAIllyBaHHS; aJalTHBHI
MapuIpyTH; TiIpOMETE0POJIOTiYHI YMOBHU
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Abstract. The study aimed to identify effective approaches to the use of digital technologies for assessing the
condition and planning the rehabilitation of small transport crossings, incorporating limited resources and data
interoperability requirements. The methodology combined comparative analysis, Building Information Modelling,
case studies of regional examples and systematisation of international experience. Digital methods have been shown
to provide millimetre-level measurement accuracy, reduce data collection time, and can be used to create detailed 3D
models, as well as predict wear using deep learning algorithms. In Zhytomyr, Volyn, Cherkasy and Odesa regions of
Ukraine, defects in bridge structures were recorded: in Zhytomyr — damage from military operations, in Volyn - cracks
in concrete and soil erosion, in Cherkasy - the effects of prolonged operation for more than 50 years, and in Odesa —
corrosion of steel elements combined with an aggressive coastal environment. The study confirmed that the integration
of data into the Digital Twin Building Information Modelling environment increased the accuracy of forecasts by up to
95% (in China), and a 40-65% reduction in time and labour costs was recorded when using deep learning algorithms in
Germany. The use of unmanned aerial vehicles with Light Detection and Ranging and photogrammetry was used for
the inspection of bridges with minimal impact on traffic and human factors, which is essential in remote or dangerous
areas. Based on a synthesis of international experience in implementing innovative methods in bridge construction,
the use of open formats and simplified models was recommended, which reduced survey costs and time for preparing
documentation. The results can be used by road services to plan repairs, manage the life cycle of bridges and rehabilitate
structures in Ukraine with increased transparency and lower environmental impact

Keywords: digital twins; open formats; lifecycle; cross-platform compatibility; wear prediction; semantic enrichment;
automated monitoring

Introduction

Bridge management is undergoing a rapid digital trans-
formation. Building Information Modelling (BIM), Bridge
Information Modelling (BrIM), and Digital Twins (DT)
technologies are becoming key tools for improving safe-
ty, optimising maintenance and reducing operating costs.
The growth of infrastructure data and the emergence of
affordable tools for processing it are creating new oppor-
tunities, even for facilities that were previously overlooked
due to limited funding or remote locations. International
initiatives on open data exchange standards (openBIM)

are enhancing interoperability and facilitating collabo-
ration between organisations. In the context of Ukraine,
these technologies are gaining importance due to the
combination of the challenges of rebuilding infrastructure
after destruction and the need to utilise limited resources.
Remote bridge inspections have become more efficient by
combining data from condition monitoring systems with
DT to provide early detection of defects, reduce the num-
ber of visits and accelerate decision-making. A. Hagen &
T.M. Andersen (2024) demonstrated that the accuracy of

Suggested Citation: Striletskyi, P. (2026). Information modelling in the analysis of the condition of small bridge structures in rural
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assessments is not lost, and the safety of inspections is
improved. The study noted the consistency of vibration
indicators with damage indicators in the digital model,
which enhances the reliability of triggers for unscheduled
inspections. This confirmed the effectiveness of the ap-
proach in conditions of limited access to structures, when
traditional inspections are risky or expensive. The imple-
mentation of open BIM in infrastructure is hampered by
uneven standards, the lack of a unified Employer’s Infor-
mation Requirements (EIR)/BIM Execution Plan (BEP)
and gaps in staff training. This was illustrated by a system-
atic review by A. Salzano et al. (2023), summarising a large
body of work and outlining the priorities of open formats.
The study demonstrated the need to start with unified
EIR/BEP-light and standard IFC templates to reduce the
cost of coordination and ensure cross-platform compati-
bility at the level of regional services.

In the Ukrainian context, information modelling is
seen as a catalyst for transformation in design and man-
agement. A study by O.M. Protsenko et al. (2024) proved
that regulatory consolidation of BIM processes and the
launch of industry digital platforms are key to practice
scaling. They showed managerial steps that can accelerate
digitalisation, which formed the institutional prerequisites
for adapting BIM/BrIM to small bridges. The widespread
use of BIM in Ukraine is constrained by CAD/BIM com-
patibility, regulatory gaps, and a lack of government sup-
port. This was highlighted by M. Surianinov et al. (2024),
proposing steps to standardise requirements and train-
ing. Removing these barriers creates the conditions for
deploying solutions on a network of small facilities. The
study demonstrated what system conditions should be
provided for solutions to be operational on a network of
small facilities. In addition, rapid damage assessment in
crisis conditions is possible through multi-level schemes
that combine satellite data, deep learning, and crowd-
sourcing, as demonstrated by N. Kopiika er al. (2025) by
generating rapid damage maps to prioritise interventions.
The approach is compatible with integration into BIM/DT
life-cycle loops, providing a realistic channel for cheaper
data collection that is compatible with further integra-
tion into BIM/DT life-cycle loops. Over the life cycle of a
bridge, DT technology delivers significant economic and
environmental benefits, reducing downtime, optimising
resource consumption and stabilising the intervention
schedule. T. Cherniavska & B. Cherniavskyi (2025) proved
that the integration of DT into the reconstruction and
management of infrastructure in Ukraine can increase the
efficiency of the use of funds and provide more predicta-
ble planning of repair work, even in conditions of limit-
ed resources. This directly supported the focus on small
bridge networks, where such practices yield economic
benefits without the need for excessive expansion of in-
formation models.

Integration of data into a common Digital Twin-BIM
environment improves the accuracy of condition fore-
casts and the timeliness of repairs through connectivity
and traceability of information. The study by Z. Dvulit et
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al. (2023) demonstrated that the use of DT for planning
and forecasting resource requirements in the post-war
reconstruction of Ukraine would ensure the scalability of
models from a single facility to a portfolio of structures,
while maintaining the accuracy and relevance of the data.
This approach was in line to create a single “point of truth”
for geometry, defects and performance parameters, which
was identified as a key efficiency factor. The scalability of
BIM in bridge construction depends on cross-platform
compatibility and clear information requirements. The
study by A.IL Bielova et al. (2020) emphasised that the im-
plementation of BIM in Ukraine on the path to European
integration is impossible without the unification of stand-
ards and the harmonisation of the regulatory framework
with European requirements. For the regional road servic-
es of Ukraine, this meant the expediency of starting with
simple IFC/EIR templates and gradually expanding their
functionality without being tied to one software.

Despite a wide range of research in the field of BIM/
BrIM and DT, the issues of scaling them up for small bridg-
es in rural road networks remain insufficiently studied, es-
pecially in conditions of limited resources, increased risks
of military operations and economic constraints. There is
also a lack of practical cases of openBIM implementation
in public infrastructure projects in Ukraine, and the inte-
gration of low-cost solutions into national reconstruction
programmes is still at an early stage. Therefore, the study
aimed to identify and justify effective approaches to the
implementation of BIM/BrIM and digital twin technol-
ogies in small bridge rehabilitation projects in Ukraine,
incorporating limited resources, interoperability require-
ments, and the potential of low-cost solutions.

Materials and Methods

The study was conducted from December 2024 to July
2025 and covered the substantiation of approaches to the
implementation of digital technologies in the design, in-
spection and operation of small bridges in Ukraine in Zhy-
tomyr, Volyn, Cherkasy and Odesa regions. These regions
were selected due to the representativeness of their bridge
structures: in Zhytomyr region due to significant damage
caused by military operations, which assessed the effec-
tiveness of digital methods in restoring bridges after com-
bat impacts (State Restoration Service of Ukraine, 2024b),
in Volyn region — problems with soil erosion and cracks in
concrete (State Restoration Service of Ukraine, 2024a), in
Cherkasy region, an example of bridges in critical techni-
cal condition due to long-term operation (over 50 years),
which verified approaches to wear forecasting and prior-
itisation of repairs (Cherkasy Regional State Administra-
tion, 2023), and in Odesa region, the impact of aggressive
coastal environment and corrosion of steel elements
(Odesa Regional State Administration, 2021). This sam-
ple incorporated different types of structures and a wide
range of damages to form a representative base and devel-
op practical recommendations.

The international experience of such countries as
Canada, Portugal, China, Egypt, USA, Brazil, Poland,



Germany, Great Britain was incorporated, which was used
to adapt effective practices to Ukrainian conditions and to
align them with the world practices of bridge infrastruc-
ture management, and the current regulatory require-
ments (DBN V.2.3-26:2024, 2025; BN01:4868-1755-9511-
2275, 2025), which define the basic principles of design
and assessment of bridge structures in Ukraine, Euro-
pean Union (EU) standards (Eurocode 1, 2003; Euroco-
de2,2005), Guideline for the implementation... (2019) and
materials on the national implementation of ISO 19650-
1:2018 (2018) in Ukraine.

The study included 5 stages. At the first stage, a meth-
od of comparative analysis of traditional and digital meth-
ods was conducted to determine the differences between
approaches to the inspection of small bridges in terms of
measurement accuracy, data collection speed, economic
costs and ease of use of the information obtained. At the
second stage, the method of step-by-step detailing was
used to describe the process of creating BIM models of
small bridges, formed as a theoretical generalisation of
existing approaches and confirmed by international ex-
perience. The data collection and preparation involved
the analysis of geometric characteristics such as length,
width, height, span, structural materials (concrete and
steel classes), as well as information from inspection re-
ports and archival drawings, following applicable stand-
ards and guidelines. To determine the modelling tools,
the literature was analysed, which justified the use of UAV
photogrammetry, light detection and ranging (LiDAR) and
computer vision algorithms to obtain the output data. For
3D geometric modelling of bridge structures, examples in-
cluded Autodesk Revit, Civil 3D, Allplan Bridge, and Tekla
Structures software. For the semantic enrichment of the
models, standardised Property Sets (IFC 4.3) were used
to ensure the unification of attributes. The models were
validated using CloudCompare, Navisworks or Solibri to
check their accuracy and compliance with the require-
ments. Integration with the life cycle involved the use of
IoT platforms to monitor the condition of structures and
Life Cycle Assessment (LCA)/5D (5-Dimensional) BIM
methods to assess sustainability and life-cycle costs.

The third stage was to classify a matrix of key parame-
ters to establish quality and interoperability requirements
for BIM models in bridge construction. It incorporated the
level of detail (LOD), interoperability, reliability and safety
indicators, as well as environmental aspects of the life cy-
cle. This was necessary to formulate uniform criteria for
evaluating models at different stages of their life cycle and
integrating them with digital counterparts. At the fourth
stage, a case study method was used to analyse the tech-
nical condition and rehabilitation needs of small bridge
structures, which involved consideration of regional ex-
amples of small bridge structures from Zhytomyr, Volyn,
Cherkasy and Odesa regions of Ukraine. At the fifth stage,
the method of systematisation of international experience
in the implementation of innovative technologies in bridge
construction and operation was applied. Examples from
Canada, Portugal, China, Egypt, the United States, Brazil,
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Poland, Germany and the United Kingdom were selected
for analysis, reflecting trends in this area. The study sys-
temised the technologies: Bridge Information Modelling
(BrIM) with LCA and Life Cycle Costing (LCC) integration,
Building Digital Twins (BDT) with Internet of Things (IoT)
and Artificial Intelligence (AI)/Machine Learning (ML),
Digital Twins (DT) with Geographic Information Systems
(GIS) and BIM integration, BrIM framework for Reinforced
Concrete (RC) bridges, unified DT framework for bridges,
BIM with Mixed Reality (MR) Immersive Digital Twin Plat-
form (IBDTP), Deep learning for geometry reconstruction
from drawings, Long Short-Term Memory (LSTM) with
BIM for management, data integration framework for RC
bridges. Sources for generalisation highlighted the expe-
rience of applying these technologies in different coun-
tries to outline the range of modern digital solutions of the
21t century in bridge construction. This was necessary
to adapt effective practices to the Ukrainian context of
small bridge rehabilitation, as well as to formulate prac-
tical recommendations for the implementation of digital
technologies in the design and operation of small bridges
in Ukraine.

Results and Discussion

Design features of small automotive bridges
and comparison of traditional and digital methods
for their inspection
Small road bridges in the rural road network are structures
with a span length of up to 25 m, designed to maintain the
continuity of traffic flows on local roads that are not part
of main arteries. Typical structural solutions include re-
inforced concrete girder bridges (monolithic and prefab-
ricated), metal girder and frame structures made of steel
profiles, as well as combined systems for the joint opera-
tion of steel (reinforcing steel of A400C class and structural
steel of S235-S355) and concrete (classes B20-B30). BIM
in bridge construction is an integrated approach to the
creation, management and operation of digital models at
all stages of the construction life cycle (Guideline for the
implementation..., 2019). There are two main approaches
to bridge inspection and condition assessment: tradition-
al methods (visual inspection and instrumental meas-
urements) and digital technologies, including BIM, laser
scanning, photogrammetry and the use of unmanned
aerial vehicles (UAVs). Traditional methods provide only
moderate accuracy, with results heavily dependent on the
engineer’s skill and equipment quality, while visual inspec-
tion can miss hidden defects, and instrumental methods
provide localised but not comprehensive data (Alsharif et
al., 2025). These approaches are slow and labour-inten-
sive, but their affordability makes them relevant for base-
line surveys. Data are usually recorded in reports and acts,
which makes further analysis and long-term use difficult.

Digital technologies, on the other hand, are much
more accurate and efficient. Laser scanning can be used
for detailed 3D models with millimetre resolution, while
photogrammetry and drones provide high accuracy of ge-
ometric measurements, although less informative about
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materials (Jrade et al., 2023). BIM technologies act as an
integrated environment for processing and analysing
this data, ensuring effective information management
throughout the entire life cycle of a building (Nhamage et
al., 2025). Studies show that digital twins can radically
improve the quality of bridge management and mon-
itoring by combining data from different sources into a
single system (Gao et al., 2024). The integration of BIM
with GIS is already being used for practical operation and
maintenance tasks, providing centralised management
and planning of repairs. The unification of digital ap-
proaches is emphasised, as common frameworks for dig-
ital bridge twins that enable standardised data exchange
and application in different contexts are being developed.
New solutions also include the use of mixed reality for

visualisation and inspection of bridge structures in a BIM
environment (Martins et al., 2024). In addition, 3D recon-
struction methods from 2D drawings show the potential
to create digital bridge models, which is especially rele-
vant for the reconstruction and modernisation of existing
structures (Poku-Agyemang & Reiterer, 2023).

The creation of BIM models of small bridges is a step-
by-step process that combines the collection of primary
data, the formation of 3D geometry, semantic enrichment
of the information model, data validation and federation,
and integration into the full life cycle of the structure.
Each stage has specific tasks, tools and methods, the
choice of which depends on the technical requirements,
LOD level and available resources. Table 1 demonstrates
the data in detail.

Table 1. Stages and tools for creating BIM models of small bridges

Stage Characteristic Tools and methods
Analysis of available documentation: 2D plans, archive drawings, inspection Equipment: UAVs with
reports. a camera, LiDAR laser
Digitise analogue drawings with a resolution of 300-600 DPI for accurate reference. ’ .

. . . . L scanners, and high-
. Field surveys to identify areas of interest (ROI) where the structure has critical or . [
Data collection iall P resolution digital cameras.
and preparation potentially dangerous defects. Methods: photogrammetry;
Photogrammetry (UAVs, cameras) and/or LiDAR scanning to create georeferenced .y . ’
. LiDAR scanning,
point clouds. algorithmic image
Computer vision algorithms (OpenCV) for semi-automatic selection of bridge sorit 8
. processing (OpenCV).
elements from photos and videos.
Software: Autodesk Revit,
Creation of a parametric 3D model from the main components (beams, supports, | Civil 3D, Allplan Bridge, and
abutments, roadway slab). Tekla Structures.
. Semi-automatic reconstruction from 2D plans: vectorisation, topological analysis, | Formats: IFC 4.3, GLTE 3D
3D geometric L . lati ; ic soli i1
modelling transition to ?)D space, interpolation of curves by cul?lc splines. Tiles. ‘
Model optimisation to reduce file weight without losing critical data. Methods: parametric
Export to IFC 4.3 format with appropriate property sets for interoperability. modelling, spline
Convert to GLTF or 3D Tiles for integration with GIS and web visualisation. interpolation, and
topological analysis.
Adding non-geometric data: materials, strength classes, repair history, inspection
results. Tools: JSON, Abaqus,
. Modelling defects (cracks, corrosion, deformation) digitally, for example, through | Midas Civil, IFC ontologies.
Semantic . .
enrichment and JSON structures. Methods: semantic
data integration Use of ontologies and standard property sets (Psets) to ensure uniformity. modelling, integration of
& Integration with structural analysis software (FEA) for verification of residual load- | FEA results, colour coding
carrying capacity. of defects.
Colour coding of elements by degree of damage.
Geometric verification of the model by overlaying an as-built point cloud on the Tools: CloudCompare,
BIM model. Navisworks, Solibri,
N Model checking — automatically checks for collisions and BEP compliance. CDE platforms (Trimble
Model validation .. . . .
. Combining submodels of different disciplines (architecture, structures, Connect, BIM 360).
and federation . Lo ; ;
engineering) into a single CDE. Methods: geometric
Model versioning for tracking changes and updates. analysis, collision control,
Update the model from IoT sensor data or after inspections. model versioning.
Extend the model to 4D (time schedules) and 5D (cost) for repair and maintenance
planning. Tools: Xeokit, Caesium,
Inteeration with Creating reports and visualisations for customers and operational services. Twinmotion, IoT platforms.
th§ life cvele Integration with digital twins for continuous status monitoring. Methods: 4D/5D BIM, LCA
4 Connecting IoT sensors (deformation, humidity, temperature) to obtain real-time analysis per ISO 14040,
data. Digital Twin integration.
Performing a life cycle analysis (LCA) to assess long-term performance.

Source: compiled by the author based onY. Xenidis (2021), M. Fawad et al. (2024), B. Faltin et al. (2024)

The stages of creating BIM models of small bridges
combined survey data, 3D modelling and digital twins into
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a single system. For rural regions of Ukraine, in particu-
lar Zhytomyr and Volyn, this is relevant as it can rapidly



digitalise outdated bridges, integrate the results into CDE
platforms and connect IoT sensors for monitoring. This
approach improves the accuracy of the assessment of the
condition of structures and facilitates effective planning
of repairs in remote communities. The quality and func-
tionality of BIM models for small bridges are determined
by a set of requirements covering the level of detail, inter-
operability and data management, reliability and safety
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of structures, as well as consideration of environmental
factors and the entire life cycle of the structure. In accord-
ance with international (Eurocode 1, 2003; Eurocode 2,
2005) and Ukrainian standards (DBN V.2.3-26:2024, 2025;
BNO01:4868-1755-9511-2275, 2025), each of these param-
eters is of practical importance for the design, operation
and modernisation of bridge structures. The parameters
are listed in Table 2.

Table 2. Requirements for the level of detail, interoperability and life cycle of BIM bridge models

Parameters

LOD

Description

LOD 300-400 — used for the detailed design stage, when precise element
geometry and attributes are required.

LOD 200-250 — used in the conceptual and preliminary stages to save
resources.

All key parameters are specified: materials, compressive strength class,
geometric dimensions, and data from previous inspections and repairs.
For as-maintained models, LOD 350 can be used with an emphasis on
the elements to be maintained.

Practical application

Inclusion of attributes in the
model for analytical calculations.
Minimisation of detail at an early

stage to save time and money.
Gradual increase in LOD as the
project develops.

Interoperability and
data management

Support of export and import in IFC 4.3 format to ensure compatibility
between different software products.

Use of CDE (Common Data Environment) for centralised storage

and management of models. Models should incorporate limit states,
deformation effects, as well as hydraulic and environmental factors
(flow velocity, flooding, ice drift).

Establishment of constant data
exchange between the project and
operational teams through CDE.
Modelling of the impact of water
flow on pylons to predict scour.
Use of standard Psets for data
transfer.

Reliability and
security

Estimated service life of 50-100 years, covering the possibility of
replacing individual elements (e.g., guardrails, expansion joints).
Access for inspections (integration into the model of ladders, inspection
platforms).

Use of a colour coding system to indicate the status of elements: red —
critical defect, yellow — warning, green — satisfactory condition.

Design of accessible points
for maintenance. Automatic
visualisation of the state of
elements in a digital twin.
Priority of repairs based on colour
coding.

Environmental and (concrete, steel).

life cycles

optimise materials.

Integration of LCA to assess the environmental impact of materials

Use of simplified functional units for small bridges, e.g. 1 m? deck.
Environmental scenario modelling to assess long-term impacts and

Comparative analysis of material
options based on LCA.
Reduction of the carbon
footprint by choosing more
environmentally friendly
materials.
Preparation of reports for
environmental certification.

Source: compiled by the author based on R.K. Raya & R. Gupta (2022)

The stages of creating BIM models of small bridges
provide a full cycle, from data collection to integration
with digital twins. For the rural regions of Ukraine, this can
be used for rapid digitisation of bridges, centralised data
storage, and increased efficiency in monitoring and main-
tenance. Therefore, the integration of BIM, DT and remote
monitoring can streamline the process of assessing the
technical condition of small bridges, reducing costs and
increasing the safety of inspections. These observations
correlate with the study by D.R. Polania et al. (2025), de-
veloping an integrated BIM methodology for bridge mon-
itoring and assessment. The authors showed that com-
bining data from different sources, from inspections and
sensors to geospatial models, in a single digital environ-
ment can be used for high accuracy of assessments and
efficient planning of repairs. They emphasised the flexi-
bility of the methodology, which can be applied to large

infrastructure assets as well as small bridges in local net-
works. The current results confirmed this conclusion, as
the implementation of such integrated models in rural
regions of Ukraine ensures that they work even with a lim-
ited set of attributes, gradually expanding the data model.

Safe remote access and inspection of bridges in the
study by E Luleci et al. (2022) were implemented by com-
bining a monitoring system with virtual reality, which
created a virtual reality (VR) environment for virtu-
al inspections and provided safe access to complex or
damaged areas of structures. The study demonstrated
that this approach reduces risks to personnel and in-
creases the detail of defect detection without physical
contact with the object, and the results are in line with
current research that also confirms the effectiveness of
safe remote inspection methods, in particular for bridg-
es in restricted areas or in war zones. The approach of
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E Luleci ef al. can be effectively adapted to the Ukrainian
realities, where the issue of inspection safety is becom-
ing more relevant in this context. G. Hodge & J.M. Gat-
tas (2026) highlighted the use of variable aerial pho-
togrammetry data for semi-automated detection and
measurement of geometric parameters of bridges. The
study demonstrated that the use of LiDAR point cloud
processing algorithms improves accuracy of identifica-
tion of key structural elements and significantly reduces
the amount of manual work during engineering surveys.
The current study results also confirmed the value of this
approach for rural regions of Ukraine, where the speed of
data collection determines the possibility of conducting
repairs in a short time. Moreover, such methods can be ef-
fectively integrated into the BIM environment, ensuring
compatibilitywith international standards such asIFC4.3.

H. Abdel-Maksoud (2024) proved the effectiveness of
combining UAV-LiDAR and photogrammetry to improve
accuracy, flexibility of access, and reduce inspection
costs. Following the study, the use of UAVs for data col-
lection significantly reduces the duration of inspections
and reduces the impact of human error. This correlates
with the current research findings: the use of drones with
LiDAR and photogrammetry can be used for rapid ini-
tial inspections of bridges without stopping traffic and
with minimal human intervention. In conclusion, this
approach can be considered promising for the sustain-
able management of bridge infrastructure in conditions
of limited resources. Thus, the introduction of integrated
digital solutions in bridge monitoring and management
optimises the life cycle of structures and reducing the risk
of accidents. The combination of BIM, DT and remote in-
spection methods is a versatile and scalable tool for im-
proving the efficiency of bridge maintenance in various
operating conditions.

Regulatory and technical aspects and digital strategies
for effective management of small bridges in Ukraine
In Ukraine, the implementation of BIM is regulated by
Eurocode 1 (2003) and Eurocode 2 (2005), harmonised
with the Guideline for the implementation... (2019) and
ISO 19650-1:2018 (2018). The regulatory framework for the
design of small bridges includes DBN V.2.3-26:2024 (2025)
and BN01:4868-1755-9511-2275 (2025). The current policy
of adapting standards is aimed to harmonise with Europe-
an standards to improve compatibility with EU engineer-
ing practice. According to DBN V.2.3-26:2024 (2025), small
bridges are regulated by separate requirements for loads,
structural solutions and durability.

The main defects of small bridges in the rural net-
work of Zhytomyr, Volyn, Cherkasy and Odesa regions of
Ukraine include corrosion of steel elements (due to lack
of proper protection in aggressive environments), defor-
mation and wear of the pavement (cracks, damage to the
protective layer, fatigue cracks). These problems are ex-
acerbated by long-term operation, insufficient mainte-
nance in remote areas and environmental influences (ero-
sion, vibrations from transport). In reinforced concrete
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structures, there is a loss of stability of secondary ele-
ments, excessive plastic deformation and damage to
drainage (Kirichenko, 2024). The analysis of specific re-
gional examples of rehabilitation of small bridges in the
rural road network of Ukraine was used to assess the char-
acteristic design solutions, technical condition and typ-
ical problems of these facilities. In the Zhytomyr region,
major repairs were conducted on the bridge over the Litky
River at km 169+189 of the M-07 Kyiv-Kovel-Yagodin mo-
torway (State Restoration Service of Ukraine, 2024b). This
structure is a single-span reinforced concrete structure
with a length of up to 25 metres and provides transport
links to rural areas. The main problems with the structure
were damage caused by military operations, in particular,
deformation of the superstructure and corrosion of the
reinforcement elements, which led to a reduction in its
load-bearing capacity. In the Volyn region, a major repair
of the bridge at km 35+085 of the M-19 Domaniv-Kov-
el-Chernivtsi-Terebleche motorway was conducted (State
Restoration Service of Ukraine, 2024a). The bridge, which
is 25 metres long, is a reinforced concrete beam structure
that are substantial in connecting rural areas and ensuring
interregional transport links. The main defects were worn
and tear of the road surface, cracks in the concrete and
a reduction in traffic capacity due to erosion of the soil
foundations of the supports.

In the Cherkasy region, the 2024 infrastructure devel-
opment programme envisages the rehabilitation of bridg-
es on local roads in the rural network (Cherkasy Regional
State Administration, 2023). Most of them are reinforced
concrete structures up to 25 metres long, located mainly
across small rivers. The main problem with these facilities
is their emergency technical condition, caused by more
than half a century of operation, corrosion damage and
the destruction of individual elements under overload.
In Odesa region, the Regional Development Strategy for
2021-2027 plans to reconstruct small bridges in rural ar-
eas (Odesa Regional State Administration, 2021). These
are mainly slab or beam structures made of concrete or
reinforced concrete up to 25 metres long. The main prob-
lems are soil erosion in the coastal zone, corrosion of steel
elements, and cracks in the top layer of the road surface.
Examples from the regions of Ukraine have shown that the
problems of small bridges are common, ranging from cor-
rosion damage and cracks in concrete to erosion of foun-
dations and the effects of warfare, and their rehabilitation
is integrated into the broader context of post-war recon-
struction and digital transformation of infrastructure.

Existing technologies in bridge engineering cover a
wide range of digital solutions, from information model-
ling and digital twins to artificial intelligence and mixed
reality (Shen et al., 2023). Their application aims to im-
prove the accuracy of surveys, optimise the planning and
life cycle management of bridge structures, reduce oper-
ating costs and ensure safety. Table 3 provides a compar-
ative analysis of the implementation of key technologies,
demonstrating their potential and limitations in bridge
rehabilitation and maintenance.
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Table 3. Characteristics and examples of implementation
of innovative methods in bridge construction and operation
Technology/ q :
Method Advantages Disadvantages Implementation
In Canada, a bridge reconstruction project
Improved data inteeration was considered as part of the Construction
forp erformance evilua tion Lack of standardisation for |4.0 concept, where the BIM model of the
P . R 0&M, data compatibility bridge was integrated with LCA/LCC data to
. reduced errors, time savings (up | . . - -
BrIM with LCA/ - issues, high upfront assess the carbon footprint, maintenance
. . to 4.5 months of construction), . - .
LCC integration . costs (70% of total cost), costs, and optimise design solutions. As a
better stakeholder collaboration, | . - . . :
. o difficulties with data result, the construction period was reduced by
and data visualisation for . . ;
o exchange for older bridges. | approximately 4.5 months, and the choice of
monitoring. . L L
materials was optimised in terms of durability
and sustainability.
Lack of standardisation, In Portugal, a digital twin of a large transport
Improved visualisation, interoperability issues, bridge was introduced, integrating sensors and a
BDT with BrIM, | interoperability via IFC, complexity of data BrIM model for automated defect detection and
IoT, AI/ML automated damage monitoring, | processing, high hardware | wear forecasting. The system provided timely
integration | real-time analysis, and hybrid costs (laser scanning), and | detection of fatigue damage to components and
models for accuracy. manual intervention for reduced inspection costs by automating data
components. collection and analysis.
. N Limited eXtenSlb.lhty In China, a digital twin project was implemented
Real-time monitoring, of defect modelling ; . .
s . . - . for the River Neath Swing Bridge, where drone
optimisation of Operations and | (JavaScript Object Notation data was inteerated into a GIS-BIM platform to
DT with GIS and | Maintenance (O&M) (drones for | (JSON) instead of Industry . 8 .. p .
. - . . . L . plan repairs, optimise traffic routes, and predict
BIM integration | inspection), better visualisation | Foundation Classes (IFC)), . .
- s technical condition. The system was used for
of defects, graph algorithms for | platform compatibility - N .
. . . g real-time traffic redirection and increased the
logistics, forecasting. issues, and loss of detail in efficiency of inspections
BIM-GIS integration. yormsp :
. s Limited for O&M (focus In Egypt, a BrIM model of a reinforced concrete
Improved visualisation of . . Sl . S
on design), complexity bridge in Cairo was developed, which integrated
defects (3D models), automated . . .
- . for inspectors, equipment | survey, photo and laser scanning data. The model
BrIM framework | report generation, centralised . . .
- costs (Unmanned Aerial classified defects according to a colour-coded
for RC bridges | database for exchange, - - A S
R > Vehicle (UAV) with 3D repair prioritisation scheme, which increased
prioritisation of repairs through . . - .
. scanners), narrow focus on | planning efficiency and reduced decision-making
colour coding. . .
RC bridges. time.
The need for significant
1n1t1a.l 1nvestmen.t in the In the US, the DT approach is used to analyse
creation and maintenance e
- and prevent catastrophic failures, based on
of DT (data collection . . .
. Automated assessments, - the experience of the I-35W bridge collapse in
A unified DT . X infrastructure, software . .
reduced inspection costs, data . Minneapolis. The DT system was used for remote
framework for R . systems, staff training), the . ..
. reuse, integration of UAVs and . - monitoring of the condition of structures and
bridges o complexity of processing . - ; .
robots for monitoring. automatic assessment of the risk of failure, which
large amounts of raw data, e
- could have prevented the tragedy if it had been
the lack of unified BriM .
- used at the time.
standards and incomplete
source information.
Improved communication, High upfront costs for In Brazﬂ, MR technolggy was used on the‘
) . . - Coimbra I Viaduct by inspectors to visualise
accurate defect identification equipment (UAVs), need defects in the reinforced concrete structure
BIM with MR | through augmented reality for specialised knowledge,

(mixed reality)

(AR), simplified inspection,
data standardisation (IFC, BIM
Collaboration Format (BCF)).

budgetary barriers for
agencies, and dependence
on BMS.

in augmented reality, which significantly
improved diagnostic accuracy and reduced the
time required for inspections (no quantitative
performance indicators available).

Automation of structural health

High implementation costs
and the need for skilled
personnel; compatibility

In Poland, a digital model with IoT sensors
was created for a concrete arch bridge, which

Immersive monitoring (SHM), improved issues with different . . .
. o .| provided real-time data on loads, deformations
DT platform | visualisation through AR, sensors and BIM standards; . . Lo
RO ¢ . and damage to be obtained and visualised in
(IBDTP) scalability, integration with IoT | dependence on a stable . .
N . L an AR interface. This ensured accurate damage
for monitoring. internet connection; verification and accelerated repair decisions
limited scalability with p :
many objects.
Automation of 3D model The need for high-quality | In Germany (Freiburg), deep learning was used
Deep creation from archived 2D drawings, limited accuracy | to automatically reconstruct the 3D geometry
learning for | drawings, fast digitalisation in the absence of some of three bridges over the Dreisam River. The
reconstructing | of old bridges, integration drawings, the need to algorithm generated BIM models from PDF and
geometry from | with BIM/openBIM (IFC), and | adjust algorithms tolocal | CAD plans, which reduced the volume of field
drawings reduction of field measurement | standards, and initial costs | measurements by 65% and reduced the time

costs.

for developing a pipeline.

required to prepare documentation by 40%.
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Technology/

Method Advantages

3D visualisation of defects,
degradation prediction accuracy
(95%), low error rate (0.15%).

LSTM with BIM
for control

Disadvantages

The need for a large
amount of historical data
to train models; difficulty in
setting up and integrating
with existing BIM systems;
high computational cost
for long-term forecasts; risk
of errors with incorrect or
incomplete data.

Table 3, Continued

Implementation

In China, a condition prediction system has
been developed for small concrete girder bridges
on highways that can predict the wear rate of
elements with an accuracy of 95%. This optimised
repair schedules and reduced operating costs.

Automation of BIM-FE data
exchange, visualisation of
results, resource optimisation,
DT support.

Data integration
framework for
RC bridges

Increased resources for
detailed assessments,
manual data exchange,
need for expertise, and
interoperability issues.

In the UK, Revit-Dynamo-Abaqus was used for
the automated analysis of damaged reinforced
concrete bridges. The system was used to quickly
create a damage model and perform calculations
to select the optimal repair strategy.

Source: compiled by the author

Innovative methods in bridge construction show sig-
nificant potential for improving the accuracy of surveys,
automating monitoring and optimising costs. The expe-
rience of the countries listed in Table 3 confirms the ef-
fectiveness of such technologies in reducing design and
repair time, improving safety, and increasing the durabil-
ity of bridges. For Ukraine’s rural regions, the implemen-
tation of such solutions could become the basis for rapid
digitalisation and more efficient use of limited resources.

Based on international experience and Ukrainian realities,
practical recommendations for the adaptation of BIM/
BrIM technologies for small bridges in the rural road net-
work have been developed. The presented areas include
the determination of the minimum required data, the use
of simplified models and open standards, the integration
of digital solutions into the work of road services, as well
as the harmonisation of national requirements with inter-
national standards (Table 4).

Area

Minimal dataset

Table 4. Practical recommendations for the implementation

of digital technologies in the design and operation of small bridges in Ukraine

Description

Definition of the basic attribute composition for the
bridge model: geometric parameters (length, width,
height, span), materials (concrete, steel, wood),
condition of elements (visual assessment, defects),
operational characteristics (load capacity, date of
last repair). Minimisation of data reduces the cost
of collecting and processing information, which is
especially relevant for rural bridges.

Examples of implementation in Ukraine

Use of IFC 4.3 Property Sets (Psets) with a limited set
of properties for bridges in rural areas. Pilot bridge
passports in the DREAM system with a minimum data
structure for inventory.

Minimal Information Data-Modelling (MID) approach
using a low-cost monitoring system (~£370) for a short
span bridge, providing a basic set of attributes for
further integration into a BIM/openBIM environment.

Simplified models
and standards

Use of the LOD 200300 levels of detail in the initial
stages to quickly create models. IFC 4.3 format as the
main format for data exchange, use of open libraries
of typical bridge elements (spans, piers, guardrails),
support for free viewers to increase accessibility.

Modelling of typical girder bridges in open viewers for
regional road services; implementation of modular
libraries in university curricula.

Use of the openBIM (IFC 4.3) approach for modelling
typical girder bridges, ensuring interoperability and
integration with other engineering platforms.

Integration into
the work of road

Organisation of pilot projects using available
technologies: UAVs for surveying, photogrammetry,
and simplified 3D reconstructions. Involvement

of construction students in training and practical

Pilot modelling of 1-2 bridges in each region using
photogrammetry, cooperation with universities that

recovery after military operations).

services work. Gradual incorporation of models into the use LSTM+BrIM for condition monitoring.
maintenance planning system.
Development of unified BIM model templates for
Adaptation of bridges in accordance with EU standards, integration | Development of IFC regional templates synchronised
international into the DREAM platform. Marking of combat damage | with DBN V.2.3-26:2024 (2025). Use of BEP/EIR to
standards zones in the model (considering the requirements of | coordinate restoration projects in regions.

Source: compiled by the author

The integration of BIM/BrIM technologies into the
design and operation of small bridges in Ukraine is jus-
tified for several key reasons. Firstly, small bridges form
the basis of transport accessibility in rural areas, where
the speed and cost of surveys are critical. The use of
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BIM/BrIM with minimal data sets can reduce the burden
on local budgets while maintaining the required level of
accuracy (O’Higgins et al, 2023). Secondly, simplified
models and open standards (IFC 4.3, openBIM) ensure in-
teroperability and accessibility for regional road services,



which is substantial in a resource-limited environment.
Thirdly, integration into the DREAM system and harmo-
nisation with European standards create a single digital
ecosystem for bridge inventory and rehabilitation, includ-
ing battle damage marking. These technologies improve
the efficiency of repair planning and ensure the long-term
operation of facilities in the post-war environment. At the
same time, Ukraine still faces significant challenges in re-
storing infrastructure after military destruction and the
need to work with limited financial and technical resourc-
es, which necessitate adapted digital solutions.

The results of the study showed that the introduction
of a minimal set of data in BIM models of bridges, only
key geometric parameters, materials and basic opera-
tional characteristics, can significantly reduce the cost of
collecting and processing information, which is relevant
for rural bridges. This was correlated with the findings
of Z. Sun et al. (2024), proving that even a limited set of
attributes in digital twins can support efficient mainte-
nance and repair forecasting that combines multi-source
data and expert knowledge without losing the accuracy of
the estimates. The study determined that this approach
helps to optimise resource consumption and extends the
service life of structures without increasing the budget.
The current results confirmed this effect in the context
of the Ukrainian reality, where access to bridges in ru-
ral areas is often limited and a rapid inventory is need-
ed. The use of simplified models with a level of detail of
LOD 200-300 and open libraries of standard elements in
the pilot projects ensured quick model creation and the
ability to integrate them into repair plans. This proved
to be effective for regional road services working with a
large number of small facilities and limited funding. This
was confirmed by K. Clute (2023), who found that stand-
ardised information templates greatly simplified the ex-
change of data between contractors and customers and
guaranteed long-term compatibility of models between
different software platforms. The study showed that elim-
inating redundant elements in the early stages of design
speeds up the approval of working documents and reduc-
es transaction costs. The results of this study also showed
that this approach can be used to scale modelling from
single objects to entire regional bridge networks without
significant modifications.

The results of the study demonstrated that the pi-
lot implementation of BIM templates adapted to the
IFC 4.3 standard, with the marking of combat damage
zones, showed the possibility of effective integration of
these solutions into the DREAM platform and regional
management systems. This correlated with the results of
E.E. Tita et al. (2023), demonstrating that the scalable Dig-
ital Twin-BIM architecture creates a single source of relia-
ble information and ensures interoperability between all
bridge management stakeholders. The study emphasised
that the gradual increase in detail can avoid overloading
the model and maintain its suitability for long-term use.
This methodology can be successfully used in the context
of a limited data set, typical for post-war reconstruction
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in Ukraine. DT bridges are evolving towards practical
application and efficient management. The review by
V. Mousavi et al. (2024) highlighted the current conceptual
obstacles and proposed a multi-level framework for dig-
ital twins in bridge management, with the integration of
decision support systems and data fusion technology. This
complements the current findings that a sustainable and
scalable DT-BIM architectural approach with the ability to
dynamically evaluate and automate the interaction of life
cycle elements is a key direction for the development of
bridge digitalisation.

Thus, the implementation of the proposed areas of
BIM/BrIM adaptation for small bridges in Ukraine will
significantly optimise the inspection and repair planning
processes, reducing the cost of data collection and pro-
cessing. The use of standardised models and open formats
will ensure interoperability between organisations and
create a basis for scaling digital solutions to other trans-
port infrastructure facilities, from culverts to overpasses.
Additionally, it will improve the accuracy of engineering
calculations, transparency of rehabilitation investments,
and the introduction of long-term condition monitoring.

Conclusions

The results of the study of the structural features of small
road bridges in the rural road network of Ukraine and the
possibilities of digital technologies for their inspection
showed that most of these structures have significant wear
and tear due to long-term operation, insufficient main-
tenance and the impact of aggressive natural and man-
made factors, including military operations. Traditional
survey methods provide only local and fragmented data,
while digital technologies (BIM/BrIM, laser scanning,
photogrammetry, UAVs) ensure the creation of complex
3D models integrated into a single information environ-
ment, speeding up surveys, increasing the accuracy of
technical condition assessment and optimising operat-
ing costs. Their use has proven effective in Canada, where
construction time was reduced by about 4.5 months; in
Germany, the volume of field measurements was reduced
by 65% and the time for preparing documentation was
reduced by 40%; in China, the accuracy of predicting the
degradation of bridge elements reached 95% with an error
of 0.15%; in the UK, the use of minimal sensors for short-
span bridges limited monitoring costs to 370 GBP.

Several strategic measures were recommended to
adapt digital solutions to the conditions of Ukraine, in-
cluding reducing the amount of data to save resources,
using models with a basic level of detail of LOD 200-300,
introducing tools into the activities of road services, har-
monising standards with European norms, and testing
technologies through pilot projects in different regions.
The systematic application of BIM/BrIM with open data
exchange formats will ensure consistency between par-
ticipants in the design and operational processes, cre-
ate a basis for the expansion of digital solutions to other
transport facilities, and increase investment transparency.
The integration of digital twins and IoT technologies into
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bridge monitoring will help to quickly detect damage and  sensor monitoring systems, and expanding DT integration
improve the safety of their operation. The use of digital = with road infrastructure management systems in Ukraine.
technologies to analyse the life cycle of bridges will help
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IHbopMaALiiHEe MOAENIOBAHHS B AHAI3i CTAHY MAJIMX MOCTOBUX
CnopyaA Yy CiNibCbKiA JOPOXXHIM MepeXi: BUKJIMKK TA PilLeHHSA

MNasno CTpineubkumn
AcnipaHT
HarionansHU yHiBEpCUTET BOJLHOTO FOCIIOIAPCTBA Ta IPUPOJOKOPUCTYBAHHA
33028, Bys. CobopHa, 11, M. PiBHe, YKpaiHa
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AHOTAUifA. MeTol0 MOC/TiIKeHHsT OyJIo BU3HA4YeHHS e(PeKTUBHUX WiIXOMiB IO BUKOPUCTAHHS NH(PPOBUX
TEXHOJIOTiH JIJIs1 OI[iHKY CTaHy Ta NJIaHYBaHHS BiTHOBJIEHHS HEBEJIMKHUX TPAHCIOPTHUX IIePEXO/IiB 3 ypaxyBaHHAM
00MesKeHHNX pPecypciB Ta BUMOT CYMiCHOCTI JaHUX. MeTOM0JIOTis MO€eaHyBaja MOPiBHATBHUN aHAi3, CTBOPEHHS
Building Information Modelling, ketic-cTazi perioHaJbHUX IPUKJIAJIB Ta CHCTEMATH3AIlil0 MI>)KHAPOJHOTO TOCBixTy.
Bynmo BcTaHOBJEHO, o0 nM(POBi MeToau 3abe3edvyioTh MiiMETPOBY TOYHICTH BUMIpIOBaHb, CKOPOYYIOTH Yac
300py IaHUX Ta JAIOTh 3MOTY CTBOPIOBATH JeTa/bHi 3D-MofieJi, a TaKOK IPOTHO3YBATH 3HOC 3aB/SKU AITOPUTMAM
mbokoro HaBYaHHA. Y JKuToMupcekiit, BosinHCbKil, UepkachbKili Ta Ofechbkil 061acTax Yrpaiau Oyiu 3adikcopani
ne(deKTH MOCTOBHX CIIOPY: V KUTOMUPCHKiH — MOITKOPKEHHSI BiJl BOEHHUX JIiHl, Y BOMUHCHKIH — Tpiluau B 6eToHi
Ta eposia rpyHTiB, y UepKkachKill — HacJiIKU TpUBaJIOi eKciuyararil moHan 50 pokiB, a B Omecwbkili — Kopo3sis
CTaJIeBUX eJIeMEeHTIB y IO€JHAHHI 3 arpecUBHUM IpubepeskKHUM cepemoBuieM. IlinTBepkeHo, mo iHTerparisa
naHux y cepenosuie Building Information Modelling Digital Twin migBumyBasa To4HiCTE IpOTHO3IB 10 95 % (Y
Kwurai), a Takosk (pikCyBaI0Ch CKOPOUYEHHS Yacy Ta TPYIOBUX BUTpaT Ha 40-65 % MpU BUKOPUCTAHHI aJITOPUTMIB
deep learning y Himeuunni. 3acTocyBaHHs 0e3miJIOTHUX JiTadbHUX amnapariB i3 Light Detection and Ranging Ta
¢oTrorpammerpiero JO3BOJIUJIO O0OCTEKYBAaTH MOCTH 3 MiHIMaJIbHUM BIUIMBOM Ha PyX i JIIOACBKUH (pakTop, 110
CYTTEBO y BigmaneHnux un Hebe3medHux paioHax. Ha ocCHOBi y3araabHeHHsI MisKHapOIHOTO TOCBiAy BIPOBAa3KEeHHS
iHHOBaIiMHNX METO/IB y MOCTOOYIyBaHHi OyJI0 peKOMEeHJ0BaHO BUKOPUCTAHHSA BiTKPUTUX (POpMaTiB i crrpomieHnx
MopeJsieli, 0 CIPUAIOTh 3HM)KEHHIO BUTPAT Ha OOCTeKeHHS Ta CKOPOYEHHIO 4Yacy MiJTrOTOBKU JOKyMeHTalii.
Pe3yeraTl MOSKYTh OyTH BUKOPHUCTAHI JOPOXKHIME CJTy;KOaMU U1 IIJIAaHYBAHHA PEMOHTIB, YIIPaBJIiHHSA )KUTTEBUM
IIKJIOM MOCTIB Ta BiTHOBJIEHHS CIIOPY] B YKpaiHi 3 MiIBUIIIEHOI0 TPO30PIiCTIO i MEHIITUM €KOJIOTiYHUM BILTMBOM

Knioyosi cnosa: mudpoBi ABINHUKY; BiIKpUTI (oOpMaTH; KUTTEBUH IMKJ; MDKIIATMOPMHA CYMiCHICTB;
NIPOTHO3yBaHHS 3HOCY; CEMaHTHYHe 30aradyeHHs; aBTOMAaTH30BAHUI MOHITOPHUHT
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Abstract. The electrification of commercial transport is regarded as a promising approach to reducing operating
costs and local emissions; however, the economic benefits of electric vehicles are not universal and depend on the
conditions of use. The relevance of this study is driven by the need for businesses to have quantitative criteria for
choosing between an electric commercial vehicle and a comparable fossil-fuel-powered alternative under different
operating conditions and energy pricing structures. The aim of the study was to develop a calculation-based approach
for determining the break-even annual mileage above which the use of an electric vehicle becomes economically
viable, as well as the maximum acceptable purchase price of an electric vehicle below which its acquisition is
economically justified. The research methods included a comparative analysis of the economic feasibility of
alternative technologies; analysis of secondary data on prices, tariffs, and maintenance costs to establish model
input parameters; economic and mathematical modelling based on total cost of ownership; analytical methods for
deriving break-even formulas; scenario analysis of different electric vehicle charging options; and consideration
of the time value of money through the application of a discount rate and an annuity present value factor. Within
the framework of a model case study (10-year horizon, 5% discount rate), it was established that the break-even
annual mileage of an electric van ranges from 34,529 to 200,932 km depending on the tariff and charging method,
while at an annual mileage of 60,000 km, the maximum economically justified purchase price ranges from UAH 2.25
million to UAH 4.44 million. The article analyses the factors determining the feasibility of transitioning to electric
vehicles, evaluates the impact of initial investments, operating costs, and existing support mechanisms on the
overall economic viability of electric vehicle use in business activities, and proposes formulas for calculating both
the break-even mileage of electric vehicles and the maximum initial purchase price below which their acquisition
is economically advantageous for different types of commercial use. The practical value of the study lies in the
possibility of applying the proposed formulas by transport and logistics companies and commercial fleet operators
to support fleet renewal decisions based on the present value of ownership costs

Keywords: total cost of ownership; annual mileage; operating costs; threshold purchase price; internal combustion
engines; economic viability

Introduction
The electrification of commercial transport in business  higher purchase price of an electric vehicle is offset by
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regarding mileage, electricity tariffs, service life and as-
sumptions regarding residual value. Additional uncer-
tainty arises from differences in charging availability (own
infrastructure, commercial stations), tariff fluctuations,
and varying vehicle usage profiles in logistics and service
business processes. Under such conditions, it is essential
to provide a quantitative justification of the economic vi-
ability of electric transport compared to traditional solu-
tions equipped with internal combustion engines.

Current studies on the transition to electrification
show that the pace of implementation depends on infra-
structure and energy constraints, as well as on government
support and planning. H. Kostenko (2023) emphasises the
need to align the development of electric transport with
the capabilities of the power system. The impact of incen-
tives and policy on the dynamics of the electric transport
market in Ukraine and Europe is highlighted by S. Matu-
siak & E. Romaniuta (2025), whilst the broader context of
electric mobility development in Ukraine and its institu-
tional constraints are explored by O. Stetsiuk et al. (2024).
Global trends and possible directions for Ukraine’s inte-
gration into the electric vehicle ecosystem are systema-
tised by E. Prushkivska et al. (2024), which reinforces the
argument that the transition is a process of economic and
technological significance.

International publications also consistently point to
the multifactorial nature of electrification barriers and
the need for comprehensive solutions. A. Pamidimuk-
kala et al. (2023) empirically assess groups of barriers to
the adoption of electric transport, highlighting financial
and infrastructure factors, whilst L. Delina & L. Shi (2025)
demonstrate in a comparative policy analysis that the suc-
cess of the transition is determined by a combination of
incentives, infrastructure and institutional capacity. In-
stitutional constraints on scaling up infrastructure solu-
tions for the freight sector are examined by A. Scherrer et
al. (2026). Meanwhile, J. Dixon et al. (2023) emphasise that
even in the presence of common strategies, the outcomes
of the transition depend on the local context and the co-
ordination of stakeholders’ actions. Among the practical
constraints of electric transport in commercial operation
are range and charging time, which can affect the continu-
ity of the transport process. In this context, V. Porfirenko
&Y. Kudin (2024) justify the advantages of a modular ap-
proach to the sectional release and replacement of battery
packs for international transport as a means of reducing
“refuelling” time, whilst Y. Li et al. (2024) develop a stand-
ardised modular approach to battery replacement and
charging as a means of enhancing the operational flexibil-
ity of electric transport.

Alongside technological and infrastructural factors,
economic viability remains a key criterion for businesses;
in academic literature, this is typically assessed in terms of
the total cost of ownership. P. Romeral & E. Zancul (2025)
summarise the critical factors that determine the total
cost of ownership of electric vehicles and emphasise that
conclusions depend on the composition of costs and the
assumptions made regarding energy sources, service life
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and residual value. The literature also highlights that no
universally accepted “single formula” for total cost of own-
ership has been established, as researchers differ in their
definitions of cost components, including or excluding
specific expenditure categories, applying different ap-
proaches to modelling residual value and service life, and
using alternative methods to account for the time value
of money. Additional variation arises from different en-
ergy price scenarios and charging regimes, which affect
variable costs and consequently the overall assessment of
economic viability. This is precisely why evaluating elec-
tric transport solely on the basis of purchase price is in-
sufficient for business purposes, as the higher initial cost
of an electric vehicle can be offset by lower costs for en-
ergy, maintenance and certain operational components
throughout its useful life. At the same time, such compen-
sation does not occur automatically, but depends on the
intensity of the vehicle’s use, access to cheaper charging,
tariff stability, route structure and the duration of own-
ership. For commercial transport, annual mileage is of
particular importance, as it is through the accumulation
of mileage that savings in variable costs are generated, ca-
pable of offsetting the initial cost difference between an
electric vehicle and its internal combustion engine coun-
terpart. In this context, the total cost of ownership pre-
sented here serves not only as a tool for comparing alter-
natives but also as a methodological basis for determining
the threshold conditions under which electric transport
becomes economically viable for a business. A separate
strand consists of publications describing break-even
analysis as a practical way of interpreting the difference
between higher initial investment and lower operating
costs of electric transport. H. Hafsah et al. (2024) apply
the break-even approach to compare electric and conven-
tional vehicles in the Indonesian market and highlight the
scenario-dependent nature of the threshold conditions in
relation to mileage and cost structure.

The aim of the study was to develop a calculation ap-
proach based on the present value of total cost of own-
ership for determining the break-even annual mileage of
an electric commercial vehicle and the threshold (maxi-
mum acceptable) purchase price at which cost parity is
achieved with a comparable vehicle equipped with an in-
ternal combustion engine.

Materials and Methods
The article proposes analytical relationships for determin-
ing the break-even annual mileage of an electric commer-
cial vehicle and the threshold maximum purchase price
at which parity in the present value of ownership costs
is achieved with a comparable vehicle equipped with an
internal combustion engine. When the purchase price is
below this threshold, an economic advantage of the elec-
tric vehicle is established according to the criterion of
discounted ownership costs. To demonstrate the appli-
cation of the proposed formulas, a model case study was
developed using secondary data on market prices of vans,
electricity tariffs under different charging regimes, energy



prices for conventional vehicles, as well as maintenance
and related operating costs. The time frame for the prepa-
ration and execution of the analytical calculations covered
the period from 1 April 2025 to 25 June 2025.

Operating conditions are described by the usage ho-
rizon T (years), the discount rate r, and the annual mile-
age L (km/year). Operating costs are divided into fixed
annual costs F which are independent of mileage, and
variable costs per kilometre V, which depend on mileage.
For electric vehicles, the value of is defined on a scenario
basis according to the charging regime, enabling the im-
pact of electricity tariffs on the threshold conditions of
economic viability to be taken into account. The formulas
were developed according to the principle of the classical
break-even point, adapted for the comparison of the pres-
ent value of total cost of ownership, PV(TCO). Unlike the
conventional total cost of ownership (TCO), the present
value of total cost of ownership, PV(TCO), incorporates
the time value of money through the discounting of costs
(Twin, 2025; APS Smart, 2025). To convert uniform annual
costs into present value terms, the annuity present value
factor was applied:

1 1-(a+n)7T

A(r,T) = Xl =—— M

(1+r)t r

where A(r;,T) — annuity discount factor; r — discount rate;
T-valuation horizon (service life), in years.

The present total cost of ownership of a vehicle over
the usage period T is determined using the well-known

TB _ Pey(1—agy*(1+1) ") =Picg(1—aicpx(14+1) T )+ (Fgy —Fice)*A(r,T)
m=
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formula as the sum of the present capital component (tak-
ing into account the residual value), present fixed costs
and present variable costs, proportional to the annual
mileage:

PV(TCO)=Px (1-*(1+1)T)+
+(FxA (5 D)+ (VxLxA(r D), 2

where PV (TCO) - the present value of total cost of own-
ership of the alternative under consideration (either the
electric vehicle or the comparable internal combustion
engine vehicle); P is the initial cost (purchase price of a
new or used vehicle); F represents fixed costs; V represents
variable costs (commonly referred to in the literature as
operating costs), calculated per kilometre travelled; L is
the average (or expected) annual mileage; T is the vehi-
cle service life; « is the residual value (the expected resale
value or percentage of the vehicle’s remaining value at the
end of its service life); A(5T) is the annuity present value
factor; and ris the discount rate.

The subsequent threshold formulas were derived by
analytically solving this equality with respect to either an-
nual mileage or the purchase price of the electric vehicle
while holding the operating parameters constant. The
break-even annual mileage, TB,, B was determined from
the condition of parity between the present value of own-
ership costs of the electric vehicle, PV(TCO)y, and those
of its comparable internal combustion engine counter-
part, PV(TCO),¢s, by solving the equation with respect to L:

Vicg=Vev) * A(r,T)

where Py, — the initial purchase cost of the electric vehi-
cle; Py — the initial purchase cost of the vehicle equipped
with an internal combustion engine (ICE); Vg, — the an-
nual variable costs associated with the electric vehicle;
Ve — the annual variable costs associated with the inter-
nal combustion engine vehicle; ., — the residual value of
the electric vehicle, expressed as a percentage,%; oz — the
residual value of the internal combustion engine vehicle,
expressed as a percentage, %; Fp,— the annual fixed costs

max —

Pice*(1 = 1ce41) ™)+ (Fice—Fpv)*A(rT)+ (Vice=Vey)*L*A(r,T)

) 3)

of the electric vehicle; F,.; — the annual fixed costs of the
internal combustion engine vehicle; r is the discount rate;
T is the service life, in years; and A(r, T) is the annuity pres-
ent value factor.

The threshold (maximum economically acceptable)
purchase price of an electric vehicle Pf* is determined
from the same condition of parity, PV(TCO) =PV(TCO ),
but by solving the equation with respect to P, for a given
annual mileage L:

PEV

where Py, — the initial purchase cost of the electric vehi-
cle; Pic;—the initial purchase cost of the vehicle equipped
with an internal combustion engine (ICE); Vjy — the an-
nual variable costs associated with the electric vehicle;
Vice— the annual variable costs associated with the inter-
nal combustion engine vehicle; ., - the residual value of
the electric vehicle, expressed as a percentage; ,cz — the
residual value of the internal combustion engine vehicle,
expressed as a percentage; F, — the annual fixed costs
of the electric vehicle; F,; — the annual fixed costs of the
internal combustion engine vehicle; r — cthe discount
rate; T—-the service life, in years; and A(r, 7) - the annuity
present value factor.

1-agy(1+r)"T

) 4

When assessing the threshold purchase price of a used
electric vehicle, it is advisable to account for additional
one-off costs, C,,, associated with uncertainty regard-
ing the vehicle’s technical condition. These may include
diagnostic inspections, costs of bringing the vehicle into
operational condition, unplanned repairs, and potential
expenditures related to high-voltage system components.
In the model example, calculations were performed for
new vans, as the cost parameters for such vehicles are
more clearly defined and the risk of unforeseen one-off
expenditures is partly mitigated by warranty coverage and
predictable maintenance schedules. Owing to the absence
of reliable statistical data concerning the probability and
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magnitude of such one-off costs for used electric vans, the
demonstration case assumes C,,.=0 UAH. Verification of
the break-even condition was carried out for the threshold
prices P## by substituting the calculated values into the
formula for the present value of ownership costs, PV(T-
CO)vaccording to Equation (2), and by checking compli-
ance with the parity condition between the present value
of ownership costs of the electric vehicle, PV(TCO) ., and
those of its comparable internal combustion engine coun-
terpart, PV(TCO),c; subject to rounding precision. The
calculations were implemented in a spreadsheet environ-
ment, ensuring reproducibility of the results when input
parameters are modified.

Results and Discussion

Over recent years, electric vehicles have gained substan-
tial popularity and have become more accessible to con-
sumers. Various automotive manufacturers now offer a
wide range of electric vehicle models with differing tech-
nical specifications, price ranges, and propulsion systems
(E-AUTO, 2023; Encyclopedia, n.d.). To define the scope
of the study correctly, it is useful to distinguish between
different types of electrified vehicles according to their en-
ergy source and propulsion principle. This classification
serves as a reference framework for selecting the model-
ling object and interpreting the results. The different cate-
gories of electric vehicles are presented in Figure 1.

TYPES OF ELECTRIC VEHICLES
1) Hybrid electric vehicle (HEV) 2) Plug-in hybrid electric vehicle (PHEV) 3) Battery electric vehicle (BEV)

GASOLINE
ENGINE

ELECTRIC
MOTOR

Fuel: gasoline

o

GASOLINE
ENGINE

Fuel: gasoline and/or o
electricity from grid

ELECTRIC
MOTOR

-

- J

Fuel: 100% electricity
from grid

4) Range-extended electric vehicle (REEV) 5) Fuel cell electric vehicle (FCEV) 6) Supercapacitor electric vehicle (SCEV)

GASOLINE
ENGINE

ELECTRIC
MOTOR

Fuel: electricity

GASOLINE
ENGINE

Fuel: hydrogen @

ELECTRIC

SUPERCAPACITO

Fuel: electricity

Figure 1. Block diagram of electric vehicle types
Source: compiled by the authors based on E-AUTO (2023), Encyclopedia (n.d.)
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An HEV (Hybrid Electric Vehicle) is a type of hybrid
system that uses a combination of an internal combus-
tion engine and an electric motor; the battery is charged
whilst the internal combustion engine is running via a
generator, which reduces fuel consumption compared to
vehicles powered solely by an internal combustion en-
gine. A PHEV (Plug-in Hybrid Electric Vehicle) differs in
that the battery can be charged from an external power
supply, which increases the proportion of driving in elec-
tric mode and extends the range provided that charging
is available. A BEV (Battery Electric Vehicle) is a fully elec-
tric vehicle without an internal combustion engine and
operates exclusively on battery power; its range is deter-
mined by the battery capacity and operating conditions.
A REEV (Range-Extended Electric Vehicle) combines an
electric drive with an internal combustion engine (ICE)
range extender: the electric motor plays the primary
role, whilst the ICE is used to generate electricity when
the battery charge level drops. FCEV (Fuel Cell Electric
Vehicle) uses an electric motor, with electricity generat-
ed by fuel cells through the conversion of hydrogen and
oxygen. SCEV (Supercapacitor Electric Vehicle) stores en-
ergy in supercapacitors, which ensures very fast charging
and high cycle durability; however, the low energy densi-
ty of supercapacitors compared to lithium-ion batteries
limits the range and makes them suitable primarily for
routes with frequent stops and the possibility of regular
recharging (Encyclopedia, n.d.).

In commercial operation, electric transport is viewed
as an alternative to traditional vehicles given the potential
to reduce energy costs and certain service costs; however,
the economic viability of the transition is not universal.
The main factor of uncertainty is the higher initial invest-
ment in vehicles and charging infrastructure. Additional
constraints include range and charging time, which affect
the continuity of the transport process and the operating
schedule: for commercial electric trucks, a typical range
is between 150 and 350 km, depending on battery capac-
ity and operating conditions, whilst charging can take
approximately 4-12 hours with slow alternating current
(AC) charging or around 30-60 minutes with fast direct
current (DC) charging. Alongside these limitations, deci-
sions regarding electrification are influenced by regula-
tory and economic factors, as set out in Regulation (EU)
No. 851... (2023) of the European Parliament and of the
Council. For businesses, potential differences in energy
and maintenance costs are of additional significance, as is
the reduction in local emissions during operation, which
may be relevant for urban logistics and service operations
in areas with environmental restrictions.

In many countries, financial incentives for the transi-
tion to electric transport are created through a combina-
tion of subsidies, tax breaks and reductions in certain fees
associated with vehicle registration and operation. Addi-
tional incentives may include discounted or free access to
parking in cities and tiered charging tariffs. The practice
of supporting electric mobility in Ukraine has included
exemption from value-added tax on imports, the absence
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of excise duty and import duties, as well as reduced regis-
tration fees; at the local level, specific measures were im-
plemented regarding parking and the use of public trans-
port lanes, whilst programmes supporting investment in
electric transport and charging infrastructure were avail-
able for legal entities. The validity of certain preferential
schemes was time-limited and specified as remaining in
force until 2026. Despite the technological advantages
and incentives, the economic viability of investments in
the electrification of the commercial vehicle fleet requires
a quantitative financial justification, taking into account
the operational profile, electricity tariffs and assump-
tions regarding residual value. In the context of further
analysis, such justification is provided by the calculation
of the break-even annual mileage and the marginal pur-
chase price of an electric vehicle, at which the levelised
cost of ownership is equal to that of a comparable vehicle
equipped with an internal combustion engine.

The break-even annual mileage of an electric com-
mercial vehicle is determined by formula (3) as the thresh-
old value of annual mileage at which the discounted
ownership costs of the electric van equal the discounted
ownership costs of a diesel counterpart. The threshold
value is interpreted as the limit beyond which the electric
van provides a lower total cost of ownership compared to
a vehicle equipped with an internal combustion engine,
under fixed assumptions regarding service life, discount
rate, cost structure and residual value. To demonstrate the
application of this approach, a model scenario comparing
a diesel van and a similar electric van is considered. The
FORD TRANSIT VAN 350 TREND is taken as the base ve-
hicle with an internal combustion engine, and the FORD
E-TRANSIT VAN 350 as the electric alternative; the gross
vehicle weight is 3,500 kg. The initial prices and technical
parameters are based on the manufacturer’s price lists,
and the numerical cost values are used as illustrative in-
put parameters for the model example, fixed as of 2025.
The annual mileage in the model example is assumed to
be 60,000 km, the useful life is 10 years, and the discount
rate is 5%. There is no single discount rate for all enterpris-
es in Ukraine, as it is determined individually for a specific
project, asset or company. In the model example, a dis-
count rate of 5% is adopted as a standard assumption for
discounting costs over time; in practical calculations, the
discount rate may vary depending on the cost of capital
and the level of risk.

To standardise subsequent calculations, costs are di-
vided into the capital (investment) component of own-
ership, fixed annual costs and variable costs per 1 km of
mileage. Capital costs include the initial cost of the vehi-
cle and an assumption regarding the residual value at the
end of the operating period. In the model parameters, the
initial cost of a diesel van is UAH 1,935,734, and that of
an electric van is UAH 3,316,615 (Ford, n.d.). Different re-
sidual value rates have been applied, as the depreciation
patterns for internal combustion engine vans and electric
vans differ. For the diesel van, the residual value ratio is
set at 35% as a generalised assumption based on a review
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of market offers for similar vehicles with a service life of
around 10 years on the AUTO.RIA website. For electric
vans of a comparable class, long-term resale statistics
are less certain, and the risk of additional depreciation
is linked to the potential degradation of the battery after
prolonged use; in view of this, a more conservative resid-
ual value of 25% of the original price has been adopted in
the model example.

Annual fixed costs include insurance and the driver’s
salary. In this example, the average cost of van insurance,
based on quotes from leading insurance companies in
Kyiv, is assumed to be UAH 10,486.17 per year. The driver’s
salary is set at UAH 360,000 per year; the total annual fixed
costs amount to UAH 370,486.17. The uniformity of these
fixed costs in the model example is due to the fact that the
driver’s salary does not depend on the type of power plant,
whilst insurance costs for vans are determined primarily
by the vehicle category and insurance terms, rather than
the type of fuel. Variable costs per 1 km are calculated as
the sum of energy costs, maintenance costs and associat-
ed operating costs, which depend on mileage. According
to the FORD TRANSIT VAN 350 TREND price list, diesel
fuel consumption can be up to 10.5 litres per 100 km;
for the purposes of this calculation, 11 litres per 100 km
has been used as a conservative estimate. For the FORD
E-TRANSIT VAN 350, the price list specifies an electricity
consumption range of 26-38 kWh per 100 km; in the mod-
el example, an average value of 32 kWh per 100 km has

been adopted. The price of diesel fuel is set at UAH 58.99
per litre as the baseline parameter for the model example,
based on pricing from a large network of petrol stations.
The cost of electricity is differentiated depending on the
charging scenario: for the on-site charging scenario, two
indicative tariffs of 6 and UAH 10 per 1 kWh are used, and
for commercial charging infrastructure — UAH 13.50 per
1 kWh for the slow alternating current (AC) charging sce-
nario and UAH 18.50/kWh for the fast direct current (DC)
charging scenario (Ford, n.d..).

Maintenance costs are calculated based on scheduled
intervals. For a diesel van, the indicative cost of a single
service is set at UAH 8,000 for a 15,000 km interval. For
the electric van, maintenance costs are assumed to be
50% lower, or UAH 4,000 for the same interval, in line with
general findings regarding lower maintenance costs for
electric transport compared to fossil fuel-powered trans-
port (Heisel, 2020; Denzadnem, 2025). Variable costs also
include washing costs of UAH 300 per 1,000 km of mileage
and tyre costs: the average cost of a set of tyres is assumed
to be UAH 21,494 for an expected mileage of 60,000 km. A
separate environmental tax on CO, emissions for a diesel
van is not itemised in the company’s costs, as the relevant
fiscal components are factored into the final fuel price.
Based on these assumptions, the aggregated values for
capital costs, variable costs per 1 km and fixed costs are
presented in Table 1 and used to further determine the
threshold mileage for the charging scenarios.

Table 1. Data used for the break-even model calculation

Cost category Diesel van (ICE) Typical electric van (EV)
Initial purchase cost (P) UAH 1,935,734 UAH 3,316,615
Residual value () UAH 677,506.90 (35%) UAH 829,153.75 (25%)
Service life (T) 10 years 10 years
*Annual fixed costs (annual insurance, UAH 10,486.17 + UAH 10,486.17 +
annual driver salary) (F) UAH 360,000=UAH 370,486.17 UAH 360,000=UAH 370,486.17
Variable costs per kilometre (V):
UAH 1.92/km
(32 kWh/100 km x UAH 6/kWh)
UAH 3.20/km
. (32 kWh/100 km x UAH 10/kWh)
Fuel/electricity UAH 6.49/km (11 L/100 km x UAH 59/L) UAH 4.32/km
(32 kWh/100 km x UAH 13.50/kWh)
UAH 5.92/km
(32 kWh/100 km x UAH 18.50/kWh)
Maintenance and repairs UAH 0.53/km UAH 0.27/km
. UAH 0.30/km UAH 0.30/km
Other costs (washing, tyres) UAH 0.36/km UAH 0.36/km
UAH 2.85/km (UAH 6/kWh)
Total variable costs per kilometre UAH 7.68/km %ﬁtlzzg};mm ((?\1(‘3111121{;1‘1“1’;))
UAH 6.85/km (DC charging)

Source: compiled by the authors

The parameters presented in Table 1 were used to de-
termine the break-even annual mileage threshold for an
electric van using the approach proposed in this study.
The calculations were performed using a scenario-based
framework, as the charging tariff represents the principal
source of uncertainty affecting the electric van and di-
rectly influences its variable costs per kilometre travelled.
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Given fixed assumptions regarding service life, discount
rate, initial purchase prices, and residual value percent-
ages, only the energy component of the electric van’s
variable costs changes across scenarios. For the diesel
van, the assumptions relating to fuel price and fuel con-
sumption remain unchanged. The results confirm that
an increase in the charging tariff reduces the difference



between the variable costs of the electric van and its die-
sel counterpart. Under the scenario of charging at the
company at a tariff of UAH 6/kWh, the variable costs of
the electric van amount to UAH 2.85/km, whereas for the
diesel van they amount to UAH 7.68/km; under the sce-
nario of charging at the company premises at a rate of
UAH 10/kWh, the variable costs of the electric van rise
to UAH 4.13/km. The switch to commercial charging
rates further increases the variable costs of the electric
van to 5.25 UAH/km under the scenario of charging at
a slow charging station (AC) and to UAH 6.85/km when
charging at a fast charging station (DC), which brings the
electric van’s cost profile closer to that of its diesel coun-
terpart and increases the break-even mileage required to
offset the higher initial cost of electric transport under
the model’s assumptions.

The resulting break-even annual mileage thresholds
demonstrate a pronounced dependence on the charg-
ing tariff. Under the scenario of charging at company
premises at UAH 6/kWh, the break-even annual mileage
is 34,529 km per year. Under the scenario of charging at
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company premises at UAH 10/kWh, the threshold in-
creases to 46,979 km per year, reflecting the reduction in
savings from lower variable costs. For commercial charg-
ing modes, the break-even points increase significantly:
68,631 km/year for the slow charging station (AC) scenar-
io and 200,932 km/year for the fast charging station (DC)
scenario. This trend is explained by the fact that, at high
charging tariffs, the difference in variable costs between an
electric van and a diesel van becomes insufficient to offset
the capital component of ownership within the scope of
practically typical operating modes for a commercial van.
The practical interpretation of the results is that achiev-
ing economic parity based on the criterion of levelised
cost of ownership requires a combination of sufficient us-
age intensity and an affordable charging tariff. Under the
given parameters of the model example, lower corporate
charging tariffs significantly reduce the threshold mile-
age, whilst commercial charging infrastructure tariffs shift
the threshold value into the high annual mileage range. A
graphical representation of the obtained threshold values
is shown in Figure 2.

)]

&= 280

40,000 50,000 60,000 70,000 80,000

Annual mileage, km

PV (TCO) of the electric vehicle under the on-site charging scenario at a tariff of UAH 6/kWh;
PV (TCO) of the electric vehicle under the on-site charging scenario at a tariff of UAH 10/kWh;
PV (TCO) of the electric vehicle under the commercial charging station scenario using AC charging;
—=e— PV (TCO) of the electric vehicle under the commercial charging station scenario using DC fast charging;
- ® - Break-even annual mileage of the electric vehicle under the on-site charging scenario at a tariff of UAH 6/kWh;
= @ - Break-even annual mileage of the electric vehicle under the on-site charging scenario at a tariff of UAH 10/kWh;
—— Break-even annual mileage of the electric vehicle under the commercial charging station scenario using AC charging.

Figure 2. Break-even range graph for an electric vehicle

Source: compiled by the authors

The break-even annual mileage chart provides a
visual representation of the threshold at which the use of
an electric van becomes economically viable compared
with a diesel equivalent under different charging scenar-
ios. Its interpretation is based on identifying the mileage
threshold beyond which the lower variable operating costs
of the electric vehicle offset its higher initial purchase cost.
The results indicate that the economic performance of the
electric van is highly dependent on both the charging tariff
and the intensity of vehicle utilisation. As electricity prices
increase, the break-even mileage also rises, reducing the
economic attractiveness of electric vehicles for business-
es with relatively low annual mileage. Determining the
threshold, or maximum acceptable, purchase price (initial
cost) of an electric van involves identifying the acquisition

price at which the present value of total ownership costs
of the electric van, for a given service life and expected an-
nual mileage, reaches parity with the corresponding val-
ue for a diesel equivalent. When the purchase price falls
below this threshold, the electric van gains an economic
advantage according to the criterion of discounted own-
ership costs, taking residual value into account. The cal-
culations were performed using the approach presented
in Equation (4), applying the same assumptions regarding
service life, discount rate, capital cost component, annual
fixed costs, and variable costs per kilometre as those used
in the previous model example. The only unknown varia-
ble is the initial purchase price of the electric van, which is
determined as the threshold value. The input parameters
used in the analysis are summarised in Table 2.
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Table 2. Data used for calculating the maximum initial purchase price

of an electric vehicle below which its purchase is economically advantageous

Cost category

Initial purchase cost (P)

Diesel van

UAH 1,935,734

Typical electric van

Maximum purchase price to be determined

Residual value (a)

UAH 677,506.90 (35%)

Residual value of the electric vehicle: 25%

Service life (T)

10 years

10 years

Annual fixed costs
(insurance, annual driver’s salary) (F)

UAH 10,486.17 + UAH 360,000=
UAH 370,486.17

UAH 10,486.17 + UAH 360,000 =UAH 370,486.17

Variable costs per kilometre (V):

Fuel/electricity

UAH 6.49/km (11 L/100 km x UAH 59/L)

UAH 1.92/km
(32 kWh/100 km x UAH 6/kWh)
UAH 3.20/km
32 kWh/100 km x UAH 10/kWh)
UAH 4.32/km
(32 kWh/100 km x UAH 13.50/kWh)
UAH 5.92/km
(32 kWh/100 km x UAH 18.50/kWh)

Maintenance and repairs

UAH 0.53/km

UAH 0.27/km

Other costs (washing, tyres)

UAH 0.30/km
UAH 0.36/km

UAH 0.30/km
UAH 0.36/km

Total variable costs per kilometre

UAH 7.68/km (based on a fuel
consumption rate of 11 L/100 km)

UAH 2.85/km (based on electricity consumption
of 32 kWh/100 km and charging at the
indicative minimum commercial tariff)
UAH 4.13/km (based on electricity consumption
of 32 kWh/100 km and charging at the
maximum commercial tariff)

UAH 5.25/km (based on electricity consumption
of 32 kWh/100 km and charging at a commercial
charging station using AC charging)

UAH 6.85/km (based on electricity consumption
of 32 kWh/100 km and charging at a commercial
charging station using DC fast charging)

Source: compiled by the authors

The results obtained demonstrate that the threshold
purchase price of an electric van is scenario-dependent
and determined primarily by the charging tariff, which
directly influences the variable cost per kilometre trav-
elled. Assuming an expected annual mileage of 60,000 km
and all other parameters of the model example remain-
ing unchanged, the maximum initial purchase price of
the electric van amounts to UAH 4,438,825.82 under the
scenario of charging at company premises at a tariff of
UAH 6/kWh and UAH 3,738,277.62 under the scenario
of charging at company premises at a tariff of UAH 10/
kWh. For commercial charging scenarios, the threshold
values decrease to UAH 3,125,297.94 when using alter-
nating current (AC) charging at a tariff of UAH 13.50/kWh
and to UAH 2,249,612.70 when using direct current (DC)
fast charging at a tariff of UAH 18.50/kWh. The decline in
the threshold purchase price as charging tariffs increase
is explained by the reduction in the difference between
the variable costs of the electric van and those of the die-
sel equivalent. As a result, achieving parity in discounted
ownership costs requires a lower permissible initial pur-
chase price for the electric van.

Comparing these threshold values with the dealer
price of the FORD E-TRANSIT VAN 350 used in the model
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example allows the practical viability of the purchase de-
cision to be assessed. Under the scenarios of charging at
company premises at tariffs of UAH 6/kWh and UAH 10/
kWh, the actual purchase price of the electric van remains
below the corresponding threshold values, indicating
that the investment is economically justified according
to the criterion of discounted ownership costs. Under the
commercial charging scenarios (AC and DC), however,
the actual purchase price exceeds the threshold values,
indicating that the electric van does not provide an eco-
nomic advantage within the assumptions adopted in the
model. The validity of the calculated threshold values is
confirmed through a parity verification procedure. Sub-
stituting the calculated threshold purchase price into the
expression for the present value of total cost of ownership
of the electric van yields equality between the discounted
ownership costs of the electric van and those of the diesel
equivalent, subject only to rounding differences. The pres-
ent value of total cost of ownership for both the electric
van and the comparable internal combustion engine vehi-
cle amounts to UAH 7,938,774.99. A graphical representa-
tion of the relationship between the threshold purchase
price and annual mileage under the different charging
scenarios is presented in Figure 3.



5,000,000
4,500,000
4,000,000
3,500,000
3,000,000
2,500,000

2,000,000 °

1,500,000
1,000,000
500,000

0

0

Porfirenko & Luhovtsov

10,000 30,000 50,000

—e—EV: charging at company premises at an indicative tariff of UAH 6/kWh
—e— EV: charging at company premises at an indicative tariff of UAH 10/kWh
EV: charging at a commercial charging station using AC charging
EV: charging at a commercial charging station using DC fast charging

20,000 40,000 60,000

Figure 3. Maximum initial purchase price of a new electric vehicle
below which its purchase is economically advantageous

70,000

61

Source: compiled by the authors

Thus, the relationship shown in Figure 3 between
the marginal (maximum permissible) purchase price of
an electric van and annual mileage reflects the threshold
conditions for parity in terms of the levelised cost of own-
ership compared to an equivalent model equipped with
an internal combustion engine, under various charging
scenarios. As annual mileage increases, the acceptable
purchase price of an electric vehicle rises, as savings on
variable costs are realised to a greater extent, whilst an in-
crease in the charging tariff reduces the acceptable price
due to rising operating costs. The practical application
of the resulting diagram lies in a quick feasibility check:
if the actual market price of an electric van is lower than
the corresponding curve for a given mileage and charging
scenario, then economic parity or the advantage of elec-
tric transport is achieved based on the criterion of the dis-
counted total cost of ownership.

A considerable number of studies have been devot-
ed to this topic; for instance, E. Figenbaum’s (2022) study
focuses on a retrospective assessment of the total cost of
ownership of battery electric vehicles using Norway as a
case study. The study shows that conclusions regarding
the economic viability of electric transport depend signif-
icantly on market conditions and incentive policies, as it
is the combination of initial investment, operating costs
and tax incentive mechanisms that determines the final
level of ownership costs. In this context, electric vehicles
may prove competitive; however, the outcome is scenar-
io-dependent and requires consideration of local parame-
ters. In the public transport segment, H. Sistig et al. (2025)
point out that the electrification of bus fleets is linked not
only to costs but also to operational parameters, including
the need for charging capacity.

K. Shepurov (2025) investigated various methods
of charging batteries and their impact on the feasibili-
ty of using electric buses, demonstrating that the choice
of charging strategies for electric buses and the location

of charging infrastructure influence operational organi-
sation and cost components. The study by C. Gil Ribeiro
& S. Silveira (2024) aims to assess the impact of financial
incentives on the total cost of ownership of electric light
commercial vehicles in EU countries. The study empha-
sises that support mechanisms can significantly alter the
cost parity between electric and conventional vehicles by
reducing the investment component, and that the effect
of incentives varies across different countries and com-
mercial usage segments. The study’s conclusions confirm
that assessments of the economic viability of fleet electri-
fication must take into account institutional conditions,
cost structures and operating profiles.

The study by J. Bauer et al. (2025) analyses how en-
ergy prices affect the total cost of ownership of battery
electric vehicles. The results of the study emphasise
that the energy component of operating costs is the key
source of variability in conclusions regarding subsidies
and charging profiles, and that different charging profiles
and electricity pricing regimes can alter the compara-
tive attractiveness of electric transport. This conclusion
is consistent with the threshold values obtained by the
authors in a model example, where the charging tariff
influences the break-even mileage and the maximum
acceptable purchase price. P. Migzek & L. Zhang (2025)
compared the total cost of ownership of electric and
conventional lorries in the Polish context. The study
emphasises that for the freight segment, the critical fac-
tors are operating intensity, infrastructure conditions
and cost structure, and that conclusions regarding the
viability of electric lorries depend on a combination of
capital investment and variable costs. Consequently, the
economic viability of freight transport electrification is
evident only under certain mileage and energy supply
conditions, which correlates with the concept of thresh-
old criteria used in this article. The study by M. Woody et
al. (2024) aims to compare the total cost of ownership of
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electric and petrol-powered vehicles in various US cities.
The study shows that even with the same vehicle tech-
nology, the final economic assessment varies depending
on the local environment, in particular the structure of
tariffs, energy prices and operating conditions. The study
by L.-1. Dulédu (2024), conducted using Romania as a case
study, also demonstrates that TCO assessment results are
sensitive to the set of initial assumptions and the usage
profile. Taken together, these publications confirm that a
numerical conclusion regarding the cost-effectiveness of
electric transport should be interpreted not as universal,
but as a result for a specific set of conditions.

Unlike the cited works, in which total cost of own-
ership is mostly used to compare alternatives in specific
markets or under given scenarios, this article focuses on
developing an applied analytical toolkit for operational
decisions. The proposed approach allows break-even to
be determined in two complementary ways: via the min-
imum annual mileage threshold and via the maximum
permissible purchase price of an electric vehicle, at which
the present value of ownership costs is equal to that of an
internal combustion engine equivalent. This formulation
establishes a decision-making algorithm for commercial
use: under specified operating conditions and tariffs, it is
possible to determine threshold values that distinguish
the zone of economic advantage for electric transport
from the zone in which traditional transport remains the
more economically justified option.

Conclusions
Electric vehicles are not always economically advanta-
geous in business operations, as their viability is deter-
mined not only by environmental benefits but primarily
by the cost structure and operating conditions. Decisions
regarding the replacement of commercial vehicle fleets
with electric vehicles or comparable internal combus-
tion engine (ICE) vehicles are highly context-dependent
and influenced by annual mileage, energy and charging
tariffs, maintenance and servicing costs, service life, as-
sumptions concerning residual value, and the presence or
absence of financial incentives. This article proposes an
analytical approach based on the concept of total cost of
ownership (TCO) and the break-even principle, enabling
the economic feasibility of transitioning to electric trans-
port to be formalised. The study presents formulas for
calculating the break-even annual mileage of an electric
vehicle, above which its use becomes economically pref-
erable to an ICE alternative, as well as a formula for deter-
mining the maximum initial purchase price of an electric
vehicle below which its acquisition is economically justi-
fied. These formulas provide business owners with clear
and practical decision-making criteria. Such an approach
makes it possible not only to determine whether an elec-
tric vehicle is economically advantageous but also to
identify the threshold values of key operating parameters
at which it enters the zone of economic superiority. The
proposed formulas and the economic calculations based
upon them confirm the hypothesis that there are specific
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conditions under which the operation of electric vehicles
can be profitable and that these conditions should be met
to ensure economic viability.

Within the model example (10-year horizon, 5% dis-
count rate), the threshold indicators vary significantly
depending on the charging tariff. The break-even annual
mileage amounts to 34,529 km per year under the scenario
of charging the electric van at company premises at UAH 6/
kWh and 46,979 km per year under the scenario of charg-
ing at UAH 10/kWh. For commercial charging, however,
the thresholds increase to 68,631 km per year when using
AC charging (UAH 13.50/kWh) and to 200,932 km per year
when relying exclusively on DC fast charging (UAH 18.50/
kWh). For an annual mileage of 60,000 km, the maximum
initial purchase price of an electric van that ensures par-
ity in discounted ownership costs with a diesel equiva-
lent amounts to UAH 4,438,825.82; UAH 3,738,277.62;
UAH 3,125,297.94; and UAH 2,249,612.70, respectively,
for the charging scenarios considered. The corresponding
PV(TCO) value at the parity pointequals UAH 7,938,774.99.
These calculations reflect only the economic dimension
of the transition to electric transport and do not account
for the positive environmental and social benefits associ-
ated with the adoption of electric vehicles. If national or
municipal authorities seek to promote a cleaner and safer
environment, financial resources should be allocated to
support this objective through subsidies and substantial
incentives that reduce the financial burden of purchasing
and operating electric vehicles.

In conclusion, the proposed set of formulas and the
procedure for their application can serve as a universal
decision-support tool for business owners. Using their
own operational data, firms can perform tailored calcula-
tions, compare alternative technologies (electric vehicles
versus ICE vehicles), and justify fleet renewal decisions
according to their specific business circumstances. Fur-
ther research into the application and operation of elec-
tric vehicles should focus on improving the profitability
and economic viability of their commercial use, as well
as increasing the distance that electric vehicles can trav-
el between charges, reducing battery charging time and
cost, and creating the conditions and capabilities neces-
sary for the use of electric vehicles in international and
intercity transport. This may be achieved through the
implementation of a modular principle based on stand-
ardised and interchangeable battery packs, the rapid and
cost-effective replacement of which would allow opera-
tors to avoid the lengthy charging process currently asso-
ciated with electric vehicles.
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AHoTauif. Enexrpudikariis KoMepuifHOTO TPaHCHIOPTY PpO3MIANAETHCA AK IEePCIeKTUBHUN HaNpsaM
3HIDKEHHS eKCITyaTallilHuX BUTPAT i JIOKAJbHUX BUKHUJIB, ONHAK €KOHOMiYHA BUTOfa €JIEKTPOTPAHCIOPTY He
€ yHiBepcaJbHOIO Ta 3ajle’KUTh Bifi YMOB BHUKOPHUCTAaHHA. AKTYaJbHICTB NOC/II)KeHHS 3yMOBJIEHA IOTPebOoI0
MiJIPUEMCTB MaTH KildbKicHI KpuTepii BHOOpPY MiXK eJeKTPUYHMM KOMEpLiHMM TPaHCHOPTHHUM 3acoboM i
aHAJIOTOM Ha BUKOITHOMY ITaJIMBi 3a Pi3HMUX pe)KUMiB eKcILTyaranii Ta TapudiB eHepronocrayaHHs. Mera po6oTu
noJsisArana y GopMyBaHHI pO3paxyHKOBOTO MiAX0AY /i1 BU3HAYeHHsI 6e330UTKOBOTO PiYHOTO MPOOIry, moHa I SKUI
BUKOPHUCTAHHSA €JIEKTPOTPAHCIIOPTY CTAa€ EKOHOMIYHO JOIITBHUM, a TAKOK TPAaHUYHOI, MAKCUMAJIBHO JTOITyCTUMOT
iHU IpUAOAHHSA eJIEKTPUIHOT0 TPAHCIIOPTHOTO 3aco0y, HUKYe sIKO1 MOTO MpUAOaHHS € eKOHOMIYHO BUIIPABJAAHUM.
MeToau qOCTiIKeHHS BRIIOYA/IN TOPiBHAJIBHUHN aHaJIi3 eKOHOMIYHOI TOIIbHOCTI aIBTEPHATUB; aHAJIi3 BTOPUHHUX
JAHMX OO ITiH, TapudiB i BUTpaT Ha 0OCIYroBYBaHHA 11 (OpMYBaHHSA BXiJHUX TapaMeTpiB MojeJli; eKOHOMIKO-
MaTeMaTUYHe MOJeI0BaHHs Ha OCHOBI CyKyITHOI BapTOCTi BOJIOMiHHS; aHATITUIHNUN METOJ [JIs1 BUBeleHHA (DOPMYJI
6e330UTKOBOCTI; CIleHapHUI aHaJIi3 pi3HUX BapiaHTIB 3apsAIKaHHA eJIeKTPOMO0isis; BpaxyBaHHs YacoBOi BapTOCTi
rpoimeii yepe3 TUCKOHTHY CTaBKY Ta Koe(illieHT IpuBeleHHA aHyiTeTy. Y Me)Kax MOZIeIbHOTO IPUKJIAAY (TOPU30HT
10 pokiB, cTaBKa IUCKOHTY 5 %) BCTAaHOBJIEHO, 1[0 6€330UTKOBUI piuyHNI IPOOIr esTeKTPodyproHa KOJIUBAETHCA Bif
34529 10 200 932 kM 3a71€3KHO Bif Tapu @y Ta ciocoby 3apsiikanHs, a 3ampoobiry 60 000 kM/pik rpaHNYHA EKOHOMIYHO
JOIlJIbHA IiHA oT0 IpUAOAHHS CTAHOBUTH BiX 2,25 10 4,44 MJIH TPH. Y CTATTi IPOBeJeHO aHaMi3 (haKkTopiB, 10
BH3HAYAIOTh JOIUIBHICTh IEPEX0oAy Ha eJeKTPOMOOLTi, OLiHEHO BIJIMB IOYATKOBUX iHBECTUIiH, omepariiHux
BUTpAT Ta iCHyI0UMX MeXaHi3MiB MiJTPUMKHU Ha 3arajabHy eKOHOMIUHY JOIIJIbHICTE BUKOPUCTAHHSA eJIEKTPOMOOiTiB
y HOiJOIpUEMHUIBKIA AiATBHOCTI. A TaKO)X 3alPONOHOBAHO (opMynH IJjis po3paxyHKy 06e330UTKOBOro Ipobiry
eJIEKTPOMODOiTiB Ta MaKCUMaJIbHOI ITepBiCHOI BapTOCTi eJ1eKTPOMOOLIiB HIYKUYe KOTPOI IX KynmyBaTu BUTIAHO AJId
pi3HHUX BUAIB KOMEPI[IHHOr0 BUKOPUCTaHHA. [IpakTUYHA IiHHICTh POOOTH MOJIATAE B MOYKJIUBOCTI 3aCTOCYBaHHSA
3aMpoINOHOBaHUX (GOPMYJ HiANPHUEMCTBAMHU TPAHCIOPTHO-JIOTICTUYHOTO CEKTOPY Ta BJIACHUKAMU KOMEpLilHUX
aBTOIAPKIB JJ14 0OI'PYHTYBaHHA PillleHb II0JJ0 OHOBJIEHHA MTapKy Ha OCHOBI IpUBeJeHNUX BUTPAT BOJIOAIHHA
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Abstract. The structural transformation of international transport flows after 2022 resulted in a disproportionate
distribution of transport demand across Ukraine’s international road border crossing points (IRBCPs), leading to
congestion at certain crossing points and prolonged queues. The aim of this article was to substantiate a mechanism
for balancing freight flows between international road border crossing points in order to improve the efficiency of
international freight transport under conditions of uneven utilisation of border infrastructure. The methodological
framework of the study was based on queueing theory (a multi-channel M/G/s system with the Allen-Cunneen
approximation), combined with scenario analysis and normalised multi-criteria assessment methods. To ensure the
reproducibility of the results, a separate methodological section was included to justify the procedure for determining all
key model parameters (4, 4, s, ¢, ¢). The article investigated the problem of uneven utilisation of Ukraine’s international
road border crossing points under conditions of the structural transformation of international transport flows. It has
been established that changes in the geography of foreign trade routes have led to an imbalance in the utilisation of
border infrastructure, resulting in the systematic overloading of certain border crossing points. An adaptive mechanism
for balancing freight flows between IRBCPs based on an integral efficiency criterion has been developed. A dedicated
methodology section has been introduced to justify the procedure for obtaining the model parameters. The results of
the scenario modelling confirmed the effectiveness of the proposed approach, reducing the utilisation factor (p) of the
Krakovets-Korczowa IRBCP from 1.05 to 0.63-0.74 and decreasing the average queue waiting time (W,) from more than
72 hours to 2.3-7.2 hours. The proposed mechanism enables the prompt redistribution of freight flows between IRBCPs
without requiring capital investment in border infrastructure, thereby significantly reducing the economic losses
incurred by freight carriers as a result of prolonged delays at the border

Keywords: transport and technological process; M/G/s; queueing theory; logistics; e-Queue; digitalisation

Introduction

Following 2022, Ukraine’s international freight transport
system underwent a substantial transformation driven by
changes in the structure of foreign trade flows, the reori-
entation of logistics routes, and a sharp increase in the uti-
lisation of international road border crossing points (IRB-
CPs). According to The State Border Guard Service (2024)
and Solidarity Lanes: Latest Figures (2025a), restrictions

on the capacity of maritime and rail transport corridors
resulted in a significant proportion of export and import
freight being redirected to road transport, leading to a
systematic increase in traffic intensity at Ukraine’s west-
ern border crossings. According to Solidarity Lanes: Latest
Figures (2025b), the Polish corridor experienced the high-
est level of demand, accounting for approximately 48%
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of Ukraine’s international road freight transport in 2025.
This asymmetry in freight flows resulted in the persistent
overloading of several IRBCPs, particularly Krakovets-Ko-
rczowa, Rava-Ruska-Hrebenne, and Yahodyn-Dorohusk,
while the Hungarian and Slovak corridors retained sub-
stantial spare capacity. During peak periods, the average
waiting time for vehicles at certain IRBCPs exceeds 60-72
hours, with maximum waiting times surpassing 240 hours
(Solidarity Lanes: Latest Figures, 2025b). As noted by the
European Commission (2025) and K. Prytula et al. (2022),
conventional approaches to alleviating congestion at
IRBCPs, such as reconstructing border infrastructure or
increasing the number of service channels, require con-
siderable capital investment and long implementation
periods of five to ten years. Consequently, the develop-
ment of a freight flow balancing mechanism between IR-
BCPs using digital decision-support systems has become
particularly relevant.

Numerous contemporary studies have examined the
operation of international transport and technological
systems and the management of transport flows under
conditions of congested border infrastructure. In particu-
lar, the studies by M. Golnar & B. Beskovnik (2022), and
B. Stewart et al. (2023), explored the application of queue-
ing theory and multi-criteria decision-making methods
to evaluate the performance of border crossing points.
AXK. Jain et al. (2023) analysed approaches to optimis-
ing multimodal transport networks under conditions of
stochastic demand, the digital transformation of supply
chains, inter-organisational integration of information
systems, enhancing the resilience of transport and logistics
networks to external disruptions, developing intermodal
freight transport between Ukraine and Poland, forecasting
waiting times at border crossings using machine learning
techniques, and modelling and optimising border service
systems using a simulation-based multi-criteria decision
analysis approach. D. Ivanov & A. Dolgui (2021) introduced
the concept of the ripple effect, explaining how conges-
tion at a single IRBCP propagates disruption throughout
the entire transport corridor. The freight flow balancing
mechanism proposed in this study effectively implements
the principle of structural resilience through route diver-
sification, consistent with the recommendations of these
authors. Its distinguishing feature lies in adapting this
concept to the specific characteristics of border logistics,
where traffic redistribution is constrained by the fixed geo-
graphical distribution of IRBCPs and customs regulations.
The study by L. Jacyna-Golda et al. (2024) confirmed that
the development of intermodal transport routes between
Ukraine and Poland is essential for reducing the utilisation
of road border crossing points. The integration of a border
logistics hub proposed in the present study represents a
specific organisational and technological mechanism for
implementing this approach, complementing the strate-
gic recommendations of that research with an operational
decision-making framework.

Nevertheless, the majority of existing studies focus
primarily on the local optimisation of individual transport
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nodes without comprehensively addressing the asymme-
try of international freight flows between border corridors.
Adaptive freight flow balancing between alternative IRB-
CPs, taking into account an integral efficiency criterion for
the transport and technological process, remains insuffi-
ciently investigated, thereby highlighting the relevance of
the present research. The aim of this study was to develop
a mechanism for balancing freight flows between inter-
national road border crossing points under conditions of
uneven utilisation of border infrastructure in order to im-
prove the efficiency of the transport and technological pro-
cess of international freight transport. To achieve this aim,
the following objectives were defined: (1) to analyse the
current operation of Ukraine’s IRBCPs under conditions of
structural asymmetry in transport flows; (2) to formalise
and parameterise a mathematical model of an IRBCP as
a multi-channel M/G/s queueing system, including the
procedure for obtaining the required input data; and (3) to
develop and validate an adaptive freight flow balancing
mechanism between IRBCPs using an integral efficien-
cy criterion for the transport and technological process.

Materials and Methods

The study was conducted as an applied modelling inves-
tigation of transport and logistics systems. The methodo-
logical framework was based on queueing theory, specifi-
cally the theory of multi-channel M/G/s systems and the
Allen-Cunneen approximation for estimating the average
waiting time. In addition, scenario analysis and normal-
ised multi-criteria assessment methods were employed
to evaluate alternative transport routes. The object of the
study was the operational system of Ukraine’s internation-
al road border crossing points. The subject of the study
was an adaptive mechanism for balancing freight flows
between IRBCPs under conditions of uneven utilisation of
border infrastructure. The empirical basis comprised data
provided by the Ministry for Development of Communi-
ties and Territories of Ukraine (n.d.) on traffic intensity at
IRBCPs during 2024-2025, together with analytical ma-
terials published by the United Nations Economic Com-
mission for Europe (2025). Data sources were selected ac-
cording to the following criteria: (a) timeliness, covering
the period 2024-2025; (b) reliability, including only official
governmental and scientific sources; and (c) relevance,
with direct applicability to IRBCPs located on the Ukraini-
an-Polish and Ukrainian-Hungarian border corridors.

The vehicle arrival rate (1) was determined as the av-
erage number of freight vehicles per hour during peak op-
erating hours (07:00-19:00) based on data from the State
Border Guard Service of Ukraine for 2024-2025; for the
Krakovets-Korczowa IRBCP, A =22.6 vehicles/h. The ser-
vice rate (1) was calculated as the reciprocal of the aver-
age service time per vehicle, taking into account customs
and border control procedures; the baseline value was
u=2.15 vehicles/h/channel. The number of service chan-
nels (s=10) corresponded to the number of operational
inspection lanes at the IRBCP during the study period.
The coefficients of variation for the arrival process (c,)



and service time (c,) were determined from statistical data
describing the variability of inter-arrival intervals and
service times. IRBCPs were classified according to thresh-
old values of the utilisation factor (p): p > 1 indicated an
overloaded operating regime (donor IRBCP); 0.85<p<1
indicated a critically loaded regime; and p <0.85 indicat-
ed a stable operating regime with reserve service capacity
(recipient IRBCP). The critical threshold value of p,;;=0.85
was selected to preserve sufficient spare capacity for com-
pensating stochastic fluctuations in the arrival rate. The
average waiting time for vehicles in the M/G/s system was
estimated using the following relationship (Allen-Cun-
neen approximation):

W= lp*/ (st -p)] - [(ci +¢) /2] - (1), 1

where W, - the average vehicle waiting time in the queue;
p — the system utilisation factor; ¢, — the coefficient of var-
iation of the inter-arrival times; ¢, — the coefficient of vari-
ation of the service times; s— the number of service chan-
nels; u — the service rate of a single channel.

System utilisation factor:
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p=Al (s, )
where, for p <1, the system operates under stable con-
ditions. As p— 1 a nonlinear increase in W, is observed,
whereas for p <1 the system enters an overloaded regime
characterised by unlimited queue growth.

Results and Discussion

The operation of IRBCPs was modelled as a multi-chan-
nel M/G/s queueing system. Based on the analysis of
materials published by the Ministry for Development of
Communities and Territories of Ukraine (n.d.) concern-
ing the operation of international transport corridors, it
was established that the Polish corridor experienced the
most critical level of utilisation during 2024-2025. At the
Krakovets-Korczowa IRBCP, the system utilisation factor
reached a value corresponding to an overloaded operat-
ing regime:

PKrakovets =

Figure 1 illustrates the relationship between W, and p
for an M/G/s system with parameters c¢,=1.0 and ¢,=0.6.
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Figure 1. Relationship between the average waiting time for vehicles and the system utilisation factor M/G/s

Source: compiled by the author

Analysis of Figure 1 demonstrates the nonlinear na-
ture of this relationship. Within the range p < 0.7, the av-
erage waiting time does not exceed 2 hours and increases
gradually. In the interval 0.7<p <0.9, queue accumulation
accelerates significantly, while as p — 1 W, tends towards
infinity. The practical region of stable system operation
corresponds to p<0.85, which justifies selecting this value
as the threshold for activating the freight flow balancing
mechanism. Practical evidence supporting this theoretical
relationship is provided by the operation of the e-Queue
system. At most IRBCPs, digital slot allocation reduced
W, by 24-70% through a reduction in service time varia-
bility (¢,) (Ministry for Development of Communities and
Territories of Ukraine, 2025). However, no substantial im-
provement was observed at the Krakovets-Korczowa IRB-
CP. When p <1, even a considerable reduction in service
time variability cannot stabilise the system because the
arrival rate exceeds the total service capacity. This finding
is consistent with the conclusions of I. Badi et al. (2026),
who argued that the digitalisation of border procedures is
a necessary but insufficient condition for resolving con-
gestion problems. Within the framework of this study, an
adaptive mechanism for balancing freight flows between

IRBCPs is proposed. A continuous monitoring system re-
cords the current values of A, u, and s and calculates the
utilisation factor (p) for each IRBCP in real time. When the
critical threshold p.,;=0.85 is reached or when p > 1, the
decision-support module initiates the balancing proce-
dure by assessing the available capacity of recipient IRB-
CPs and generating a recommendation to redirect part of
the freight traffic. The criterion for initiating freight flow
balancing is:

p=pei=0.85.

Figure 2 shows a structural diagram of the proposed
mechanism.

The proposed framework comprises four function-
al modules: a monitoring module (collecting real-time
data on A, g, and p from all IRBCPs), an analysis module
(classifying IRBCPs according to threshold values of p and
identifying donor and recipient IRBCPs), a decision-sup-
port module (calculating the integral efficiency indicator,
, for each alternative route and selecting the optimal op-
tion), and an implementation module (generating recom-
mendations for freight carriers through integration with
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the e-Queue system and logistics platforms). Feedback
between the implementation module and the monitor-
ing module enables the effects of traffic redirection to be
monitored continuously and recommendations to be ad-
justed promptly as operating conditions change. The op-
timal route is selected on the basis of the integral efficien-
cy indicator of the transport and technological process:

L=w,-T,+w,-C,+w3-R+w,- S+ w;s-E, 3)
where T, - the normalised delivery time indicator; C, —
the normalised transport cost indicator; R - the delivery
reliability indicator; S - the service quality indicator; E—
the environmental indicator; w; — the weighting coeffi-
cients Qw;=1).

Traffic flow

v

1. Monitoring of IRBCP parameters (queue length, waiting time, p, ¢, ¢, route availability)

service time variability)

g
v
’ 2. System parameter evaluation (p, W,
v
*
4a. Donor IRBCP (overloaded) p > 1
A 4

3. Decision support module (waiting time forecasting, route optimisation, selection of an alternative IRBCP)

4b. Recipient IRBCP (spare capacity available) p < 0.85

5. Freight flow redirection (adaptive freight routing)

<« Feedback

Figure 2. Structural diagram of the adaptive freight flow balancing mechanism
between international road border crossing points

Source: developed by the author

Normalisation is performed using linear scaling with-
in the range [0, 1]. The weighting coefficients are deter-
mined using the AHP, taking into account the priorities of
the individual freight carrier. To evaluate the effectiveness
of the proposed mechanism, three scenarios were con-
sidered: SO (baseline scenario — no freight flow balanc-
ing), S1 (conservative scenario — partial traffic redirection

combined with digital slot allocation), and S2 (optimistic
scenario — full adaptive freight flow balancing supported
by a border logistics hub). Table 1 presents a comparison
of the baseline, conservative, and optimistic scenarios for
the operation of the Krakovets-Korczowa IRBCP in terms
of arrival rate, service channel utilisation, and average ve-
hicle waiting time.

Table 1. Impact of the freight flow balancing mechanism

on the operational parameters of the Krakovets-Korczowa IRBCP

Parameter Baseline scenario Conservative scenario Optimistic scenario
Arrival rate, A (vehicles/h) 22.6 18.9 15.9
Number of service channels, s 10 10 10

Service rate, u (vehicles/h/channel) 2.15 2.54 2.54
Service time coefficient of variation, c; 0.60 0.25 0.25
Arrival process coefficient of variation, ¢, 1.00 0.35 0.30
Utilisation factor, p (-) 1.05 0.74 0.63

Average waiting time, W, (h) >72 4.8-7.2 2.3-4.1

Source: compiled by the author based on Ministry for Development of Communities and Territories of Ukraine (n.d.)

Analysis of Table 1 reveals several fundamentally
important patterns. In the conservative scenario (S1),
reducing the A from 22.6 to 18.9 vehicles/h is achieved
by redirecting approximately 16% of the freight traffic
to alternative IRBCPs (Rava-Ruska-Hrebenne and Yaho-
dyn-Dorohusk). With the number of service channels re-
maining unchanged (s=10), this reduces the utilisation
factor (p) from an overloaded operating regime (1.05) to
a stable level (0.74). At the same time, the increase in the
service rate (u) to 2.54 vehicles/h/channel results from
the introduction of digital slot allocation, which stand-
ardises vehicle arrival intervals and reduces organisation-
al delays. The reduction in the coefficients of variation
(¢, from 0.60 to 0.25 and ¢, from 1.00 to 0.35) reflects the
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positive effect of the digitalisation of border service pro-
cedures. Consequently, decreases to 4.8-7.2 hours, rep-
resenting a ten- to fifteen-fold reduction compared with
the baseline scenario. In the optimistic scenario (S2), the
further reduction of the arrival rate (4) to 15.9 vehicles/h
is achieved through the active use of a border logistics
hub and intermodal transport routes, reducing the p to
0.63 and the to 2.3-4.1 hours. The difference between the
baseline scenario (S0) and the conservative scenario (S1)
exceeds 65 hours, corresponding to a reduction of more
than 90%, thereby confirming the practical effectiveness
of the proposed mechanism. Table 2 specifies the appli-
cation of the proposed mechanism to actual internation-
al road border crossing points.
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Table 2. Classification of IRBCP by service system utilisation level

IRBCP category Characteristics Value p Recommended action
Exceeds service capacity; Redirection of part of the freight
Donor IRBCP (overloaded) persistent growth in vehicle queues and waiting times p>1 flow to reserve IRBCPs
Critically loaded ngh ut.lhsat'lon' level; cloge to critical operating 0.85<p<1 Partial balapcmg of fr'elg}}t
conditions; periodic congestion and delays may occur flows and stricter monitoring
Available reserve service capacity; o
Recipient IRBCP (reserve) capable of accommodating additional traffic flow p<0.85 Accept?n.ce of additional
. . ) reight flow
without the risk of congestion

Source: compiled by the author based on Solidarity lanes: Latest figures... (2025a; 2025b; 2025c), Ministry for Development of

Communities and Territories of Ukraine (n.d.)

Table 2 presents the classification of IRBCPs accord-
ing to the level of service system utilisation, establishing
threshold values of the utilisation factor (p), the charac-
teristics of each category of border crossing point, and
the corresponding management measures: redirecting
part of the freight flow to reserve IRBCPs, partial freight
flow balancing with enhanced monitoring, or accommo-
dating additional freight traffic. The Krakovets-Korczo-
wa IRBCP, with p ~ 1.05, represents the highest priority
for traffic redistribution. The Rava-Ruska-Hrebenne and
Yahodyn-Dorohusk IRBCPs operate within the critical-
ly loaded range (p ~0.88-0.95). For these crossing points,

800 710

enhanced monitoring involves increasing the frequency
of data updates to once per hour and automatically gener-
ating an alert for the traffic management centre whenever
p increases by 0.05 compared with the previous measure-
ment. The recipient IRBCPs on the Hungarian corridor —
Luzhanka-Beregsurdny, Chop-Zahony, and Uzhhorod-Vy-
$né Nemecké — operated with average utilisation factors of
approximately p ~0.55-0.70, indicating substantial reserve
service capacity for accommodating redirected freight
flows. A comparison of the principal system performance
indicators under the three scenarios (S0, S1, and S2) is
presented in Figure 3.
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Figure 3. Graphical comparison of key performance indicators for the IRBCPs

Source: compiled by the author

Figure 3 demonstrates that freight flow balancing re-
duces traffic intensity from 710 to 530 and 440 vehicles/h
under scenarios S1 and S2, respectively. This is accom-
panied by a reduction in the utilisation factor from 1.05
to 0.74 and 0.63, together with a decrease in the average
waiting time from 72.0 hours to 6.0 and 3.3 hours, indicat-
ing a substantial improvement in the operational stability
of IRBCPs. The practical implementation of the proposed
balancing mechanism involves integrating digital traffic
monitoring systems, the e-Queue system, the e-CMR elec-
tronic consignment note system, and a decision-support
module into a unified information and analytical platform
for managing international freight transport (Regulation
(EU) 2020/1056, 2020; United Nations Economic Commis-
sion for Europe, 2025). The border logistics hub represents
the key organisational and technological component
of the proposed mechanism. Rather than constructing
a new dedicated facility, the concept involves the func-
tional repurposing of existing infrastructure, including
warehouse complexes, customs terminals, and temporary
storage facilities located within 20-50 km of an IRBCP. The
adaptive vehicle redirection algorithm implemented at

the logistics hub operates as follows. Upon vehicle arrival,
the system retrieves the current p for all available IRBCPs,
calculates the for each alternative route, and provides the
driver with a recommendation specifying the optimal IR-
BCP, the estimated average , and the recommended route.
Synchronisation of border-crossing time slots is achieved
through integration between the logistics hub and the
e-Queue system, allowing vehicles to receive a confirmed
crossing slot at the selected IRBCP while still at the hub,
thereby eliminating unproductive waiting near the border.
The intermodal capability of the hub is ensured through
the availability of railway sidings or the organisation of
road-to-rail transhipment operations for freight that can
be redirected to rail border crossings with lower utilisa-
tion levels (Solidarity Lanes: Latest Figures, 2025¢; Min-
istry for Development of Communities and Territories
of Ukraine, n.d.). A practical example is the rerouting of
freight from the Krakovets-Korczowa crossing to the Lu-
zhanka-Beregsurdny IRBCP. The additional detour cost is
approximately EUR 216, corresponding to more than 300
km of additional travel. The economic benefit of freight
flow balancing is:
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AEh = Cdelay - Cdetulm (4)

where AE,, - the economic benefit of balancing, EUR; Cyeiay—
the cost of vehicle delay while queuing; Cy,,.,— the addition-
al cost incurred when travelling via an alternative IRBCP.

With the average daily cost of freight vehicle down-
time estimated at EUR 400-600 and W, >72 hours, the to-
tal losses associated with vehicle delays amount to EUR
1,200-1,800, which is five to eight times greater than the
additional detour costs. A similar effect is observed for the
Rava-Ruska-Yahodyn and Uzhhorod-Chop routes. These
findings should be considered in the context of related re-
search in order to assess the contribution of the proposed
mechanism and identify promising directions for further
development. The approach proposed in this study is con-
ceptually consistent with the work of 1. Badi et al. (2026),
in which queueing theory is combined with MCDM to op-
timise border crossing operations. The principal distinc-
tion is that the cited study focuses on the static evalua-
tion of the configuration of a single border crossing point,
whereas the mechanism proposed here provides dynam-
ic, real-time management of a system of interconnected
IRBCPs. R.S. Sakhare et al. (2024) proposed a methodology
for monitoring delays at road border crossing points using
connected vehicle data, enabling the estimation of wait-
ing times, the ranking of IRBCPs according to their utilisa-
tion levels, and the support of operational decision-mak-
ing for border traffic management. The application of the
, rather than relying solely on the minimisation of travel
time, makes it possible to incorporate economic, reliabil-
ity, and environmental considerations that are particular-
ly relevant to international freight transport. The results
of the scenario analysis, which reduced from more than
72 hours to 2.3-7.2 hours, are comparable with the bene-
fits of adaptive optimisation in hub-and-spoke transport
networks reported by M. Karimi-Mamaghan et al. (2020),
M.H. Akyliz et al. (2023), and J. Zhang et al. (2024). Howev-
er, as noted by W. Xu et al. (2021) and J. Wu et al. (2023), the
specific characteristics of border service systems, where p
may exceed 1 and the system therefore operates beyond
the assumptions of conventional optimisation models, re-
quire the application of queueing theory. This constitutes
a methodological advantage of the present study over ap-
proaches based exclusively on optimisation techniques.
The findings concerning digitalisation, specifically the
reduction of the service time coefficient of variation (c,)
from 0.60 to 0.25 in Scenario S1, are consistent with the
conclusions of H.S. Sternberg et al. (2021), who empha-
sised the critical role of inter-organisational integration.
Their research demonstrated that digital solutions achieve
maximum effectiveness only when customs authorities,
freight carriers, and IRBCP operators are fully synchro-
nised. The practical experience of the e-Queue system
fully supports this conclusion: its limited effectiveness at
the Krakovets-Korczowa IRBCP is attributable primarily
to insufficient organisational integration rather than to
technical limitations of the digital platform itself (Min-
istry for Development of Communities and Territories of
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Ukraine, n.d.). The results regarding carriers’ willingness
to use alternative routes when the economic benefit rang-
es from EUR 550 to EUR 1,600 (the difference between
Cuelaya0d Cyeronr) are consistent with the findings of S. Shar-
ma et al. (2021) and G. Cole et al. (2023). Forecasting W,
provided by the decision-support module, is precisely the
tool that enables freight carriers to make informed routing
decisions before commencing their journey, as highlight-
ed by these authors. Consequently, the proposed mecha-
nism not only addresses the local problem of congestion
at individual IRBCPs but also implements a system-wide
approach to managing freight flows across border infra-
structure, consistent with current trends in the develop-
ment of adaptive logistics systems reported in the con-
temporary scientific literature.

Conclusions

As a result of the study, it was established that one of the
principal causes of congestion at Ukraine’s IRBCPs is the
uneven distribution of freight flows across international
transport corridors, causing queueing systems to enter an
unstable operating regime. The operation of IRBCPs was
formalised as multi-channel M/G/s queueing systems,
and the influence of the utilisation factor p, arrival rate,
and service time variability on the average queue wait-
ing time (W,) was substantiated. It was found that when
p>1, even the digitalisation of border crossing procedures
is insufficient to stabilise traffic flow. An adaptive freight
flow balancing mechanism between IRBCPs was devel-
oped, based on continuous monitoring of p, forecasting of
W, digital decision-support systems, and adaptive traffic
redirection using an integral efficiency criterion (I,) that
incorporates time, economic, reliability, service quality,
and environmental delivery parameters. The results of
the scenario modelling confirmed the effectiveness of the
proposed mechanism, reducing the utilisation factor (p)
of the Krakovets-Korczowa IRBCP from 1.05 to 0.63-0.74
and decreasing W, from more than 72 hours to 2.3-7.2
hours, depending on the scenario. The economic benefits
of traffic redirection exceed the additional detour costs by
a factor of five to eight under the current level of conges-
tion. Practical implementation through the establishment
of a border logistics hub and adaptive routing does not re-
quire large-scale infrastructure reconstruction and could
be implemented within 12-18 months. Future research
should focus on the development of a dynamic model
for forecasting the arrival rate (1) using machine learning
techniques to improve the accuracy of preventive freight
flow balancing and to assess the risk of overloading re-
cipient IRBCPs following traffic redistribution. Particular
attention should also be given to investigating the behav-
ioural factors influencing carriers’ decisions when select-
ing alternative routes, as well as to developing regulatory
mechanisms that encourage the voluntary redistribution
of transport flows between alternative corridors.
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MeXxaHi3M 6aNaHCYBAHHSA BAHTAXKOMOTOKIB MiXK MDKHAQPOAHUMM
AaBTOMOGi/IbHUMM NYHKTAMM NPONYCKY B YMOBAX HEPiBHOMIPHOIo
HABAHTO)KEHHS NPUKOPAOHHOI iHPPACTPYKTYpPH

€nusaseTta [laHinenko
AcnipaHT
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AHoTauif. CTpykTypHa TpaHchopMalis MisKHapOTHUX TPAHCIOPTHUX IIOTOKIB miciaa 2022 poky 3yMoBHIIa
JUCHPONOPLINHUI PO3MOAIJ TPAHCIOPTHOTO HaBAaHTA)KEHHs HA MiPKHApOAHI aBTOMOOUIBHI IYHKTH IIPOIYCKY
(MAIIII) YkpaiHny, Hac/IiIKOM YOro CTa/IU NepeBaHTaKeHHsI OKPEMUX ITYHKTIB IIPOMYCKY Ta TpUBaJi yepru. MeToio
CTarTi cTaj0 OOIPYHTYBaHHS MexaHi3My Oa/laHCYyBaHHSI BAaHTa)KOMOTOKIB Mi’K MiPKHAPOTHUMHU aBTOMOOITbHUMU
IyHKTAMH IIPOIYCKY 3 METOIO MiJBUIIIeHHs e(peKTUBHOCTI MisKHApOIHOI JOCTAaBKY BaHTA’KiB 3a YMOB HEPiBHOMiIPHOTO
HaBAaHTA’KeHHsI MPUKOPIOHHOI iH(pacTpykTypu. MeTOmOJIOTiYHY OCHOBY JOCJIIKEHHsI CKJAJaB amapar Teopil
MacoBoro o6c/IyroByBaHHsA (baraTokaHasnbHa cuctemMa TUIy M/G/s 3 anpokcumariieio AsisieHa-KyHiHa) y moeqHaHHI
3 METOaMH CIIEHAPHOTO aHaJli3y Ta HOPMasIi30BaHOI OaraToKpuUTepiaJbHOI OIHKY, TPUUOMY JIs1 3abe3nedeHHsI
BiITBOpIOBAHOCTI pe3y/IETaTiB BBEAEHO OKPEeMHIl PO3[ia 3 OOIPYHTYBaHHAM IOPSAIKY OTPUMAHHSA BCiX KIIOUYOBHUX
mapaMeTpiB mogesi (A, g4, S, ¢, CJ). Y CTaTTi TOCTiIKeHO TPo0aeMy HepiBHOMIPDHOTO HaBAaHTA)KEHHSI MisKHAPOIHUX
aBTOMOOINBHUX IYHKTIB IMPOIYCKYy YKpaiHM B yMOBaX CTPYKTYpHOI TpaHcdopmarii MiXKHApOTHUX TPAHCIIOPTHUX
MOTOKIB. BcTaHOB/EHO, O 3MiHAa reorpadil 30BHIITHBOTOPTOBEJbHUX MapIIPYTiB MpHU3Besaa M0 IucbansaHcy y
BUKOPUCTAHHI MPUKOPIOHHOI iHPPACTPYKTypH, HACTIAKOM YOTO CTAJ0 CUCTEMAaTHYHe IlepeBaHTaKeHHS OKPEeMUX
MyHKTIB NPOIyCKy. Po3po6/eHo MexaHi3M aJalTUBHOrO OajlaHCYBaHHSA BaHTAKOMOTOKIB Mixk MAIIII Ha OCHOBI
iHTerpaIbHOTO KPUTEPiI0 e(peKTUBHOCTI. BBeleHO OKpeMHI pO3Mil MeTOomoJIoril 3 OOIPYHTYBAaHHSM MOPSIKY
OTpUMaHHA MapaMeTpiB Mojesi. Peayasratu clieHapHOTO MOJe/IOBaHHA MiATBEPAUIN e(dEeKTUBHICTh: 3HUKEHHA
p MAIIII Kpakienp-Kopyosa 3 1,05 1o 0,63-0,74 Ta ckopodenHs W, i3 monHan 72 no 2,3-7,2 roguHu. Po3po0bJieHuit
MeXaHi3M [1a€ 3MOT'y ONEePATUBHO IEPEpPO3MOAUIATH BAaHTAKONOTOKU Misk MAIIII 6e3 KamiTaJlbHUX iHBECTHUIIA B
iH(PpaCTPYKTYpY, 1[0 CYTTEBO 3HUKYE €eKOHOMiUHi BTpaTH NepeBi3HUKIB Bif TpHUBaIUX MIPOCTOIB Ha KOPJOHI

KniouoBi cnoBa: TpaHCIOPTHO-TeXHOJOTiYHUN Tpouec; M/G/s; Teopia MacoBoro o0C/IyroByBaHHS; JIOTICTHKA;
eUepra; nudposisaris
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Abstract. The efficiency of roundabout intersections largely depends on traffic conditions at their exit sections,
in particular the location of public transport stops immediately after the exit or in its vicinity, which reduces capacity
and increases delays due to forced lane-changing manoeuvres and a shortage of acceptable gaps in the traffic stream.
The aim of the study was to develop criteria for reducing traffic delays at the exit of a roundabout in the presence of a
public transport stop, taking into account vehicle lane-changing processes and the critical gap in the adjacent traffic
lane. The study was conducted using principles of traffic flow theory, methods for evaluating intersection capacity, and
approaches for determining critical gaps; it was also shown that delays at roundabout exits are caused by right-lane
blockage by public transport, demand for lane changing, and insufficient acceptable gaps in the adjacent stream within
alocal critical zone. A system of delay-reduction criteria is proposed, based on minimising total delay in the local critical
zone, ensuring consistency between traffic demand and effective exit capacity, and matching lane-changing demand
with the possibility of its execution under existing traffic conditions. Conditions for the transition of the traffic stream to
a critical operating regime were also defined in terms of speed, density, and capacity indicators. To validate the proposed
methodological approach, a computational scenario of a two-lane roundabout exit was considered. With an exit traffic
flow of 1,000 veh/h, adjacent lane flow of 900 veh/h, and an average right-lane blocking time by public transport of
25 s, a lane occupancy coefficient of ¢ =0.125 was obtained, resulting in a reduction of effective capacity to 1,575 veh/h.
Under these conditions, traffic demand does not exceed the effective exit capacity, ensuring stable traffic operation and
enabling lane-changing manoeuvres without the formation of critical delays. The obtained results may be used to justify
the location of urban public transport stops, determine the length of weaving sections, and select organisational and
technical measures aimed at improving the efficiency of roundabout operation and reducing traffic delays

Keywords: traffic management; lane-changing manoeuvres; critical gap; lane blockage; bottlenecks

Introduction
Roundabouts are widely recognised as one of the most roundabouts is strongly influenced by traffic conditions
effective traffic control solutions in urban transportation  at their exit sections, particularly when public transport
systems due to their ability to improve road safety, reduce  stops are located directly at or immediately downstream
the number of conflict points, and maintain continuous  of the exit area. Under such conditions, traffic delays may
traffic movement. However, the operational efficiency of  increase significantly due to the combined effects of lane
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blockage, lane-changing manoeuvres, and limited avail-
ability of acceptable gaps in adjacent traffic streams. Re-
cent research has increasingly focused on the operational
performance of roundabouts under varying traffic con-
ditions. M. Guerrieri (2024) proposed a methodology for
assessing sustainable traffic levels at urban roundabouts
using a macroscopic fundamental diagram approach. The
study demonstrated the importance of traffic density and
speed relationships in determining operational efficiency
and identifying the transition from stable to congested
traffic conditions. H. Jiang et al. (2024) conducted a com-
prehensive review of traffic behaviour and intelligent driv-
ing at roundabouts from a microscopic perspective. The
authors emphasised that traffic delays and travel times are
strongly affected by lane-selection behaviour, lane-chang-
ing decisions, traffic demand, and geometric characteris-
tics of roundabouts. E. Campi et al. (2024) analysed the
application of traffic simulation models for evaluating the
operation of connected and automated vehicles at round-
abouts. Their findings confirmed the importance of mi-
croscopic modelling approaches for investigating vehicle
interactions and traffic flow dynamics within roundabout
influence areas. E Abu Hamad er al. (2024) investigated
driver behaviour at roundabouts operating under mixed
traffic conditions using machine learning techniques. The
study demonstrated that lane selection, gap acceptance
behaviour, and driver decision-making processes signifi-
cantly influence traffic performance and the occurrence
of conflicts within roundabout influence areas. The au-
thors emphasised the importance of considering vehicle
interactions and lane-changing behaviour when assessing
operational efficiency at roundabouts.

Y. Liang er al. (2024) developed a three-stage cellular
automata model for analysing traffic operations at com-
plex multilane roundabouts. Their findings showed that
vehicle interactions occurring during entering, circulat-
ing, and exiting manoeuvres substantially affect traffic
stability, delay formation, and overall operational perfor-
mance. The study confirmed the importance of consider-
ing localised traffic disturbances and lane-changing pro-
cesses when evaluating roundabout efficiency. K. Culik et
al. (2025) compared the operational performance of
conventional and turbo roundabouts using field obser-
vations and calibrated simulation models. The results
demonstrated that traffic delays and capacity utilisation
are highly sensitive to lane allocation and vehicle weaving
processes. E. Zadobrischi (2025) investigated intelligent
traffic management systems for roundabouts based on
advanced vehicle communication technologies. The study
highlighted the significance of traffic flow organisation
and conflict reduction measures for improving operation-
al efficiency and reducing vehicle delays. The influence
of public transport stops on traffic performance has also
attracted considerable attention. I. Medvediev & S. Soro-
ka (2020) proposed a methodology for evaluating the im-
pact of public transport stop placement on the capacity
of urban road networks. Their results confirmed that stop
location may substantially affect traffic performance and
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capacity utilisation. E.B. Lieberthal et al. (2024) examined
traffic conditions on urban road sections with reduced
capacity and demonstrated the necessity of considering
localised bottlenecks when assessing traffic performance
and delay formation processes.

Recent studies addressing public transport stop oper-
ations and lane-changing processes indicate that the inter-
action between temporary lane blockage, lane-changing
demand, and traffic flow characteristics plays a significant
role in determining local traffic conditions. Nevertheless,
existing studies primarily investigate these factors sepa-
rately. The combined influence of public transport stop
operations, lane-changing demand, and the availability of
acceptable gaps within the roundabout exit area remains
insufficiently explored. The aim of this study was to estab-
lish criteria for reducing traffic delays at roundabout exits
where a public transport stop is present, considering ve-
hicle lane-changing behaviour and the critical gap in the
adjacent traffic stream.

Literature Review
The issue of determining capacity and traffic delays at
roundabouts is predominantly addressed in the scientif-
ic literature through gap-acceptance models, critical gap
estimation, and analyses of traffic flow interactions with-
in roundabout entry and exit areas. A. Polus et al. (2003)
found that the critical gap is dependent on drivers” wait-
ing time, which directly affects roundabout capacity.
0. Hagring (2001) proposed an approach for estimating
roundabout entry capacity while accounting for mixed
circulating and exiting traffic flows. O. Giuffre et al. (2016)
systematised the gap-acceptance parameters common-
ly applied in the evaluation of roundabout performance.
K. Shaaban & H. Hamad (2020) investigated variations
in critical gap values for single-, two-, and three-lane
roundabouts. A separate group of studies focuses on the
impact of public transport stops on traffic conditions.
D. Cvitani¢ (2017) demonstrated that the location and
configuration of a public transport stop significantly af-
fect vehicle delays and the operational performance of
intersections. X. Yang et al. (2013) developed a model for
evaluating vehicle delays in the vicinity of public transport
stops under mixed traffic conditions. H. Jin et al. (2019)
found that curbside stops cause periodic lane blockages,
aggressive lane-changing manoeuvres, reduced roadway
capacity, and increased traffic delays. In recent studies,
increasing attention has been devoted to microscopic
traffic flow modelling, driver behaviour in lane-selec-
tion decisions, and the evaluation of traffic management
measures. H. Jiang et al. (2024) noted that travel time and
delays at roundabouts depend on drivers’ lane-changing
behaviour, the geometric characteristics of the intersec-
tion, traffic demand, and local traffic control regulations.
K. Culik et al. (2025), in a comparison of conventional
and turbo roundabouts, employed field observations,
origin-destination traffic matrices, and a calibrated mi-
croscopic simulation model. E. Zadobrischi (2025) inves-
tigated opportunities for improving traffic flow efficiency



at roundabouts, particularly through the implementation
of public transport priority measures. M. Riaz et al. (2023)
highlighted the effectiveness of microscopic traffic sim-
ulation techniques for evaluating traffic management
strategies in urban transportation systems. The authors
demonstrated that microsimulation models can success-
fully reproduce lane-changing behaviour, traffic delays,
and congestion formation, providing valuable support for
the assessment of traffic control measures and infrastruc-
ture design alternatives.

Despite the considerable progress achieved in the
fields of roundabout capacity assessment, lane-chang-
ing behaviour analysis, traffic microsimulation, and pub-
lic transport stop evaluation, the combined influence of
temporary lane blockage, lane-changing demand, and
acceptable gap availability at roundabout exits remains
insufficiently investigated. Existing studies primarily ad-
dress these factors separately, whereas their simultane-
ous interaction may significantly affect traffic delays and
traffic flow stability within the exit influence area. Recent
studies have increasingly focused on the behavioural and
operational aspects of traffic flow at roundabouts. E Abu
Hamad et al. (2024) and Y. Liang et al. (2024) demonstrat-
ed the importance of lane-changing processes and vehicle
interactions for traffic performance, whereas M. Riaz et
al. (2023) confirmed the usefulness of microscopic sim-
ulation approaches for evaluating traffic management
strategies. However, the integration of these factors into
a unified analytical framework for assessing traffic de-
lays at roundabout exits has received limited attention in
previous research. At the same time, the literature review
indicates that most studies examine either roundabout
capacity, the impact of public transport stops, or vehicle
lane-changing processes as separate components. Their
combined effect at roundabout exits remains insufficient-
ly explored, despite the fact that three interrelated factors
occur simultaneously in this area: temporary blockage
of the outer lane by public transport vehicles, increased
lane-changing demand, and a shortage of acceptable gaps
in the adjacent traffic stream. This research gap justifies
the need to develop criteria for reducing traffic delays
within the critical exit zone of a roundabout. Although
numerous studies have addressed roundabout capacity,
the effects of public transport stops on traffic conditions,
and vehicle lane-changing processes separately, their
combined impact within the roundabout exit area has re-
ceived limited attention. In particular, the mechanism of
traffic delay formation under the simultaneous influence
of outer-lane blockage, lane-changing demand, and the
limited availability of acceptable gaps in the adjacent traf-
fic stream requires further investigation (Yang ef al., 2013;
Cvitani¢, 2017; Jin et al., 2019). An analysis of the current
regulatory framework indicates that the requirements
governing the location and design of public transport
stops in Ukraine are primarily established by GBN V.2.3-
37641918-550:2018 (2018) and DBN V.2.3-5:2018 (2018).
GBN V.2.3-37641918-550:2018 defines the general re-
quirements for the design of public transport stops, while
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DBN V.2.3-5:2018 serves as the principal regulatory doc-
ument governing the design and construction of urban
streets and roads in populated areas. When addressing
traffic control devices and traffic management measures,
reference should also be made to DSTU 4100:2021 (2021)
and DSTU 2587:2021 (2021).

However, the aforementioned regulatory documents
do not provide an analytical framework for assessing the
impact of a public transport stop on traffic delays specif-
ically within the exit area of a roundabout. Furthermore,
they do not account for the process of forced lane-chang-
ing manoeuvres undertaken by vehicles, nor do they relate
the feasibility of such manoeuvres to the critical gap avail-
able in the adjacent traffic stream. This constitutes the
principal distinction and scientific value of the proposed
study. The conducted review demonstrates that previous
studies have significantly contributed to the understand-
ing of roundabout capacity, critical gap acceptance, traf-
fic flow dynamics, and the operational effects of public
transport stops. However, the majority of existing research
examines these factors independently. Insufficient at-
tention has been paid to the combined influence of tem-
porary lane blockage caused by public transport stops,
lane-changing demand, and the availability of acceptable
gaps within adjacent traffic streams at roundabout exits.
Consequently, there remains a need for a comprehensive
methodological approach capable of simultaneously ac-
counting for these interacting factors when assessing de-
lay formation and developing traffic management meas-
ures at urban roundabouts.

Materials and Methods
The study was conducted based on the principles of traffic
flow theory, methods for assessing the capacity of trans-
portation facilities, and approaches to determining the
critical gap required for vehicle lane-changing manoeu-
vres. The object of the study was the process of traffic
delay formation at a roundabout exit in the presence of a
public transport stop. The subject of the study comprised
the interaction patterns of traffic flows within the round-
about exit area, which were determined by the influence
of the public transport stop, traffic demand, lane-chang-
ing demand, and the availability of acceptable gaps in
the adjacent traffic stream. A schematic representation of
vehicle lane-changing manoeuvres within the influence
area of the public transport stop is shown in Figure 1. The
dynamics of vehicle departures from a roundabout are
characterised by pronounced traffic flow heterogeneity in
terms of speed profiles, headways, and the spatial distri-
bution of vehicles across roadway lanes. The operation of
a public transport stop located in close proximity to the
roundabout exit creates conditions for temporary lane
blockage, which not only directly reduces roadway capac-
ity but also generates additional conflict areas associated
with vehicle lane-changing manoeuvres. For the subse-
quent analysis of traffic delay formation, it was proposed
to distinguish functional zones representing the influence
of a public transport stop on traffic flow, as illustrated in
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Figure 2. As vehicles move away from the roundabout,
the traffic stream naturally disperses both longitudinally
along the roadway segment and laterally across its width.
However, the presence of a public transport stop modifies
this process. In particular, it shifts the traffic stabilisation

zone further downstream while simultaneously affecting
key traffic performance measures, including average trav-
el speed, the distribution of vehicles across lanes due to
overtaking and lane-changing manoeuvres, and the over-
all travel time along the roadway segment.
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Figure 1. Schematic representation of a vehicle lane-changing manoeuvre

Source: developed by the authors
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Figure 2. Functional zones of public transport stop influence on traffic flow

Source: developed by the authors

The structural decomposition of the public transport
stop influence area (Fig. 2) made it possible to identify five
consecutive sections whose characteristics are variable
parameters: the approach zone (I), the manoeuvring zone
during entry into the bus bay (II), the exit zone from the
bus bay (III), the zone of direct merging of public transport
vehicles into the main traffic stream (IV), and the traffic
stabilisation zone (V). For the purposes of this study, the
local critical zone is defined as the road section extending
from the roundabout exit line to the point where traffic
flow parameters return to stable operating conditions. The
upstream boundary of the zone coincides with the begin-
ning of the exit section, whereas the downstream bound-
ary was determined by the completion of lane-changing
manoeuvres and the stabilisation of traffic flow speed,
density, and headway distribution. Consequently, the
length of the local critical zone is not constant and de-
pends on traffic demand, public transport stop operation
characteristics, and the geometric parameters of the road
section. The length of the approach section is determined
by the time required to reach the lower speed threshold,
which is constrained by the dynamic envelope character-
istics of the specific vehicle type. In turn, the parameters
of the entry section are governed by the geometric char-
acteristics of the bus bay and the presence of a queue of
public transport vehicles. To evaluate the operating condi-
tions of the local critical zone, the following indicators are
employed: traffic flow rate, vehicle speed, traffic density,
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effective lane capacity, and the critical gap available in the
adjacent lane.

The critical gap represents one of the key parameters
governing the feasibility of lane-changing manoeuvres.
In practical applications, its value may be estimated from
accepted and rejected gaps obtained through field ob-
servations within the influence area of a public transport
stop. The performance criterion for the local critical zone
is defined as the minimisation of total vehicle delay while
ensuring the required exit capacity and maintaining the
feasibility of lane-changing manoeuvres without causing
the traffic stream to enter a critical operating state. The
study was based on a theoretical and analytical framework
developed using the principles of traffic flow theory and
capacity analysis. Illustrative traffic scenarios with repre-
sentative parameters of urban roundabout exits were used
to demonstrate the application of the proposed criteria.
The illustrative scenarios were developed using parame-
ter ranges reported in previous studies on roundabout ca-
pacity, gap acceptance, and public transport stop impacts,
such as K. Shaaban & H. Hamad (2020), H. Jin et al. (2019)
and National Academies of Sciences, Engineering, and
Medicine (2010). Field observations are considered as a fu-
ture stage of research intended for model calibration and
validation. Based on the proposed methodological frame-
work, functional relationships were established among
traffic flow rate, effective lane capacity, lane-changing de-
mand, and the number of acceptable gaps in the adjacent



traffic stream. These relationships provided the basis for
developing a system of criteria aimed at reducing traffic
delays at roundabout exits.

Results and Discussion

To investigate traffic conditions at roundabout exits, it is
proposed to define a local critical zone comprising the
following components: the immediate roundabout exit
zone, the influence area of the public transport stop, the
lane-changing section where vehicles merge into the adja-
cent lane, and the traffic stabilisation zone located down-
stream of the stop. It is within this zone that the most
significant reductions in vehicle speed, changes in traffic
density, and the formation of additional travel delays oc-
cur. The proposed analytical framework is based on sever-
al simplifying assumptions. Traffic arrivals in the adjacent
lane are assumed to follow a Poisson process. Traffic flow
characteristics within the local critical zone are consid-
ered homogeneous over short observation intervals. Pub-
lic transport vehicles are assumed to occupy the curb lane
for the average dwell time at the stop. Lane-changing de-
mand is represented by the proportion of vehicles affected
by temporary lane blockage. These assumptions allow the
derivation of analytical relationships suitable for prelimi-
nary traffic engineering assessments. The total traffic de-
lay within the local critical zone can be determined as the
difference between the actual and normative travel times
required to traverse the individual exit segments:

Tdelay = 2;’"”=1 qr (L_ - i)) (1)

V: Vor-

where ¢, — traffic flow rate in the r-th zone, veh/h; L, -
length of the r-th zone, m; v, — actual average travel speed,
m/s; v, — average travel speed under normal operating
conditions, m/s.

The obtained relationship makes it possible to quan-
tify the contribution of each functional zone within the
local critical area to the formation of total traffic delay
and provides a basis for the subsequent development of
performance criteria for roundabout exit operations. The
performance criterion for roundabout exit operations is
defined by the equation:

Tdelay_) Min- (2)

The presence of a public transport stop at a round-
about exit reduces the capacity of the outer lane due to
its periodic occupation by public transport vehicles. The
magnitude of this effect is proposed to be assessed using
the lane occupancy factor given by the equation:

ap't
Pps = Heenr 3)

where ¢, — arrival rate of public transport vehicles at the
stop, veh/h; t, - average dwell time of a public transport
vehicle at the stop, s.

Accordingly, the effective lane capacity within the
stop influence area can be expressed by the equation:
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Cps:CO(l ‘(pr); (4)

where G, — lane capacity in the absence of a public trans-
port stop, veh/h.

Based on the equation (4), the first condition for re-
ducing traffic delays is expressed by the equation:

qexS Cps; (5)

where ¢, — traffic flow rate at the roundabout exit, veh/h.
If this condition is not satisfied, a portion of vehicles is
forced to merge into the adjacent lane. The lane-changing
demand can then be determined according to the equa-
tion:
Gic=Pic* Gex (6)

where ¢,.—flow rate of vehicles requiring a lane change, ve-
h/h; p,.—proportion of vehicles compelled to change lanes.

However, the existence of lane-changing demand
alone does not guarantee the feasibility of executing the
manoeuvre. For a lane change to occur, sufficiently large
temporal gaps must be available in the adjacentlane. Such
a gap may be characterised by the critical gap t,, which
may be estimated from field observations according to the
equation:

_ hrej+hacc

ter == ()

where h,; — mean value of the gaps rejected by drivers;
h... — mean value of the gaps accepted for performing the
lane-changing manoeuvre.

The critical gap is considered as one of the key param-
eters affecting lane-changing feasibility. In practical appli-
cations, it may be estimated using established approaches
such as the Raff method based on accepted and rejected
gap observations. For the illustrative scenario presented
in this study, a representative critical gap value of #.=4.0 s
was adopted. This value lies within the range of critical
gap values reported in the literature and applied in round-
about capacity assessment and traffic operations analysis
and was selected to demonstrate the application of the
proposed methodology (National Academies of Sciences,
Engineering, and Medicine, 2010; Austroads, 2017). Ac-
cording to the Raff method, the critical gap corresponds to
the intersection point of the cumulative distribution func-
tions of accepted and rejected gaps. This approach ena-
bles the identification of the minimum acceptable time
interval required for a driver to perform a lane-changing
manoeuvre under prevailing traffic conditions. Future
studies should estimate the critical gap using field obser-
vations collected at urban roundabout exits. Assuming a
Poisson arrival process of vehicles in the adjacent lane, the
probability of observing a gap not smaller than ¢, is deter-
mined by the equation:

P = exp (- 228er), (®)

where q,,; - traffic flow rate in the adjacent lane, veh/h.
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Accordingly, the number of gaps suitable for
lane-changing manoeuvres per unit time can be calculat-
ed using the equation:

Gadjter
Ner = qaaj " €XP (_ 32100 ) 9)
The second principal condition for reducing traffic
delays is represented by the equation:

qlc < N ( 1 0)

To demonstrate the application of the proposed crite-
ria, a hypothetical urban roundabout exit with a two-lane
downstream section was considered. The following input
parameters were adopted: exit flow rate g,,=1,000 veh/h,
adjacent lane flow rate q,,=900 veh/h, base lane capacity

Cy = 1,800 veh/h, public transport arrival rate
Apus= 18 veh/h, average dwell time f,=25 s, and critical
gap t,=4.0 s, and weaving section length Lr=120 m. The
calculated lane occupancy factor was ¢ =0.125, resulting
in an effective lane capacity of C,;=1,575 veh/h. Since
q..< C,, the capacity criterion was satisfied. The proba-
bility of observing an acceptable gap was P =0.368, cor-
responding to approximately 331 acceptable gaps per
hour. Under these conditions, the traffic stream remains
within a stable operating regime and no critical conges-
tion effects are expected. The scenarios summarised in
Table 1 represent generalised operating conditions de-
veloped for comparative assessment of public transport
stop placement alternatives, whereas the numerical ex-
ample presented in the text corresponds to a specific il-
lustrative calculation scenario.

Table 1. Scenario analysis of roundabout exit operation

Lane occupancy Effective capacity Lane-changing

Scenario Stop position (m) factor @ (veh/h) demand Traffic regime
No public transport stop - 0.00 1,800 Low Stable
Stop located at roundabout exit 0 0.125 1,575 High Transitional
Stop relocated downstream 120 0.06 1,692 Moderate Stable

Source: developed by the authors

Traffic regimes were classified according to the
conceptual thresholds presented in Figure 3: sta-
ble operation (q < 1,100 veh/h), transitional operation
(1,100 < q < 1,400 veh/h), and oversaturated operation
(g>1,400 veh/h). Lane-changing demand was qualitative-
ly assessed based on the proportion of vehicles affected
by temporary lane blockage and required to merge into
the adjacent lane, where low, moderate, and high demand
levels correspond to increasing proportions of affected ve-
hicles. The scenario analysis demonstrates that the opera-
tional regime of the roundabout exit is highly sensitive to
the location of the public transport stop. The most unfa-
vourable conditions are observed when the stop is located
directly within the exit influence area, resulting in reduced
effective capacity and increased lane-changing demand.
Relocating the stop further downstream improves operat-
ing conditions by reducing lane blockage duration and in-
creasing the availability of acceptable gaps for lane-chang-
ing manoeuvres. The obtained results indicate that the
location of a public transport stop relative to the rounda-
bout exit constitutes one of the key factors affecting traffic
performance. Stops located within the immediate influ-
ence area of the exit increase lane-changing demand and
reduce the availability of acceptable gaps for manoeuvre
execution. Consequently, the proposed criteria may serve
as a practical tool for evaluating alternative stop locations
and identifying configurations that minimise traffic de-
lays while maintaining adequate operational conditions.
If the condition defined by the equation is satisfied, a
portion of vehicles is unable to complete the lane-chang-
ing manoeuvre within the available weaving section:

qlc > Ny (l l)
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A portion of vehicles is unable to complete the
lane-changing manoeuvre within the available weaving
section. As a result, localised vehicle accumulation occurs,
traffic speed decreases, and delays increase.

To assess the transition of the roundabout exit into
a critical operating state, it is also necessary to consid-
er the critical speed v,, and the critical traffic density A,
The critical density may be determined according to the
equation:

qT
Ao = (12)
The local critical zone is considered to operate under
critical conditions when at least one of the criteria ex-
pressed by the equations is satisfied:

UV, < Usy (13)
A>A (14)
Gex> Cps (15)
Gic> Ny (16)

Thus, traffic delay at a roundabout exit is not caused
by a single factor but rather by the combined influence of
three interrelated mechanisms: periodic blockage of the
outer lane by public transport vehicles serving the stop,
the forced redistribution of vehicles between lanes, and
an insufficient number of acceptable gaps in the adjacent
traffic stream. Considering the above, the proposed sys-
tem of criteria for reducing traffic delays at roundabout
exits includes the following conditions:

« the traffic flow rate at the exit should not exceed the
effective lane capacity within the public transport stop in-
fluence area;



« lane-changing demand should not exceed the
number of acceptable critical gaps available in the ad-
jacent lane;

« traffic speed within the local critical zone should not
fall below the critical speed;

« actual traffic density should not exceed the critical
density;

« total delay within the local critical zone should be
minimised.

Based on the proposed system of criteria, a concep-
tual relationship between traffic delay and traffic flow
rate can be established. When both the capacity criteri-
on and the lane-changing feasibility criterion are satis-
fied, the traffic stream operates under stable conditions.
As traffic demand approaches the effective capacity of
the local critical zone, the system gradually transitions to
an unstable operating regime. Further increases in traf-
fic flow rate result in system oversaturation, leading to a
sharp increase in traffic delays (Fig. 3). Figure 3 illustrates
the impact of a public transport stop on vehicle delays as
a function of traffic flow rate, comparing scenarios with
and without a public transport stop located at the exit of
a roundabout. The threshold values shown in the figure
are illustrative and intended to demonstrate the qual-
itative behaviour of the proposed criteria rather than
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represent a specific field case. Analysis of the graph indi-
cates that under low and moderate traffic demand levels
(up to 1,100 veh/h), the traffic stream operates in a stable
regime. Within this range, traffic delay increases gradually,
while the difference between scenarios with and without
a public transport stop remains relatively small. This can
be explained by the availability of a sufficient number of
acceptable gaps for lane-changing manoeuvres and the
absence of lane oversaturation. For traffic flow rates rang-
ing from 1,100 to 1,400 veh/h, a transitional operating
regime is observed. Traffic delays begin to increase more
rapidly, particularly in the presence of a public transport
stop. During this phase, lane-changing demand increases,
whereas the number of acceptable gaps available in the
adjacent lane gradually decreases. When traffic demand
exceeds 1,400 veh/h, the traffic stream enters an over-
saturated regime. Traffic conditions are characterised by
a sharp increase in delays, with the presence of a public
transport stop significantly amplifying the negative ef-
fect. This phenomenon is attributable to the simultane-
ous action of three factors: the reduction in effective lane
capacity caused by periodic occupation of the outer lane
by public transport vehicles, the increase in the number
of forced lane-changing manoeuvres, and the shortage of
acceptable gaps required for their execution.

II 111
Transient Overload
process operation

-

I

200 400 600 800

No designated public transport stop

1,000

1,200 1,400 1,600 1,800

Traffic volume,veh/h

With an integrated urban public transport stop

Figure 3. Conceptual relationship between traffic delays and traffic flow rate in the presence of a public transport stop

Source: developed by the authors

The obtained results demonstrate that the impact ofa
public transport stop on traffic delays is nonlinear and be-
comes particularly significant under high traffic demand
conditions, when the system approaches a critical operat-
ing state. From a practical perspective, traffic delays may
be reduced through the appropriate placement of public
transport stops relative to the roundabout exit, increasing
the length of the weaving section, reducing the duration
of outer-lane blockage, and implementing traffic manage-
ment measures aimed at decreasing forced lane-changing
demand. The findings support previous studies empha-
sising the critical role of gap acceptance and lane-chang-
ing processes in determining roundabout capacity,
such as K. Shaaban & H. Hamad (2020) and A. Polus et
al. (2003). However, unlike existing approaches, the

proposed system of criteria incorporates the combined
effects of public transport stop operations, lane-chang-
ing demand, and the shortage of acceptable gaps in the
adjacent traffic stream. This makes it possible to provide
a more comprehensive description of the mechanisms
responsible for traffic delay formation at roundabout
exits and expands the opportunities for developing and
justifying traffic management and engineering measures
aimed at mitigating such delays. The proposed approach
may be applied both to the evaluation of existing traffic
management schemes at urban roundabouts and to the
design of new transportation facilities. Its application en-
ables the assessment of the suitability of locating a public
transport stop within the roundabout exit area, the deter-
mination of the required weaving section length, and the
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justification of traffic management measures intended to
reduce delays and improve the operational performance
of the intersection. The proposed methodology consists of
the following sequential stages:

1. Determination of traffic flow characteristics within
the local critical zone.

2. Estimation of the lane occupancy factor caused by
public transport stop operations.

3. Calculation of the effective lane capacity.

4. Assessment of lane-changing demand generated by
temporary lane blockage.

5. Determination of the critical gap and the number of
acceptable gaps available for manoeuvre execution.

6. Verification of the proposed delay-reduction criteria.

7. Identification of stable, transitional, or critical traf-
fic operating conditions.

The obtained results indicate that traffic delays at
roundabout exits are determined not only by traffic de-
mand and available capacity but also by the interaction
between lane-changing demand and the availability of
acceptable gaps in the adjacent traffic stream. The analy-
sis demonstrates that even when the effective lane capaci-
ty remains sufficient, traffic performance may deteriorate
if the number of available gaps becomes inadequate for
the execution of mandatory lane-changing manoeuvres.
The obtained findings are generally consistent with previ-
ous studies addressing roundabout operations and pub-
lic transport stop impacts. Similar conclusions regarding
the influence of public transport stop placement on traf-
fic performance were reported by I. Medvediev & S. So-
roka (2020) and H. Jin et al. (2019). Furthermore, the im-
portance of gap acceptance and driver decision-making
processes identified in the present study is in agreement
with the findings of K. Shaaban & H. Hamad (2020) and H.
Jiang et al. (2024). However, unlike previous research, the
proposed approach simultaneously considers effective
lane capacity, lane-changing demand, and acceptable
gap availability within a unified analytical framework.
The principal contribution of the proposed methodolo-
gy lies in the introduction of the concept of a local criti-
cal zone at roundabout exits affected by public transport
stop operations. The developed criteria make it possible
to identify traffic conditions under which the combined
influence of lane blockage, lane-changing demand, and
limited gap availability may result in unstable traffic op-
eration and increased delays. From a practical perspec-
tive, the proposed criteria may assist traffic engineers
in evaluating alternative locations of public transport
stops, determining appropriate weaving section lengths,
and identifying traffic conditions requiring operational
improvements. The methodology may also support de-
cision-making during the design and reconstruction of
urban roundabouts by providing a simple analytical tool
for preliminary traffic performance assessment. Several
limitations of the proposed approach should be acknowl-
edged. The presented methodology is based on simpli-
fied assumptions regarding traffic arrival distributions
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and average public transport dwell times. Furthermore,
the proposed framework does not explicitly account for
variations in driver behaviour, heavy vehicle composi-
tion, weather conditions, or traffic signal interactions.
The threshold values presented in the illustrative exam-
ple are scenario-specific and should not be interpreted as
universal design values. Future research should focus on
model calibration and validation using field observations
collected at urban roundabouts with different geometric
and traffic characteristics.

Conclusions

The rationale for treating the exit section of a roundabout
located adjacent to a public transport stop as a local criti-
cal zone had been established, as this was the area where
primary additional vehicle delays were formed. Theoret-
ical analysis had shown that delay formation within this
local critical zone was driven by the combined influence
of three interrelated factors: a temporary decrease in the
capacity of the right-hand lane caused by public trans-
port stop operations, an increase in the intensity of man-
datory lane-changing manoeuvres, and a lack of suitable
gaps in the adjacent traffic stream. The research objective
was achieved by developing a set of criteria for mitigating
traffic delays at roundabout exits. The proposed frame-
work was founded on three key principles: minimising
total delay experienced by the traffic stream, maintaining
consistency between traffic demand and effective lane
capacity within the stop influence area, and balancing
lane-changing demand with the availability of acceptable
gaps in the adjacent traffic stream. The practical value of
the findings lay in their applicability to the justification
of public transport stop placement, the determination of
the required length of weaving sections, and the selection
of traffic management and engineering measures intend-
ed to enhance the operational performance of rounda-
bouts. The obtained results confirmed that the location
of a public transport stop within the roundabout exit
influence area significantly affected traffic performance.
Relocating the stop beyond the local critical zone could
reduce lane-changing demand and improve traffic oper-
ating conditions. The illustrative scenario demonstrated
the practical applicability of the proposed criteria. For an
exit flow rate of 1,000 veh/h and a public transport stop
occupancy factor of 0.125, the effective lane capacity was
estimated at 1575 veh/h, while approximately 331 accept-
able gaps per hour were available for lane-changing ma-
noeuvres. Under these conditions, the traffic stream re-
mained within a stable operating regime. Future research
should focus on validating the proposed models through
field observations and on identifying the threshold oper-
ating conditions of the local critical zone for various traf-
fic control schemes, public transport stop configurations,
and numbers of traffic lanes.
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AHoTauif. EQeKrTHBHICTh KiJIbIIEBUX ITepexXpecTb 3HAYHOIO MipOIo 3a/Ie/KUTh Bii yMOB pyXy Ha BUXiTHUX JIiJISTHKAX,
30KpeMa pO3TalllyBaHHs 3yIIMHOK I'POMaJCbKOr0 TPAaHCIOPTY OAPa3y Hic/sA BUI3Y 3 KiJIbIA ab0 00JIN3y HBOTO, 1110
3HIIKY€E IIPOITYCKHY 3/1aTHICTD 1 MiABHUIIye 3aTPUMKU Yepe3 BUMYIIIeHi MaHeBPH Ta AedillUuT IPUHHATHUX iHTepBaIiB
y moroni. MeTta po6oTu noJjisranga y po3pobseHHi KpUTepiiB 3MeHIIeHHA 3aTPUMOK PyXy Ha BHI3[i 3 KiJbIleBOro
repexpecTs 3a HAABHOCTI 3yIIMHKHU MiCBKOI'O TPAaHCIIOPTY 3 YpaxyBaHHAM MIPOLECIB IlepellIuKyBaHHs TPAHCIIOPTHUX
3acobiB Ta BeJIMYMHU I'PAHUYHOIO iHTEpPBAJIy B CYMiXKHIM cMy3i pyxy. JlOCTi)KeHHsI BUKOHAHO 3 BUKOPUCTaHHAM
MI0JIOKEHB TeOopil TPaHCIIOPTHUX IOTOKIB, METO/IB OLiHIOBAHHA NPOIYCKHOI 31aTHOCTI Ta BU3HAYEHHS KPUTUYHUX
iHTepBaJiB, a TaKOK MOKA3aHO, I[0 3aTPUMKHM HA BUI3Mi 3 KiJIBI[EBOTO TEpeXpecTss 3yMOBJIEHI OJIOKYBaHHSIM
IIpaBoOi CMyI'HW TPOMAJChKUM TPAHCIOPTOM, IIOIUTOM Ha IEPelIMKYBaHHA Ta HecTadel IPUIATHUX iHTepBaJliB
Yy CYMDKHOMY IIOTOLi B MesKaX JIOKAJbHOI KPUTHUYHOI 30HU. 3alpPOIIOHOBAHO CHUCTEMY KpUTepiiB 3MeHIIEeHHS
3aTPUMOK, IO TPYHTYETHCS HA MiHiMi3amii cymapHOI 3aTpMMKHM B JIOKQIbHIM KPUTWYHIM 30HI, 3abe3medyeHHi
BiIMOBiTHOCTI iHTEHCHMBHOCTI TPAaHCIIOPTHOTO NOTOKY e(eKTHUBHINl MPOIyCKHIiN 3aTHOCTI BHI3My Ta y3TOMKeHHI
MIONUTY Ha NepelNKyBaHHA 3 MOXKJIMBICTIO Horo peasisariii B HassBHMX yMOBax pyXy. Tako)k BU3HA4eHO YMOBU
Tepexoay TPAHCIOPTHOTO MOTOKY B KPUTHUYHUN PEXKUM (DYHKIIIOHYBAHHS 32 MOKA3HUKAMU IIBUAKOCTI, IIIJIBHOCTI
Ta MPOIYCKHOI 37aTHoCTi. s ampo6arnii 3aIrpoIoHOBAHOTO0 METOZMYHOIO IiAXOAY PO3IISHYTO PO3PaxyHKOBUI
crieHapiit GyHKIIOHYBaHHA JBOCMYTOBOTO BUI3/1y 3 KiJIbIIEBOTO IlepexpecTs. 3a iHTeHCUBHOCTI TPAHCIIOPTHOT'O IIOTOKY
Ha BHI31i 1000 aBT/T0f, iIHTEHCUBHOCTI PyXy B CyMiXKHi# cMy3i 900 aBT/rof Ta cepeiHill TpUBaI0CTi 6JIOKYBaHHSA IPaBOi
CMYTH MapIIPyTHUM TPAHCIIOPTOM 25 ¢ OTPUMAaHO 3HaYeHHs KoedirieHTa 3aliHaTOCTi cMyTH ¢ =0,125, 1110 00yMOBJIIOE
3HIYKEHHS 11 e()eKTUBHOI TPOMYCKHOI 30aTHOCTI 10 1575 aBT/ro. 3a IIUX YMOB iHTEHCUBHICTb PyXy He MEepEeBUIIIYE
e eKTUBHOI IPOITyCKHOT 31aTHOCTI BUI3y, 10 3abe3nedye (hyHKI[IOHYBAaHHA TPAHCIOPTHOIO IIOTOKY Y CTabiTbHOMY
peskuMi Ta CTBOPIOE IepedyMOBH [Jjis BHUKOHAHHSA MaHeBDPIiB INepemMKyBaHHS 0e3 (OpMyBaHHS KPUTHUYHUX
3aTrpuMoK. OTpuMaHi pe3y/IETaTH MOKYTh OyTH BUKOPUCTAaHI AJIs1 0OIPYHTYBaHHA PO3TAIIyBaHHS 3yIMHOK MiCHBKOTO
TPaHCIOPTY, BU3HAUEHHA IOBKUHU IiNAHOK IepelNKyBaHHA Ta BHOOPY opraHisalliliHO-TeXHIiYHHX 3axofiB MJIs
MiIBUIIEHHSA e()eKTUBHOCTI (DYHKIIIOHYBAaHHA KiJIbIIEBUX ITIePEeXPeCcTh i 3MeHIIIeHHA 3aTPUMOK PyXy

KnioyoBi cnoBa: oprasisariiss JOpoKHBOT0O PyXy; TPAHCIOPTHUH NOTIK; IepelnKyBaHHS TPAHCIIOPTHUX 3aC00iB;
rpaHUYHUY iHTepBaJ; MPOITyCKHA 3aTHICTh
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Abstract. Rising fuel costs, stricter decarbonisation requirements for freight transport, and the increasing use of
telematics monitoring call for a shift from assessing freight vehicles solely based on average fuel consumption to a
mode-specific assessment of their performance on specific routes. The purpose of the study was to substantiate and
formalise the model of operational efficiency of vehicles of category N3, which combines fuel, environmental, route,
regime, and information indicators. The source base was formed from peer-reviewed publications from 2020-2025,
selected based on direct relevance to heavy trucks, real route conditions, telematics or on-board data, eco-management,
and emissions. System, comparative, and structural and functional analysis, formalisation of indicators, and scenario
modelling were applied. The information of the smart tachograph, Global Positioning System-telematics, Controller
Area Network/Fleet Management System/On-Board Diagnostics and fuel sensors was differentiated; equations for fuel
consumption per 100 km and tonne-kilometre, weight CO,, idle and Eco-Roll fractions, average acceleration, speed
stability, and integral index were proposed. An analysis of the factors showed that the route and the weight of the road
train determine the base load, whilst the most readily controllable factors are the duration of idling, the frequency of
acceleration, speed stability, the use of coasting, and the carrier’s organisational decisions. Practical operation of the
model was demonstrated on a conditional 100-kilometre route of a road train with a gross weight of 36 tonnes with a
load of 20 tonnes. Reducing idle speed from 24 to 12 minutes, forming an Eco-Roll share of 6.9% of driving time, and
speed stabilisation reduced estimated fuel consumption from 32.4 to 31.1 litres, and direct CO, emissions from 85.54 to
82.10 kg; the integral index increased from 0.804 to 0.933. The above scenario is a demonstration scenario and requires
further verification based on actual route data. The practical value lies in the ability to use the model to compare trips,
identify the causes of cost overruns, and provide recommendations to the driver and dispatcher under specific route and
operational conditions

Keywords: fuel efficiency; route profile; Eco-Roll; smart tachograph; telematics; Controller Area Network; Fleet
Management System

Introduction

Freight road transport provides a significant part of do-
mestic and international commodity flows, but its op-
erational effectiveness is increasingly linked to energy
consumption and environmental impact. For vehicles of
category N3, this issue is aggravated due to the large gross
weight of the road train, long routes, variable longitudi-
nal road profile, and a high share of engine performance

under load. The average fuel consumption per route
characterises the final result, but does not explain how
much of the overspending occurred as a result of idling,
heavy acceleration, unstable speed, unfavourable slope,
underloading, or technical deviations. Therefore, it is ad-
visable to interpret operational efficiency as the result of
interaction between the vehicle, route, cargo, driver, and
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information control system. The transition to real-world
evaluation requires reliable measurements. J. Pavlovic et
al. (2021) showed that the accuracy of determining actual
fuel consumption depends not only on on-board fuel me-
tering, but also on the correctness of measuring the dis-
tance travelled and matching On-Board Diagnostics (OBD)
and Global Positioning System (GPS) data. J.I. Huertas et
al. (2022) and E Jelti & R. Saadani (2024) confirmed on the
material of the logistics corridor with variable topography
that the route profile significantly changes the actual fuel
consumption compared to standard estimates. These re-
sults suggest that the energy indicator should be formed
after synchronisation of spatial, temporal, and fuel data,
and not by a single final value.

A separate area is related to the use of on-board and
telematics parameters. H. Abediasl e al. (2024) proved the
possibility of estimating instantaneous flow from OBD pa-
rameters coming from an electronic control unit. J.J. Posa-
da-Henao etal. (2023) found a statistically significant effect
of total weight and road slope on truck fuel consumption.
L. Fang et al. (2025) proposed segmentation of time se-
ries of speed, acceleration, and other sensory parame-
ters to recognise driver behaviour and generate targeted
recommendations for eco-driving. The combination of
these approaches creates grounds to consider individu-
al driving modes as independent objects of assessment.
The environmental result of exploitation should be con-
sidered together with the energy result, but not reduced
to it. A. Magnino et al. (2024) showed that the choice of
a power unit for heavy fleets should consider both effi-
ciency and sustainability of operation. Systematic review
by G. Gentilucci et al. (2025) showed significant variabil-
ity in the life cycle estimates of diesel and non-emission
trucks depending on the boundaries of the system and
energy source. PD. Larson et al. (2024) identified the infra-
structure and logistics barriers of emission-free mainline
transport, whereas M. Penchev et al. (2025) emphasised
the need to use real-world data in a full life assessment.
Therefore, for the existing diesel fleet, reducing unpro-
ductive fuel consumption remains a practically significant
means of reducing direct CO, emissions.

Available studies reveal individual elements of the
problem in detail, but less often combine the origin of
operational data, mode segmentation, energy formu-
las, environmental indicators, and control output in one
transparent procedure. For Ukrainian carriers, this is of
additional importance due to the heterogeneity of the
fleet: vehicles of different brands and generations may
have a smart tachograph, GPS terminal, access to the Con-
troller Area Network (CAN)/Fleet Management System
(FMS) or only a limited set of parameters. Uncertainty of
the indicator source creates a risk of misinterpretation: the
tachographic speed does not characterise the engine load,
the GPS coordinate does not determine fuel consump-
tion, and the value with CAN/FMS needs to be checked
by an independent measuring channel. The purpose of
the study was to develop a formalised structure for eval-
uating the operational efficiency of cargo vehicles based
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on energy and environmental criteria, considering driving
modes, route conditions, Eco-Roll, and digital monitor-
ing. To achieve this objective, the following measures were
established:

1. To differentiate the information capabilities of the
smart tachograph, telematics platforms and on-board ve-
hicle systems and formalise key indicators necessary for
assessing traffic, load, fuel consumption, and operational
efficiency;

2. To identify and rank the main factors affecting the
fuel efficiency of heavy cargo transport, considering their
influence, handling, and connection with the Eco-Roll
mode and the logic of the structural model;

3. To demonstrate the practical application of the pro-
posed approach to the calculated route scenario and com-
pare the results obtained with the provisions of contem-
porary research on modelling the fuel efficiency of cargo
vehicles.

Materials and Methods

The object of the study was the operational efficiency of
cargo vehicles of category N3 in domestic and interna-
tional transportation, and the subject was the relationship
between driving modes, fuel efficiency, direct CO, emis-
sions, and information completeness of monitoring. The
source database was formed in May-June 2025 among
peer-reviewed publications of 2020-2025. The final sam-
ple included papers that simultaneously met at least two
criteria: examined heavy cargo vehicles or road trains;
used real route, telematics, OBD/CAN/FMS, or fuel data;
analysed idle speed, acceleration, steady motion, coast-
ing, or predictive control; contained energy or environ-
mental indicators and DOI. Duplicates, materials without
a description of the methodology, studies only of passen-
ger cars, and papers in which the route context was not
separated from the design characteristics were excluded.
As aresult, 22 sources were selected. The theoretical basis
for formalisation consisted of studies by A. Hamednia et
al. (2022) and G.R. Gongalves Da Silva & M. Lazar (2022) on
eco-management, H.I. Ashqar et al. (2024) on behavioural
parameters. The study had a theoretically-analytical and
computationally applied design. System analysis was used
to build the “vehicle - route — driver — data — energy result —
environmental result” contour. Comparative analysis was
used to establish common and distinctive positions in
models of real fuel consumption, telematics control, and
eco-control. Structural and functional analysis provided a
distribution of factors by origin, influence, manageability,
and information needs. Scenario modelling was used to
demonstrate a practical sequence of calculations without
presenting a conditional example as a field experiment.

The operational profile of the route was divided into
idle, acceleration, steady motion, inertia/Eco-Roll, and
braking. Idling was identified by zero speed and engine
running; acceleration — by positive acceleration; steady
motion - by deviation of speed and acceleration within
the specified limits; Eco-Roll — by movement of a vehi-
cle without traction load with a confirmed transmission



condition or the corresponding on-board flag; braking —
by negative acceleration in combination with the state of
the service braking system, retarder, or engine braking.
This segmentation provided a separate calculation of du-
ration, distance, and fuel consumption for each mode.
Operational data sources were differentiated by their
actual function. The smart tachograph provided times-
tamps, speed and distance travelled, driver identification,
work and rest modes, events, malfunctions, and GNSS po-
sitions; it did not measure engine load or actual fuel con-
sumption. GPS telematics provided continuous data on
coordinates, route, speed, stops, geofences, and estimat-
ed acceleration. CAN/FMS/OBD was the source of engine
speed and load, accelerator pedal position, selected gear,
cruise control status, retarder, operating hours, and avail-
able fuel consumption values. Independent fuel probes or
flow meters were used to detect changes in fuel reserve,
refueling/draining events, and cross-check on-board ac-
counting. The choice of approach was based on synchro-
nising these channels on a single timeline, rather than
attributing all metrics to a single device. The evaluation
criteria were grouped into energy, environmental, regime,
and information blocks. The energy block contained route
and specific fuel consumption; environmental — direct
CO, emissions and the context of NOx and PM generation;
mode - idle and Eco-Roll fractions, average acceleration
and speed stability; information - the presence and con-
sistency of tachographic, GPS, and on-board parameters.
To compare routes, the indicators were normalised to the
interval 0-1 and combined into a weighted integral index:

Gr00=100- Q'/ L, (1)
where gy, — fuel consumption per 100 km, L/100 km; Q-
fuel volume per route, I; L-route length, km.

Guom=Q'1 (m°- 1), @)

where ¢y, — specific fuel consumption, L/ (t-km); mc - car-
go weight, t.
MCO, = ko, - Q/, 3
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where MCO, — direct CO, emissions, kg; kco, — accepted
conversion factor for a specific type of fuel, kg/L.
kid: tid/ teng® 100%7 (4)

where k;, — idle speed share; f;, — its duration; t,,, — total
engine operating time.

kER: tER/ tmau' 100%) (5)

where kg — share of Eco-Roll; z; — duration of the mode;
.00 — Vehicle travel time.

a=Q1/n)-Z[(v,—v,) /AL, (6)

where d — average acceleration in the selected overclock-
ing events; n — number of events.

I,=max[0; 1-0,/7], (7)

where I, — speed stability index; o, — standard deviation;
v- average speed on a homogeneous area.

Lg=wq- Io+ Weo," Ico, + Wia+ Liat Wer+ It Wy L; Zwi=1, (8)

where Iy - integral index; I, — normalised partial indica-
tors; w;— weighting coefficients set in accordance with the
evaluation purpose.

Results and Discussion

The formalisation results showed that the operational
efficiency of the vehicle has a hierarchical structure. The
first level consists of parameters that are only loosely con-
trolled within the context of a single route — the vehicle’s
design, gross vehicle weight, body type, and road profile.
The second level comprises the driving modes that can be
controlled in real time - idle, acceleration intensity, speed
stability, coasting, and the use of braking systems. The
third level covers the carrier’s organisational decisions:
loading, route planning, maintenance, and driver control.
Digital monitoring performs an end-to-end function, as
it converts the listed factors into measurable parameters
and provides their comparison between routes.

Table 1. Factors of operational efficiency of cargo vehicles by energy and environmental criteria

Group of factors Content

Engine type, transmission,
environmental standard, vehicle
weight, technical condition

Vehicle-related
factors

Impact on energy efficiency

Determine the basic fuel
requirement and power loss

Impact on environmental
efficiency

Affect the level of emissions under
real operating conditions

Road profile, slope, traffic density,

Ry f: D
oute factors speed limit, route length

Change the proportion of
acceleration, steady-state
movement, and inertia movement

Affect CO, emissions and pollutant
generation

Idling, acceleration, steady motion,

erating modes . . . . -
Op & inertia motion, engine braking

Determine instantaneous and
average fuel consumption

Form the intensity of emissions
under different engine loads

Choice of speed, acceleration
intensity, braking style, use of
cruise control

Driver behaviour

Can increase or decrease fuel
consumption under comparable

Affects excessive fuel combustion

" and associated emissions
route conditions

Smart tachograph, telematics,
event recording, mileage and speed
data

Digital monitoring

Provides data for detecting

Supports monitoring of violations
and deviations in environmental

inefficient use .
indicators

Maintenance, route planning,
loading planning, compliance
monitoring

Organisational
factors

Reduce avoided fuel losses and
unproductive mileage

Provide a systematic reduction of
harmful effects on the environment

Source: developed by the author
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The data in Table 1 allowed ranking factors based
on two characteristics — the strength of impact and the
possibility of operational adjustment. The gross weight,
slope, and speed of the road train have the greatest basic
impact, as they determine the need for traction. J.J. Posa-
da-Henao et al. (2023) attributed weight and slope to
factors whose influence exceeded that of velocity under
the studied conditions. However, these parameters may
not always be changed by the driver during the route.
Idle time, acceleration amplitude, speed selection, and
the moment of transition to coasting have the highest
operational handling. Their adjustment does not require
vehicle replacement but does require reliable time se-
ries of speed, acceleration, and powertrain operating
status. Technical factors are divided into constructive
and state-dependent ones. The type of engine and trans-
mission determines potential efficiency, while tyre pres-
sure, condition of injectors, transmission supports, and
operation of neutralisation systems can be improved by
maintenance. Monitoring study by M.A. Costagliola et

al. (2025) showed that the effect of technical measures
depends on the initial condition of the vehicle: older or
polluted power systems have the greatest reserve. Thus,
technical modernisation is a capital-intensive area, and
maintenance is a managed medium-term factor. Route
and organisational factors require different data. Slope,
curvature, speed limit, and traffic density are determined
by GPS tracking and a digital map; loading is determined
by documents or weight estimation; idling and accelera-
tion are determined by telematics; speed, transmission,
cruise control, and braking modes are determined by
CAN/FMS. Backload planning, reducing empty mileage,
and agreeing on arrival times mostly depend on dis-
patching decisions. Therefore, digital monitoring itself
does not reduce fuel consumption, but provides an ev-
idence-based basis for choosing technical, security or
organisational intervention. Figure 1 shows a generalised
logic of the relationship between route conditions, oper-
ating modes, energy and environmental indicators of a
cargo vehicle of N3 category.

Operating modes Energy .
. L s . N Environmental
Cargo vehicle .| Route conditions idling, acceleration, indicators indicators CO
of N3 category 7| profile, speed, loading > steady-state operation, > fuel consumption, ) NOx, PM »
coasting power loss ’
A A
Smart tachf)graph and Centralised data collection and Intelligent management
telematics data: —_— analytics: control, carrier profile > support:
speed, mileage, events, yues: cor ) CArrier p ’ choosing rational
AR X detecting deviations ..
driver's operating mode driving modes
Integrated operational efficiency:
reducing fuel consumption, limiting emissions, improving transport transparency
and manageability

Figure 1. Structural model for evaluating the operational efficiency of cargo vehicles

Source: compiled by the author

The logic of Figure 1 starts with four groups of input
data. Static parameters include category, mass, engine
type, transmission and emissions standard; route-re-
lated parameters include coordinates, gradient, length,
speed limits and load; dynamic parameters include
speed, acceleration, revs, engine load, gear selection
and the condition of the braking systems; organisational
parameters include driver identification, working hours,
stops and deviations from the schedule. The smart tach-
ograph provides normatively significant time and mode
recordings, telematics provides a detailed route profile,
and CAN/FMS/OBD provides the state of the power
unit. After synchronisation, the data is segmented into
driving modes. The energy block of the model calculates
G100 Gum» the proportion of unproductive idle speed,
mode flow rate, and speed stability. The environmen-
tal unit determines direct CO, emissions by the amount
of fuel burned, and interprets NOx and PM only if ap-
propriate on-board or measurement data is available,
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as they depend on the temperature, load, and opera-
tion of neutralisation systems. This separation prevents
methodological errors when tachographic or GPS data
is attributed to indicators that are actually generated by
an electronic control unit or an external meter. At the
output, partial indexes are normalised and combined
into Iy The integral value does not replace individual
indicators, but is used to rank comparable trips under
the same cargo and route conditions. Low I,; must be
decomposed into the following components: excess ki,
indicates an organisational or behavioural problem; low
I, — on unstable management; and insufficient kg, with
a favourable profile - on the unused reserve of kinetic
energy. It is this schedule that forms the management
recommendation, and not just states the final fuel con-
sumption. The sequence of making control decisions
on the choice of rational driving modes on a section of
a route with a complex profile, in particular using Eco-
Roll, is summarised in Figure 2.
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Route profile: acceleration before ascent — ascent — top of ascent — descent — motion by inertia — speed control — steady motion

2. Ascent
maintaining the 7. Return to
s;?ﬁ?&gﬁ;ﬁ?& 3 highest possible 3. Top of the 4. Start of the 5. Eco- 6. Speed the
allowable speed gear without ) ascent descent > | Rollmode > control —>| established
P overloading the movement
engine

Digital-analytical level of monitoring of operating modes

Route and mode analytics
Road profile, speed intervals,
deviations from rational
operation

Smart tachograph and telematics
speed, mileage, events, driver
activity, rest and driving time

Intelligent support
choice of rational driving
modes based on speed,
loading, and road profile

Energy and environmental impact
reduce fuel consumption, limit
emissions, increase transparency of
cargo transportation

Feedback: monitoring data adjusts mode selection and supports monitoring of fuel consumption, emissions, and performance compliance

Figure 2. Road train driving modes on a route section with a complex profile

Source: compiled by the author

Figure 2 shows a sequence in which the decision on
Eco-Rollis made not after the appearance of a descent, but
after predicting the speed at its end. The mode is suitable
when the longitudinal slope and accumulated kinetic en-
ergy allow maintaining traction without traction, the pre-
dicted speed remains below the limit with a safe reserve,
and the transmission structurally supports automatic dis-
connection. For the conditional scenario, descents of 2-4%
are accepted, the initial speed is 5-10 km/h lower than
the permissible and the total weight of 36 tonnes; these
limits are the parameters of the example, and in the real
system should be calculated by drag forces, weight, cur-
vature, pavement, and road situation. The effect of driving
by inertia is reduced if the driver accumulates excessive
speed in advance and is forced to actively apply a retard-
er, engine braking, or service brakes. In this case, some of
the kinetic energy that was supposed to be used to over-
come the next section is converted into heat in the braking
mechanisms. The transition to braking should occur after
reaching the calculated speed threshold, and not immedi-
ately after the start of descent. The proposed logic is con-
sistent with approach of G.R. Gongalves Da Silva & M. La-
zar (2022), where mode control is related to previous slope
information and the result by J. Hong et al. (2025), which

received savings of 5.73% for their coordinated predictive
cruise control and coasting strategy. This value character-
ises specific research conditions and is not automatically
transferred to other routes. At least the GPS/tachograph
speed and time, longitudinal profile, transmission status
or on-board designation, engine speed, instantaneous/
accumulated fuel consumption, and retarder and brake
signals are required to record the Eco-Roll duration and
performance. Temperature, wind, tyre pressure, and traf-
fic density are auxiliary factors. Without confirming the
condition of the transmission, normal downhill driving
should not be automatically classified as Eco-Roll. The
regime structure determines not only the average con-
sumption, but also the reason for it. Idling has the worst
fuel-transport ratio, since the denominator of useful work
is zero. Acceleration generates the highest short-term
costs due to the need for inertial force, especially with a
large weight. Steady-state driving is the basic economy
mode when the engine is running in an efficient zone, and
Eco-Roll has the greatest conditional savings potential on
suitable descents. Braking provides safety, but its exces-
sive frequency indicates a loss of previously stored energy.
Table 2 shows the dependence of energy and environmen-
tal indicators of cargo vehicles on operating modes.

Table 2. Impact of operating regimes on the energy and environmental performance of cargo vehicles

Operating mode Technical characteristics Energy effect Environmental impact Monitoring parameter
Englpe runs without Unproductive fuel Emissions without Idle time, engine
Idle speed performing useful transport . - L
work consumption moving cargo operating time
. Increased speed with a high | Increased instantaneous | Increased intensity of Speed gradient,
Overclocking - . . L . .
tractive effort requirement fuel consumption emissions under load | acceleration, engine load
. . . . le emissions when ili
. Driving at a relatively stable Potentially efficient Stable emissions wher Speed St?b R
Steady motion . ! the engine is running in route section, fuel
speed and gear ratio mode at rational speed . .
the efficient zone consumption
. . . Vehicle is moved by k}netlc . . Reduction of CO, in Duration of movement
Motion by inertia/ | energy; the power unit can | Reduction of engine load roportion to fuel by inertia. road slope
Eco-Roll be disconnected from the and fuel requirements prop Y » road siope,
- economy speed limit
transmission
Engine/retarder | Controlled speed reduction on Prevents speeding, but Suppor.ts t%‘afﬁc.safety; Braklr}g events, de'sce.ant
. reduces the effect of has an indirect impact sections, speed limit
braking descents L - . L .
driving by inertia on emissions compliance

Source: compiled by the author
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According to Table 2, the most problematic in the
specific dimension is idling, and in the instantaneous —
intensive acceleration. Cuts have the greatest potential
without constructive modernisation of k;;, decrease in
average acceleration, speed stabilisation, and increase of
kgr in safe areas. Mandatory analysis parameters are time,
speed, distance travelled, engine condition, fuel volume,
and identified mode. Acceleration requires additional ac-
celeration and load, while Eco-Roll requires slope, trans-
mission/transmission condition, and brake signals. Tem-
perature, wind, and coating conditions increase accuracy,
but are auxiliary in the absence of appropriate sensors.
Quantitative interpretation involves calculating the idle
speed fraction as a percentage of engine running time,
Eco-Roll duration and distance, the average and 95th ac-
celeration percentile, the number of decelerations per 100
km, the speed range and fuel consumption for each mode.
Approach of A. Liu et al. (2025) confirmed the significance
of engine parameters, driver behaviour, and weight, and
A. Schoen et al. (2019) showed the suitability of telemat-
ics data for modelling the flow rate of heavy trucks. The
proposed model differs in that it preserves the transpar-
ent origin of each indicator and allows it to be used even
for a fleet with different digital equipment. The resulting
system of priorities showed that the average route con-
sumption should be analysed after rationing for cargo and
separating the regime components. For two routes with
the same ¢, the reasons can be different: in one case —
prolonged idling, in the second — high weight and lifting.
Therefore, the comparison was performed first in homo-
geneous groups by vehicle, weight, route, and weather
conditions, and then by ki, kg, @ and I,

The results also confirmed the need for cross-testing
of fuel. The CAN/FMS value is suitable for high-frequency

mode analysis, but it is advisable to compare the trip re-
sult with a calibrated fuel probe, flow meter, or refuelling
documents. Channel divergence should be considered as
an indicator of data quality, and not hidden by averag-
ing. In the absence of a reliable fuel channel, the model
can evaluate the operating profile, but should not claim
accurate savings. The smart tachograph in the proposed
structure performs a regulatory and temporal function.
It confirms the driver’s identity, speed, mileage, activity,
and events, but does not replace CAN/FMS for RPM, load,
gear, accelerator pedal, or fuel consumption. The telem-
atics platform combines these channels, performs time
synchronisation, and binds them to coordinates. This dis-
tribution ensures reproducibility of the calculation and
allows specifying which indicator is measured and which
is derived. Energy and environmental criteria remain in-
terrelated, but functionally different. Reducing Qf directly
reduces MCO,, while NOx and PM can change non-linear-
ly due to temperature, transient loads, and the operation
of cleaning systems. Therefore, in the absence of PEMS
or validated on-board data, the environmental section
of the paper is limited to direct CO, measurements and a
qualitative analysis of the conditions under which other
components are formed. The practical application of the
structure involves the sequence “conditions — segmenta-
tion — calculation — diagnosis — recommendation”. First,
the route profile is generated, then the synchronised data
is distributed by mode, after which partial and integral
indicators are calculated. The deviation is decomposed
into factors, and only then the action is selected: reducing
downtime, changing the acceleration profile, adjusting
the speed, using Eco-Roll, technical verification, or chang-
ing the route organisation. The sequence of practical use
of the model is presented in Table 3.

Table 3. Stages of evaluating the operational efficiency of cargo vehicles

Stage Analytical content Expected result
- determining route length, slope, speed limits, traffic conditions, description of external
Route characteristics . o
and stops operating conditions
Characteristics of the vehicle identification of category, weight, engine, transmission, and . . .
> technical basis for evaluation
and cargo environmental standard
Segmentation of driving selection of idle, acceleration, steady state, inertia, and braking .
operational profile of the route
modes modes
Assessment of energy analysis of fuel consumption, idle speed, driving duration by .
- . - o nergy efficiency profil
indicators inertia, and speed stability energy etliciency prottie
Assessment of environmental | interpretation of CO, emissions and harmful substances according environmental efficiency
indicators to fuel consumption and engine operating modes profile
- use of tachograph and telematics data to detect deviations and basis for intelligent control
Digital feedback . -
select rational modes algorithms

Source: compiled by the author

A fundamental feature of Table 3 is the prohibition of
switching to integral evaluation until quality control and
data segmentation are completed: an error in time bind-
ing or incorrect classification of the descent as Eco-Roll
directly distorts the result. At the first stage, the dispatcher
or researcher sets a homogeneous comparison group for
the car, cargo, and route. On the second stage, passes, re-
fuelling events, GPS, and on-board time consistency are
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checked. On the third stage, the route is segmented by
mode, and then calculated ¢,99, Gixmy MCO,, ki, kir, G, and
L. The fifth stage is compared to the reference trip or tar-
get limits. The final step turns the detected deviation into
a specific recommendation and involves repeated meas-
urement after its implementation. For the demonstration,
a conditional route with a length of 100 km with 6 km of
ascents with a slope of 3-5%, 8 km of descents with a slope



of 2-4%, and 86 km of flat and mixed sections was used.
The gross weight of the road train was 36 tonnes, the cargo
weight was 20 tonnes, and the driving time was 105 min-
utes. The baseline scenario provided for 24 minutes of idle
time, no confirmed Eco-Roll, a standard speed deviation
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of 9.0 km/h and a flow rate of 32.4 litres. The rational sce-
nario provided for 12 minutes of idle time, 7.2 minutes of
Eco-Roll, a standard deviation of 6.2 km/h and a flow rate
of 31.1 litres. For the demonstration recalculation of CO,,
itis accepted that k¢, =2.64 kg/L.

Table 4. Calculated example of estimating a 100-kilometre trip

Indicator Basic scenario

Rational scenario Change / interpretation

Route length; cargo; gross weight 100 km; 20 t; 36 t 100 km; 20 t; 36 t Comparison conditions are the same
Idle speed 24 min; k;;=18.60% 12 min; k;;=10.26% -8.34 pp
Eco-Roll 0 min; kgz=0% 7.2 min; kgz=6.86% 8 km of suitable descents were used
Fuel consumption Qf 32.4L 31.1L -1.31;-4.01%
00 32.4 L/100 km 31.1 L/100 km -4.01%
Grkm 0.01620 L/ (t-km) 0.01555 L/ (t-km) -0.00065 L/ (t-km)
Direct CO, emissions 85.54 kg 82.10 kg -3.44 kg; -4.01%
Speed stability I, 0.842 0.891 +0.049
Integral index Ly 0.804 0.933 +0.129; +16.0%

Note: these figures are for illustrative purposes only
Source: compiled by the author

The calculation showed that reducing idle speed and
rational use of coasting reduced Qf and MCO, by 4.01%.
Since the load and length remained unchanged, the same
relative improvement was obtained for ¢g,,. The integral
index is calculated with weights wQ = 0.35; wCO, = 0.25;
wid =0.15; wER = 0.10; wv =0.15, a reference flow rate of
30 L/100 km and a target share of Eco-Roll of 8%. The
16.0% increase in the I;exceeds the relative reduction in
fuel consumption, as the index considers idling discipline,
speed stability, and the use of suitable downhill gradients.
The example demonstrates how the model works, but is
not proof of universal savings of 4%. Its purpose is to show
how scenarios that are identical in route and cargo are
compared by regime structure. Field validation requires
repeated trips, uncertainty assessment, weather monitor-
ing, traffic, tyres, technical condition, and CAN/FMS veri-
fication via an independent fuel channel.

The proposed model is consistent with conclusions of
A. Hamednia et al. (2022) that the economy mode should
be determined not by an isolated driver response, but by
a forecast over a longer horizon. Their algorithm optimis-
es the velocity trajectory, while this study focuses on a
transparent structure of metrics and data sources suitable
for a heterogeneous park. Therefore, the result obtained
does not replace the optimisation controller, but forms
the measurement and criterion level necessary for its fur-
ther application. The findings of G.R. Gongalves Da Silva
& M. Lazar (2022) confirmed the key role of preliminary
slope information in driving trunk modes. The logic pro-
posed in Figure 2 corresponds to the following approach:
Eco-Roll is chosen after predicting the final speed, and
not just based on descent. The difference is that data or-
igin, weight control, transmission status, and brake sig-
nals have been added to the road profile, without which
the actual mode can be classified incorrectly. The con-
clusion about high manageability of behavioural factors
corresponds to H.I. Ashqar et al. (2024), who showed the
feasibility of including driving style in fuel forecasting.

A.S. Mane et al. (2021) also used telematics data to identi-
fy behavioural parameters associated with overspending.
In this paper, the behavioural block was specified through
ki, a, I, and the number of brakes, but its impact is sep-
arated from the weight and route. This is important be-
cause without rationing, the driver of a heavier road train
on a more complex profile may get an unreasonably lower
rating. Z. Zhang et al. (2023) found a significant associa-
tion between truck driver behaviour, fuel consumption,
and CO, emissions. The proposed model confirms this
relationship for direct CO, emissions, since they are pro-
portional to the volume of fuel burned. Simultaneously, it
restricts the interpretation of NOx and PM in the absence
of PEMS or a validated on-board channel. This precau-
tion narrows down the environmental conclusion, but
increases its validity and prevents fuel reduction from
being identified with the same change in all pollutants.
A. Schoen et al. (2019) and A. Liu et al. (2025) demon-
strated the capabilities of telematics and explicable ma-
chine models for predicting the flow rate of heavy trucks.
The advantage of such methods is their high predictive
power, but they require a representative training sample.
Proposed index I,;has another function: it provides an in-
terpreted trip comparison to the accumulation of a large
data set. In the future, formalised metrics can be used as
attributes for machine learning, and model results can be
used as controls for logical consistency of the forecast.
The estimated cost reduction of 4.01% does not contradict
the result of J. Hong et al. (2025), who received 5.73% for
coordinated predictive cruise control and coasting un-
der their own simulation conditions. The lower value in
the above scenario is explained by the fact that Eco-Roll
covered only 6.86% of the driving time, and part of the ef-
fect was formed by reducing idle speed. Thus, the model
demonstrates a valid directional response: an increase in
the proportion of rational coasting and a decrease in un-
productive modes improve the energy and CO, result. The
limitations of this study include the hypothetical nature
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of the scenario, the lack of field replicates, and the need to
calibrate the Iy weights for a specific carrier. The practical
significance of the model lies in the transition from rating
cars by one average consumption to diagnosing the caus-
es of the result. For the carrier, the source document can
be a route profile with the share of modes, data quality,
comparison with the standard, and a list of recommended
actions. Recommendations should be checked by a repeat
trip, which turns the model into a closed cycle of improve-
ment. For the existing diesel fleet, this cycle complements
long-term decarbonisation with short-term measures: re-
ducing idle speed, stabilising speed, monitoring technical
condition and rational use of kinetic energy. It does not re-
place the upgrade of power units, but it allows quantifying
reserves until the fleet is updated.

Conclusions
The study formalised an evaluation model for the opera-
tional efficiency of category N3 vehicles, integrating data
acquisition, operating mode segmentation, and the calcu-
lation of energy and environmental performance indica-
tors. It was established that the smart tachograph provides
time, speed, and mode recordings of the driver; GPS-tele-
matics — route and stops; CAN/FMS/OBD - parameters of
the engine, transmission, and available fuel consumption;

organisational decisions of the carrier. Eco-Roll is recom-
mended only if the predicted compliance with speed and
safety limits, the presence of a suitable slope and a con-
firmed condition of the transmission; excessive braking
reduces its effect due to kinetic energy dissipation. Eight
basic dependencies were proposed for G, Gixm MCO,, kig,
ke average acceleration, speed stability, and I On the
conditional route of 100 km, reducing idle speed from 24
to 12 minutes, using Eco-Roll for 6.86% of the driving time
and stabilising the speed reduced the estimated flow rate
from 32.4 to 31.1 litres and direct CO, emissions from 85.54
to 82.10 kg; Izincreased from 0.804 to 0.933. The result ob-
tained confirmed the operability of the proposed model,
but it cannot be considered a full-fledged field validation.
Practical application of the model involves the formation
of homogeneous trip groups, data quality control, regime
segmentation, calculation of partial indicators, diagnosis
of the causes of deviations, and re-verification after the
implementation of recommendations. Further research
should be aimed at analysing the series of repeated trips,
calibrating fuel channels, assessing the uncertainty of re-
sults, and adapting the scales of the integral index to the
operating conditions of a particular fleet.
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EkcnayaTtauinHa epeKTUBHICTb BOHTO)KHUMX TPAHCMNOPTHMUX 3acobiB
30 eHEpPreTUYHUMMU TA €KONTOrIYHUMU KPpUTEPIAMHU

PomaH Jloera
AcnipaHT
HarioHaTbHUM TPaHCIOPTHUH YHIBEpCUTET
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AHoOTALifA. 3pocTaHHA BapTOCTi MajmBa, MOCWUJIEHHS BUMOTr A0 AeKapOoHi3amii BaHTa’KHHUX IiepeBe3eHb i
NOUIMPEHHA TEeJeMaTUYHOTO KOHTPOJIIO HOTpeﬁyIOTI) nepexony Bi,IL OL[iHIOBaHHH BAaHTAXHOTO TPAHCIIOPTHOIO
3acoby JuIe 3a cepeJHbOI0 BUTPATOIO NMATMBA A0 PEKUMHO-OPi€EHTOBAHOI OI[iHKK HOro pobOTH Ha MapIIpPyTi.
MerToro gocaimkeHHs 6ys10 06T PYHTYBATH i (DOpMaITi3yBaTH MOJIETb €KCILTyaTailiHOT e(DEKTUBHOCTI TPAHCIIOPTHUX
3acobiB kateropii N3, ska IoeIHye Ma/JMBHIi, €KOJIOTi4YHi, MapUIpyTHi, pe)kKUMHi Ta iHdopmarliiiHi MoOKa3HUKU.
IlskepesibHy 6a3y copMoOBaHO 3 pelleH30BaHUX MyOJstikariii 2020-2025 pokiB, BigibpaHux 3a OGe3mocepegHbOIO
peJIeBaHTHICTIO Ba)KKHUM BaHTaKHUM aBTOMOO1IAM, peaJJbHUM MapIIpyTHUM YMOBaM, TeJIeMaTHYHUM 2060 60pTOBUM
JJaHUM, eKO-KepyBaHHIO Ta BHKHAAM. 3aCTOCOBAaHO CHUCTEMHHUMN, MOPIBHAJBHUIN i CTPYKTYpHO-(YHKI[IOHATBHUN
aHaumi3, opmasisaliilo IOKa3HUKIB Ta cIeHapHe MoJeJoBaHHsA. Po3meskoBaHo iHgopmaliito cmapT-Taxorpada,
Global Positioning System-Ttesiemarukn, Controller Area Network/Fleet Management System/On-Board Diagnostics
i MaTMBHUX JAaTYMKIB; 3alIpOIIOHOBAHO (OPMY/IM BUTPATH NajuBa Ha 100 kM i ToHHO-KisIoMeTp, Macu CO,, 9acCTOK
xoJioctoro xoy Ta Eco-Roll, cepenHboro npucKkopeHHs, cTabiTbHOCTI BUIKOCTI i iHTErpasbHOrO iHAEKCy. AHAJTI3
YMHHHUKIB IIOKa3aB, 0 MapLIPyT i Maca aBTONOi3Ja BM3HA4YalOTh 0a30Be HABAHTA)KEHHs, TOAI SIK HANOibII
OIEPATUBHO KEPOBAaHMMHU € TPUBAJICTH XOJIOCTOTO XOMy, iHTEHCHBHICTH PO3TOHIB, CTabiIbHICTH MIBHUIKOCTI,
BUKOPHUCTaHHS BUOIry Ta opradisamiiiHi pimeHHs nepeBidHuKa. [IpakTuyHy poOOTy MOfesi mpoJeMOHCTPOBAHO
Ha yMOBHOMY 100-KiToMeTpoBOMY MapLIpyTi aBTOIOI3Ja IOBHOKI Macol 36 T i3 BaHTaxeM 20 T. CKOpOYeHHA
X0JIOCTOTO X0#y 3 24 1o 12 xB, popmyBaHHA yacTKu Eco-Roll 6,9 % yacy pyxy Ta crabismisanis IBUIKOCTI 3MEHIITHIN
pO3paxyHKOBY BUTpary naausa 3 32,4 no 31,1 j, a npsimi Bukugu CO, — 3 85,54 1o 82,10 Kr; iHTerpanbHUN iHAEKC
3pic 3 0,804 mo 0,933. HaBeneHuil crieHapiil € [eMOHCTpaLiifHUM i TOTpeOye MOoAaIbIIOL TepEeBipKY 32 (PaKTUIHUMU
MapUIPYTHUMU AaHUMU. [IpakTUYHA HIHHICTH IIOJIATAE Y MOYKJIMBOCTI BUKOPUCTOBYBAaTU MOAEJIb 18 NOPIBHAHHA
peiiciB, BUABJIEHHs IPUYUH NepeBUTPATU Ta (popMyBaHHSA peKOMeHjaLii BofieBi i gucmeTdepy 3a KOHKPETHUX
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