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Abstract. The relevance of this work stems from the need to improve the durability and reliability of road surfaces,
which are subject to intense loads, particularly from heavy vehicles, leading to the development of deformations and
damage, such as cracks. This necessitates the use of reinforcement for road structure layers. The aim of this study was
to determine the most effective placement of a reinforcing geosynthetic layer in the road structure to reduce the stress-
strain state and increase its load-bearing capacity. Analytical methods were used for the calculations, as well as finite
element numerical modelling to study the stress distribution in the layers for different reinforcing layer placement
patterns. Numerical modelling revealed that geogrid reinforcement significantly reduces tensile stress in the road surface
layers. The most effective placement of the geogrid is between the second and third layers of the road pavement, which,
despite its primary purpose of preventing crack propagation, significantly reduces tensile stresses. The study showed
that this arrangement reduces tensile stresses from 1,207 Pa to 1,011.6 Pa, representing a 20% decrease. At the same time,
the use of the geogrid in the first layer increases shear stresses by 2.9%, and between the first and second layers, tensile
stresses increase by almost 5%. However, overall, geosynthetics enhance the strength and durability of road pavements.
Analysis of the resulting graphs confirmed that the optimal placement of the reinforcing layer corresponds precisely to
the maximum tensile stress concentration, which improves structural strength, reduces deformation, and extends the
service life of the pavement. The practical value of this work lies in the formulation of sound recommendations for the
design of reinforced pavements, which will minimise material consumption and extend the service life of highways

Keywords: asphalt coating; reinforcement; geogrid; bonding; stress concentration; stress-strain state; cracks

Introduction
The strength and durability of the pavement structure are  higher axle loads on the pavement and contributes to the
largely determined by the intensity of traffic loads and development of deformations and distress in asphalt con-
the influence of climatic conditions. The rapid increase  crete surfaces, as noted by M. Wismans et al. (2024) and
in the number of heavy-duty vehicles on roads leads to  P. Li et al. (2025). The works of S.A. Baran et al. (2021) and

Suggested Citation: Shevchuk, L., Shlyun, N., & Zaiets, Yu. (2026). Using of geosynthetic reinforcing interlayer in road construction.
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A. Raffaniello et al. (2022) stated, that the most common
types of pavement deformations and distresses include
the formation of transverse and longitudinal cracks caused
by extreme tensile stresses at low sub-zero temperatures,
under conditions that prevent free contraction of the up-
per layers. To mitigate this effect, apply transverse thermal
(unloading) joints and reinforcement (longitudinal, mesh-
es, etc.) are incorporated into the pavement structure, as
emphasised by V.I. Gulyayev et al. (2022). Geosynthetics
have recently become increasingly popular in road con-
struction. Carbon, boron, glass, organic, ceramic, metal-
lic, and other materials can be used as fibres. Reinforcing
elements also come in various forms, including tapes,
threads, strands, and meshes. Of significant practical in-
terest is not only the selection of geosynthetic material
parameters but also the placement of the reinforcing mesh
to strengthen the road structure and reduce tensile stress-
es localised in areas adjacent to the zone of application
of external distributed pressure. Therefore, it is relevant
and advisable to study the integration of geosynthetics
into road pavement structures, their impact on the over-
all strength of road structures, and the determination of
the optimal geogrid placement to reduce stress and strain
concentrators and increase the durability of the system.

The use of geotextile materials in the construction of
road pavements and subgrades has increasingly become
the subject of both international and domestic research
publications. In particular, the following forms of geosyn-
thetics for road pavements are considered: geotextiles,
geogrids, geocomposites, geo-elements, geopins, and ge-
obags (Alimohammadi et al., 2020; Al-Barqawi et al., 2021).
Z.Yin et al. (2022) presented a numerical study of a geo-
textile-reinforced flexible pavement under static loading
to evaluate the improvement due to reinforcement based
on three criteria: rutting performance, placement of ge-
osynthetic materials, and reduction in the thickness of
the base layer. VM. Pershakov et al. (2020) conducted an
analysis of theoretical and experimental data concerning
the reinforcing functions of geosynthetic interlayers and
their functional interaction with other layers within the
pavement structure. The study by S. Banerjee et al. (2024)
presented the results of full-scale model tests and numer-
ical analyses of reinforced and unreinforced pavement
sections. The inclusion of geocell elements within the
base layer demonstrated a significant reduction in both
residual deformation and subgrade stress concentration
compared with unreinforced sections across all pavement
configurations. Based on the finite element method, the
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study by M. Huang et al. (2025) analysed the effect of a
stress-absorbing layer on the durability of semi-rigid as-
phalt pavement. Thus, the analysis of recent studies and
publications has demonstrated that the use of geosyn-
thetic materials in pavement design enhances drainage
properties and provides a reinforcing effect, thereby slow-
ing down the process of crack formation. In this regard,
it is highly advisable to continue research on the applica-
tion of geosynthetic reinforcing layers in road construc-
tion. This study sought to identify the optimal location
of a geosynthetic reinforcement layer within a pavement
structure in order to minimise stress-strain responses and
enhance its load-bearing performance.

Materials and Methods

To study the effect of geogrid reinforcement on the stress-
strain state of the road surface, the finite element method
was used. The use of numerical modelling was justified
by the need to accurately reproduce the layered structure
of the road and the conditions of interaction between the
layers and the reinforcing element to identify zones of
maximum tensile stress. Analytical methods for deriving
elastic equilibrium equations and boundary conditions
were additionally used. For the finite element analysis of
these issues, a layered pavement structure was selected,
the schematic of which is shown in Figure 1.

b, b,

N
N
X N
N
N

-
- §YN Y
5 cm asphalt concrete dense fine-grained
10 cm dense coarse-grained asphalt concrete

y

10 cm porous asphalt concrete

20 cm crushed stone

Figure 1. Structural diagram of the road surface
Source: developed by the authors

Figure 1 showed the structurallayout of the road surface,
illustrating the various layers of materials used in the pave-
ment structure, including asphalt concrete, dense coarse-
grained asphalt concrete, porous asphalt concrete, crushed
stone, and sand. The values of the structural and mechan-
ical parameters of the system are presented in Table 1.

Table 1. The value of the structural and mechanical parameters of the system

Number ilayer h;, (m) E, (Pa) Y
I layer 0.05 5-10° 0.2
1T layer 0.1 1.4-10° 0.25

III layer 0.2 0.1-10° 0.3

IV layer 0.2 0.1-10° 0.3
V layer 0.3 0.1-10° 0.35
Geogrid 0.003 1.4.10% 0.25

Source: developed by the authors
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The data presented in Table 1 indicate a multilayer
pavement structure characterised by a gradual decrease
in elastic modulus from the upper layer (5-10° Pa) to the
lower layers (0.1-10° Pa), ensuring effective stress distribu-
tion with depth. The geogrid, despite its small thickness
(0.003 m), exhibits a significantly higher modulus of elas-
ticity (1.4-10% Pa), confirming its high tensile stiffness and
reinforcing potential within the system. A two-dimensional
formulation of the problem is considered, in which a verti-
cal load with an intensity of p=1,000 Pa is distributed over a
section with a width of b, =0.48 m (tire contact patch width),
located at a distance of b,=0.96 m from the edge of the
road. It is assumed that the road structure consists of four
layers resting on a soil foundation. Within each segment of
the road, the equations of elastic equilibrium are satisfied:

90y | OTxy | 0Tz _
ox + oy + oz 0,
0Ty, + ﬂ + 0Ty, -0
ox oy 0z ’
0Tz , OTzy |, 00,

Pex | Doy | 0% _ 1
0x + oy + 0z ’ &y

where 0,0, 0, are the corresponding normal stresses, and
o Ty T are the shear stresses, calculated from the fol-
lowing equations:

Ty Tpe

g; = A4 + ZGEL',
T = T = Gyiy = Gyjie @)

The Lame constants A and G are expressed through
the modulus of elasticity E and Poisson’s ratio v by the
following formulas:

- HE
TA+wa-2p

“2a+m )

The symbols used in equations (2) are defined by the
following expressions:
ouy 0u, 0u,
LD T
Yij =50 T 55
0u]~
ST

(@]

where i, j=x, ), z.

The boundary conditions of zero normal and shear
stresses specified on the free surfaces of the first layer and
the soil mass are expressed as follows:

gy, =0,
Tyx = Ty, = 0. (5)

Within the contact interaction, the stress o, is equal to
the tire pressure p, therefore:
ay =-p. (6)

The displacement continuity conditions at the
interfaces of adjacent layers, as well as between

Bulletin of the National Transport University. 2026. Vol. 30, No. 1

the fourth layer and the soil foundation, are expressed
as follows:
Ui—1 = U, Vi1 =V,
Wi_1 = W; (l = 2,3,5) (7)

The finite element method was used to solve the
problem. The layered system selected for the calculations
was divided into three-dimensional finite elements, and
the system of differential equations was replaced by a sys-
tem of algebraic finite element equations formed taking
into account the boundary conditions (5)-(7):

[Kul{u} = {q}, ®)

where [K] is the stiffness matrix of the finite element
model of the entire elastic body, {u} is the vector of nodal
displacements, and {g} is the load vector.

The validity of the model is confirmed through ex-
perimental results from laboratory and in-situ testing,
with findings from M.R. Sharbaf & N. Ghafoori (2021) and
M. Zakarka et al. (2023) providing strong corroboration of
the theoretical predictions regarding the reinforcing effec-
tiveness of geogrids. It is assumed that the structural con-
figuration of the geogrid consists of square cells formed
by fibres whose modulus of elasticity and strength signif-
icantly exceed those of the materials in the pavement lay-
ers. It is also assumed that the cell dimensions are much
smaller than the characteristic dimensions of the layers.
Therefore, for the purpose of a qualitative analysis of the
problem, the geogrid can be approximately modelled as
a continuous thin elastic layer whose averaged modulus
of elasticity and strength correspond to the averaged me-
chanical properties of the actual geogrid. By placing this
equivalent layer at different positions within the layered
structure, the mechanical behaviour of the reinforced
pavement under a given load can be studied. For this anal-
ysis, a geogrid was selected with averaged parameter val-
ues listed in Table 1. During the simulations, the geogrid
was placed within and between the upper layers, and the
configuration that resulted in the minimum tensile stress
at the bottom of the second layer was determined. The fi-
nite element model of the system consists of 213,236 finite
elements and 319,137 nodes.

Results and Discussion
In practice, reinforcing layers in the form of synthetic
materials, so-called geogrids, are used for reinforcement.
They are intended for reinforcing the road base, as a bear-
ing layer for sections located on weak soils (Fig. 2). Their
correct use turns the coating into a durable, stable struc-
ture and helps to redistribute stresses in the soil massif.
Figure 2 demonstrates how the geogrid, placed beneath
the crushed stone layer, helps redistribute stresses in
the soil, thereby enhancing the stability and durabili-
ty of the road, particularly when constructed on weak
soils. Geosynthetics have been used in road construc-
tion in France since the 1960s and became more wide-
ly used in the 1980s in the United States, Canada, Israel,



Belgium, Spain, the Czech Republic and Germany (Gir-
oud et al., 1985). They are consistently used in road con-
struction in Ukraine. The use of geosynthetic materials in
severely cracked road surfaces improves drainage proper-
ties and has a reinforcing effect, slowing down the crack
formation process (Gaidaichuk ef al., 2021; Gulyayev et
al., 2022). Geogrid is a type of synthetic material that is
heat-resistant, frost-resistant, elastic, and resistant to
mechanical damage. Polyester, polypropylene, fiberglass,
and high-grade polyethylene are used for its production.
Geogrid modules are stacked on top of each other, and
the niches are filled with crushed stone or sand with lay-
er-by-layer compaction, after which they are covered with
asphalt concrete. At the same time, the walls of the grat-
ings prevent the displacement of the material placed in it,
giving it new properties. The holes of the geogrid and the
particles they are filled with form an intermediate layer
that acts as a stretched membrane. This effect reduces the
concentration of the concentrated vertical load from the
car wheel from the base layer and distributes it inside the
intermediate layer (Fig. 3). This increases the resistance to
displacement and limits lateral deformations in the main
layer (Kashif et al., 2024). Geogrids have a wide range of
applications, including the construction of road surfaces
on soft and shifting soils, the stabilisation of road surfac-
es on roads, highways, and bridge decks, as well as the
reconstruction and widening of roadways. Geogrids are
also used to reinforce asphalt concrete pavements dur-
ing the construction of retaining walls and soil slopes, to
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restore road surfaces after repairing underground utili-
ties, and to construct and reinforce airport runways. The
use of geogrids offers a range of technological and eco-
nomic advantages, including the ability to reduce the
thickness of asphalt concrete pavements and save money
on soil improvements. Reinforcement increases the bear-
ing capacity of weak foundations, evenly distributes me-
chanical loads, and prevents the propagation of thermal
and fatigue cracks and the occurrence of shear deforma-
tions in pavements. These factors lead to a threefold or
more increase in the service life of the pavement, a two-
to threefold increase in the time between repairs, and a
reduction in road surface maintenance and repair costs
by more than 40%, while significantly simplifying road
construction and embankment stabilisation.

Geogrid

Figure 2. Geometric layout of the geogrid
Source: developed by the authors

P

S A
Crushed

Figure 3. Concentration of concentrated vertical load from a car wheel

Note: a — without geogrid; b — with geogrid

Source: developed by the authors based on M. Al Qurishee (2017)

Depending on the type of repair work, different geog-
rid placement patterns are used in the pavement struc-
ture. When repairing a road section with minor cracks, a
geogrid is laid to reinforce the top layer of the pavement.
It is placed between the existing asphalt concrete without
a levelling course and the new asphalt concrete, creating
a preservative effect and absorbing horizontal stresses
and deformations, thereby preventing the propagation
of existing cracks into the newly laid pavement layer. To

repair a road section with ruts and potholes, a geogrid is
placed between the levelling course of the existing asphalt
concrete and the new pavement layer. Redistributing ver-
tical loads over a larger base area eliminates or reduces
paths and potholes. When reinforcing asphalt concrete
pavements on highways or airport runways, geogrids
are placed between the asphalt concrete levelling layer
and the cement concrete pavement. They act as a binder
layer and prevent cracks due to the difference in thermal
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expansion coefficients between these layers. Reinforcing
asphalt concrete pavements is critical at the junction of
sections, as it prevents cracks from developing in the top
layer. Geogrids are used to widen road surfaces at junc-
tions, as well as to reinforce road sections after repairs to
underground utilities to ensure the integrity of the road-
way is restored and improve its reliability.

Using the proposed methodology, a simulation of
the pavement structure depicted in Figure 3 was con-
ducted, employing the parameter values listed in Ta-
ble 1. The calculation results are shown in Figure 4 in the
form of graphs of the functions o (3), o,(y), 0,0, 0,
in a vertical section passing through x = const the cen-
tre of the load application area. Apparently, the greatest
stress o,=-5,770 Pa occurs on the border surface of the
upper layer. However, it cannot be considered the most

dangerous, since it is compressed. Therefore, the tensile
load 0,=1,207 Pa, arising on the contact edge of the sec-
ond and third layers, can be considered more dangerous.
The remaining components of the stress tensor have
much smaller values. In connection with the noted, when
reinforcing the structure, it is desirable to select such a
location of the geogrid as to reduce the tensile stress o, on
the contact surface of he second and third layers. Figure 4
shows the graphs of the functions o,()), 0,(), 0,(), 0,,(3)
for the case when the geogrid is installed inside the first
pavement layer. Such a grid arrangement even has a neg-
ative effect, since the maximum tensile stress in the lower
plane of the second layer even increased from 1,207 Pa to
1,243 Pa. At the same time, such a design scheme led to
a decrease in the compressive forces in the upper layer,
which were not dangerous anyway.
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Figure 4. Graphs of stress changes (a), (b), (c), (d) in an unreinforced road structure

Source: developed by the authors

It should be noted that the stresses in the reinforcing
layer significantly exceed those in the asphalt concrete.
However, this does not pose a threat, as the strength of
the geogrid considerably surpasses that of asphalt con-
crete. The case where the geogrid is located between the
first and second layers is shown in Figure 5. This scheme

cannot be considered rational, since the tensile stresses at
the bottom of the second layer have again increased from
0,=1,207 Pa (without the grid) to ,=1,260.3 Pa (with the
grid). The geogrid placement inside the second layer has
a positive effect on the lower limit of the second layer. It
dropped to 0,=1,156.2 Pa.

- 5498 8

755.1

~1000 —1299.7
10000 -50 0 5000 10000 &,,Pa -10000 -5000 0~ 5000 10000 &, ,Pa '10?00‘ '5°|°° 1-50 5°|° 2 .10?00 .G”|Pa '10]000. _5?00. ° 5o|oo .10?00 .O-““';‘Pa
= A B B I T T T T T
\ AN 0.1'\‘ 0.1\ 011
\ 02 0.21 —2723 1 °'2<‘ 1321 0.2
—as ( 1243,4 03 0.3 0.3
0.4} 0.4 047 0471
05 738,82 05 0.5 0.5
— e 0.6 0.6
e o7 0.7 1 0.7
08 0 0.8 0.8
0.9 4 9
a) 0'?_ yom b) 0‘?_ y.m <) g P d) 019— »m

Figure 5. Graphs of changes in stresses (a), (b), (c), (d) in the road cross-section under load
when the geogrid is located inside the first layer

Source: developed by the authors

Here the stress o, decreased from o, =1,207 Pa to
0,=938.3 Pa. The installation of a geogrid inside the lower
(third) layer also resulted in a decrease in the level of the
highest tensile stresses (from 1,260.3 Pato 1,011.6 Pa), but
it was not as significant. Structural schemes were also an-
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alysed in which the geogrid was installed even lower (in
the fourth layer). However, calculations showed that in
this case the influence of the geogrid on the stress-strain
state of the system is even less significant. Therefore, the
calculation results for such a scheme are not presented



here. As a conclusion to this study, it can be noted that
the most rational geogrid arrangement for this struc-
ture and this stress can be considered its arrangement
between the second and third layers. It should also be
emphasised that although the introduction of the geog-
rid into the coating structure did not result (as expected)
in a significant decrease in tensile stresses in the critical

—5673.9 —1000
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zones of the system, its effect on the overall strength of
the coating remains important, as the geogrid, even in a
closed state, prevents further crack growth and structur-
al failure in the described area. The graphs of changes in
stresses in the road cross-section under load when the
geogrid is located between the first and second layers are
shown in Figure 6.
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Figure 6. Graphs of changes in stresses (a), (b), (c), (d) in the road cross-section under load
when the geogrid is located between the first and second layers

Source: developed by the authors

An analysis of various geogrid-reinforced road
pavement designs allowed for determination the most
efficient geogrid placement to minimise the most dan-
gerous stress. When reinforcement is placed within the
first layer and between the first and second layers, an

—5884.9 —1000

increase in the critical tensile stress at the bottom of the
second layer by 36-53.3 Pa is observed (Figs. 5-6). The
most favourable case was when the geogrid was located
in the place of maximum stress o,, between the second
and third layers (Fig. 7).
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Figure 7. Graphs of changes in stresses (a), (b), (c), (d) in the road cross-section under load
when the geogrid is located between the second and third layers

Source: developed by the authors

Indicating a negative impact of this placement on the
overall durability of the structure. From the middle of the
second layer to the middle of the third layer, a reduction
in stress by 50.8 Pa to 195.4 Pa is observed compared with
the critical stress value o,=1,207 Pa. The maximum posi-
tive effect is achieved when the geogrid is placed directly
in the zone of maximum tensile stress between the second
and third layers. Therefore, the study clearly demonstrates
the effectiveness of road pavement reinforcement, which
is directly dependent on the precise placement of the ge-
ogrid in the zone where the greatest tensile stress occurs.

Previous studies confirmed the effectiveness of geo-
synthetic materials in improving pavement durability. In
particular, the use of geogrids has been shown to reduce

rutting and tensile stresses and to allow a significant reduc-
tion (20-40%) in base-layer thickness without compromis-
ing load-bearing capacity (Al Qurishee, 2017). The results
obtained in the present study demonstrate that geogrid
reinforcement leads to a decrease in critical stress levels,
which is consistent with the findings reported by B. Hill et
al. (2018). The authors highlighted that the inclusion of
recycled materials like reclaimed asphalt pavement (RAP)
in pavement construction has led to reduced performance
at low temperatures, causing thermal cracking. Their pre-
vious research demonstrated that bio-binders from swine
manure could mitigate the effects of RAP while enhancing
the low-temperature properties of asphalt mixtures. The
results of the present analysis are also consistent with the
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findings of P. Vishwakarma & S.R. Karumanchi (2023), who
emphasised the critical importance of selecting an appro-
priate geogrid stiffness within the asphalt concrete layer
and choosing suitable subgrade materials to optimise
pavement performance and service life. Their study high-
lighted that maintaining the geogrid stiffness within a spe-
cific range, particularly between 100 kN/m and 400 kN/m,
markedly reduces rutting depth, especially in pavements
with lower subgrade modulus, thereby ensuring improved
long-term performance. Compared with subgrade rein-
forcement approaches, the results confirm that optimal
depth-wise placement of the geogrid effectively mitigates
crack initiation and propagation in high-stress zones,
thereby serving as a key factor in extending pavement
service life. In contrast to the predominantly theoretical
review presented by M. Farhan & K. Murari (2024), the
present study employs finite element modelling to sys-
tematically investigate and determine the optimal depth-
wise placement of geosynthetic reinforcement within the
pavement structure. The results are further corroborated
by the studies of M.R. Sharbaf & N. Ghafoori (2021) and
M. Zakarka et al. (2023), providing additional evidence of
the effectiveness of geosynthetic materials in enhancing
pavement strength. X. Ding et al. (2022) demonstrated
that the inclusion of geogrid reinforcement significantly
improves the strength and alters the deformation behav-
iour of calcareous sand in maritime geotechnical struc-
tures. Their consolidated drained triaxial tests revealed
that geogrid-reinforced calcareous sand (GRCS) exhibits
higher strength, a shift in the deviatoric stress-strain re-
sponse from slight softening to hardening, and reduced
shearing dilatancy compared to unreinforced sand.
D. Nie et al. (2023) focused on fatigue performance, the
present study specifically determines that placing the ge-
ogrid between the second and third pavement layers is the
most rational solution. M. Huang et al. (2025) demonstrat-
ed the results of a comprehensive full-scale investigation
into the effectiveness of composite stabilised bases rein-

structural strength, reduces critical stresses and rutting,
and effectively mitigates crack initiation, thereby improv-
ing the durability and service life of pavement systems.

Conclusions

The study investigated the deformation behaviour of lay-
ered pavement structures with respect to the placement
of geosynthetic reinforcement layers. It was demonstrat-
ed that the strategic incorporation of geogrid reinforce-
ment, with optimal stiffness and depth placement, sig-
nificantly enhances pavement strength, mitigates stress
concentrations and rutting, and improves the overall
durability and service life of the structure. The findings
indicated that the most effective geogrid placement is
between the second and third layers of the pavement. In
this case, the tensile stress decreased from 1,207 Pa (in
the unreinforced configuration) to 1,011.6 Pa, represent-
ing a significant reduction of approximately 20% in criti-
cal stress levels. In contrast, placing the reinforcing layer
within the first layer of the road structure or between the
first and second layers resulted in negative outcomes.
When applied in the first layer, the shear stress increased
by 2.9%, and when placed between the first and second
layers, the tensile stresses increased by nearly 5%. There-
fore, it can be concluded that the use of geosynthetic
materials in pavement design is an effective method for
improving the overall strength, increasing the durabili-
ty, and reducing maintenance costs of road structures. It
should also be emphasised that although the introduc-
tion of the geogrid into the pavement structure did not
lead (as initially expected) to a substantial reduction of
tensile stresses in the critical zones, its influence on the
overall strength of the pavement should be considered
important. Even under near-critical conditions, the ge-
ogrid prevents further crack propagation and structural
failure at the affected location.
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AHoOTAUifA. AKTYaJbHICTh p0OOTH 00yMOBJIEHA HEOOXiTHICTIO ITiIBUIIIEHHSI JOBrOBIYHOCTI Ta HAAIHHOCTI JOPOXKHIX
TMIOKPUTTIB, SIKi 3a3HAIOTh iIHTEHCUBHUX HaBaHTa’)KeHb, 30KpeMa BiJl BAaHTa’KHOT'O TPAHCIIOPTY, 1[0 IPU3BOJUTH O
PO3BUTKY AedopMarniii Ta YIIKOMKEHb, TAKUX SIK TpiluHU. [le 3yMOBIIO€ TOTPedy Y BUKOPUCTAHHI apMyBaHHSA
JUTSI TIAPiB TOPOKHBOI KOHCTPYKIIiL. MeTOoI0 IOC/iIKeHHsT OyJI0 BU3HAUYEeHHs Halle(peKTUBHIIIOTO pO3TalTyBaHHS
apMyIOY0T0 FeOCHHTETHMYHOIO MIapy V KOHCTPYKILI JOPOTH AJIA 3MEHIIeHHs Hampy;KeHOo-1edOpMOBAHOIO CTaHY
Ta NiABUIIIEHHS HECY40l 31aTHOCTI NOKPUTTA. [l/11 pO3paxyHKiB BUKOPUCTOBYBAJIUCSA aHAJITUYHI METOIH, & TAKOXK
4JrcesIbHE MOJE/IOBAaHHA METOAOM KiHI[eBUX eJIEMEHTIB VIl BUBYEHHS PO3MOJily HAlPysKeHb y lIapax IpU PisHUX
cXeMax pO3TallyBaHHA apMyl4oro mapy. YucejabHe MOJEIOBAaHHA II0OKa3aslo, L0 apMyBaHHS TI€OpEIIiTKOIO
3HAYHO 3MEHIIIye PO3TATrYIOUi HANpPyKeHHA y IIapax JOPOKHBOTO NMOKpUTTA. HallepekTuBHIimeE poaTairyBaHHA
TeopelliTKY — MisK APYTUM i TpeTiM ImapaMu JOPOKHBOTO MTOJIOTHA, 1110, He3BasKalouy Ha OCHOBHY MeTy 3anobiraHHsa
TOMINPEHHIO TPIIlINH, CYTTEBO 3HMIKYE PO3TATYIOUi HANpy>KeHH:A. JIOC/iIPKEeHHs TOKa3aJIo, M0 Taka KoHpiryparis
3MEeHIITye pOo3TATryoui HanpyskeHHs 3 1207 [Ta 1o 1011,6 Ia, 1110 craHoBUTE 20 % 3HUKEHH:A. BonHOYac BUKOPUCTaHHA
TeopelliTKY B IepIIoMy mapi 36i/bIIye 3cyBHI HalIpy»keHH:A Ha 2,9 %, a MiK IIepIITNM i JPYTUM MIapaMy PO3TATYIoUi
HaNPY’KEHHsI 3pOCTAlOTh Mai’ke Ha 5 %. OgHaK 3arajoM TeOCHMHTETHYHI Marepiaiyd MigBUINYIOTh MIIHICTH i
JIOBrOBiYHICTE JOPO’KHIX MOKPUTTIB. AHaTI3 oTpuMaHuX rpadikiB miaATBepAuB, 0 ONTUMAaJbHE PO3TAITyBaHHSA
apMYIO4OTro IIapy TOYHO BiJIIOBiJJa€ 30HI MaKCUMaJbHOI KOHIIEHTpAIlil pO3TAryIOYMX HaIpysKeHb, 1[0 MTOKPAIIye
KOHCTPYKIIIHHY MiIHIiCTh, 3MeHIIye HedopMallil Ta MOJOBKYE eKCIUIyaTallifHuN pecypc MOKpUTTA. IIpakTuuHe
3HAYeHHs pPoboTU TmoJsArae y (PopMyaiOBaHHI OOTPYHTOBAHMX PEKOMEHAAI 00 MPOEKTYBAHHS apMOBaHUX
TIOKPUTTIB, 110 03BOJIsAE€ MiHIMi3yBaTH BUTpaTH MaTepiaiB i MOZOBXUTH TePMiH CIyK0U aBTOMOOITBEHUX TOpir

KnioyoBi cnosa: acansrobeToHHE TOKPUTTS; ApMYBAaHHSI; TeOPEIIiTKa; CIEeIJIEHHs]; KOHIIEHTPaIlisl Hallpy>KeHb;
HamnpyskeHo-Je(opMOBaHU cTaH; TPIITUHU
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Abstract. The article examined the results of an experimental study on the energy-efficiency indicators of a
hybrid electric automotive power unit based on a spark-ignition engine. The purpose of the study was to conduct a
comprehensive assessment of the energy efficiency of a hybrid electric automotive power unit based on a spark-ignition
engine. The research method involved experimental bench tests of a hybrid electric automotive power unit in defined
operating modes to determine the regularities of changes in control parameters of the internal combustion engine,
electrical subsystems, fuel economy, and environmental indicators. The experimental study of the hybrid electric
automotive power unit identified regularities in energy-efficiency indicators and working-process characteristics
depending on the output shaft rotational speed and power. Changes were observed in the speed and load modes of
the internal combustion engine, motor generator 1, and motor generator 2, as well as in fuel consumption, the air-fuel
equivalence ratio, and the ignition timing of the internal combustion engine. The state of charge of the traction battery,
thermal-regime parameters of the air supply, lubrication, cooling, and exhaust systems of the internal combustion
engine, motor generator 1, motor generator 2, inverter, and battery, and exhaust pollutant concentrations and their
neutralisation efficiency were also analysed. Notably, a nearly direct relationship was found between the rotational speed
and load of the internal combustion engine and the overall load mode of the power unit. Controlling the air-fuel mixture
composition and ignition timing in all modes ensured high fuel efficiency and low emissions of harmful substances.
High energy-efficiency indicators under various operating conditions were achieved due to the electric subsystem of the
power unit, which provided optimal control of the speed and load mode of the internal combustion engine

Keywords: torque; hybrid transmission; operating mode; traction battery state of charge; fuel economy;
environmental indicators

Introduction
The most common sources of energy in transport, par-  contributors to environmental pollution through harmful
ticularly in the automotive sector, remain internal com-  substances emitted with engine exhaust gases. The per-
bustion engines (ICEs). Consequently, motor vehicles formance indicators of automotive engines depend on
are significant consumers of fuel resources and major the nature and characteristics of their energy conversion
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processes, the fuels used, parameter regulation, and their
technical condition. At the same time, these features of the
working processes largely determine the level of pollutant
emissions. Therefore, fuel economy indicators, as well as
the energy and environmental performance of engines,
can be combined into a general group of energy-efficiency
indicators. Modern requirements for automotive vehicles,
particularly Regulation (EU) 2019/631 (2019), emphasise
substantial reductions in carbon dioxide emissions, pri-
marily achieved through improvements in fuel economy.
For this reason, continuous efforts are made to improve
the working processes of automotive engines to achieve
higher fuel-efficiency levels, as noted by P. Kumbar (2020)
and D. Rimpas et al. (2025). One of the approaches to such
improvement is enhancing engine efficiency under the
most common operational modes. According to Y. Pan et
al. (2025), a relevant direction in the development of au-
tomotive engines is the adjustment of their operating
modes toward those that ensure high efficiency through
the use of a hybrid electric drivetrain. Among such hybrid
electric automotive power units, spark-ignition engines
have become the most widely used. A significant num-
ber of recent studies have been devoted to determining
the performance indicators of hybrid electric automotive
power units. N. Sergienko et al. (2023) presented simu-
lation models of the control and monitoring system and
provides an investigation of the dynamic behaviour of pa-
rameters of elements of a hybrid vehicle with a series-par-
allel drivetrain using simulation modelling in the Matlab/
Simulink environment. The analysis by O.V. Bazhynov &
M.M. Kravtsov (2023) is devoted to theoretical research on
methods for assessing the performance indicators of elec-
tric and hybrid vehicles during operation, with particular
regard to the vehicle’s average speed. The work by B. Sar-
kan et al. (2019) highlighted the significance of hybrid ve-
hicles in urban traffic from an environmental perspective.
Results obtained using an exhaust gas analyser, together
with emission calculations based on engine control unit
data, indicate that during urban operation the hybrid ve-
hicle functioned in electric-drive mode for up to 75.40%
of the time, while CO,, HC, and NOx emissions were sub-
stantially lower than those of conventional vehicles of a
comparable class. C. Saju et al. (2022) examined the is-
sue of optimal control of hybrid vehicle drivetrain com-
ponents and determined vehicle characteristics through
modelling in Matlab/Simulink using the EPA HWFET
(United States Environmental Protection Agency Highway
Fuel Economy Test) highway driving cycle (United States)
to evaluate fuel economy.

N.N. Mustafi (2021) provided an overview of modern
hybrid electric vehicle technologies, including an analy-
sis of the main configurations combining different ener-
gy sources, characteristics of hybrid system components,
methods of energy storage and conversion, hybrid power-
train control strategies, environmental indicators, and the
critical problems and challenges faced by contemporary
hybrid power units. Among the most significant issues
identified are: the efficiency, availability, and reliability of
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electrical energy storage systems; effective management
of energy flows from various sources; efficient system
architecture based on power-demand and cost consid-
erations; efficiency and reliability of power electronics;
characteristics of primary electric machines; and effective
control of key hybrid power unit components. The work
by Y. Wang et al. (2021) presented a novel hybrid power
unit based on a linear free-piston engine intended for hy-
brid light commercial urban vehicles. The study analysed
the efficiency of the proposed hybrid power unit as well as
the various factors influencing its performance. M. Tomi-
ta et al. (2024) described new Toyota technologies aimed
at enhancing Toyota Prius hybrid vehicles to increase their
efficiency and reduce CO, emissions globally. In particu-
lar, improvements were made to traction battery capac-
ity, transmission efficiency, internal combustion engine
energy efficiency, and power-electronics performance.
These advancements led to an increase in the elec-
tric-drive range to 72 km while simultaneously enhancing
overall energy efficiency. The work by A.N.E Abdelbaky et
al. (2025) investigated the efficiency of implementing a
series-parallel hybrid electric powertrain in a commercial
VW (Volkswagen) Crafter vehicle equipped with a diesel
engine, with respect to fuel consumption, CO, emissions,
and driving range under standard driving cycles (New Eu-
ropean Driving Cycle, Worldwide Harmonised Light Vehi-
cles Test Procedure, Federal Test Procedure-75, and HW-
FET). The results of Matlab/Simulink modelling indicate
that the average fuel consumption and CO, emissions are
reduced by about 29%, while the driving range increases
by nearly 41% when using a hybrid powertrain compared
with a conventional one, provided that the nominal pow-
er and torque are similar. At the same time, the study by
E.V. Rojas-Reinoso et al. (2024) showed that despite the
declared high fuel efficiency and low CO, emissions, vehi-
cles with hybrid electric powertrains may exhibit reduced
fuel economy under conditions of extremely dense traffic
with severe congestion. Based on the results of this study,
the dependence of fuel consumption for vehicles with
gasoline engines of various displacements and for a vehi-
cle with a hybrid powertrain was analysed under condi-
tions of overloaded urban highways in high-altitude areas.
The highest fuel efficiency was demonstrated by the ve-
hicle with the smallest analysed engine displacement of
1.2 L, whereas the hybrid vehicle showed relatively high
fuel consumption under the specified driving conditions.
The analysis of these and other recent studies in the
field of hybrid electric automotive power units demon-
strates the significant interest of researchers and automo-
tive developers in such transport energy-supply technolo-
gies. Leading global automotive companies have already
developed and continue to refine hybrid vehicle com-
ponents. However, substantial unresolved critical issues
remain concerning the efficiency, reliability, and cost of
hybrid electric power units. In Ukraine, the development
of hybrid electric vehicle technologies is at an early stage,
prompting furtherresearchin this direction, particularly the
study of existing technologies, their efficiency, and features



of implementation. This will enable the introduction and
development of such power units in the domestic automo-
tive sector to enhance energy efficiency and environmen-
tal safety. A primary step in studying existing hybrid power
units is experimental laboratory research, which makes it
possible to determine the main operational characteristics
of these units and the regularities of controlling their op-
erating modes. The aim of the work was a comprehensive
assessment of the energy efficiency of a hybrid electric au-
tomotive power unit featuring a spark-ignition engine. To
achieve this objective, the following tasks were carried out:

1. Development of a structural and functional di-
agram of an experimental setup and justification of the
technical characteristics of the equipment necessary for
conducting experimental research on a hybrid electric
motor unit for a vehicle.

2. Conducting experimental bench tests to determine
energy efficiency indicators and study the features of the
working processes of a hybrid electric motor unit of a car
based on an internal combustion engine.
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3. Conducting a comprehensive analysis and scien-
tific discussion of the results of experimental studies of
the energy efficiency indicators of a hybrid electric motor
unit for a car, with an assessment of their practical and
theoretical significance.

Materials and Methods

The object of the experimental research was the hybrid
electric power unit of a Toyota Prius vehicle equipped
with a 1NZ-FXE spark-ignition engine (4FS 7.5/8.47) with
arated power of 57 kW, featuring electronically controlled
fuel injection, variable valve timing, and an exhaust-gas
(EG) aftertreatment system with a three-way catalytic
converter (Fig. 1). The setup was installed in the Engine
Testing Laboratory of the Department of “Engines and
Heating Engineering” at the National Transport Univer-
sity (Ukraine). The subject of the study was the influence
of operating modes on the energy efficiency indicators
of a hybrid electric automotive power unit based on a
spark-ignition engine.

15 14 3

Figure 1. A hybrid electric power unit equipped with a Toyota 1NZ-FXE engine
Note: 1 — accelerator pedal with a device for fixing its position; 2 — transmission mode selector; 3 — inverter and transmission cooling
system; 4 — ICE cooling system; 5 — diagnostic device for connection to the OBD (on-board diagnostics) data-reading system; 6 — exhaust
gas sampling system; 7 — instrument panel; 8 — energy flow monitor; 9 — ICE; 10 — hybrid transmission; 11 — exhaust and exhaust-gas
aftertreatment system; 12 — electric load machine; 13 - fuel supply system; 14 — inverter; 15 — high-voltage traction battery; 16 — oil

temperature measurement device
Source: authors’ photo

Figure 1 depicts a hybrid electric power unit featuring
an engine, highlighting key components like energy mon-
itoring, cooling systems, and diagnostic tools. It demon-
strates the integration of traditional ICE technology with
hybrid systems, ensuring optimised performance, fuel effi-
ciency, and emissions control. The experimental setup also

includes other components not shown in Figure 1, in par-
ticular: a brake pedal, a control panel for the load machine,
a power unit control system, a device for displaying OBD
system parameters, and gas analysis equipment for deter-
mining the composition of the exhaust gases. A brief tech-
nical specification of the power unit is provided in Table 1.

Table 1. Brief technical specifications of the experimental research object

No. Parameter name Parameter value
1 Engine model INZ-FXE
2 Number of cylinders 4
3 Firing order 1-3-4-2

Bulletin of the National Transport University. 2026. Vol. 30, No. 1
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Table 1, Continued

No. Parameter name Parameter value
4 Cylinder arrangement inline
5 Displacement, L 1.497
6 Cylinder bore and stroke, mm 75/84.7
7 Compression ratio 13
8 Number of intake/exhaust valves per cylinder, pcs 2/2
9 Rated power, kW 57 at 5,000 min-!
10 Maximum torque, Nm 111 at 4,200 min-!
11 Fuel type gasoline A-95
12 Fuel injection system port fuel injection
13 Variable valve timing system hydraulically controlled camshaft drive clutch
14 Ignition system electronic, with individual ignition coils and knock control
15 Exhaust gas aftertreatment system three-way catalytic converter
16 Hybrid system type series-parallel
17 Traction battery type nickel-metal hydride (NiMH)
18 Battery voltage, V 201.6
19 Traction battery capacity, kWh 1.31
20 Battery mass, kg 40.3
21 Battery power, kW 21
22 Inverter voltage range, V 200...500
23 Type of MG1 and MG2 motor-generators AC motors with permanent-magnet rotors
24 Rated power of MG1, kW 33
25 Rated power of MG2, kW 50 at 1,200...1,540 min-!
26 Maximum torque of MG2, Nm 400 at 0...1,200 min-!
27 Hybrid transmission single planetary gearset for power-split
28 Planetary gearset ratio -2.6
29 Final drive ratio 4.113
30 Maximum system power, kW 82 at>85km/h
31 Maximum system torque, Nm 478 at<22 km/h

Note: MG - motor generator

Source: developed by the authors based on Toyota Motor Sales (2004), R.H. Staunton et al. (2006), Toyota Motor Europe (n.d.)

The power unit consists of two main parts: the ICE
and its associated systems, and the electrical subsystem.
The ICE is an inline four-cylinder gasoline engine with
a four-valve valve train, spark ignition, and a relatively
high geometric compression ratio, operating on an At-
kinson cycle with a high expansion ratio. The electrical

subsystem of the hybrid power unit is based on a se-
ries-parallel configuration with a nickel-metal hydride
high-voltage battery, two synchronous alternating current
electric machines (MG1, and MG2), and a planetary gear
set for power splitting. The schematic diagram of the ex-
perimental setup is shown in Figure 2.

ﬁ‘ OBD system parameter display device

! A | |
| !
} Accelerator | Gas analysis equipment
| pedal : < ! for determining exhaust composition
[l | !
| Brake ‘ Power unit ! Instrument |  Energyflow
: pedal _:_|_, control < ! panel v monitor
\ | » system Y
[ \ e
l l ' C }
I | : Exhaust and |
! | aftertreatment system |
I'| Transmission | ! E ICE + MG1 + MG2 + |
} mode ; < Transmission |
: selector :r_____________________‘r Electric load :
: | : D v v N A machine :
1 11
! Load | | Inverter and Engine ! } _ }
! machine " transmission cooling : I A4 Inverter I
I'| control panel | 1| . H I
I 1 cooling system system | Fuel supply system |
: h ! HV battery |
[
|
[

Figure 2. Diagram of the experimental setup

Source: developed by the authors
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The structure of the experimental setup comprises
four subsystems: the test control subsystem (A), the in-
formation subsystem (B), the power subsystem (C), and
the thermal management subsystem (D). The test con-
trol subsystem (A) consists of the accelerator and brake
pedals, the transmission mode selector, and the control
panel of the load unit. The information subsystem (B)
includes devices for data display and acquisition, name-
ly the OBD system parameters interface, gas analysis
equipment for determining exhaust gas composition,

Table 2. Specifications of the instruments

No. Measured parameter Unit

Brake test bench parameters

Tsiuman & Sadovnyk 21

the instrument panel, and the energy flow monitor. The
power subsystem (C) comprises the ICE, the hybrid
transmission with MG1 and MG2, the fuel supply sys-
tem of the ICE, the high-voltage battery, the inverter, the
exhaust and exhaust-gas aftertreatment system, and the
electric load machine. The operating modes of the power
unit components are controlled by the control system.
Measurement accuracy was evaluated based on the ab-
solute or relative errors of the respective instruments and
sensors listed in Table 2.

and equipment used during the experiment

Measuring instruments Error

SAK-670 with electric brake machine GPF al7h, 250 kW,
1 Brake test bench - . -
max 3200 min-!
2 Rotor speed min-! Pulse device for measuring rotational speed £1
3 Torque N-m Dynamometric link with strain-gauge sensor 0.01%
Fuel consumption measurement system parameters
4 Fuel mass kg Electronic scales MERA VM-2/3 +0.0005
5 Time S Stopwatch +0.01
Power unit control system parameters
6 Power unit control parameters - . Device for connection -
to engine control system (OBDII), laptop

7 Crankshaft speed min-! Hall-effect rod sensor +0.25
8 Mass air flow g/s Hot-wire air flow meter +0.01
9 Intake manifold air temperature °C Temperature sensor with thermistor *1
10 Ignition timing advance °CA Individual ignition coil +0.5
11 Coolant temperature °C Temperature sensor with thermistor +1
12 Throttle valve opening angle deg Potentiometric throttle position sensor +0.1
13 Oil pressure in lubrication system kgf/cm? Low-pressure warning sensor +0.01
14 Exhaust gas temperature °C Thermistor in wideband A-sensor housing +1
15 Excess air ratio - Wideband A-sensor before catalytic converter +0.001
16 Vehicle speed km/h Half-shaft rotation speed sensor +1
17 Inverter temperature MG1/MG2 °C Thermistor in MG1/MG2 inverter housing +1
18 MG1/MG2 speed min-! Inductive sensors +1
19 MG1/MG2 torque N-m Equivalent electric current meter +0.125
20 Traction battery state of charge % Battery current and voltage meters +1
21 MG1/MG2 temperatures °C Thermistor in MG1/MG2 housing *1
22 Traction battery temperature (1,2,3) °C Thermistors 1, 2, 3 in battery housing +1

Lubrication system condition parameters
23 Engine oil temperature in oil pan ‘ °C Bosch BEA 030 temperature meter *1
Exhaust gas composition
24 O, concentration in exhaust gases vol.% +0.010
25 CO concentration in exhaust gases vol.% +0.001
26 CO, concentration in exhaust gases vol.% Multicomponent gas analyser Bosch BEA 060 +0.010
27 C,H, concentration in exhaust gases ppm +1.0
28 NO, concentration in exhaust gases pPpm +1.0
29 | Excess air ratio (\) from exhaust gas composition - +0.001
Ambient conditions

30 Atmospheric pressure Pa Barometric aneroid ND-49-A +100
31 Air temperature °C Mercury thermometer +0.1%
32 Relative humidity % Hair hygrometer +2.5

Source: developed by the authors

Table 2 presented brief specifications of the instru-
ments and equipment used in the study. The measuring
equipment includes instruments for measuring the rota-
tional speed and torque at the output shaft of the pow-
er unit using the SAK-670 test bench with the GPF al7h
electric brake machine; fuel consumption by the weight

method; parameters of the power unit control system by
means of the corresponding built-in sensors and by read-
ing the obtained values from the onboard OBD system
using an appropriate adapter and a laptop; oil tempera-
ture in the ICE lubrication system using a Bosch BEA 030
sensor; exhaust gas composition using a Bosch BEA 060
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multicomponent gas analyser; and ambient environ-
mental parameters. During the experimental studies, the
following parameters were measured using the specified
equipment: output shaft rotational speed n; torque on
the output shaft of the power unit M; engine crankshaft
rotational speed n, throttle opening degree ¢,,; hourly
fuel consumption G;,; hourly air consumption G,; in-
take manifold air temperature ¢,,; excess air ratio a; igni-
tion timing advance 6; engine coolant temperature ¢,,;
oil temperature f,,; exhaust gas temperature f,; trac-
tion battery state of charge S, rotational speed of MG1
N, torque of MG1 M,,.,; rotational speed of MG2 n,,.,;
torque of MG2 M, ., MG1 temperature f,,,; MG2 temper-
ature t,,,,, MG1 inverter temperature f,,,,,;; MG2 inverter
temperature f,,,,,» traction battery temperatures fg,, t;,
1,5 exhaust gas concentrations of O, (C,,), CO (C_,), CO,
(Ceon)y C,H, (Cepin)y and NOy (Cy,,); and the equivalent
vehicle speed V,. The parameters of the power unit control
system, determined by reading them from the onboard
OBD system during measurements at each test point,
were accumulated in the corresponding data file with a
time interval of approximately 1 s. For further analysis, the
arithmetic mean values of these parameters over the time
interval corresponding to each test mode were used. The
experimental research programme included determining
a series of load characteristics of the hybrid power unit
at output shaft rotational speeds of 250 min-!, 500 min-!,
and 750 min-'. The load characteristics were determined
by measuring the specified parameters under steady-state
conditions with selected loads ranging from minimum to
maximum at a given rotational speed, such that the num-
ber of test points made it possible to establish the nature
of the dependence of the corresponding parameter on the
load, as specified in ISO 15550:2016 (2016).

The rotational speeds of the power unit output shaft
were selected so as to uniformly cover the range of varia-
tion of this parameter under operating conditions, which
are determined by the vehicle speed. The equivalent vehi-
cle speed V,, km/h, during bench testing of the power unit
can be determined from relationship:

3.6TnT,
Vo=—7" (1)
where 7 is the rotational speed of the output shaft, min-;
r, is the rolling radius of the wheel, m.

The rolling radius of the wheel can be approximately
determined from the geometric dimensions of the tire us-

ing relationship:
+25 B, @)

where d is the rim diameter, m; % is the ratio of the tire
profile height to its width; Bis the tire section width, m; 4,
is the radial deformation of the tire profile, which can be
assumed as A,=0.9 (Sakhno et al.,, 2004).

For the Toyota Prius 2004 vehicle, on which the in-
vestigated power unit is installed, the parameters of the
standard P185/65R15 tires specified in relationship (2) are
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as follows: d=15 inches or 0.381 m;%: 0.65; B=0.185 m
(Toyota Motor Sales, 2004). Therefore, the rolling radius
is r,=0.299 m. For the specified rotational speeds of the
power unit output shaft, the corresponding equivalent ve-
hicle speeds of 28.2 km/h, 56.3 km/h, and 84.5 km/h were
determined using relationship (1). These speeds practi-
cally divide the speed range of 0...120 km/h uniformly,
which is defined for M1 category vehicles during compli-
ance testing with environmental standards in accordance
with Regulation No 83 of the Economic Commission for
Europe of the United Nations (UNECE) (2015). This al-
lows the performance indicators of the power unit to be
evaluated under these Regulations in further studies. Fuel
consumption was determined by the weight method us-
ing the electronic scales and the stopwatch (Table 2). The
measurement procedure involved determining the time
required for the power unit to consume a specified mass
of fuel (the fuel dose mass was selected to ensure a min-
imum measurement time of at least 30 s) under steady-
state operating conditions at each test point.

The value of the hourly fuel consumption G, kg/h, is
determined from relationship:

_ AGpyel
Gruet = 7254+ 3.6, 3)
where AG;,,, is the mass of the fuel dose whose consump-
tion time is measured, g; 7, is the time required to con-
sume the measured fuel dose, s.

All measuring equipment was verified for accuracy
prior to testing using reference instruments in order to
achieve the required measurement accuracy in accord-
ance with ISO 15550:2016 (2016). At this stage of the re-
search, all the above-mentioned energy efficiency in-
dicators were measured directly using the equipment
specified in Table 2. The measured parameters of the pow-
er unit constitute the basis for further analysis and mod-
elling of the vehicle’s energy efficiency performance under
driving cycle conditions. Within the scope of this study,
it is intended to evaluate the patterns of variation of the
measured power unit parameters as a function of its effec-
tive power. The effective power N at the output shaft of the
power unit, kW, is determined by relationship:

_ Mn
~ 9550’

4

where M is the torque at the output shaft, N-m; n is the
rotational speed of the power unit output shaft, min-'.

The errors of direct measurements are specified in
Table 2. The errors of indirect measurements were deter-
mined in accordance with generally accepted calculation
formulas. In this case, the relative errors in measuring the
hourly fuel consumption and the power of the power unit
are equal to the sums of the relative errors of the directly
measured parameters included in equations (3) and (4),
as determined from Table 2. According to the results of
the evaluation, all errors of direct and indirect measure-
ments are within the permissible limits for engine testing
as specified in ISO 15550:2016 (2016).



Results and Discussion
The energy-efficiency indicators of an automotive power
unit include fuel-economy indicators, as well as energy
and environmental indicators, which are described by
fuel consumption and emissions of harmful substances
with exhaust gases under the main operating modes. In
modern engines, these indicators substantially depend
on the engine’s air consumption, the concentrations of
pollutants in combustion products, and the efficiency
of the exhaust-gas aftertreatment system. Therefore, the
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experimental bench studies of the energy-efficiency in-
dicators of the hybrid electric automotive power unit are
aimed at determining the mass flow rates of fuel and air,
the concentrations of harmful substances in the exhaust
gases, and establishing the operating parameters of the
electrical components in different operational modes,
which define the speed parameters and load levels of the
energy-source components. The results of the study of the
ICE parameters under the above-mentioned operating
modes of the hybrid power unit are presented in Figure 3.
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Figure 3. Load characteristics of the hybrid power unit with a Toyota 1NZ-FXE engine (measured ICE parameters)
Note: a — crankshaft rotational speed; b — hourly air consumption; ¢ — hourly fuel consumption; d — excess air ratio; e — intake air

temperature; f — coolant temperature; g — oil temperature; h - ignition timing advance; i — exhaust gas temperature

Source: developed by the authors

As can be seen from the dependencies of the engine
crankshaft rotational speed n, there is an almost linear
relationship between n, and the power of the power unit
N (Fig. 3a). In higher-speed operating modes of the power
unit, a higher engine rotational speed is achieved at corre-
spondingly higher output power. In low-load modes, the
curves of n, for different output shaft rotational speeds n
overlap. Thus, there is a direct relationship between the
load mode of the power unit and the engine rotational
speed n,. The influence of the power unit load on the ICE
load is also confirmed by the dependencies of hourly air
consumption G, (Fig. 3b) and the associated hourly fuel
consumption G, (Fig. 3¢). A nearly linear effect of load
on G, and G,,, is observed; the curves of G, and G, for

different n overlap. Therefore, the dependence of the ICE
load mode on the hybrid power unit load is also practi-
cally linear. The measured values of the excess air ratio a
(Fig. 3d) indicate that the control system maintains a sto-
ichiometric air-fuel mixture across all operating modes of
the power unit. The thermal operating conditions of the
ICE systems are characterised by the intake manifold air
temperature ¢, (Fig. 3e), engine coolant temperature ¢,
(Fig. 3f), oil temperature ¢, (Fig. 3g), and exhaust gas tem-
perature . (Fig. 3i). These dependencies confirm that the
thermal operating conditions of these systems remained
within acceptable limits during the tests. The ignition
timing advance 6 dependencies (Fig. 3h) characterise the
engine control unit (ECU) algorithm for controlling this
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parameter. Up to an external load of 20 kW and, corre-
spondingly, n,<2,500 min-, 6 increases significantly from
14° CA to 23° CA with increasing N. This corresponds to
6 adjustment to compensate for combustion duration in
crank-angle degrees under rising n, ensuring the high-
est cycle efficiency. At loads of N~20...45 kW and at cor-
responding 7, values in the range of 2,500...4,700 min,
6 remains within 23...25° CA. This reflects 6 correction

under medium-load conditions to ensure optimal cycle
efficiency and to minimise NO, emissions. At loads above
45 kW and with increasing rotational speed up to the nom-
inal 5,000 min-!, 8 sharply decreases to 17° CA. This corre-
sponds to 6 correction at high load conditions to prevent
knock combustion. The results of the study of the electrical
component parameters under the investigated operating
modes of the hybrid power unit are presented in Figure 4.
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Figure 4. Load characteristics of the hybrid power unit with a Toyota 1NZ-FXE engine
(measured parameters of the electrical components)
Note: a—MG1 rotor speed; b—MG1 torque; c— MG2 rotor speed; d - MG2 torque; e — traction battery state of charge; f—-MG1 temperature;

g—MG2 temperature; h - MGI inverter temperature; i — traction battery temperature

Source: developed by the authors

The rotational speed of MG1, n,,;, (Fig. 4a), varies ac-
cording to nearly linear dependencies similar to those of
n, because MGl is kinematically linked to the ICE through
the planetary gearset and serves as the regulator of the
ICE crankshaft speed. The maximum n,,;, value is 10,000
min-. At the same time, the rotational speed of MG2, n,,,
(Fig. 4c), does not depend on the external load, since MG2
is connected to the output shaft of the hybrid power unit
through a fixed gear ratio; therefore, n,,, is determined
exclusively by the vehicle speed. The MG1 torque M,,,
(Fig. 4b) depends on the rotational speed and direction of
rotation n,,;, which in turn are determined by the required
gear ratio of the hybrid transmission depending on vehi-
cle speed (MG2 rotational speed n,,;,) and external load.
If the required n,,;,, determined by the planetary gearset
relationships, is opposite to the ICE direction of rotation
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(n,,;<0), as observed at loads up to 10 kW for n=500 min!
and up to 15 kW for n =750 min, then MG1 operates in
motor mode. The mechanical energy generated by MGl is
added to the ICE energy, and as the absolute value of n,,,
decreases, the absolute value of M,,;, increases, since in
this case M, ., is the driving torque. If the required n,,;,>0,
then MG1 operates in generator mode, consuming me-
chanical energy, and with increasing n,,;, the absolute
value of M,,, increases, because M,,;, in this case repre-
sents resisting torque. To maintain the energy balance of
the hybrid power unit (supplying mechanical energy and
consuming generated electrical energy during generator
operation) under operating modes without involving the
traction battery, both motor-generators MG1 and MG2
must operate cooperatively: one in motor mode, the other
in generator mode. Therefore, in modes with N<10 kW at



n=500 min-! and N<15 kW at n=750 min-!, when MG1 op-
erates in motor mode, MG2 operates in generator mode.
The resisting torque of MG2 (Fig. 4d) in generator mode
is related to the torque of MGI1 in motor mode (and vice
versa) in such a way that when reduced to the same shaft
(MG1 or MG2), the torques satisfy the conditions:

| > ez
s | > ™} ©)

The difference between these torques is related to
the efficiency of converting mechanical energy into
electrical energy in the generator and electrical energy
into mechanical energy in the motor, and it determines
the overall efficiency of the hybrid transmission. The
traction battery state of charge S, (Fig. 4e) remains at
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approximately 60% in most of the investigated modes
and decreases under high-load conditions. This is asso-
ciated with prolonged operation of the power unit at sus-
tained high loads, where charging the battery becomes
impossible (due to high mechanical power demand,
thermal condition of the battery), as well as with poten-
tial loss of battery capacity as a result of long-term use.
The temperature modes of MG1 (Fig. 4f), MG2 (Fig. 4g),
the inverter (Fig. 4h), and the traction battery (Fig. 4i)
remain within permissible limits. A battery temperature
above 50°C (Fig. 4i) leads to a reduction in charging-dis-
charging efficiency, as can be seen in Figure 4e. The en-
vironmental performance of the power unit is described
by the measured concentrations of pollutants and other
substances in the exhaust gases before and after the cat-
alytic converter (Fig. 5).
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Figure 5. Load characteristics of the hybrid power unit with a Toyota 1NZ-FXE engine
(measured environmental indicators)
Note: a — CO concentrations in the exhaust gases; b — O, concentrations in the exhaust gases; ¢ — CO, concentrations in the exhaust

gases; d - C,H, concentrations in the exhaust gases; e - NO, concentrations in the exhaust gases

Source: developed by the authors

The variation in concentrations of different substanc-
es in the exhaust gases for this engine is determined pri-
marily by the air-fuel mixture composition, described
by « (Fig. 3d), and by the load. Since, according to Fig-
ure 3d, the air-fuel mixture composition in all investigated
modes is nearly stoichiometric (a~ 1), the concentrations
of O, in the exhaust gases before the catalytic converter
(Fig. 5b) vary only slightly and remain within the range of
0.4...0.9%. This, in turn, results in changes in the pre-cat-
alyst concentrations of CO (Fig. 5a) within 0.5...0.7% and
CO, within 13.3...13.7% (Fig. 5¢). Concentrations of C H,
in the exhaust gases (Fig. 5d) before the catalytic convert-
er change from 300 to 100 ppm as a decreases from 0.997
to 0.992. The concentrations of NOy in the exhaust gases
(Fig. 5e) before the catalytic converter at low loads strong-
ly depend on a: when the mixture is leaned from a=0.993
to @=0.997, C,,, increases from 500 to 2,400 ppm. With
a further increase in load, C,,, increases from 2,500 to
3,600 ppm. After treatment by the catalytic converter, the

concentrations of O,, CO, C H,, and NOy in the exhaust
gases decrease significantly, while the concentration of
CO, increases. The degree of concentration change is de-
termined by the neutralisation reactions, the efficiency
of which depends on the size and placement of the cat-
alytic converter. The obtained relatively low neutralisa-
tion efficiencies for CO, C H,, and NO, are explained by
the non-standard design of the exhaust aftertreatment
system. Based on the measured parameters of the hybrid
power unit, it becomes possible to determine the follow-
ing: MG1 power, MG2 power, ICE torque, ICE power, spe-
cific effective fuel consumption, cycle air consumption,
volumetric efficiency of the ICE cylinders, ICE efficiency,
hybrid transmission efficiency, hybrid power unit efficien-
cy, and the transmission ratios of the hybrid transmission
from MG1 and from the engine. According to the results of
the experimental study of the energy efficiency indicators
and the features of the operating processes of the hybrid
electric automotive power unit based on a spark-ignition

Bulletin of the National Transport University. 2026. Vol. 30, No. 1



26  Research of energy efficiency indicators...

engine, the following dependencies were established as
functions of the output shaft speed and the power of the
power unit: speed and load modes of the ICE, MG1, and
MG?2; fuel consumption, air-fuel ratio, ignition timing of
the ICE; traction battery state of charge; temperature re-
gime parameters of the air supply, lubrication, cooling,
and exhaust systems of the ICE, MG1, MG2, the inverter,
and the traction battery; pollutant concentrations in the
exhaust gases and the efficiency of their neutralisation.
The obtained results have formed the basis for fur-
ther determination of the efficiency of individual compo-
nents of the power unit and refinement of the mathemat-
ical model of the hybrid vehicle’s motion in order to study
the influence of individual parameters of its power unit
on fuel economy and environmental performance. These
results can also be compared with related studies by other
authors. A theoretical generalisation and a new solution
to an important applied scientific problem - enhancing
the operational efficiency of hybrid vehicles through the
rational use of the ICE and electric motors — is present-
ed by O.P. Smyrnov (2016). According to the obtained re-
search results (Fig. 3c), at a power unit output of 5.3 kW
(which, under the conditions of this study, corresponds
to the power at the driving wheels), the fuel consumption
is about 1.7 kg/h. This correlates fairly well with the re-
sults reported in the study by O.P. Smyrnov (2016) and,
at the same time, differs due to the apparently more ef-
ficient design configuration of the power unit and the
different experimental conditions. The study by V. Dvad-
nenko et al. (2022) considered an improved control algo-
rithm for the traction induction motor of a mild hybrid
vehicle by increasing the efficiency of regenerative brak-
ing in order to improve economic and environmental pa-
rameters. O.V. Bazhynov ef al. (2018) focused on substan-
tiating the efficient use of electric and hybrid vehicles to
support their widespread introduction into production
and to minimise the environmental hazards posed by
existing ICEs. A mathematical model for evaluating ve-
hicle quality based on the key consumer indicators is
presented, and the influence of electric components in
electric and hybrid vehicles on overall and environmen-
tal safety indicators is analysed. According to the results
of this study, relationships between environmental safety
criteria and the vehicle speed of conventional and hy-
brid vehicles have been established. For example, at the
above-considered speed of 55 km/h, the environmental
safety criterion for the Toyota Prius hybrid vehicle was
about 0.5. In the present study, the NO, concentration,
which is proposed by O.V. Bazhynov et al. (2018) as a ba-
sis for determining the environmental safety criterion,
is about 200 ppm (Fig. 5e), which corresponds to 0.15 g/
km at the given speed and, according to the calculation
methodology, yields an environmental safety criterion
of approximately 2.5. Such a discrepancy between the
results of this study and those reported by O.V. Bazhy-
nov et al. (2018) is primarily explained by the efficien-
cy of the exhaust aftertreatment system, which exhibits
low efficiency under the conditions of the present study,
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as discussed above. The study by Kh. Maush (2017) fo-
cused on developing a concept for converting a vehicle
equipped with an ICE and a manual transmission into
a hybrid vehicle. Experimental research was conducted
to select a suitable traction electric motor for the con-
version, complemented by mathematical modelling and
experimental evaluation of the economic characteristics
of the converted hybrid vehicle under urban driving con-
ditions. Based on the results of the mathematical model-
ling of fuel economy and emissions for both conventional
and hybrid vehicles operating under driving-cycle con-
ditions, it was determined that the hybrid vehicle’s fuel
consumption is 28% lower, while emissions of regulat-
ed pollutants are reduced by 48%. Experimental studies
have further indicated a reduction in fuel consumption
by a factor of 2 to 3 compared with the baseline vehicle.
According to the results, it is not possible to assess how
the type of power unit (hybrid electric or conventional)
affects fuel consumption or pollutant emissions in a driv-
ing cycle or under real urban driving conditions. At the
same time, it is possible to compare the hourly fuel con-
sumption obtained at the same power output of the pow-
er unit in hybrid and conventional configurations. As has
been determined above, at a power output of 5.3 kW, the
hourly gasoline consumption of the considered hybrid
power unit is 1.7 kg/h. For the compared conventional
gasoline power unit, as reported by S.V. Sosida (2023), at
a power output of 5.3 kW and an engine speed of 2,400
min-1, the gasoline consumption was 2.2 kg/h. Thus, it
can be concluded that the fuel consumption of the hy-
brid electric power unit under steady-state driving con-
ditions is reduced by 23% compared to the conventional
gasoline power unit. This result correlates well with that
obtained in Kh. Maush (2017). Mathematical modelling
of fuel economy indicators and CO, emissions under
transient operating conditions was performed by I. Tay-
maz & M. Benli (2014) for a conventional commercial
vehicle and a hybrid vehicle designed on its basis. The
results showed that, at the same performance level, the
hybrid vehicle emits nearly 30% less CO,. A comparison
of the obtained result on the effect of using a hybrid pow-
er unit on CO, emissions with the results of this study can
be carried out in a manner analogous to the comparison
of the effect on fuel consumption described above. The
measured CO, concentrations for a load of 5.3 kW of the
hybrid power unit are about 13.4% (Fig. 5c), whereas for
the conventional gasoline power unit they are about 13%
(Sosida, 2023). Since the CO, concentration for the hy-
brid power unit is higher by approximately 3% compared
to the conventional one, while the fuel consumption, as
indicated above, is lower by 23%, the CO, emissions are
reduced by about 20% when using the hybrid power unit
under steady-state driving conditions at a vehicle speed
of 55 km/h. This also correlates fairly well with the results
reported in (Taymaz & Benli, 2014). The differences in the
obtained effects on CO, emissions are explained by dif-
ferent emission determination conditions, different types
of vehicles, and other factors. R.H. Staunton et al. (2006)



focused on determining the energy-efficiency indicators
of elements of the Toyota Prius II hybrid transmission —
specifically the electric motor, inverter, and mechanical
gear — based on experimental bench tests of the compo-
nents. Based on the results of study of R.H. Staunton and
this research, the efficiency of energy transfer from the
ICE to the output shaft through the electric hybrid trans-
mission can be determined for a given power unit load,
for example, 16.5 kW at a vehicle speed of 56 km/h. In
this operating mode, MG1 produces a resisting torque
of about 23 N-m (Fig. 4b) at 2,700 min! (Fig. 4a), corre-
sponding to 6.5 kW, to generate electrical energy, which
in MG2 produces a torque of 22 N-m (Fig. 4d) at 2000
min-! (Fig. 4c), corresponding to 4.6 kW. Thus, in order to
obtain an output shaft power of 16.5 kW, the ICE produc-
es 18.4 kW, and the transmission efficiency is 0.89. At the
same time, according to the authors, the efficiency for the
specified operating mode was 0.87, which correlated with
the results of this study.

Conclusions
The study provided a comprehensive assessment of the
energy efficiency of a hybrid electric automotive power
unit based on a spark-ignition engine. The assessed in-
dicators include component operating parameters, fuel
consumption, and exhaust gas pollutant concentrations
under specific control system settings and thermal con-
ditions. Following this methodology, an experimental
setup was created at the Engine Testing Laboratory of
the Department of Engines and Heating Engineering,
National Transport University, using a Toyota Prius hy-
brid power unit with a INZ-FXE engine. The test bench
setup with an electric brake machine simulated various
speed and load conditions and measured OBD param-
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to maximise cycle efficiency at low and medium loads,
reduce NO, emissions at medium loads, and prevent
knock at high loads. MG1 speed varied almost linearly
with vehicle speed and load, while MG2 speed depended
solely on power unit speed. MG1 and MG2 torques ad-
justed to maintain the energy balance in modes without
traction battery involvement, with one machine operat-
ing as a motor and the other as a generator depending
on MGI rotation. In this case, the resisting torque in
generator mode is always greater than the driving torque
in motor mode, and their difference determines the ef-
ficiency of the hybrid transmission. The state of charge
of the traction battery is about 60% and decreases under
high-load conditions due to the influence of the thermal
regime and capacity degradation. The composition of
the exhaust gases under various operating modes of the
power unit is determined primarily by the air-fuel mix-
ture composition of the ICE and the load. However, due
to the use of a non-standard exhaust aftertreatment sys-
tem design, its efficiency is reduced. The research results
align with related studies on the impact of power unit
type on fuel consumption, CO, emissions, and hybrid
transmission efficiency. Compared with a conventional
power unit, the hybrid unit reduces fuel consumption
by approximately 23%, CO. emissions by approximate-
ly 20%, and achieves a transmission efficiency of 0.89.
However, the low efficiency of the non-standard exhaust
aftertreatment system used in the experiments led to
lower environmental performance than reported by oth-
er authors. Future work will focus on developing a math-
ematical model of the hybrid vehicle to evaluate energy
efficiency under driving-cycle conditions.
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AHOTAUifA. ¥V cTaTTi HaBeIeHO Pe3yJIbTaTH eKCIIEPUMEHTABHOTO JOCTiPKeHHsI TOKA3HUKIB eHeproedeKTUBHOCTI
ribpuaHoi eeKTPUYHOI aBTOMOOIIBHOI CHIOBOI YCTAHOBKY Ha 0asi ABUTYHA 3 iCKPOBUM 3amlajIloBaHHAM. MeToio
pob6oru Oysio 3mificHEHHS KOMILJIEKCHOI OI[iHKM eHeproedeKTMBHOCTI TiOpHAHOI eJIeKTPUYHOI aBTOMOOITBHOL
CHJIOBOI YCTAaHOBKM Ha 0as3i ABUTyHA 3 IiCKpOBHM 3amaiioBaHHSAM. MeTOAMKa JOCHIIKeHHS Tependavasia
NIpOBeJlIeHHSA eKCIIepUMeHTAJbHUX CTEeHJOBUX BUIPOOyBaHb TiOPUOHOI eJIeKTPUYHOI aBTOMOOIJBHOI CHJIOBOL
YCTaHOBKY Y BU3HAUYEHHX PesKIMax poOOTH JjIs BCTAHOBJIEHHs 3aKOHOMIpHOCTel 3MiHM KepyBaJIbHUX ITapaMeTpiB
JBUT'YHA BHYTPIIIHBOI'O 3rOPSHHSA, €JIEKTPUYHUX IiJCUCTEM, IOKAa3HUKIB ITAJIMBHOI EKOHOMIYHOCTI Ta eKOJIOTiYHUX
XapaKTEePUCTUK. Y XONi eKCHepUMEHTaJbHOI'0 [OC/IiIKeHHs BCTAaHOBJIEHO 3aKOHOMIPHOCTI 3MiHU NOKa3HUKIB
eHeproeeKTUBHOCTI Ta XapaKTepPUCTHUK pob0YOro Iporecy 3ajiesKHO BiJ] 4acTOTH OOepTaHHA Ta IOTY)KHOCTI
BUXIJHOTO Bajia. BUsABJIE€HO 3MiHM MIBUAKICHUX | HABAaHTA)XyBAJIbHUX PEKUMIB IBUTYHA BHYTPIIIHBOI'O 3rOPSHHS,
MOTOp-reHepaTopa 1 i MOTop-reHepaTopa 2, a TaKOK BUTpATH MaJNBa, KoedillieHTa HAJIUIIKY MIOBITPS Ta KyTa
BUIIEPE)KEHHsI 3allaJlOBaHHA JBUATYHAa BHYTPIIIHbOrO 3ropsiHHA. [IpoaHasi3oBaHO CTyHiHB 3apsAgy TAroBOI
aKyMYJIATOpHOI OaTapel, mapaMeTpH TEIJIOBOIO PEXKUMY CHUCTEM BITYCKY IOBIiTps, 3MalllyBaHHSA, OXOJIOI)KEHHS Ta
BUITYCKY ABUTYHA BHYTPIIITHBOTO 3ATOPSIHHSA, MOTOp-TeHepaTopa 1, MoTop-reHepaTopa 2, iHBepTopa if akyMyJIsITOPHOL
farapel, a TaKO)K KOHIIEHTpAIil IIKiJJINBUX PEYOBUH Yy BilllpanboBaHMX rasax i eeKTUBHICTE ix HeHTpasisarii.
BcTaHOBJ/IEHO Maike MPSAMUM 3B’SI30K MK YacTOTOI0 0O0epTaHHS Ta HaBAaHTa)KEHHSM [BUTYHA BHYTPIIIHBOTO
3rOpPAHHA | 3arajJlbHUM HAaBaHTAKYBAJIBHUM DPEKHUMOM CHUJIOBOI YCTAaHOBKU. KepyBaHHs CKJ/IaJOM IaJUBHO-
MOBIiTpsAHOI cyMmimnmi Ta KyTOM BUIlepe[’KeHHs 3alajloBaHHA B YCiX peskuMax 3a0e3Nedusio BUCOKY HaJUBHY
eKOHOMIYHICTh i HU3BKWUH piBeHb BUKHU[IB IIKi[JINBUX pedYOBUH. BHCOKi MOKa3HUKHU eHeproedeKTHUBHOCTI 3a
Pi3HHMX YMOB eKCILJTyaTallil JOCATHYTI 3aBAAKY eJeKTPUYHIH migcucreMi CHIOBOI YCTAaHOBKY, sIKa 3a0e3IevyBasa
onTUMaJIibHE KepyBaHHA HIBI/IHKiCHI/IM i HaBaHTaXyBaJbHUM pEeXUMaMU IBUT'YHA BHyTpiIHHbOI‘O 3ropsAHHA

KniouoBi cnosa: moTy;kHiCTh; KPyTHUI MOMEHT; TiOpHUAHA TPAHCMICis; peskKUM poOOTH; CTYIHiHb 3apsAy TATOBOI
aKyMyJISITOPHOI OaTapel; maJMBHA €eKOHOMIUHICTh; €KOJIOTTYHI TOKAa3HUKHU
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Abstract. The increasing frequency and complexity of economic, infrastructural, and geopolitical crises has
significantly increased the need for effective crisis management in project-oriented enterprises. This is particularly
true in the transport sector, which is sensitive to external changes. In conditions of increased uncertainty, traditional
management approaches often prove insufficient, requiring the use of innovative and flexible solutions. The purpose
of this study was to justify modern approaches to anti-crisis management based on the use of digital technologies
within the framework of sustainable project management. The research methodology was based on systematic and
comparative analysis, synthesis, statistical analysis, data visualisation, and scenario modelling, which together
provide a comprehensive assessment of anti-crisis management processes. It has been established that the use of
data analytics, artificial intelligence, cloud computing, and digital platforms contributes to early crisis detection,
risk assessment, and rapid response. These technologies enable enterprises to process large amounts of data in real
time, improve forecasting accuracy, accelerate management decision-making, and optimise the allocation of limited
resources. An analysis of statistical data for Ukraine’s transport sector for 2022-2024 showed the growing adaptive
potential of companies undergoing digital transformation, particularly in response to the challenges of wartime and
the post-crisis period. The results of the study confirmed that the integration of digital technologies into anti-crisis
management systems increases organisational potential, ensures the continuity of project implementation, and
contributes to the achievement of sustainable development goals. The practical significance of the study lies in the
possibility of applying the results in the activities of transport enterprise managers, government authorities, and other
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stakeholders involved in infrastructure and investment projects, which will contribute to the development of more

sustainable and stable transport systems

Keywords: digital technologies; prevention; decision making; business analytics; stakeholders; risks

Introduction

Companies operating in unstable economic conditions
face increased uncertainty and risks and need to devel-
op effective anti-crisis strategies. In the transport indus-
try, these challenges are exacerbated by damage to infra-
structure, logistics disruptions, and financial constraints.
Scholarly research, in particular T. Balanovska et al. (2020),
O.M. Girzheva et al. (2024) and V. Huriev (2024), highlight-
ed the growing role of digital technologies in strengthen-
ing organisational resilience. Nevertheless, their appli-
cation to sustainable project management in Ukrainian
transport companies remains underexplored. Anti-crisis
management of an enterprise’s economic sustainabil-
ity should be conceptualised as an integrated system
encompassing both internal and external dimensions.
In order to develop and implement innovative projects
while ensuring their stable functioning, Ukrainian enter-
prises are adopting adaptive strategies, including market
diversification, reduced import dependence, innovation
and technological advancement, the integration of digi-
tal technologies within broader digitalisation processes,
and the strengthening of corporate social responsibility
practices. Under such conditions, the implementation of
effective anti-crisis strategies becomes imperative to an-
ticipate potential risks, prevent crisis situations, mitigate
their adverse effects, and ensure the rapid recovery and
continuity of enterprise operations. Enterprises operating
within a market environment inherently face conditions
of uncertainty and risk. In the context of economic insta-
bility, the intensity of these factors increases, potentially
leading to a decline in organisational efficiency and the
emergence of crisis situations. Such crises may arise both
in interactions with stakeholders and in the framework
of public-private partnerships, particularly in the field of
transport infrastructure. Commercial enterprises interact
with other organisations, suppliers, consumers, banks, tax
authorities and stakeholders, each of which has its own
potential and development cycles that may not coincide
with the general economic cycles.

The evolution of a company is determined by changes
in its activities, technologies, personnel, products, servic-
es, etc. These changes are dual in nature, as they can be
both positive and negative. Positive changes are reflected
in the improvement of the quality of goods and services,
which enhances the stability and harmony in the compa-
ny’s operations through increased productivity, the intro-
duction of new technologies, and increased staff motiva-
tion. As noted by K. Ivanchenko & O. Bilovodska (2024),
adverse changes can cause instability within a company,
manifested in a misalignment between its current oper-
ational interests and long-term development objectives,
ineffective management practices, or the persistence of
obsolete technologies. Such negative transformations

serve as indicators of an emerging organisational crisis.
Accordingly, it is essential to examine the evolution of
anti-crisis strategies and the integration of digital tech-
nologies into sustainable project management under
conditions of ongoing change. T.I. Balanovska et al. (2020)
focused on the importance of employees’ digital compe-
tencies in increasing the flexibility of enterprises during
crises and spreading the latest technologies among soci-
ety. Full use of their capabilities is impossible without the
constant growth of digital competence, and the formation
and development of digital competence among potential
and current employees requires their approximation and
adaptation to global practices. O.M. Girzheva et al. (2024)
argued that the main goal of crisis management at the
stage of crisis development is to restore the financial sta-
bility and solvency of the enterprise, as well as to minimise
possible losses. The study by V. Huriev (2024) examined
the integration of digital technologies as a component of
the anti-crisis management mechanism to ensure region-
al stability and development. It investigated the impact of
digitalisation on enhancing the efficiency of management
processes, accelerating decision-making, and implement-
ing measures aimed at mitigating crisis phenomena.

The use of digital technologies to optimise business
development management is the subject of a study by
O.S. Druhova (2024). The study described the main dig-
ital technologies that influence business development
management and project management sustainability.
This optimises existing business processes and increas-
es employee motivation to implement new technologies
and processes. K. Voloschuk ez al. (2021) explored the
theoretical aspects and practical specific tools for resolv-
ing crisis situations in the system of anti-crisis manage-
ment of an enterprise. The integration of digitalisation
into the business processes of anti-crisis management
of an enterprise contributes to the timely prevention of
financial, operational (production), personnel, and mar-
keting crises. I. Plikus (2021) substantiated the role of Al
(artificial intelligence), Big Data, and machine learning
in the formation of digital tools for crisis management in
business processes. This allows companies to significant-
ly reduce operating costs for their business and become
customer-oriented by creating personalised services and
products. O.Yu. Sokhatskyi & O.D. Zakharov (2025) consid-
ered the risks for international business in the context of
military conflicts, which necessitates the implementation
of effective crisis management strategies. Effective crisis
management helps minimise negative consequences, but
also helps maintain business reputation and partner trust
even in the most difficult conditions. Scientists 1.V. Tok-
makova et al. (2022) considered anti-crisis strategies that
use digital technologies, which subsequently change both
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management processes and the business model of the en-
terprise itself, with the aim of ensuring the sustainability
of project management.

One of the current areas of research is the study of the
peculiarities of the implementation of digital technologies
in the activities of Ukrainian enterprises. Given the specif-
ic nature of the impact of various types of risks that lead to
crises, it is necessary to develop effective anti-crisis man-
agement strategies. In addition, it is necessary to take into
account the importance of public-private partnerships, as
they play an important role in the restoration and recon-
struction of Ukraine’s infrastructure, help minimise risks,
and ensure the sustainable development of enterprises in
the context of digital transformation. The results of such
research can be useful for developing effective business
strategies in the context of digitalisation and project man-
agement in the transport industry.

The purpose of this study was to theoretically sub-
stantiate and develop a comprehensive mechanism for
digital anti-crisis management of transport enterprises of
Ukraine. Research objectives included:

1. To conduct a comprehensive theoretical analysis of
contemporary approaches to anti-crisis management and to
substantiate directions for their improvement under mod-
ern economic challenges, including the development of an
integrated crisis management mechanism for enterprises.

2. To investigate the potential of public—private part-
nerships as an effective instrument for ensuring business
resilience in crisis conditions and to justify their role with-
in sustainable economic development frameworks.

3. To substantiate the role of digital technologies in
strengthening anti-crisis response strategies and to devel-
op a conceptual framework for strategic crisis information
and analytical centres aimed at enhancing managerial de-
cision-making, ensuring flexible risk response, and restor-
ing enterprise stability.

Materials and Methods
The object of the study was the process of anti-crisis man-
agement at transport enterprises in conditions of eco-
nomic instability and military risks. The subject of the
study was the use of digital technologies to ensure the
sustainability of project management at transport enter-
prises, including tools of business analytics, big data ana-
lytics, Al cloud computing and digital financial diagnos-
tics. The study was based on a systemic and risk-oriented
approach, according to which anti-crisis management is
considered as a cyclical and adaptive process that inte-
grates risk identification, analysis, strategic decision-mak-
ing, their implementation, monitoring and feedback cor-
rection. The study included theoretical generalisation and
empirical analysis of transport sector indicators for 2022-
2024. The analysis was based on the following regulatory
documents: Law of Ukraine No. 1351-r (2025) and Law of
Ukraine No. 4510-IX (2025). A combination of quantitative
and qualitative methods was employed to ensure meth-
odological validity, and statistical techniques were applied
to assess the dynamics of passenger and freight transport
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over the specified period. Time series analysis made it
possible to identify trends, patterns, and fluctuations
in transport performance indicators: phases of decline
caused by infrastructure destruction and logistical disrup-
tions; recovery trends associated with the development of
alternative routes and digital logistics solutions; structural
shifts in transport efficiency indicators. Descriptive statis-
tics and year-on-year comparative assessment were used
to determine growth rates and deviations.

Comparative analysis was employed to evaluate tra-
ditional and digital approaches to crisis management,
compare financial diagnostic models such as the modified
Altman and Springate models, and examine the distinc-
tions between reactive and proactive crisis management
systems. This approach enabled the identification of the
advantages associated with integrating digital technolo-
gies into crisis response mechanisms. To assess the risks
of financial stability, bankruptcy prediction models were
considered, in particular the modified Altman model and
the Springate model. These models were analysed as com-
ponents of digital information and analytical centres for
crisis prevention and liquidity forecasting. The study uses
the classification of data analysis methods: descriptive
analytics (analysis of past transport dynamics); diagnos-
tic analytics (determination of cause-and-effect relation-
ships); predictive analytics (forecasting risk scenarios);
prescriptive analytics (selection of optimal response strat-
egies). Methods such as regression modelling, simulation
modelling, time series forecasting were considered as
tools used in transport enterprises. Scenario modelling
was employed to explore alternative development trajec-
tories under conditions including the risks of military es-
calation, infrastructure disruptions, fluctuations in export
logistics, and variability in investment inflows within the
framework of public-private partnerships. This approach
allowed for the assessment of potential outcomes and the
identification of strategies to enhance enterprise resil-
ience in uncertain and dynamic environments. A cyclical
risk management model was applied, encompassing risk
identification, probability assessment using elements of
probability theory, impact evaluation, the development
of mitigation strategies, and feedback-based performance
assessment. In addition, data visualisation tools were em-
ployed to interpret transportation trends and to illustrate
structural changes in passenger and freight volumes.

Results and Discussion
Anti-crisis management technologies are a set of meas-
ures aimed at implementing a mechanism of influence on
the system in order to prevent, mitigate, or overcome vari-
ous types of crisis situations and ensure effective manage-
ment of transport enterprises, prevention, and assessment
of risk consequences. The main areas of anti-crisis man-
agement at the organisational level are constant monitor-
ing of its condition, development of new management,
financial, and marketing strategies, as well as strengthen-
ing work with personnel. Anti-crisis management uses a
set of methods from various fields of management: social



technologies, economic analysis, forecasting, develop-
ment of investment projects, anti-crisis programmes, etc.
Anti-crisis management is based on scientific knowledge,
innovative solutions for employee interaction, rights and
responsibilities at all levels of the enterprise hierarchy,
as well as analysis of practical experience in optimis-
ing system regulation mechanisms and identifying hid-
den opportunities for potential development. It requires
making complex management decisions in conditions
of limited financial resources, high uncertainty, and risk.
In such conditions, there is a growing need to act quick-
ly, timely, competently, and responsibly. (Kompanets et
al., 2022; Porfirenko et al., 2025). The process of anti-crisis
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management in transport companies is complex and
systematic, aimed at preventing and eliminating adverse
events, ensuring a gradual recovery from the crisis, and
maintaining the ability to function effectively in a market
economy. This process involves making complex manage-
ment decisions at every stage, from data collection to the
implementation of the final decision (Fig. 1). Therefore,
there is a need to introduce modern information technol-
ogies to ensure the effectiveness and soundness of deci-
sions, especially in forecasting and overcoming crises at
enterprises. This also contributes to the comprehensive
use of simulation modelling, intelligence, and the experi-
ence of decision-makers.

Stages of the management decision-making process
in the activities of transport companies, taking into account risks

[ Types of risks: infrastructure, technical, logistical, financial, economic, environmental, security risks ]

Information collection:

- Analysis of the internal and external environment.

- Identifying threats and opportunities.
Problem identification.

Risk identification and forecasting:
Assessment of potential crisis scenarios.
Analysis of the probability and impact of risks.
Predicting consequences.

Development of alternative solutions:
Determining possible courses of action.
Assess the advantages and disadvantages of each option.
Choosing the most effective strategy.

Making a management decision:
Justification of the choice.
Approval of the decision by management.
Preparation for implementation.

v

Solution implementation:
Implementation of the chosen
strategy. Execution control.
Adjust actions if necessary.

A

Performance evaluation:
Analysis of the results of the implemented solution.
Identifying mistakes and lessons learned.
Optimising approaches in the future.

Figure 1. The procedure for making managerial decisions in the context of anti-crisis management
Source: developed by the authors according to K. Kompanets et al. (2022), V.I. Porfirenko et al. (2025)

Digital technologies are actively being implemented
in various sectors of the economy, in public-private part-
nerships, and in interactions between stakeholders. This
evolution necessitates the adaptation of management ap-
proaches, the development of new business models, and
the implementation of innovative strategies to increase
competitiveness. According to McKinsey research, about
89% of companies have initiated digital transformation
processes, but only a small proportion of them have ful-
ly achieved their planned results (Zaika & Zaika, 2024).
Law of Ukraine No. 1351-r (2025) defines priority tasks
within the framework of the National Economic Strategy

until 2030. In particular, it aims to ensure access for small
and medium-sized businesses to modern technologies
such as broadband Internet, the Internet of Things, and
big data. The strategy outlines the main directions of the
country’s digital transformation, focusing on supporting
innovation, cooperation with business and international
partners, developing digital infrastructure, and encourag-
ing the use of information technologies in public and eco-
nomic life. This document is a strategic policy at the gov-
ernment level, where digitalisation acts as a driving force
for development, directly linked to potential public-pri-
vate partners in the digital sphere. According to the Law
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of Ukraine No. 4510-IX (2025), public-private partnerships
can be used in various areas, including transportation and
transportation infrastructure, electronic communications
network infrastructure, education, scientific and scien-
tific-technical activities, tourism, etc. The law provides a
regulatory framework for the legal consolidation of digital
solutions in the management of public-private partner-
ships (including electronic tendering, record keeping, data
publication, etc.). In the field of public-private partner-
ships, digital technologies play a key role in streamlining
processes, improving project financing and monitoring
mechanisms, and strengthening trust between the parties
involved. Through cooperation with stakeholders, digital
transformation improves access to information, expands
opportunities for attracting investors, and strengthens
interaction between all participants (stakeholders). Dig-
italisation processes have become indispensable factors
in ensuring the sustainability of project management and
business development. They mitigate the negative effects
of crises, open up new dimensions of strategic manage-
ment, and promote innovative growth. In addition, they
help optimise operational procedures, improve commu-
nication between partners, and increase the transparency
and efficiency of decision-making.

The model of risk-based management of transport
companies presented in the figure reflects a logically con-
sistent and cyclical process of management decision-mak-
ing based on systematic risk analysis, development of
alternatives, and performance evaluation. The presence
of a feedback mechanism ensures the adaptability of the
management system to changes in the external environ-
ment and increases its stability. The challenges caused by
the COVID-19 pandemic in 2019-2020 and the full-scale

war in Ukraine since 2022 have significantly changed the
established dynamics of business operations and busi-
ness processes. These crises have led to a transformation
of approaches to management, logistics, digitalisation,
and strategic planning in such areas of the economy as
public-private partnerships, trade, transport and road in-
frastructure, services, and education, which have also suf-
fered significant economic losses. At the same time, these
events have become a catalyst for active digital develop-
ment in these industries. These transformations have sig-
nificantly affected the activities of companies of various
sizes and geographical locations. In today’s environment,
the use of digital technologies and modern management
tools is seen by businesses as a necessary prerequisite for
ensuring effective and uninterrupted operations.
Ukraine’s digital transformations in the context of full-
scale war are focused on increasing inclusiveness, develop-
ing digital literacy, and strengthening cybersecurity at all
levels (Table 1). Technology plays a crucial role in enhancing
citizens’ quality of life, optimising management processes,
and stimulating economic growth. Digital tools, including
Al, cyber defence, and data analysis, are increasingly be-
ing integrated into the country’s defence capabilities. Such
transformations are a key mechanism for achieving eco-
nomic stability, strengthening defence capabilities, expand-
ing international cooperation, and establishing Ukraine’s
digital sovereignty. Thus, 2019-2021 marks a fundamental
stage in the launch of state-level digital services. In 2022-
2023, the war became a catalyst for the active implementa-
tion of digital solutions in government processes and busi-
ness operations. 2024-2025 saw significant achievements
in the implementation of digital infrastructure, interna-
tional recognition, and the creation of national strategies.

Table 1. Development of digital processes in Ukraine in 2019-2025

Year Key events/initiatives Digital transformation trends
Activel h of the “ i hone” i - . . .
2019 ctive launch of the state In a smartphone 1de.a Initial phase of digitalisation, formation of basic strategies
and announcement of the creation of mobile services
VID-1 ler mand for digital servi . . . . .
2020 o 9 accelerates df’t and 0 digital services, A push for digital solutions in the public and private sectors
remote work, and online business processes
2021- | Government services, registries, and e-services begin Increased availability of e-services; institutional implementation
2022 to be more widely used by citizens and businesses of digital platforms
2023 Transf(?rmatlon of Q1g1tal services In wartime: adaptatlon Active integration of digital tools into critical processes
of actions and online solutions for economic resilience
Development of digital skills, modernisation of registri . . L .
2024 | CCVelopme tof digita SIS, odernisation o eglstries Deepening of digital competencies in the public sector
and data exchange; improvement of cybersecurity
Approval of the Digital Innovation Development Strategy N
2025 (WinWin) until 2030
Focus on Al strategy and the development Significant strengthening of the digital ecosystem; transition to
of innovative technologies global standards and international indicators; active partnership

Source: Digital transformation of Ukraine’s economy... (2026)

Thus, 2019-2021 marks a fundamental stage in the
launch of state-level digital services. In 2022-2023, the
war became a catalyst for the active implementation of
digital solutions in government processes and business
operations. 2024-2025 saw significant achievements in
the implementation of digital infrastructure, internation-
al recognition, and the creation of national strategies.
Among the key state digital initiatives implemented in
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Ukraine prior to the full-scale war, particular attention
is given to their objectives and areas of application. The
Diia application was created as a unified digital plat-
form providing citizens with access to public services in
electronic form. Its scope includes the use of electronic
documents (digital passport and driver’s license), ac-
cess to government services, and direct communication
with public authorities. The eSupport Programme was



introduced to provide targeted financial assistance to cit-
izens in digital form, including subsidies and other types
of social payments. Its scope covers social assistance, sup-
port for low-income households, and the automation of
payment processes. Diia.Education was launched to facil-
itate distance learning and enhance citizens’ digital liter-
acy. The platform provides access to educational services,
professional development courses, and online training
programmes. Diia.Open Data ensures transparent public
access to government data for citizens and businesses. Its
scope includes open public datasets, analytical tools, and
the development of applications based on open data. Diia.
Business aims to simplify administrative procedures for
entrepreneurs through electronic services. The platform
supports business registration, tax services, licensing pro-
cedures, and electronic reporting. The eHealth system was
developed to digitise healthcare services and introduce
electronic medical records. Its scope includes medical in-
formation management, electronic prescriptions, patient
records, and telemedicine services. The eVeteran platform
provides digital services tailored to veterans, taking into
account their benefits and social guarantees. It facilitates
access to social support measures and state benefits. The
eDeclaration system introduced an electronic mecha-
nism for submitting income and asset declarations by
public officials. Its scope relates to anti-corruption poli-
cy, transparency, and income control. The eRegistration
system enables the digital registration of legal entities,
real estate, and other types of property. It supports regis-
tration services and the automation of state registries. The
Ukrainian Railways e-Portal provides electronic services
for purchasing tickets, planning trips, and managing train
traffic. Its scope includes transport services, logistics, and
communication with passengers. The eTicket system was
introduced to implement electronic ticketing in public
transport. It facilitates fare payment, automated control,
and improved convenience for passengers. The ProZor-
ro electronic procurement system ensures transparency
and efficiency in public procurement. Its scope includes
state tenders, procurement procedures, and monitoring
of public expenditures.

The Paperless initiative promotes the transition to
electronic document management within public institu-
tions. It aims to optimise administrative processes, im-
prove document circulation, and enhance overall man-
agement efficiency. Other electronic documents in the
process of digitisation — conversion of a wide range of
state services and documents into digital format. Scope
of application: all areas of public administration, commu-
nication, social security. These initiatives are government
projects aimed at creating a modern, transparent, and
convenient system of electronic services for citizens, busi-
nesses, and government agencies. They cover key areas of
public life — from education and health to the economy,
social protection, and infrastructure — and contribute to
Ukraine’s digital transformation. Companies are faced
with the task of developing a comprehensive strategy for
transforming their activities in order to effectively prevent
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and manage crises in conditions of instability. The use of
digital tools in business contributes to increasing the re-
silience of enterprises, helping to prevent crises or quick-
ly overcome them in various industries (Voloschuk er
al., 2021). The implementation of anti-crisis measures in
organisations requires a comprehensive approach that in-
cludes an analysis of project implementation experience,
particularly in the field of public-private partnerships.
This takes into account the impact of risks, sustainable
development, digitalisation, and big data analysis to adapt
strategies to current business conditions. The interrela-
tionship between the elements of the crisis management
process is shown in Figure 2.

@ pigital Tech & Digitization

v

@ Risks « @ Crisis Management — @ Strategic Approaches

v A\

@ Project Management

v
¥ Sustainable Development P Public-Private Partnership
Figure 2. Diagram of the relationship
between key concepts of crisis management
Source: developed by the authors

An analysis of Figure 2 indicates that crisis manage-
ment functions as the central element coordinating the
other components of the system. Digital technologies and
digitalisation are tools that facilitate effective risk, project,
and strategy management. Risks are challenges that need
to be identified and minimised with the help of digital
solutions. Strategy defines long-term approaches to crisis
management and sustainable development. Project man-
agement is a system for coordinating crisis management
activities using digital technologies. Sustainable develop-
ment is the ultimate goal, achieved through effective cri-
sis management, digitalisation, and public-private part-
nerships. Public-private partnerships are a mechanism
that facilitates the implementation of digital crisis man-
agement strategies. The goal of sustainable development
is achieved through effective crisis management, digital
integration, and public-private partnerships, which act as
catalysts in the implementation of digital crisis manage-
ment methodologies. In a world where there is an abun-
dance of information, it is extremely important to be able
to quickly find, analyse, and apply the most relevant data.
The excessive flow of information creates both new op-
portunities and challenges: the need for effective filtering,
accuracy verification, and strategic use of the knowledge
gained. Therefore, governments and companies can mod-
el different scenarios, identify potential threats, and re-
spond to them in a timely manner using big data analysis.
The application of probability theory in the management
of business processes of transport companies facilitates
the selection of transport routes, time planning, and risk
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assessment in finance, insurance, and other areas; assess-
ment of the practical limitations of probability theory,
especially in conditions of high uncertainty or unreliable
information (Khobta et al, 2025). Al automates complex
processes, allowing for faster and more accurate analysis
of information, while cloud technologies provide acces-
sibility and flexibility in data storage and processing. The
speed and accuracy of decision-making are becoming
critical factors for success, and the integration of these
technologies not only reduces the negative effects of cri-
ses but also builds more resilient and adaptive manage-
ment systems. In this context, modern technologies such
as data analytics, Al, and cloud computing are moving be-
yond their traditional role as simple tools for optimising
business or improving everyday life. Instead, they serve as
fundamental mechanisms for addressing and mitigating
global crises in the economic, social, political, environ-
mental, medical, and transportation spheres.

Under conditions of instability, organisations in-
creasingly rely on advanced technological solutions to
strengthen adaptive capacity, improve responsiveness
to dynamic changes, and support evidence-based deci-
sion-making. Data analytics, in this context, functions as
a key instrument for retrospective assessment and pre-
dictive modelling of future trends. As noted by O.M. Veres
& R.M. Olyvko (2017), Big Data Analytics is applied to
large and complex datasets; Discovery Analytics focuses
on identifying patterns and hidden relationships within

400.0 million tonnes

data; and Exploratory Analytics is aimed at explaining
and interpreting data and analytical models. Data ana-
Iytics is the process of collecting, processing, and inter-
preting large volumes of data to identify patterns, trends,
and correlations that can inform evidence-based deci-
sion-making. In the context of crisis management, data
analytics enables to:

1) understand the past, as data analytics allows or-
ganisations to examine historical data, identify trends and
patterns, which helps to understand how past decisions
have affected outcomes;

2) identify early warning signs: by analysing data from
various sources (social media, financial reports, sensors,
etc.), itis possible to detect the first signs of potential crises,
such as epidemics, natural disasters, economic downturns;

3) predict the development of the situation: using sta-
tistical models and machine learning, it is possible to pre-
dict how the crisis will develop, what its consequences will
be, and what measures should be taken. It will be much
easier to predict future events, allowing them to be more
proactive in their strategy;

4) optimise resources: data analysis can help identify
inefficient processes and find ways to improve them, allo-
cate resources more efficiently, focusing on the highest pri-
ority tasks (Davenport, 2017; Kompanets & Ilchenko, 2025).

The volumes of passenger and freight transportation
to Ukraine in 2022, 2023, and 2024 across all modes of
transport were analysed (Fig. 3).
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Figure 3. Dynamics of cargo transportation volumes in Ukraine for 2022-2024
Source: developed by the authors according to State Statistics Service of Ukraine (2025a; 2025b; 2025¢)

The study findings indicate that in 2022 there was a
significant decline in the volume of freight transportation
due to the destruction of logistics routes and infrastruc-
ture, as well as the blockade of seaports. In 2023, transpor-
tation volumes partially recovered due to the creation of
alternative delivery routes (rail and road) and the develop-
ment of the grain corridor. The growth in transportation
in 2024 is attributed to the restoration of infrastructure,
growth in humanitarian cargo, agricultural exports, and
the expansion of partnerships with European countries.
Figure 4 shows that the number of passengers transport-
ed in 2022-2024 is 209.4 million passengers at the begin-
ning of 2022, and at the beginning of 2023 there is an in-
crease to 1,600.6 million passengers. The annual increase
amounted to 1,391.2 million passengers, with the highest
growth rates observed during the period from July to De-
cember 2022. Analysis of statistical data shows that the
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transportation system continues to improve. 2023 showed
further improvement, but started from a lower level. At the
end of the year, the indicators exceeded the level of 2022.
Therefore, in the context of military operations, detailed
analysis of large amounts of data and the use of business
intelligence in transportation services has become a key
tool for optimising logistics processes, allowing to assess
the efficiency of routes, forecast costs and profitability.
Figure 5 shows the methods of big data analysis, which are
classified according to the functional relationships and
the formal model of this information technology:

1) descriptive analytics provides information about
what happened in the past. Statistical methods are used
to describe the data;

2) diagnostic analytics — this method helps to under-
stand why something happened by studying cause and
effect relationships;



3) predictive analytics uses historical data to predict
future events; various models are used, such as regression
and machine learning;

-

Lytvyshko et al. 37

4) prescriptive analytics — this method not only predicts,
but also offers solutions to optimise the results (Fedorov, 2025;
A marketer’s guide to descriptive..., 2025; Singh, 2026).
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Figure 4. Dynamics of passenger transportation volumes in Ukraine for 2022-2024
Source: developed by the authors according to State Statistics Service of Ukraine (2025b; 2025c)
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Figure 5. Methods of data analysis
Source: developed by the authors according to T.H. Davenport (2017)

Descriptive analytics provides information about
what happened in the past using statistical methods that
are used to characterise information. Diagnostic ana-
lytics helps to understand why something happened by
studying the cause and effect. Different models are used
for different purposes, including regression and ma-
chine learning, which allows, according to the dogma
of descriptive analytics, not only to predict but also to
choose the right solutions to improve results. The follow-
ing analysis methods are used in various fields of activity,
including the transportation industry: crowdsourcing,
data consolidation and integration, machine learning,
neural networks, network analysis, optimisation, includ-
ing genetic algorithms, pattern recognition, analytics,
forecasting, modelling, spatial analysis, statistical anal-
ysis, and analytical data visualisation. A variety of tools
are available for data analysis. Microsoft Excel is widely
used due to its accessibility and user-friendly interface,
which enables efficient processing and visualisation of
datasets. Tableau serves as a reliable platform for ad-
vanced data visualisation and interactive presentation
of analytical results. Programming languages such as Py-
thon and R are extensively applied in data analysis and

machine learning, offering powerful capabilities for sta-
tistical modelling and predictive analytics. In addition,
SQL is utilised to interact with relational databases, al-
lowing efficient data retrieval, management, and ma-
nipulation. Within this framework, business intelligence
metrics play a crucial role in supporting informed deci-
sion-making during periods of crisis, as well as in assess-
ing economic challenges and identifying potential de-
velopment opportunities. Business intelligence plays a
crucial role in the innovative management of transporta-
tion companies. It enables the introduction of advanced
digital technologies. Developing strategies for transpor-
tation companies allows them to strengthen their abil-
ity to focus on the challenges posed by the global mar-
ket. This ensures effective risk management, optimal
resource allocation, and long-term competitiveness of
the company in the market (Lozhachevska et al., 2023).
Business intelligence is also used to assess the onset of
a financial crisis and prevent a company’s bankruptcy
using the following methods: decision tree, time series
analysis, and simulation modelling. Ukrainian compa-
nies can apply the modified Altman model (ZAM), which
was proposed by Altman in 1983:
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Zm=0.717A,+0.847A,+3.107A,+0.42A, + 0.995A,, (1)

where X4 — is the book value of equity/debt, with a thresh-
old value of 1.23.

The Springate model (ZC) is also used to estimate the
probability of bankruptcy:

Z.=1.03C, +3.07C,+0.66C,+0.4C,, )
where Cl — working capital/amount of assets; C2 — profit
before taxes and interest/amount of assets; C3 — profit be-
fore taxes/short-term debt; C4 — revenue from the sale of
products, goods, services/amount of assets. It is believed
that the accuracy of predicting bankruptcy by this mod-
el is quite high and amounts to 92%, but this indicator

decreases over time, and if Zc<0.862, the company is a
potential bankrupt.

Thus, the problem is to determine how the methods of
formation of enterprise finances within the framework of
information and analytical centres can effectively prevent or
overcome the financial crisis in the enterprise. The solution
to these problems necessitates the development of a mech-
anism for managing enterprises in crisis and determining
the set of information and analytical centres for strategic
crisis. This will make it possible to effectively manage finan-
cial flows with the use of digital technologies, in particular
through the introduction of flexible models of control over
current assets. The proposed mechanism for managing en-
terprisesin crisis and determining the set ofinformationand
analytical centres of strategic crisis is presented in Figure 6.

Diagnostics of the state of information and analytical centres

Analysis
Financial audit | | Profit monitoring | Evaluation of current
strategies !
Bankruptcy Assortment
risk policy Economic risk '—
Liquidity Pricing policy H
g poticy SWOT -
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| Identification of the depth of the crisis at the enterprise |

~_

| Formation of a portfolio of remediation measures |
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Organisation of implementation of remediation measures |
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Figure 6. The mechanism of management of enterprises in crisis and the set of information
and analytical centres of strategic crisis
Source: developed by the authors according to O.M. Lozhachevska et al. (2023), M.O. Khobta et al. (2025)
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Within the subsystem of information and analyti-
cal centres, it is advisable to implement digital liquidity
forecasting platforms integrated with risk management,
which will allow for the prompt identification of destabi-
lising factors. Such an approach will provide the company
with flexibility in financial planning, minimise cash gaps
and increase resilience to external risks. Thus, the crisis
management mechanism includes the analysis of a large
database, the use of digital technologies, and the consist-
ent performance of management functions, which allows
achieving a certain economic effect. Based on business
analytics, it is possible to determine the effectiveness of
attracting investments and innovations to cities and re-
gions of Ukraine based on the public-private partnership
mechanism, which allows ensuring the development of
regional transport infrastructure in the context of Euro-
pean integration. As for sustainable development in the
transport sector, it is based on: innovative digital tech-
nologies that improve the efficiency of transport systems;
resource optimisation that minimises environmental im-
pact and costs; social responsibility that provides for safe,
affordable and comfortable transport. O.M. Lozhachevs-
ka et al. (2023) emphasised that the continuous analysis
and understanding of a situation, along with the dynamics
of its change, constitutes an ongoing and dynamic pro-
cess. One-time analysis and diagnostics cannot serve as a
reliable basis for this process, as they provide only limited
information. Consequently, the development of strategic
decisions cannot be long-term, given the rapidly chang-
ing environment in which an innovation-oriented enter-
prise operates. Modern technologies, including Al, offer
powerful tools for predicting, preventing, and overcoming
crisis situations in the enterprise. Al plays an important
role in modern crisis management, helping organisations
to anticipate, analyse risks and respond quickly to crisis
situations. The main areas of Al application in crisis man-
agement are as follows:

1) predicting and forecasting crises, as Al uses big data
analytics to predict possible crises. By analysing historical
data, social media, market trends, and other sources of in-
formation, algorithms can predict certain threats, such as
financial risks, natural disasters, or reputational crises. For
example, Al-based systems can detect abnormal patterns
in data that may indicate impending crises;

2) rapid data analysis. In crisis situations, it is critical
to quickly process a large amount of information to make
decisions. Al allows automating data analysis, reducing
the time spent on finding the causes of the crisis and the
best ways to solve it. This can be useful for tracking com-
petitors’ market activity, changes in supply, and social re-
actions to the crisis;

3) optimising response processes. Al enables the
automation of selected crisis response processes, there-
by increasing the speed and overall efficiency of deci-
sion-making and operational implementation. For ex-
ample, Al systems can run algorithms to automatically
activate contingency plans. This can include supply
chain management, resource allocation, or customer and
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stakeholder interaction. Such solutions help reduce hu-
man errors and significantly increase the effectiveness of
actions during a crisis;

4) scenario modelling and decision-making. Al allows
to adapt models in real time. Al systems can quickly re-
calculate forecasts depending on changes in the external
environment. This allows managers to make informed de-
cisions faster in the face of uncertainty;

5) reputation management. Al plays an important role
in monitoring and managing the reputation of companies,
especially in times of crisis. Thanks to its ability to analyse
large amounts of data in real time, Al allows companies
to respond quickly to changes in public opinion and take
measures to mitigate negative consequences;

6) post-crisis analysis. Al can also help automate the
creation of reports on crisis events, which will save time
and allow for a detailed understanding of the causes and
consequences of the crisis. These reports can be used to
improve crisis response plans and avoid similar problems
in the future.

Al can free professionals from routine work, allow-
ing them to focus on more complex tasks that require a
creative approach; speed up big data analysis and deci-
sion-making several times faster; and create special sys-
tems that can learn and adapt to changing conditions.
Cloud technologies enable organisations to quickly adapt
to changing conditions, reducing costs and increasing
productivity. This is especially important in situations
where it is necessary to respond quickly to challenges and
make informed decisions based on the analysis of large
amounts of data. According to V.M. Andriievska & N.V. Ole-
firenko (2015), cloud service providers enable users to rent
computing power and storage via the Internet. This ap-
proach offers significant advantages, including cost-effec-
tiveness, as users pay only for the resources they require,
and flexible scalability. Furthermore, clients are relieved
from the necessity of creating and maintaining their own
computing infrastructure. When using cloud technolo-
gies, software and hardware are provided to the user as
an Internet service. The user has access to their own data,
but cannot manage and should not take care of the infra-
structure, operating system and software they work with.
The “cloud” is the Internet that hides all technical details.
Cloud services fundamentally transform the processes of
accessing and utilising information and software by ena-
bling remote interaction with data and server infrastruc-
tures from any location worldwide, thereby eliminating
dependence on stationary hardware and enhancing col-
laborative engagement among geographically dispersed
users. 0.0. Hudzovata (2013) emphasised that Amazon
was the first company to fully realise the commercial po-
tential of virtualisation technologies, concentrating its ef-
forts on the development and scaling of the Amazon Web
Services cloud platform. This approach enabled virtualis-
ation to become an effective business service accessible
to a wide range of users. As defined by I. Chernikov (2024),
the main models of cloud computing for data processing
include the following:
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1) TaaS (Infrastructure as a Service): provision of virtual
servers, networks, and storage systems. Suitable for compa-
nies that want to have full control over their infrastructure;

2) PaaS (Platform as a Service): providing a platform
for developing and running applications. Ideal for devel-
opers who want to focus on creating software;

3) SaaS (Software as a Service): providing ready-made
software solutions over the internet. Popular examples:
Google Workspace, Microsoft 365.

Cloud computing allows organisations to quickly
analyse large amounts of data, which is critical in crisis
situations. Thanks to the powerful computing resources
available in the cloud, companies can receive results in
real time, allowing them to quickly respond to changes in
the market or in internal business processes. Using cloud
technologies can reduce IT infrastructure costs. Organisa-
tions do not need to invest in expensive hardware because
all the necessary resources are provided in the cloud. This
is especially important for small and medium-sized en-
terprises, which may not have the capacity for significant
capital expenditures. Cloud computing makes it easy to
scale computing resources to meet business needs. When
workloads increase or additional data needs to be pro-
cessed, companies can quickly adapt their resources with-
out significant delays or costs. This allows organisations
to remain flexible and ready for any challenge. Therefore,
using modern digital technologies, such as Big Data, ma-
chine learning, analytical platforms, for a comprehensive
and in-depth analysis of the activities of transport enter-
prises or by studying stakeholder groups, the manager
forms an information base for each criterion, which is
the basis for developing an anti-crisis strategy, taking into
account risks, as noted by 1.V. Kravchuk (2024). Thus, the
study confirmed that crisis management of transport en-
terprises in conditions of a wartime economy and global
instability has become systemic and multidisciplinary. Its
effectiveness is determined not by isolated financial stabi-
lisation measures, but by the integration of a risk-oriented
approach, digital technologies, public-private partnership
mechanisms, and sustainable development instruments.

Conclusions

confirmed the feasibility of implementing business ana-
Iytics and Big Data tools to support strategic decisions in
the transport sector. It was substantiated that the use of
descriptive, diagnostic, predictive, and prescriptive ana-
Iytics ensured a logical sequence of the management cycle,
from identifying problems to selecting optimal solutions.
The combination of these methods with financial instabil-
ity forecasting models, in particular the modified Altman
model and the Springate model, improved the quality of
risk assessment and contributed to a timely response to
crisis phenomena. A key element of digital transformation
involved the development of strategic crisis information
and analytical centres designed to consolidate data re-
sources, perform scenario modelling, and ensure contin-
uous feedback within governance and management sys-
tems. The proposed mechanism involved the integration
of digital liquidity forecasting platforms, risk management
tools, and cloud infrastructure, which increased the flex-
ibility of financial planning and reduced the likelihood
of cash gaps. Public-private partnerships were shown to
be a catalyst for implementing digital anti-crisis strate-
gies. Regulatory consolidation of electronic procedures,
transparency of tenders, and open data contributed to
increased trust between stakeholders and attracted in-
vestments in transport infrastructure. However, the study
showed that digital transformation was accompanied by
several limitations, including uneven digital maturity of
enterprises, shortage of data analytics specialists, cyber
threats, and limited financial resources. This necessitated
further scientific understanding of mechanisms for in-
creasing the effectiveness of digital anti-crisis solutions.
Promising directions for further research included empir-
ical testing of the proposed mechanism based on specific
transport enterprises with quantitative measurement of
the economic effect of implementing digital tools, devel-
opment of an integral index of digital maturity of trans-
port enterprises and establishing its connection with the
sustainability of project management, and modelling of
transport infrastructure restoration scenarios using sim-
ulation modelling and Al
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AHOTAUifA. 3pocTaloya 4acToTa Ta CKJIAAHICTh EKOHOMIYHUX, iIHPPACTPYKTYPHUX Ta TEOTOJITHYHUX KPU3 3HAYHO
migBUIKIa HOTPeby B epeKTUBHOMY aHTUKPHU30BOMY YVIIPaBJIiHHI Ha IPOEKTHO-OPieHTOBAHMUX HmigIpreMcTBax. e
0COOJIMBO aKTyaJabHO JJIs TPAHCIOPTHOTO CEKTOPY, AKUU YYTJIMBUU O 30BHIIIHIX 3MiH. B ymMoBax migBuIeHol
HEBU3HAYEHOCTI TpAWIiliHi MigXomW [0 YHOpaBIiHHA YacTO BUSBJSAIOTHCA HENOCTaTHIMHU, IO IMOTPedye
3aCTOCYBaHHA iHHOBALiHUX Ta THYYKUX pimeHb. MeTOI0 IIbOr0 JOCHiIKeHHs OylI0 OOI'pYyHTYyBaHHSA Cy4acHUX
MiIXOiB O aHTUKPU30BOIO YIIPABJIHHA HAa OCHOBI BUKOPHUCTAHHA IU(MPOBUX TEXHOJOTIH y paMKax CTajaoro
YOPAaBJIiHHA MPOEKTaMU. MeTOomoJIoTisA mocaimKkeHHs Oa3yBasiacs Ha CUCTEMHOMY Ta MOPIiBHSAJBHOMY aHaJiai,
CHHTe3i, CTaTUCTUYHOMY aHaJi3i, Bidyasisallii JaHUX Ta CIEHAPHOMY MOJEJIIOBaHHI, siki pa3oM 3abe3mevyyioTh
KOMILJIEKCHY OIiHKY IPOIeCciB aHTUKPU30BOI0 YIIpaBJ/aiHHA. BcTaHOBJIEHO, 1110 BUKOPUCTAHHS aHAJITUKY TaHUX,
IITyYHOTO iHTEeJIeKTY, XMapHUX 004nCIeHb Ta MU(POBUX IJIaTGOPM CIIPHUsAE PAHHBOMY BUSBJIEHHIO KPU3, OIiHIN
PU3UKIB Ta IIBUAKOMY pearyBaHHIO. I1i TeXHOJIOTiI JO3BOJISAIOTH MiAIIPUEMCTBAM 00 POOJIATH BeJIMKi 00CATH JaHUX
y pesKUMi peasbHOTO 4acy, HiIBUINYBAaTH TOYHICTH MPOrHO3YBaHHSA, IPUCKOPIOBATH MIPUHHATTA yNPaBIiHCBKUX
pillleHb Ta ONTUMi3yBaTH PO3MOALT 06MeKeHUX pecypciB. AHaJIi3 CTATUCTUYHUX JaHUX TPAHCIOPTHOIO CEKTOPY
Ykpaiau 3a 2022-2024 poku ITOKa3aB 3pOCTAHHA aJalTUBHOIO MOTEHIiaTy KOMIIaHil, 10 MPOXOAATh NU(POBY
TpaHcdopmanio, 0cobIMBO Yy BiANOBiAR Ha BUKJMKU BOEHHOIO Ta IOCTKPU30BOro mepiomy. PesymabraTu
JOCTiIKeHHA MiATBepAU/IHN, IO iHTerpalis HUEGPOBUX TEXHOJIOTIH y CHUCTEMU AHTUKPU30BOIO YNPaBJIiHHA
MiABUIIYe opraHi3aiiHuil moTeHIial, 3a0e3nevyye 6e3nepepBHICTh peastidallii IPOEKTIB Ta COPUSIE JOCATHEHHIO
niseff crajsoro po3BUTKY. [IpakTHYHe 3HAUEHHS AOCIIIKEHHs MOJIArae y MOKJIMBOCTI 3aCTOCYBaHHA HOTO
pe3y/abTaTiB 'y JisIBHOCTI MEHeIyKepiB TPaHCIOPTHUX NiJIIPUEMCTB, OPraHiB Jep)KaBHOI BJIAAM Ta IiHIINX
3alikaB/IeHUX CTOPIH, 3a/Iy4eHuX 10 iHPPpaCTPYKTYPHUX Ta iHBECTUNIHHUX MPOEKTIB, 0 CIPUSETUME PO3BUTKY
6inpmI cTanux i cTabinbHUX TPAHCIOPTHUX CUCTEM

KniouoBi cnoBa: 1udpoBi TexHOJIOTI]; TpodilaKkTUKa; NPUHHATTA pillleHb; Oi3Hec-aHAMITUKA; 3alikaBjeHi
CTOPOHHU; PUBUKH
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Abstract. This study aimed to identify the key aspects of vertical and horizontal coordination of economic
interests among participants in concession projects for the development of transport infrastructure. The research
methods included a critical review of existing literature, alongside analysis, comparison, systematisation, and
generalisation of information. The study defined the circle of participants in concession projects and examined the
crucial elements of their vertical coordination (state-concessionaire) and horizontal coordination (concessionaire —
shareholders - creditors — project organisation — subcontractors — service companies). For each participant in a
transport infrastructure development project based on a concession model, a set of interests and target indicators
was formulated. These indicators were designed to ensure the stability of the implementation coalition. The primary
issues underlying the coordination of economic interests related to the distribution of income, profits, responsibilities,
and risks. The coordination of these interests relied on selecting mutually agreed-upon values for the following
management parameters: 1) for the public partner — the economic benefit (profit) derived from transferring the asset
to the concession; 2) for the private partner — income and profit from constructing the motorway and its subsequent
operation; 3) for investors/creditors — the required funds to meet contractual obligations and project implementation,
along with their cost; 4) for the designer — the scope and price of design work; 5) for contractors (subcontractors) —
the scope and cost of construction and installation work; 6) for operators (road maintenance organisations) — the
volume and cost of management services. The practical significance of the results lay in the fact that attention to these
indicators during the establishment of the concessionaire organisation and its subsequent operation would have
incentivised participants to pursue successful project implementation

Keywords: economic effect; public-private partnership; coordination of interests; profit; distribution

Introduction
Concessions are increasingly being recognised by au-  increasingly recognised by authorities and businesses in
thorities and businesses in Ukraine as an effective tool =~ Ukraine as an effective tool for the restoration and de-
for the restoration and development of transport in- velopment of transport infrastructure in the post-war
frastructure in the post-war period. This approach is period. In response to the growing relevance, the Law of
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Ukraine No. 4510-IX (2025). The objective complexity of
such projects is due not only to significant investments,
long construction periods, and high risks, but also to the
large number of participants. They consist of partners
from the public and private sectors. The public sector is
interested in the rapid implementation of socially signif-
icant capital-intensive transport infrastructure develop-
ment projects that boost the socio-economic develop-
ment of territories, strengthen interregional economic
ties, and contribute to an increase in international trade.
The private sector is interested not only in participating
in a state-supported project, but also in obtaining cer-
tain benefits that would satisfy its minimum required
rate of return. In addition, the concession project pro-
vider company is formed from representatives of various
business structures, and sometimes representatives of
the public sector. Their participation may take the form
of co-financing, direct construction works, further op-
eration of the transport infrastructure facility, mainte-
nance of transport infrastructure facilities, provision of
land plots for use, permits for use of adjacent plots, etc.
In other words, each of the participants, by contribut-
ing certain resources (financial, material, labour, infor-
mation) to the project, faces certain risks and seeks to
receive appropriate remuneration. Violation of the inter-
ests of private or public sector partners will inevitably
lead to the termination of the project and significant
losses for the development of a particular region and all
project participants. This makes it important to study
the fundamental principles of reconciling the interests
of participants in concession projects for the develop-
ment of transport infrastructure.

The issue of aligning the interests of stakeholders is
very important. Thus, J. Wegrzyn & A. Wojewnik-Filip-
kowska (2022) pointed out that compliance with the con-
ditions for ensuring the interests of stakeholders should
be at the centre of the state strategy of public-private part-
nership (PPP). The need to motivate private investors to
come to socially important projects is also emphasised
by A. Kopanska et al. (2024). Reconciling the interests of
stakeholders requires a preliminary assessment of the
potential for sustainable development, as infrastructure
projects directly impact the environment, as highlighted
by V.S. Tytykalo (2021), and consequently influence public
support and the anticipated socio-economic development
prospects of the region. At the same time, T. Tropeano et
al. (2025) proposed to evaluate the PPP infrastructure pro-
ject based on its social value, which reflects the expected
social welfare of a certain territory. M. Tavana et al. (2022)
considered the rationale for choosing a private sustainable
partner within the PPP as the most important step in the
partnership. The private partner should provide the highest
value, and its selection is a complex task divided into man-
ageable steps with numerous and complex, interdepend-
ent, quantitative and qualitative indicators of economic,
environmental and social criteria. B.J. Dykes & I. Uzueg-
bunam (2022) argued the rationale for choosing a foreign
partner to participate in an infrastructure PPP project.
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Thus, in cross-border infrastructure projects, the de-
cision to choose a partner is more complex due to the par-
ticipation of a foreign partner and the long-term nature
of the contract. Such projects, by their very nature, must
protect the public interest in the local environment and
share some of the benefits with the foreign partner. The
decision to choose a foreign partner is proposed in terms
of the trade-offs of partnership between a local and a for-
eign partner and the nuances of their use. According to
the results of research by B.B. Anderson & C. Ratiu (2019),
for the development of an effective PPP, the goals and be-
haviour of both parties must be recognised, considered
and addressed. At the same time, the goals and prior-
ities of all these actors are not always well aligned with
sustainable development goals. When choosing partners,
NGOs will benefit from recognising the different objec-
tives of stakeholders and a common basis for action. In
view of the above, it is of interest to determine the funda-
mental approaches to reconciling the economic interests
of participants in transport infrastructure development
projects, in particular on the basis of concessions, which
will ensure the success of the project. The aim of the study
was to explore the main aspects of vertical and horizontal
coordination of economic interests among stakeholders
in transport infrastructure development projects under
concession agreements.

Materials and Methods

The study was qualitative in nature and based on a de-
scriptive research methodology. The object of the study
was the relationships that arise between stakeholders
during the implementation of transport infrastructure
development projects under concession arrangements.
The subject of the study was theoretical and practical ap-
proaches to reconciling the economic interests of such
stakeholders. Due to Russia’s military aggression against
Ukraine, the implementation of several concession agree-
ments, particularly those related to the development of
seaports, has been suspended. This explains the limited
practical experience in implementing projects for the de-
velopment of Ukrainian transport infrastructure based
on concessions and the absence of corresponding em-
pirical data. The sources of information were the results
of studies on stakeholder interactions during the imple-
mentation of PPP and concession-based projects, includ-
ing works by Z.I. Halushka (2020), A.C. Toochukwu (2025)
and V.O. Ovchinnikova & M.I. Diakov (2025). The analysis
included selected research results regarding interaction
within partnerships and studies focusing on the econom-
ic interests of business entities, published over the past
10 years. Publications primarily presented in journals in-
dexed in international scientometric databases such as
Scopus and Web of Science were considered.

As this article was of a conceptual nature, a critical
review of the literature and logical methods of cognition
were employed during its preparation: analysis, compar-
ison, abstraction, synthesis and generalisation. The study
of methods for reconciling the economic interests of the



parties to a concession agreement was conducted based
on a classification of the nature of their interaction: verti-
cal (public partner — private partner) and horizontal (direct
participants in the project implementation). A systematic
approach was used when justifying management parame-
ters that take into account the interests of the concession
participants. In particular, the objects that will fall within
the sphere of economic interests of individual concession
participants, and their connection with the enterprise’s
cash flows, were identified. The latter are usually taken
as a basis when determining the economic efficiency of
projects as a whole. The conceptual approach proposed in
this article involved taking into account both the qualita-
tive and quantitative characteristics of the transport infra-
structure development project. This ensured the reliability
of the proposed conceptual model for reconciling the in-
terests of concession participants.

Results and Discussion

Modern scientific approaches consider the economic
phenomenon of “alignment of economic interests” as a
mechanism, principle and process aimed at eliminat-
ing contradictions, imbalances and reaching agreement
between the participants of a particular socio-economic
system in the context of constant changes and creating
prerequisites for further successful activity of the subjects
within the framework of a particular system (Halush-
ka, 2020; Osipova, 2025). At the same time, the coordina-
tion of economic interests should to some extent resolve
the main contradiction of the economic system, which is
the contradiction between significant needs and limited
resources (Tytykalo, 2021; Klymchuk et al., 2022) The di-
alectical interaction of two aspects of economic interest —
objective and subjective - is the reason why economic in-
terests are both the cause and the condition of interaction
between project participants. According to V.O. Ovchin-
nikova & M.I. Diakov (2025), the object of economic inter-
ests is a certain result of operating activities that serves the
purpose of satisfying a need and for which relationships
with other entities are formed. The structure of the project
and the system of relationships between the concession
project participants is determined by the subject matter of
the concession agreement. U. Elraaid et al. (2024) argued
that the result of the interaction of economic interests
should be a completed infrastructure project, provided
that in the process of project implementation, the inter-
ests should generate an increase in utility.

Aligning the interests of project participants is a com-
ponent of ensuring the realisation of economic interests
and lies in the area of project management in general and
the activities of business entities — participants in particu-
lar, in order to offset the combined effects of economic,
social, political, and legal risks on the expected result of
the project. In other words, the coordination of economic
interests of project participants must meet the conditions
of economic security of each project participant sepa-
rately as a business entity (Dzhereleiko, 2022; Andrusiv &
Kulik, 2025). The ability to reconcile interests, or at least
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to find a compromise, is a measure of the ability to stay
safe. The difference in the goals and interests of project
participants should be correctly reflected in the system of
criteria (indicators), which will be different at the macro
and micro levels due to the difference in the goals and in-
terests of the relevant entities. Reconciliation of the inter-
ests of the concession project participants, based on the
difference in goals and interests from their participation
in the project, should be based on a system of criteria (in-
dicators) as the results of interaction under the same un-
derstanding of their measurement and evaluation. Thus,
throughout the entire project implementation cycle from
planning to completion, the criteria, the reasons for their
occurrence and the impact on the activities of each par-
ticipant should be identified. The formation of a system of
concepts, indicators and a unified measurement system
is an important task in the information support of the in-
teraction of project participants, which is an integral part
of the project monitoring and control system for both the
public partner and the private partner (Anderson & Ra-
tiu, 2019; Elraaid et al, 2024). In a concession transport
infrastructure project, the definition of effectiveness is
preceded by performance indicators, which will depend
on the form of presentation of the expected result or the
identified areas of effectiveness (social, economic, envi-
ronmental, operational, etc.). The performance indicators
of the private partner’s participation in the concession
project should be consistent with the performance indi-
cators of the business entity as a whole and comply with
its strategy, which is determined by its statutory goals and
objectives. Guaranteeing the expected financial results
of business entities lies in a three-dimensional plane:
“income - expenses — profit”. Accordingly, management
should focus on maximising revenues and minimising
costs (Anderson & Ratiu, 2019). To assess the state of the
partnership, it is not the indicators themselves that are
of fundamental importance, but their critical (threshold)
values that reflect the acceptable limits of the partnership.
For example, the threshold indicators that will character-
ise the effectiveness of the partnership may be:

« the break-even point — as the amount of income at
which the partnership reimburses only its conditionally
fixed costs;

« break-even point —as the amount of income at which
the partnership will reimburse its fixed and variable costs,
but will not make a profit;

« minimum level of profitability — the amount of
income at which the partnership reimburses its fixed
and variable costs and receives a profit in an acceptable
amount based on the minimum expected return on in-
vested capital; resource-assured profit point — the amount
of income at which the partnership reimburses its fixed
and variable costs and achieves key performance indica-
tors in the areas of labour productivity, use of fixed assets
(capital efficiency) and current assets (asset turnover) (Ty-
tykalo, 2021; Tavana et al., 2022; Mahame et al., 2024).

The components of income, expenses, capital, cur-
rent and non-current assets will be included in the vector
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of managing the activities of any participant in the sys-
tem as a separate system. To assess the expected effec-
tiveness of the public partner’s participation in the pro-
ject, an integral indicator of the sum of social effects can
be used, aimed at maximising social welfare and reflect-
ing the reduction of losses due to the expected reduction
in the number of road accidents, creation of jobs for the
period of works and operation of the road, increase in tax
revenues, etc. Thus, in order to assess the prospects of a
private participant’s participation in the project, the im-
pact of the project implementation status on the perfor-
mance results, and to find a set of partnership strategies
and their consequences, the area of economic interests
coordination will cover the amount of resources and their
thresholds that exist and/or are expected in the activities
of such a partnership. When using the mathematical ap-
paratus to formulate the conditions of the tasks, these
thresholds will serve as boundary indicators. Therefore,
approaches to aligning interests will take into account
forecasting, planning and modelling tools. A condition

for reconciling the economic interests of the conces-
sion project participants will be that the parties receive
income from participation in the project in an amount
that is acceptable to them. At the same time, this amount
of income will be a satisfactory optimum based on the
subjective considerations of decision makers. For the
purpose of comprehensive involvement of concession
project participants in the process of reconciliation of
their interests, it is proposed to consider the interaction
of participants in terms of the hierarchy of their actions
in fulfilling the terms of the concession agreement. It is
proposed to distinguish between vertical and horizon-
tal hierarchy of interests. When considering the vertical
hierarchy, the relations between the state and private
business are taken into account. The hierarchy of verti-
cal interaction will reflect the levels of business entities
whose actions will relate to the conceptual areas of the
agreement and whose responsibility for the implementa-
tion or organisation will be solely that of the state or the
concessionaire (special project company (SPV)) (Fig. 1).

Public partner

1. Justify and agree on the distribution of
responsibilities, risks, and revenues.

2. Guaranteeing a minimum acceptable return to
private investors.

3. Provision of land, support inresolving legal issues.

1. Agreeing on the distribution of responsibilities,
risks, and income.

2. Guaranteeing investment and timely completion
of project works.

3. Guaranteeing the provision of quality services to
the public.

Private partner (concessionaire, SPV)

Figure 1. Participants in the vertical alignment of interests and interaction between public
and private partners under a concession agreement

Source: developed by the authors

When establishing economic relations between pub-
lic and private partners, it is necessary to jointly decide
on and agree the distribution of responsibilities, risks and
revenues between them. The public partner must guar-
antee the private investor a minimum acceptable return.
Support in resolving legal issues and, if necessary for the
implementation of a concession project, the provision of
land is also necessary. The private partner also has an obli-
gation to agree and comply with the arrangements for the
distribution of responsibilities, risks and revenues. The pri-
vate partner must guarantee the implementation of invest-
ments and the timely execution of project works provided
for in the concession agreement. The private partner is also
obliged to provide quality services to the public. Thus, joint
decisions and commitments made by public and private
partners minimise the risks of failure to implement con-
cession projects. Breaches of commitments must have
significant administrative and financial consequences for
the parties (persons) that committed them. In this case,
the parties will be interested in fulfilling their commit-
ments. Horizontal coordination will be carried out at the
level of the participants involved in the SPV. In this case,
such participants may be shareholders of the SPV, as well
as contractors whose relations are governed by commer-
cial agreements and who are not parties to the concession
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agreement, as well as financial and credit institutions
whose relations are governed by loan agreements, which
may be guaranteed by the state. To formulate the task
of horizontal coordination of interests, it is necessary to
consider the structure of organisations involved in the im-
plementation of the concession project, analyse vertical
or horizontal interactions determined by the objectives
of participation in the project, as well as the permissible
thresholds for performance indicators that will reflect the
area of interest of the project participants (Fig. 2). Organi-
sations participating in a concession project may be direct
contractors (design, construction and/or operational or-
ganisations), financial and credit institutions (investment
funds, banking institutions, private pension funds, etc.),
or insurance organisations. All of them may be co-owners
(shareholders) of a special project organisation — a private
partner that is a party to the concession agreement — or
cooperate with this company on contractual terms. Share-
holders of a special project company may be either legal
entities or private individuals. The interests of the share-
holders are represented by the joint-stock company’s
governing body — the general meeting of shareholders.
The area of coordination of the interests of participants
covers the cash flows necessary for the implementation
of the project, the volume of work performed (design or



construction) or the volume of services provided (for the
maintenance of the concession road) as stipulated in the
agreement. On the other hand, cash flows expected during
the concession facility’s operation stage are also of inter-
est. Accordingly, the management parameters will be the
amount of financing, works and services, as well as tariffs
and income distribution. Therefore, the coordination of
interests is based on the selection of agreed values of the
following management parameters:

« for the public partner — the economic effect (profit)
from the transfer of the facility to the concession;
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« for the private partner — profit from the construction
of the road and its further operation;

« for investors/creditors — the amount of funds re-
quired to fulfil obligations under the contract and imple-
ment the project, as well as their cost;

« for the designer — the scope of design works and
their price;

« for contractors (subcontractors) — the scope and cost
of construction and installation works;

« for operators (road maintenance organisations) —
the scope of management services and their cost.

Creditors
Interest Financial .
Delivery TESOUICES Delivery Contracting/
seation - _of works of works subcontracting
Orgdanl'satmn 4—’ Private partner (SPV) construction
= Payment Payment = oqnisations
Dividend 8
of works Monetary of works Servi .
assets payments ervice companies
The shareholders

Figure 2. Participants in the horizontal alignment of interests and interaction
between public and private partners under a concession agreement

Source: developed by the authors

In order to coordinate interests between the partic-
ipants of a transport infrastructure project, it is assumed
that each subject of interaction has a decision-making cen-
tre (or a decision-maker) in its structure, which determines
the purpose of interaction with other subjects of the rele-
vant interaction focus and influences the management of
such a subject. The objectives of interaction of each entity
should be subordinated to the objectives of the project (or
certain aspects of its implementation) and the functioning
of such entity as a whole. The interaction of vertical stake-
holders concerns the conceptual framework for organising
and implementing a concession project, establishing key
qualitative and quantitative characteristics of the project,
which serve as the boundaries for the participation of
horizontal stakeholders in the project (Osipova, 2025). In-
teraction of horizontal interaction subjects concerns the
implementation of certain, formally defined, mandatory
aspects of the concession project under the restrictions
(cost, resource, time, etc.) set by vertical interaction sub-
jects. The horizontal actors influence each other through
information interaction, and the coherence of their ac-
tions should mean that the activities of such actors meet
the goals, objectives, and expectations set by the vertical
actors. If coordination is not achieved by the horizontal
interaction actors, it is considered that the achievement of
goals (objectives) is under threat and the issue is within the
scope of the vertical interaction actors. In this case, the task
of horizontal coordination moves to the plane of actors of a
different hierarchy and concerns their interests. Changes in
project characteristics by vertical interaction actors affect
the state of the system of horizontal interaction actors by
changing the boundaries and conditions of its operation.

Thus, the coordination of interests should take place
simultaneously at all levels of interaction. In this way,
the synthesis of the coherence of interests of vertical and
horizontal interaction actors will be achieved with the
unity of achieving goals by all actors. Modern approach-
es, such as those proposed by S. Dzhereleiko (2022) and
L. He et al. (2022), to the coordination of economic inter-
ests within economic relations, provide a basis for for-
mulating the following principles for the coordination of
interests of participants in a concession project. These
principles take into account the specific characteristics
of project implementation and include planning, limita-
tion, systematicity, awareness, efficiency, competence,
and complementarity. The content of these principles is
shaped by the specific nature of a concession project as
a form of PPP. A concession project for the construction
of aroad is a complex infrastructure undertaking with the
potential to significantly impact society. It plays a crucial
role in addressing important social and economic issues,
helping to prevent social contradictions, and contributing
to the overarching goal of creating an innovative society.
According to KJ. Aladayleh & M.J. Aladaileh (2024) and
T. Tropeano et al. (2025), the resolution of these challenges
lies in the interaction of several key components: the theo-
retical foundations of economic theory, scientific research
in project management, the practical implementation of
innovations, and the effective professional and intellec-
tual development of individuals involved. S. Jayasuriya et
al. (2024) argued that poor stakeholder management is
one of the main reasons for failure in PPP projects, and
therefore specialised strategies must be developed specif-
ically for projects in the economic infrastructure sector.
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As noted by G. Sun et al. (2023), since the coordination of
interests among concession project participants is con-
sidered with a focus on the economic aspect of their inter-
actions, the definition of coordination methods, tools, and
the structure of the coordination process will draw upon
an interdisciplinary arsenal, including economic analysis,
project analysis, project management, and systems anal-
ysis. This approach is required because the coordination
of interests of project participants is closely linked to the
subjects of study in these disciplines.

Conclusions
The study showed, that the success of PPP projects, in-
cluding concession-based projects, depends on how well
the interests of its participants are aligned. These partici-
pants include authorities at various levels of government,
private investors — shareholders of a special project organ-
isation, construction, installation and operating organisa-
tions, residents of local communities, insurance organisa-
tions, and financial and credit institutions. The group of
participants in a concession project and the relationships
between them can be viewed as a specific economic sys-
tem. Relationships within it are formed: 1) at the vertical
level (public and private partners) and must take into ac-
count the vertical hierarchy of the state-private partner;
2) and at the horizontal level (design organisation, special
project company, creditors, contractors, service and op-
erating companies, shareholders). This system must have
quantitative and qualitative characteristics of functioning.
The conditions and results of its functioning may be sub-

the public partner — the economic effect (profit) from
transferring the facility to concession; 2) for the private
partner — income and profit from the construction of the
motorway and its subsequent operation; 3) for investors/
creditors — the amount of funds required to fulfil the obli-
gations under the contract and implement the project, as
well as their cost; 4) for the designer — the scope of design
work and its price; 5) for contractors (subcontractors) —
the volume and cost of construction and installation work;
6) for operators (road maintenance organisations) — the
volume of management services and their cost. In order
to reconcile the interests of the participants in a transport
infrastructure project, it is assumed that each entity in-
volved in the interaction has a decision-making centre (or
decision-maker) within its structure, which determines
the purpose of interaction with other entities involved in
the relevant area of interaction and influences the man-
agement of such entities. The tasks of each entity involved
in the interaction must be subordinate to the objectives of
the project (or specific aspects of its implementation) and
the functioning of such an entity as a whole. The profes-
sionalism and competence of persons involved in project
management play a significant role in the possibility and
quality of reconciliation of interests as a process, principle
and result. It is advisable to conduct further research in
the area of studying methods and tools for reconciling the
interests of participants in concession projects for the de-
velopment of transport infrastructure.
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AHoTALifA. MeToI0 IEOTO JOCTiIKeHHA O6y10 BUABJIEHHS KJIIOUYOBUX aCIEeKTiB BEPTUKAIBHOI Ta TOPU30HTAIBHOT
KoOpAWHaNii eKOHOMIYHUX iHTepeciB yYaCHUKIB KOHIECIHHMX IIPOEKTIB y PO3BUTKY TPAHCIOPTHOL
iHppacTpyKTypu. MeToau AOCHiIKeHHs BRJIOYATN KPUTUYHHUHE OINIAJ iCHyIOYOi JliTepaTypH, a TaKOK aHaJIi3,
MOpPiBHAHHS, CUCTEMATHU3AIiI0 Ta y3arajdbHeHHs iHdopMmarlii. ¥V mocaimkeHHi OyI0 BUSHAYEHO KOJIO YYaCHUKIB
KOHIIECIHHUX TIPOEKTIB i MpoaHasi30BaHO OCHOBHI eJIEeMEHTH I1X BEPTHKAJLHOI KOOpAWHALIl (mepikaBa-
KOHIIeCioHep) Ta TOpM30HTAa/JbHOI KOOpAMHAII (KOHIIeCioHep — aKI[ioHEPU — KPeIUTOPU — IPOEKTHA OpraHisalis —
MiIPATHUKYA — cepBicHI KoMmanii). [[JIsT KOKHOTO yYacCHUKA MIPOEKTY PO3BUTKY TPAHCHIOPTHOI iH(ppacTpykTypu
Ha OCHOBIi KOHIIeCiliHOT Mofesti 6ys10 copMyTbOBaHO Habip iHTEPECIB i iTbOBUX MOKA3HUKIB, K 3a0e3MedyoTh
cTabinpHiCTh KOAMiNii, o peasnidye mpoekT. OCHOBHI MUTAHHS, IO JIEeKaTh B OCHOBI KOOpAWHAIT eKOHOMIYHUX
iHTEpeCiB, CTOCYIOTHCSI pO3MOIiIy TOXOIiB, MPUOYTKIB, BiAnoBigassHOCTEH i prdukiB. KoopauHallisi ux iHTepeci
3JificHIOBasIach Yepe3 BUOIp B3aEMHO IOTOPKEeHNX 3HaUeHb TaKUX YIIPABJIIHCHKUX TapaMeTpiB: 1) 1A mybaigvHOTO
mapTHepa — eKoOHOMiuHa BUroja (IpubOyTOK), OTpUMaHa Bill mepemadi akKTUBY B KOHIIECIIO; 2) [JIsI IPUBATHOTO
nmapTHepa — JOXOJU Ta MPUOYTOK Bix OyAiBHUIITBA aBTOCTPAAM Ta Ii MOJABINOI eKCcITyararnil; 3) 01 iHBecTopiB/
KpeIUTOpiB — HeOOXiHi KOINTH JJIsi BUKOHAHHA KOHTPAKTHUX 3000B’sI3aHb Ta peasisallii IPOEKTY, a TAKOXK iX
BapTiCTh; 4) AJIA MPOEKTYBATbBHUKA — OOCAT i BAPTiCTh MPOEKTHUX POOIT; 5) MJIA MiTPATHUKIB (CyOMigpATHUKIB) —
ob6car i BapTicTe OymiBeJIbHUX Ta MOHTa)KHUX PoOiT; 6) A/A omepaTopiB (opraisarifi 3 yrpuMaHHSA Jopir) —
06cAT i BapTiCTh YIPaBIiHCBKUX MOCHYT. [IpakTU4YHA 3HAUYYIICTh Pe3yJIbTaTiB MOJIATa€e B TOMY, [0 yBara Jo IuX
TIOKa3HUKIB IIiJ] Yac CTBOPEHH KOHIleCiOHepChKOI opraHisarii Ta ii mogaasoi po6oTu cTUMYJ/IIOBaa 6 y9acCHUKIB
Jl0 yCHIIIHOI peaJlidalii IPOEKTY

KnioyoBi cnoBa: exoHOMiuHUI edeKT; myO/iYHO-TIpUBaTHE MAapTHEPCTBO; KOOPAWHALIA iHTEpeciB; mMpuOyTOK;
PpO3IOoAiI
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Abstract. The article identified the most promising aspects for achieving a significant level of development in
lithium battery technology. The purpose of this work was to analyse a new approach to increasing the life cycle of lithium
batteries by replacing cobalt with organic electrode material, to demonstrate the operational competitiveness of stable
organic electrode materials in lithium-ion batteries, and to determine the advantages of such application. The object
of the study was the physicochemical foundations of organic materials that dissolved in the electrolyte of a lithium-ion
battery and their transfer to the opposite side of the battery. The research method involved an analysis of the optimal
properties of the physicochemical basis of organic materials and cathodes of lithium-ion batteries on an inorganic
basis at the electrode level. The article analysed the results of scientific studies devoted to the development of high-
performance lithium-ion batteries, mainly using organic electrode materials, namely bis-tetraaminobenzoquinone,
composed of carbon, nitrogen, oxygen and hydrogen. It was found that tetraaminobenzoquinone, owing to hydrogen
bonds, formed nearly flat sheets, which allowed effective layering and storage of lithium ions and provided a tenfold
increase in gravimetric energy density. The article identified the advantages of organic electrode materials in comparison
with leading contemporary lithium-ion integrated batteries cathode technologies. The results of the research based on
the new organic battery technology made it possible to suggest the potential for a breakthrough in the field of large-
capacity batteries and the development of batteries with high charge storage density and rapid charging capability.
The article is recommended for specialists in electric transport and manufacturers of electric vehicles, as well as for
specialists of operating enterprises carrying out conversions, in particular of trolleybuses with autonomous propulsion

Keywords: battery; cobalt-free cathodes; charging; hydrogen bonding; organic material

Introduction

The issue of saving fuel and energy resources and the
use of energy-efficient methods is the most important
and acts as a priority direction in the economic policy
of the state. The need to develop the road and transport
complex is due to the improvement of the technical
characteristics of vehicles and the introduction of en-
ergy-efficient and resource-saving technologies. This is
influenced by the increase in the price of fuels and lubri-
cants for motor vehicles and road machinery; the energy
intensity of the country’s gross product is almost twice
as high as the European one. Therefore, the strategic
direction of the state policy for the development of the

economic and social sphere is to strengthen energy sav-
ing, which ensures high economic efficiency. According
to S.V. Voitkiv (2023), a key measure in the implemen-
tation of resource-saving structural optimisation is the
use of resources, which is based on the implementation
of new technological solutions using non-traditional
materials and energy sources. Solving energy saving is-
sues when operating electric vehicles requires a special
method of energy saving and, accordingly, increasing the
service life of energy storage devices for electric vehicles.
Scientific discourse focuses on the prospects for improv-
ing batteries for electric vehicles.
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Lithium-ion batteries (LIBs) play a crucial role in the
decarbonisation of electric transport and energy net-
works. N.V. Martyushev et al. (2023) determined that LIBs
depend on expensive, earth-scarce cobalt in the widely
used high-energy layered cathodes. Authors revealed the
role of lithium deficiency in suppressing the phase trans-
formation of rock salt into a layered structure and crystal
growth using multi-scale correlated experimental char-
acterisation and computer simulation of the calcination
process. The study resulted in small-sized composites
with desirable low anisotropic lattice expansion/con-
traction during charging and discharging. This provided
significant first-cycle coulombic efficiency, 90% capacity
retention, and near-zero voltage drop over 100 deep cy-
cles, demonstrating its potential as a trackless cathode
for stable LIBs. Using stoichiometry, N.V. Martyushev et
al. (2023) demonstrated an effective route to structural
and morphological tuning of lithium batteries to stabilise
cobalt-free cathodes. Moreover, the desired cost-effec-
tiveness was obtained, which was achieved by eliminat-
ing additional coating/doping steps, and a promising and
cost-effective alternative to cobalt-dependent cathodes
was proposed. Therefore, the study addressed the critical
need for the development of stable and commercially vi-
able LIBs. M. Madziel & T. Campisi (2023) highlighted the
importance of addressing the scaling and manufacturing
challenges associated with cobalt-free cathode materials
to enable widespread adoption in commercial batteries.
The study summarised the scientific and technical gaps
and potential of a variety of cobalt-free lithium-ion cath-
odes, including layered, spinel, olivine, and disordered
rock salt systems. It also predicted the enormous potential
of cobalt-free LIBs for sustainable electric vehicle produc-
tion in the coming decades.

The study by R.V. Bagach (2021) identified the critical
design parameters of high-nickel layered oxide cathodes
intended for implementation in electric vehicles over the
coming decade. It is noted that nickel is of great inter-
est for the production of layered oxide cathodes due to
its lower cost, wider availability and lower toxicity than
other constituent elements. The study outlined various
intrinsic limitations to maximising their energy out-
put. Furthermore, current/new development roadmaps
approaching low-cobalt/zero-cobalt chemistries were
compared. Attention was paid to the production of mate-
rials related to cost reduction and solving practical prob-
lems of high-nickel layered oxides for electric vehicles. As
aresult, a series of stabilisation methods were evaluated
for their prospects for achieving aggressive vehicle elec-
trification goals. V. Haydamaka & L. Ivanov (2022) ana-
lysed in detail the scientific basis of the synthesis of sin-
gle-crystal materials and comparative studies between
single-crystal and polycrystalline materials. Single-crys-
tal materials have great potential to solve the problems
that hinder their polycrystalline counterparts. Industrial
methods and equipment have been identified, which are
considered in combination with some experience in sin-
gle-crystal research. As a result, it has been found that
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future development should focus on simplified produc-
tion with strict control of particle size and distribution,
structural defects and impurities, in order to fully exploit
the advantages of single-crystal materials. In this con-
text, the following prospects for single-crystal technolo-
gy have been considered:

1. Development direction. The favourable properties
of single-crystal materials were taken into account and the
need to develop aroute to single-crystal cathodes forlayered
oxides with an ultra-high nickel content was emphasised.

2. Synthesis problems. To solve this problem, the
molten salt method was recently applied, which includ-
ed comparative studies of different salts instead of the
high-temperature method. According to the results of the
study, it was found that the growth of crystal faces can im-
prove the transport of lithium ions in the presence of any
type of salt.

3. Further technologies. During the study, it was de-
termined that additional processing procedures, including
grinding, sieving and washing, have a significant impact
on the electrochemical characteristics of single-crys-
tal materials, as two important steps for obtaining sin-
gle-crystal materials with well-distributed sizes. It was
found that single-crystal materials can take advantage of
particle size tuning to maximise volumetric energy density.

4. Electrochemical properties. In order to gain insight
into the rational design of cathode materials with thermal
and cyclic stability, it is necessary to investigate the rela-
tionship between the properties and characteristics of sin-
gle-crystal materials.

Ensuring that single-crystal materials exhibit optimal
properties is crucial, which highlights the necessity of de-
veloping reliable strategies for synthesising single-crystal
cathodes based on layered oxides with ultra-high nickel
content. According to V. Haydamaka & L. Ivanov (2022),
the strategies for modifying single-crystal cathodes are at
an early stage and require further research. Issues of oper-
ational characteristics and resource efficiency, in particu-
lar, of traction batteries, are considered in works by W. Li et
al. (2020) and S. Lee & A. Manthiram (2022). The advan-
tages of replacing inorganic cathodes with organic elec-
trode materials (OEMs) were investigated by P. Poizot et
al. (2020) and J. Kim et al. (2023). The implementation of
such technologies is expected to play an important role
in achieving global decarbonisation goals and supporting
the broader adoption of electric vehicles. The purpose of
this work was to evaluate a new method for extending the
service life of LIBs by replacing cobalt with organic elec-
trode materials, to illustrate the functional competitive-
ness of durable OEMs in real batteries, and to determine
the advantages of this application.

Materials and Methods
The study had a theoretical nature and was conducted
within the framework of a qualitative analytical design.
The object of analysis was the process of solving the is-
sues of fast charging and longevity of LIBs, while the sub-
ject was the properties of OEMs. A literature review was



conducted with a focus on cobalt-free cathode materials
for LIBs and alternative technologies for replacing cobalt
in LIB cathodes. The selection of sources included works
by Y. Wang et al. (2008), S.W.D. Gourley et al. (2020) and
A. Zeng et al. (2022). Emphasis was placed on the ap-
proaches of R. Zhang & L. Ma (2023), who demonstrated
that organic materials composed of abundant elements
provide high specific capacity due to the dense arrange-
ment of redox centres and low molar mass. Literature was
searched through scientific databases such as Scopus,
Web of Science, and Google Scholar using keywords such
as “cobalt-free cathode”, “organic electrode material TAQ”,
“bis-tetraaminobenzoquinone”, “redox-active organic
cathode”, and “lithium-ion battery cobalt replacement”.

The methodology included a systematic critical liter-
ature review to identify and assess relevant publications.
A content analysis of scientific texts was used for in-depth
analysis, employing categorical coding that covered
chemical structure, redox-reaction mechanisms, molec-
ular packing, solubility in electrolytes, Li+ ion diffusion,
electronic conductivity, cyclic stability, and energy density
at the electrode level. A comparative method was used to
contrast the characteristics of TAQ with traditional cath-
odes Mn (e.g., LiCoO, (LCO) and LiNi, . MnxCoyO, (NMC),
LiFePO, (LFP)), particularly in terms of electrochemical
efficiency and operational stability. A synthetic analysis
combined results from various studies to create a concep-
tual model of the advantages of TAQ as a cobalt-free cath-
ode material. Special attention was given to the analysis
of graphical materials, including diagrams, spectroscopic
data (*H and !3C NMR), and structural schemes present-
ed in the source base of the article. The critical evaluation
method allowed for the identification of the limitations of
existing organic materials, such as solubility, low conduc-
tivity, and the need for large additives, and justified the
innovative potential of TAQ due to its properties: virtually
zero solubility, high electronic conductivity due to inter-
molecular interactions, and rapid Li+ diffusion in the two
dimensions (2D)-layered structure. The study was based
on an interdisciplinary approach combining elements of
materials science, electrochemistry, and environmental
chemistry. The methodology used enabled the generalisa-
tion of the current state of research and the formulation
of conclusions regarding the practical prospects of using
TAQ in LIBs for electric transportation.

Results and Discussion
A key avenue for advancing energy-efficient technologies
in the transportation sector is the deployment of lithi-
um-ion batteries in electric vehicles. Batteries are de-
signed to store and use electricity that is not used during
generation, increasing energy self-sufficiency and inde-
pendence. It should be noted that LIBs are the predomi-
nant energy storage solutions for energy efficiency in elec-
tric vehicles. It is modern LIBs that provide high energy
density, which ensures sufficient range. Energy density is
a crucial indicator for electric vehicles, as it determines
the range. Conventional cathodes for LIBs are made of
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inorganic oxides, particularly Co, Ni, and Mn (LCO, NMC,
LFP). Among these, cobalt presents serious limitations
due to its rarity and significant social costs (e.g., child la-
bour). The complete elimination of cobalt has been dif-
ficult because cobalt-free oxide cathodes experience in-
sufficient cycling or capacity (Wang et al., 2008). In fact,
electric vehicles currently use mainly cobalt-based batter-
ies. But the growth of the global electric vehicle fleet is vir-
tually impossible without the development of cobalt-free
technologies, as noted by A. Zeng et al. (2022). Articles by
J.-M. Tarascon (2010), D. Larcher & J.-M. Tarascon (2015)
and B.M. Spears et al. (2022) identified an organic sub-
stance that could replace the environmentally harmful
cobalt currently widely used in LIBs. Redox organic ma-
terials derived entirely from earth-based elements rep-
resent just such an opportunity. TAQ is a distinct organ-
ic compound, or TAQ, composed of carbon, nitrogen,
oxygen, and hydrogen. Its structure, a sequence of three
connected hexagons, is similar to graphite, which is often
used in battery anodes. TAQ is characterised by the fact
that it forms nearly flat sheets through hydrogen bond-
ing, which allows it to efficiently layer and store lithium
ions (Mishchenko, 2024). From a design perspective, small
organic molecules offer high specific capacity due to the
compact arrangement of redox centres and their low mo-
lar mass compared to redox polymers or framework mate-
rials. However, discrete molecules typically have low bulk
conductivity and are often soluble in battery electrolytes,
leading to poor utilisation of redox sites, low charge-dis-
charge rates, and poor cycling stability (Lu et al., 2018; Lu
& Chen, 2020). These problems are routinely addressed
by the addition of conductive and/or stabilising polymer
additives, often exceeding 50 wt%, which significantly
reduces the effective capacitance, making the electrodes
impractical (Luo et al.,, 2017). Consequently, there remains
considerable enthusiasm for the fabrication of inherent-
ly insoluble and conductive OEMs. The goal is to achieve
high specific capacitances at appropriate cathode poten-
tials exceeding 2.0 V for LIBs, as shown in Figure 1.

Practical-relevant
organic cathodes
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organic Cathodes
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Figure 1. Characteristics of TAQ
Source: R. Zhang & L. Ma (2023)
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Poly(acetylene), poly(pyrrole), poly(thiophene) and
poly(aniline) are omitted because they function through
anion incorporation rather than Li* incorporation. Aster-
isks indicate a rapid capacity decline during the first few
cycles, mainly as a result of dissolution. TAQ, a molecule
consisting of fused conjugated elements with a rigid lay-
ered arrangement in the solid state, has been found to
be an effective component for OEMs used in LIB cath-
odes, exhibiting properties such as fast charging, high
energy density, and extended cycle life (MIT team de-
velops..., 2024). The defining feature of TAQ is its tightly
packed structure, which includes a conjugated framework
filled with redox-active carbonyl (C=0) and imine (C=N)
groups. These are the active sites. The TAQ molecule ex-
hibits strong intermolecular hydrogen bonds and do-
nor-acceptor o—w interactions, which render it insoluble
in standard battery electrolytes. At the same time, these
interactions contribute to the extended electron delocal-
isation within the molecule, leading to high bulk conduc-
tivity, as shown in reference (Zhang & Ma, 2023). Due to its
small solid-state packing, TAQ exhibits very low solubility
in common organic solvents and battery electrolytes. A
notable observation is that when TAQ is heated in deu-
terated N,N-dimethylformamide at 120°C for extended
periods of time, including overnight, it becomes virtually
insoluble. This conclusion is supported by the fact that the
1H and 13C spectra of the supernatant show no detectable
signals corresponding to TAQ. Due to its small solid-state
packing, TAQ exhibits very low solubility in common or-
ganic solvents and battery electrolytes. The minimal sol-
ubility of TAQ, which is maintained even at elevated tem-
peratures, is strikingly different from that of other OEMs
used in lithium-ion batteries (LIBs). This characteristic is
crucial for achieving extended battery life in these batter-
ies (Zhang & Ma, 2023). Due to these specific characteris-
tics, electrodes containing a minimum of 90 wt% TAQ are
able to store charge reversibly and operate safely for more
than two thousand cycles. This is a notable improvement,
especially when compared to the persistent electrode dis-
solution problems often observed in established OEMs
(Fig. 1). The layered structure characteristic of TAQ mole-
cules in two dimensions 2D facilitates the easy movement
of Li*-ions — both input and extraction — within the lay-
ers. Thus, extraordinary capabilities are achieved with full
charging in just three minutes. In addition, the optimised
electrodes demonstrate excellent performance. They
maintain this quality even when operating with significant
planar loads, reaching 16 mg/cm2. The resulting capacity
area, up to 3.52 mAh cm?, rivals that observed in com-
monly used LIBs. This fully demonstrates the potential of
TAQ for practical applications in the field of LIBs (Zhang
& Ma, 2023). This metal-free, layered organic material,
designed for use as a cathode in Li-ion batteries, offers
superior performance. It facilitates the intercalation of Li*
ions and achieves a higher energy storage capacity within
a significantly reduced charging duration, compared to
the established inorganic battery technologies. AQ elec-
trodes, when composed of a pure substance, demonstrate
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commendable durability, enduring no fewer than 50 cy-
cles. These cycles are executed under a constant-current
constant-voltage (CCCV) regime, set at a rate of 0.2 C for
charging and 0.125 C for discharging. The experiments
conducted by R. Zhang & L. Ma (2023) involved a complete
depletion of capacity, reaching a 100% depth of discharge
(DOD). After this rigorous testing, the electrodes retained
75% of their original capacity, with an average coulombic
efficiency (CE) exceeding 98% (Fig. 2).
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Figure 2. Characterisation of clean TAQ electrodes
Source: R. Zhang & L. Ma (2023)

The cycling behaviour demonstrated by these pristine
factory standard electrodes surpasses all previous records.
This remarkable performance is indicative of the efficient
ion diffusion and charge transfer characteristics of TAQ,
as well as its almost complete resistance to dissolution in
standard battery electrolyte solutions. In fact, although
the claimed voltage of TAQ is lower than that of traditional
inorganic cathodes, the gravimetric specific energies ob-
served in the electrode itself in the C range exceed those of
even the most advanced inorganic cathodes. The energy
density achieved at the electrode level with TAQ cathodes
exceeds that of many alternative composite cathodes.
These include single crystal NMC811 (NMC811-sc), as
well as the conventional polycrystalline variants NMC811
and NMCI111. Furthermore, TAQ cathodes outperform



even advanced cobalt-free oxides. This advantage, which
provides an increase of at least 20-30%, is maintained over
a wide range of charge/discharge rates, extending from
approximately 0.1 C to 10 C (Zhang & Ma, 2023). Moreo-
ver, TAQ outperforms LiFePO4 graphite-coated cathodes
(LFP-GC) in terms of gravimetric energy density, achiev-
ing this at a charging rate that is at least ten times faster
(MIT team develops..., 2024; Chen et al., 2024). It should
be noted that although the nominal voltage of TAQ is
lower than that of conventional inorganic cathodes, the
gravimetric specific energies at the electrode level for
TAQ cathodes in the range of C values exceed even those
of optimised inorganic cathodes. As the analysis showed,
cobalt, a critical metal used in LIBs, is predominantly ob-
tained from low-concentration by-products of nickel and
copper mining, making it the most valuable metal in this
context. Given this, the necessity and feasibility of devel-
oping cobalt-free materials and substituting them with
organic materials for LIBs have been carefully evaluated.
Therefore, increasing efforts to develop cobalt-free cath-
ode materials, particularly through the use of layered or-
ganic electrodes with advantageous properties, presents
a promising solution to the issue of cobalt scarcity. This
approach could significantly enhance the performance of
LIBs and contribute to their widespread adoption, espe-
cially in electric vehicles.

Based on a comparison of results reported by various
authors and the present study, several trends were iden-
tified. First, it was evident that cobalt-free cathode ma-
terials, particularly organic alternatives, show promising
potential for replacing cobalt in LIBs, as highlighted in the
studies by S. Lee & A. Manthiram (2022). Depending on
the cathode composition, 80-200 g of cobalt per kWh is
added to commercial LIBs. Cobalt has long been an im-
portant element in the layered oxide cathode family, from
the parent LCO composition to the NMC family with var-
ious Ni/Mn/Co ratios. The paper also considered the pos-
sibility of replacing Co with Ni and Mn as a viable way to
increase the usable specific capacitance by utilising Ni2+/3+
and Ni3+/4 redox centres while maintaining the advantag-
es of Co, such as good electronic conductivity and low
Li/Ni miscibility for easy ionic conductivity. Therefore,
layered oxides with increasing Ni content are gradually
being introduced. At the limit of Ni content is the arche-
typal high-energy material LiNiO2 (LNO), which provides
an average voltage of ~3.8 VLi (V vs Li/Li) and a specif-
ic capacity of up to ~240-250 mAh+. However, increasing
the Ni content in layered oxides also increases surface,
structural and thermal instabilities, which negatively af-
fects battery life and safety. At higher lithium extraction
rates at high state of charge (SoC), layered oxides with
high Ni content undergo a phase transformation (H2 —
H3), which causes large anisotropic compression and
collapse of the layered structure. It was found that dur-
ing thermal retreat, layered oxides with high Ni content
experienced a larger exothermic energy release at a lower
initial temperature, which compromised battery safety.
Rational compositional designs and material engineering
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strategies on high-Ni oxides, such as surface coatings and
electrolyte modifications, have achieved some success in
overcoming these instability issues. Thus, high-layer ox-
ide cathodes remain an ideal choice for electric vehicles
due to their high energy density, sufficient cycle life and
rate performance, and long-standing large-scale synthe-
sis infrastructure (Lee & Manthiram, 2022). Although Fe-
and Mn-based cathodes have lower energy densities, they
are attractive alternatives to Co- and Ni-based cathodes
for electric vehicles due to the abundance of raw mate-
rials. LFP is the most ideal Fe-based compound, provid-
ing decent energy density at the material level (~3.4 V Li,
~160 mAh g1). Combined with the facile phase transfor-
mation kinetics with nanoparticles and low charge cut-off
voltage (~3.6 V), LFP has demonstrated exceptional cycle
life and rate capability, as well as robust resistance to ex-
treme operating conditions. As a result, a low-Ni cathode,
HE-N50, was successfully developed to remove Co from a
commercial ternary layered cathode based on a sophisti-
cated concentrated doping strategy This strategy provid-
ed outstanding structural and thermal stability, leading to
improved cycling performance both at room temperature
and under thermal stress conditions. Furthermore, the re-
duced use of Ni and zero use of Co can reduce the cost of
the cathode compared to the basic NMC materials while
maintaining high energy density. This work also opened
up opportunities for optimising low-NiMn cathodes, in-
cluding Li-excess cathodes, through controlled combina-
tions of several elemental components.

The article by S.W.D. Goutley et al. (2020) raised the
need to develop cobalt-free cathode materials for LIBs.
LIBs are a straightforward solution for recovering cobalt,
but the technical challenges of disassembling the bat-
tery pack and the mixed metal components limit its use.
A more efficient and long-term solution for a sustainable
future for LIBs is the development of cobalt-free cathode
materials. To achieve a significant increase in energy den-
sity, the cathode must be combined with a high-capacity
anode, specifically silicon or lithium metal. Engineering
innovation is needed to optimise cell production for these
new technologies. As noted in the article, LIB technology
for electric vehicles is currently dominated by two main
cathode compositions - layered LiNi, , KoxElO,, x+y<0.2
(NCA) and LiNixMinnesotayKozO,, x +y+z =1 (NMC).
Among NMC-type compositions, LiNil/3Minneso-
tal/3Ko1/302 (NMC111) is the best known, characterised
by its stability and safety. Taking into account the increase
in power (at 4.3 V versus the upper limit of Li/Li) and low
cobalt content, a replacement for NMC111 (~160 mAh g,
20.4 wt% Co) was developed with LiNi0.6Minneso-
ta0.2Ko0.202 (NMC622, ~180 mAh g, 12.2 wt% Co) and
LiNi0.8Minnesota0.1Ko0.102 (NMC811, ~200 mAh g,
6.1 wt% Co) (Myung Ni-rich cathodes also suffer from
increased sensitivity to moisture. These cathodes exhib-
it Li/Ni*2+ cationic mixing and electrolyte side reactions
(solvent oxidation from Ni#"). They are also characterised
by phase transitions to spinel and rock salt structures.
Furthermore, they exhibit oxygen evolution at elevated

Bulletin of the National Transport University. 2026. Vol. 30, No. 1



56 A new approach to increasing the lifecycle...

temperatures and stresses (Gourley et al, 2020). This
study also proposed a promising approach to address-
ing these issues: synthesising NMCs in the form of mi-
cron-sized single-crystal particles. The single-crystal mor-
phology has a minimal number of grain boundaries and,
therefore, is capable of mitigating particle cracks and side
reactions with the electrolyte. It was found that one of the
most promising approaches to developing cathodes for
LIBs with less cobalt dependence was the improvement
of multilayer LiNi with Ni-xMxO, (M =Mn, Al, and/or Co)
materials. Accordingly, the main barriers hindering the
further adoption of cobalt-free layered cathodes over ex-
isting materials in modern lithium-ion batteries (LIBs) are
thermal instability. This study confirms the feasibility of
replacing cobalt with nickel in NMC and NCA-type com-
positions, which has proven to be an effective method for
stabilising Ni2+ ions in the transition metal layer, thereby
reducing the degree of cation mixing. High-temperature
performance (=50°C) can improve the rate for cobalt-free
formulations; however, operating above 30°C may acceler-
ate structural failure.

Therefore, the use of modern low-cobalt materials
(e.g.,, NMC622, NMC811, NCA) is not a sufficient mitiga-
tion strategy, as cobalt supply shortages may arise in the
near future depending on the sales situation of electric
vehicles. S.W.D. Gourley et al. (2020) noted that, due to
their high energy density, layered transition metal oxides
based on LiNiO, have attracted significant research ef-
forts. A cation doping strategy was considered, which can
be combined with morphology control (e.g., individual
crystals to suppress cracks). Moreover, the doping strategy
can also be combined with coatings that improve inter-
particle conductivity, provide a protective barrier against
electrolyte side reactions, suppress oxygen production,
and adjust the oxide packing structure to suppress phase
changes. Research in this area has provided the most prac-
tical and immediate path to the use of cobalt-free cath-
odes. On the other hand, cationically disordered rock salt
cathodes represent a new class of materials with high en-
ergy density (up to ~1,000 Wh kg?). The results of J. Song et
al. (2016) demonstrated that applying an ultrathin, highly
graphitic carbon coating to LiFePO4 significantly enhanc-
es electronic conductivity and reduces the Li+ diffusion
path, enabling excellent rate performance and cycling sta-
bility even at high currents and low temperatures. In the
present study, TAQ also outperforms traditional LFP-GC
in energy density, with at least ten times faster charging
speed, without requiring additional conductive additives
due to its own high electronic conductivity, attributed to
hydrogen bonding and w-w interactions. Thus, while both
approaches aim to overcome the low conductivity of LFP,
TAQ offers a more radical solution — a complete shift away
from inorganic cathodes and cobalt, providing higher ca-
pacity with minimal additives and a significantly longer
lifespan. In the work of C. Barchasz et al. (2013), the fo-
cus was on ether-based electrolytes for lithium-sulphur
batteries, where the key issue is the dissolution of poly-
sulfides, leading to the “shuttle effect” and rapid capacity
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degradation during cycling. In contrast, the key achieve-
ment of TAQ in this study is its virtually zero solubility in
standard lithium-ion battery electrolytes, due to strong
intermolecular hydrogen bonds and dense packing, which
completely prevents material migration and short circuits,
allowing for over 2,000 stable cycles.

Based on the conducted analysis, it has been deter-
mined that the potential for replacing cobalt with other
organic materials or avoiding reliance on cobalt in LIBs is
both feasible and promising. Fe- and Mn-based cathodes,
although having lower energy densities, present an attrac-
tive alternative to Co- and Ni-based cathodes. Therefore,
replacing Co with Ni and Mn has been proposed as a viable
way to increase the specific capacity of LIBs. Furthermore,
as an alternative to substituting Co with Ni, an ideal mix-
ture of LiFePO4 (LFP) has been proposed, which provides
a respectable energy density at the material level (~3.4 V
Li, ~160 mAh g). LFP remains a viable and cobalt-free al-
ternative as long as the energy density at the cell level is
adequate. It is noteworthy that the electrical conductivity
of TAQ is comparable to that of LCO and modern NMC,
and approximately five orders of magnitude higher than
that of LFP. These favourable properties of TAQ enable the
production of electrodes with minimal or no additives.
Equally important is that TAQ provides a higher gravimet-
ric energy density than graphite-coated LiFePO4 (LFP-GC)
cathodes, with a charge rate at least ten times higher. In
terms of energy density, TAQ offers at least 20-30% high-
er energy density at the electrode level compared to most
monocrystalline oxide composite cathodes, commercial
polycrystalline cathodes, and even modern cobalt-free ox-
ides. The proposed method may reduce or even eliminate
the need for cobalt, leading to the development of a new
generation of LIBs.

Conclusions
The research has thus identified a cobalt replacement: a
layered organic electrode. This material has properties
that are important for excellent battery performance.
Its excellent electrical conductivity, significant storage
capacity, and absolute insolubility contribute to the
smooth intercalation of Li+ ions. It rivals the capabilities
of traditional inorganic lithium-ion battery cathodes,
matching them in all key performance indicators at the
electrode level. It is worth noting that the results demon-
strate the practical viability of stable organic electrode
materials in the field of LIBs, highlighting their function-
al advantages. TAQ electrodes also have the significant
advantage of offering a higher volumetric energy densi-
ty compared to similar LFP electrodes. The author notes
that TAQ offers significant advantages over the com-
mon cathode technologies for LIBs currently available.
The primary pathway for organic materials to degrade
is through their dissolution in the battery electrolyte.
The dissolved material then migrates to the opposite
side of the battery, ultimately leading to a short circuit.
The author believes that by making the material com-
pletely impermeable to dissolution, this phenomenon is



prevented, allowing for over 2,000 charge cycles with lit-
tle degradation. It should be noted that the material cost
of assembling these organic batteries can be approxi-
mately one-third to one-half the cost of cobalt batter-
ies. Overall, the findings indicate that the development
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ensuring the cost-effectiveness of large-scale produc-
tion, as well as on refining electrolytes to maximise their
compatibility with new materials.
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HoBiTHiM niaxia wopao 36iblEeHHA XKUTTEBOTO LUKNY
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AHoTauif. ¥V cTarTi BU3Ha4YeHO HANOIIBII MTepCIeKTUBHI aCeKTH [IJISI TOCATHEHHSI 3HAYHOTO PiBHS PO3BUTKY
TexHoJIoTil JiTieBux OaTapeii. Meroio poboru Oy/o IpoaHaTi3yBaTH HOBUM Miaxin mo 30ijgbIIeHHS TepMiHy
cIy>k6u JiTieBux Garapeil MIAXOM 3aMiHM K0OaJIbTy HAa OPTaHIYHUN eJeKTPOIHUN MaTepias, IPoJeMOHCTPyBaTH
eKCITyaTalmiiHy KOHKYPEHTOCIIPOMOYKHICTh CTa0iTbHUX OPraHivYHUX eJEeKTPOAHUX MarepiasiB y JiTili-ioHHHX
Oarapestx, a TaKOK BU3HAYUTHU IepeBaru TaKoro 3acTtocyBaHHsS. O0'€KTOM HOCTiIKeHHS CTaau (pisuKo-XiMiuHi
OCHOBHU OPTaHIYHUX MarepiasiB, AKi PO3YMHAIOTHCA B eJEKTPOJITi JiTili-ioHHOI OaTapei Ta ix IepeHeceHHs Ha
npoTuaeskHui 6ik 6arapei. MeTon JOCTiIKeHHS MOJISITaB B aHAJIi3i ONTUMATbHUX BJAACTUBOCTEN (PidnKo-xiMidHOT
OCHOBH OpraHiyHHX MaTepiaJjiiBiKkaToxiB iTili-ioHHIX 6aTapeii Ha HeopraHiuHil 0OCHOBi Ha piBHI eleKTPOAiB. ¥V cTaTTi
NIpoaHaji30BaHO Pe3yJIETaTd HayKOBHUX JOCIiIKeHb, IPUCBSIYEHNX PO3POOIli BUCOKONPOAYKTUBHUX JITil-i0HHUX
Oarapeii, mepeBaskHO 3 BUKOPUCTAHHSIM OPraHiuHUX eJIeKTPOIHUX MaTepiaJis, a came Oic-TeTpaaMiHOOEH30XiHOHY;,
1[0 CKJIAJAEThCA 3 BYIVIEIIO, a30Ty, KUCHIO Ta BOJHIO. ByJi0 BCTaHOBJIEHO, II[0 TeTpaaMiHOOEH30XiHOH 3aBISKU
BOJHEBUM 3B’sI3KaM YTBOPIOE MaiiKe MJIacKi JUCTH, SAKi JO3BOJIAIOTH e(DeKTUBHO IIapyBaTu Ta 30epiratu ioHM
JIiTio, 3a0e3meuyioun JecATUKpaTHe 30i/IbIIIeHHA IPaBiMeTPUYHOI TYCTUHU eHepril. Y cTaTTi BU3Ha4YeHO IlepeBaru
OpraHivHUX eJeKTPOAHUX MaTepiasiB NOPIBHAHO 3 IPOBIIHUMU CyYaCHUMU TEXHOJIOTIAMU KAaTOAIB iHTErpOBAaHUX
Jgitifi-ionHux Garapeil. Pe3ysibraté JOCJIiIKEHHsI Ha OCHOBiI HOBOI OpraHiuHOI TexHOJIOTril 6arapeil Jasu 3MOTY
3alpOIIOHYBAaTHU MTOTEeHIiaJI AJ1d IPOPUBY B rajiy3i BeJIMKOEMKICHUX 6aTapeil Ta po3poOKU aKyMyJIATOPIB i3 BUCOKOIO
TYCTHHOIO 30epiranHsi 3apsiIy Ta MOKJINBICTIO MIBUIKOTO 3apsskandsi. CTaTTI0 peKOMEHI0BAHO J1JI5 CIEIialiCTiB
€JIEKTPUYHOTO TPAHCIIOPTY Ta BUPOOHUKIB €JIEKTPOMODIJIiB, @ TAKOK JJ151 paxiBIiB eKCITyaTalifHUX TiATPUEMCTB,
sIKi 3AiHCHIOIOTH ITepeo0JIalHaHHSA, 30KpeMa TPoJieli0yciB 3 aBBTOHOMHUM XOIOM
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Abstract. The relevance of this study stems from the need to reassess the directions of Ukraine’s transport system
development in the context of military challenges, the restoration of damaged infrastructure, and deeper integration into
the European transport area. Of particular importance is the formulation of an effective, sustainable and environmentally
oriented transport policy capable of ensuring economic recovery and improving the quality of transport services. The
aim of the study was to analyse the objectives of the National Transport Strategy of Ukraine up to 2030, assess the
status of its implementation under current conditions, and justify the priority directions for the further development
of the transport system, taking into account European standards and the principles of sustainable development. The
study utilised methods of analysis and synthesis of scientific sources, comparative analysis of strategic and regulatory
documents, as well as a systematic approach to assessing the state of transport infrastructure and the prospects for
the development of electric transport. The information base comprised state programmes, scientific publications and
analytical materials in the field of transport. The study analysed the key provisions of the National Transport Strategy of
Ukraine up to 2030, in particular the directions for infrastructure modernisation, integration into the Trans-European
Transport Network (TEN-T), the development of multimodal transport, and the introduction of environmentally
friendly modes of transport. It has been established that the implementation of a significant portion of the measures
is being hindered in part by financial constraints, institutional problems and the impact of military operations. The
main challenges facing the development of public transport have been identified, including the ageing of the rolling
stock, insufficient funding and the underdevelopment of the charging infrastructure for electric transport. Based on
the analysis, promising directions for formulating an updated transport strategy have been substantiated, including the
development of electric buses, the expansion of the charging station network, the introduction of intelligent transport
systems, and increased state support for the modernisation of the transport fleet. The practical value of the results lies in
their potential application in the development of national and regional transport infrastructure programmes, as well as
in the formulation of an effective transport policy for Ukraine in the context of post-war reconstruction

Keywords: public transport; recovery of Ukraine; development strategy; transport issues; electric bus

Introduction

The development of Ukraine’s transport system under
current conditions is becoming critically important for
ensuring economic stability, population mobility, and
integration into the European transport space. Trans-
formational processes in the sector are accompanied
by the need for simultaneous infrastructure restoration,
modernisation of public transport, and the introduction
of environmentally safe technologies. Electric transport

plays a particularly important role in this context as a
tool for improving energy efficiency and reducing neg-
ative environmental impact. An important direction is
also the renewal of transport systems, which involves the
digitalisation of management, increasing the efficiency
of transport services, and integrating different modes of
transport into a single functional network. Consequently,
there is aneed to rethink current strategic approaches and
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formulate an updated transport policy capable of ensur-
ing the sector’s sustainable development and the mod-
ernisation of transport systems.

Research into the implementation of the strategy re-
veals a number of systemic issues affecting both scientific
and practical tasks: the modernisation of public trans-
port, the development of charging infrastructure, and
the optimisation of investments (Olishevska & Olishevs-
kiy, 2022; Vnukova & Pozdnyakova, 2023; Markiv & Rysh-
kovets, 2024). One of the priority areas of modern trans-
port policy is the development of electric transport and
the reduction in the use of traditional fuels. The expan-
sion of electric transport is seen as a key tool for reducing
the negative impact of transport on the environment, im-
proving energy efficiency and decreasing dependence on
fossil fuels. At the same time, the development of electric
transport requires comprehensive changes to the trans-
port system, including infrastructure modernisation, the
development of charging stations, improvements to the
regulatory framework, and the attraction of investment.
Contemporary challenges, both local ones facing Ukraine
and global ones, demand rapid adaptation by the country
and a comprehensive resolution of transport issues. Is-
sues such as climate change, rising fuel prices, the obliga-
tion to comply with international agreements on reduc-
ing greenhouse gas emissions, and the introduction of
environmentally friendly transport technologies. Resolu-
tion of the Cabinet of Ministers of Ukraine No. 430 (2018)
was aimed at creating a foundation for addressing key
challenges. However, these are compounded by contem-
porary unforeseen challenges — an increase in the num-
ber of passengers entitled to concessions and disabled
passengers, insufficient modernisation and maintenance
of public transport, and a funding shortfall in the passen-
ger transport sector.

In contemporary research, the development of the
transport system is increasingly viewed not merely as a
technical or organisational task, but as part of a broader
transformation linked to the modernisation of outdated
infrastructure, the greening of transport, energy efficien-
cy and alignment with European standards. It is precisely
this approach that best aligns with the focus of this study,
which analyses not a single element of transport policy,
but the need for a comprehensive review of the current
transport development strategy in Ukraine. N. Ivanen-
ko (2023) examined the introduction of electric transport
in relation to the operation of Ukraine’s integrated power
system and argues that the development of electric trans-
port must be planned with due regard to energy loads,
charging regimes and grid stability. As a result, electric
transport emerges not merely as an environmentally
friendly alternative, but as an element of a new trans-
port-energy model. This position aligns with the findings
of a study in which the modernisation of the transport
system is viewed as a combination of infrastructural,
technological and energy solutions.

B. Verbrugge et al. (2022), N. Brinkel et al. (2023)
and P. Jarvis ef al. (2024) investigated various aspects
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of electric bus operations: charging strategies, energy
consumption forecasting, timetable optimisation, and
the coordination of transport solutions with energy in-
frastructure. Taken together, these works demonstrate
that the modernisation of the transport system can no
longer be limited to simply replacing the rolling stock.
Standardised approaches to charging infrastructure,
precise route planning, digital monitoring and the inte-
gration of transport with energy systems are required, as
noted by R. Lacombe et al. (2024) and N. Kulbashna et
al. (2025a). This directly echoes research emphasising
the need to move from piecemeal modernisation to a
comprehensive transport renewal strategy. Y. Khodo-
va (2020) and M. Mytko et al. (2025) further demonstrat-
ed that improving the efficiency of urban transport is
possible through a combination of various technolog-
ical solutions, in particular overhead contact lines and
autonomous driving. At the same time, materials on the
environmental and economic benefits of electric trans-
port for Ukrainian communities emphasise that the key
focus of modernisation should be on reducing emis-
sions, energy efficiency and compliance with environ-
mental requirements, which is particularly important
in the context of the European direction of transport
policy development. In conclusion, the analysed works
confirm that the renewal of outdated infrastructure, the
development of electric transport, the greening of trans-
port, and alignment with European standards should be
viewed as interrelated components of a new transport
strategy for Ukraine.

The results of the analysis of scientific works indicate
that contemporary research focuses on interrelated issues
in the development of the transport sector: the modern-
isation of outdated infrastructure, the expansion of the
charging network, the improvement of energy efficiency,
the reduction of environmental impact, and the align-
ment of the transport system with European norms and
standards. At the same time, in most of the works exam-
ined, these issues are addressed primarily in separate are-
as, without integrating them within a holistic strategic ap-
proach. This suggests that the further development of the
transport system in Ukraine requires the formulation of a
new transport strategy, in which these issues must be ad-
dressed comprehensively, taking into account contempo-
rary infrastructural, environmental, economic and tech-
nological challenges. The aim of this study was to analyse
the current problems in the development of the transport
system of Ukraine and to identify promising directions for
the formulation of a new transport strategy, taking into
account contemporary economic, environmental and
technological challenges. The study had the following ob-
jectives: to analyse the initial goals of the current strategy
and the status of its implementation by 2025; formulating
tasks for a new transport strategy; to draw the attention of
researchers to transport issues and to encourage the de-
velopment of academic work that addresses transport-re-
lated issues in economic, environmental, socio-political
and other spheres.



Materials and Methods

The study employed a combination of analytical, compar-
ative and descriptive-predictive methods, which made it
possible to examine Ukraine’s National Transport Strate-
gy not merely as a regulatory document, but as a com-
prehensive system of interrelated objectives, instruments
and outcomes implemented within specific economic,
infrastructural and institutional contexts. The methodo-
logical framework comprised the analysis and synthesis
of academic sources, a comparative analysis of strategic
documents, a content analysis of regulatory and legal
acts, as well as a systematic approach to assessing the
state and development of transport infrastructure. The
information base for the study was formed on the basis
of specific official and academic sources. First and fore-
most, Resolution of the Cabinet of Ministers of Ukraine
No. 430 (2018) was analysed, the action plan for its im-
plementation, approved in 2021, as well as the updated
version of the strategy, adopted at the end of 2024 togeth-
er with the operational plan for 2025-2027 (Resolution of
the Cabinet of Ministers of Ukraine No. 1550, 2024). This
made it possible to compare the initial strategic guide-
lines with the current conditions of the transport system’s
operation and to identify changes in state policy priori-
ties in accordance with the approved resolution. In addi-
tion, statistical data from Ukraine’s state statistical bodies
were utilised, covering indicators of transport network
development, passenger transport volumes and passen-
ger turnover, as well as data on the operation of urban
electric transport. Furthermore, analytical materials from
relevant state bodies were taken into account, reflecting
the state of road infrastructure, the scale of its restora-
tion and modernisation, as well as the dynamics of elec-
tric transport implementation and the development of
charging infrastructure. The use of these sources made it
possible to track changes in the functioning of the trans-
port system and to compare the regulatory targets with
statistically recorded results, as confirmed by statistical
data (State Statistics Service of Ukraine, n.d.).

The implementation of the Strategy was assessed us-
ing a system of qualitative and quantitative criteria. Qual-
itative criteria included the alignment of strategic objec-
tives with current challenges in the transport sector, the
level of alignment with European development trends,
and the presence of mechanisms for digitalisation, de-
carbonisation, inclusivity and integration into the TEN-T.
Quantitative criteria were formulated on the basis of sta-
tistical indicators characterising the pace of restoration
and modernisation of transport infrastructure, trends
in passenger transport and passenger turnover, changes
in the use of urban electric transport, the scale of public
transport renewal, in particular the electric bus segment,
the development of charging infrastructure, as well as the
promotion of integration processes towards TEN-T.

Conceptual modelling was used to construct a gen-
eralised logical framework for updating the transport
strategy. Within this framework, the following compo-
nents are sequentially linked: “challenges”, “strategic
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objectives”, “implementation tools”, “coordinating bod-
ies” and “expected outcomes”. The “challenges” block
includes the consequences of hostilities, financial con-
straints, the need for European integration, environmen-
tal requirements and the technological limitations of the
existing infrastructure. Implementation tools included
regulatory updates, funding mechanisms, the develop-
ment of charging infrastructure, the standardisation of
technical requirements for electric buses and the intro-
duction of monitoring systems. A separate component of
the model was the coordination unit in the form of an
inter-agency mechanism, which assesses the readiness
of cities and routes for the introduction of electric trans-
port, analyses infrastructure provision, and monitors the
effectiveness of investments. This enabled the formation
of a comprehensive understanding of the interrelation-
ship between strategic objectives, the instruments for
their implementation, and the expected outcomes of
transport system development.

This study employed a range of scientific analysis
methods, enabling a systematic assessment of the cur-
rent state and development prospects of Ukraine’s trans-
port system. The main methods included the analysis and
synthesis of scientific sources, a comparative analysis of
strategic documents, a systematic approach to assessing
transport infrastructure, and content analysis of regulato-
ry acts and state programmes in the fields of transport and
ecology. In addition, elements of forecasting and concep-
tual modelling were used to assess potential scenarios for
the development of the National Transport Strategy and
the integration of electric transport into urban and in-
ter-city transport. The subject of the analysis was Resolu-
tion of the Cabinet of Ministers of Ukraine No. 430 (2018),
the status of its implementation, current issues in public
transport and electric transport, charging station infra-
structure, financial support for the sector, as well as is-
sues of inclusivity and modernisation of public transport.
In addition, practical and scientific developments by
Ukrainian and foreign researchers in the field of electric
transport and the sustainable development of transport
systems were examined.

The research database included official statistics from
the Ministry of Infrastructure of Ukraine and the State
Statistics Service, regulatory and legal acts and state pro-
grammes, as well as contemporary scientific sources, con-
ference materials and academic publications. To assess
the infrastructural and technological aspects of electric
transport development, the results of research by Lviv
Polytechnic National University on optimising the place-
ment of charging stations using Big Data were utilised, as
confirmed in the relevant studies by O. Markiv & Y. Ryshk-
ovets (2024) and in the regulatory document Resolution of
the Cabinet of Ministers of Ukraine No. 430 (2018). During
the study, forecasting techniques were applied to assess
the economic efficiency of electric transport implemen-
tation, identify optimal infrastructure development mod-
els, and develop scenarios for integrating the latest tech-
nologies into the national transport system. Conceptual
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modelling enabled the assessment of various pathways
for implementing the future transport strategy, taking into
account the economic, environmental and social chal-
lenges facing Ukraine.

The study’s timeframe covered the period 2018-2025,
which allowed for the consideration of current trends
in the transport sector, changes in financial and regu-
latory frameworks, as well as the impact of war damage
on transport infrastructure. The combination of these
methods and the use of a comprehensive information
base ensured the scientific reliability and practical value
of the study’s findings and enabled the identification of
promising directions for the development of the national
transport system.

Results and Discussion

Resolution of the Cabinet of Ministers of Ukraine
No. 430 (2018) sets out the country’s plan to modernise
transport infrastructure, improve safety, ensure envi-
ronmental sustainability, integrate transport systems,
attract investment and implement regulatory reforms.
The strategy’s objectives were to develop multimodal
transport and integrate into the Trans-European Trans-
port Network (TEN-T) by establishing logistics centres
and reforming and upgrading transport infrastructure
to improve international transport, aligning legislation
with EU standards, digitising processes, introducing new
environmental standards, encouraging the use of public
transport, and increasing the proportion of electric trans-
port. Electric transport, particularly electric buses, is one
of the key elements of the decarbonisation strategy, which
will help reduce the impact of fossil fuels and improve the
environmental situation. In its efforts to integrate into the
transport system, Ukraine has developed Resolution of
the Cabinet of Ministers of Ukraine No. 430 (2018), which
aims to modernise infrastructure and develop environ-
mentally friendly modes of transport. The strategy’s plans
focus on the development of transport infrastructure, with
particular attention paid to the development of interna-
tional transport routes that will ensure integration with
the EU transport system, as well as a gradual transition to
European standards in the manufacture and operation of
electric transport (NULES, 2019; INSAT, 2021).

Key objectives in the road transport sector: improv-
ing safety, reducing harmful emissions from internal
combustion engines, increasing the proportion of elec-
tric vehicles, modernising outdated public transport, im-
proving the quality of public transport services, and pre-
paring for a gradual increase in fares to bring them into
line with EU levels (EBRD, n.d.). The results obtained are
consistent with current research on the development of
electric transport and the introduction of electric buses
into urban transport systems. Many authors note that
the electrification of transport is one of the key areas for
improving the environmental sustainability of the ur-
ban environment and reducing the negative impact of
transport on the environment. In particular, the work
by O. Shostal (2025) examines the trends in Ukrainian
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cities’ transition to the use of electric buses and the grad-
ual reduction in the number of route taxis. The author
notes that active procurement of electric buses could
lead to a significant transformation of the urban trans-
port structure as early as 2030. The results obtained in
this study generally confirm these conclusions, as they
also indicate the potential for the introduction of electric
transport within the context of the development of mod-
ern transport infrastructure. At the same time, the study
focuses more on the general environmental and energy
aspects of such transport’s operation.

Similar conclusions regarding the positive impact
of electric vehicles on the environment are presented in
the study by N. Vnukova & O. Pozdnyakova (2023), which
emphasises the importance of transitioning to environ-
mentally friendly modes of transport to reduce emissions
of harmful substances. The study also notes the environ-
mental benefits of developing electric transport, but ad-
ditionally emphasises the need for a comprehensive ap-
proach to introducing such technologies into the urban
environment. The prospects for the development of elec-
tric mobility in Ukraine are also examined by L. Nikiforo-
va & R. Lukian (2019), who note that the spread of electric
transport depends on infrastructure development, state
support and the economic viability of using such vehicles.
Similar aspects are highlighted in the study, which empha-
sises the importance of creating the right conditions for
the effective operation of electric transport. The studies by
S. Wiirtz et al. (2024) and O. Markiv & Y. Ryshkovets (2024)
are devoted to analysing the electric transport infrastruc-
ture in Ukraine. The authors draw attention to the need
to develop a network of charging stations and improve
transport infrastructure to ensure the stable operation of
electric transport. The results obtained also confirm the
importance of these factors, as the effective operation of
electric buses depends to a large extent on the availability
of charging infrastructure and the proper organisation of
the transport system.

A separate area of research concerns the optimisation
of electric bus charging processes and the improvement of
their energy efficiency. In particular, L. Caustur et al. (2025)
examine the issue of planning electric bus charging
schedules, taking into account the use of renewable ener-
gy sources. Similar issues are also investigated in the work
of N. Kulbashna et al. (2025b), where the authors analyse
the energy aspects of charging schedule formulation and
propose approaches to improving the energy efficiency
of transport systems. In this study, these issues are exam-
ined in a more generalised manner; however, the results
obtained confirm the relevance of rational planning of
electric bus energy consumption. Furthermore, the study
by N. Kulbashna et al. (2025b), dedicated to improving the
energy efficiency of electric buses using modern photo-
voltaic technologies, highlights the potential for utilising
alternative energy sources to reduce electricity consump-
tion and enhance the efficiency of transport systems. The
results are also consistent with these approaches, as they
confirm the feasibility of using innovative technologies to



improve the efficiency of electric transport. Thus, a com-
parative analysis shows that the study’s findings are gen-
erally consistent with international trends: the effective
development of electric transport requires the integration
of route planning, energy management and financial sup-
port mechanisms. At the same time, the Ukrainian context
is characterised by a high level of underfunding of public
transport and the need for state incentives, which makes
the introduction of electric buses a more complex task
than in countries with developed transport infrastructure.

An analysis of electric transport infrastructure in
Ukraine by O. Markiv & Y. Ryshkovets (2024) demonstrates
the effectiveness of modelling the placement of charging
stations and their integration into urban transport and
energy systems, confirming the validity of conclusions
regarding the need for strategic planning of charging
infrastructure development. In their work, L. Zhang et
al. (2025) emphasise the economic rationale for a gradu-
al increase in the number of electric vehicles in Ukraine
and highlight the main stages of electric transport imple-
mentation, which partly echoes the findings, particularly
regarding the planning of the transition from convention-
al to electric transport, taking into account financial and
organisational aspects.

An important part of the environmental sustainabili-
ty strategy is the integration of renewable energy sources,
such as solar and wind power, into the process of gener-
ating electricity for the needs of electric transport. This
approach ensures a full cycle of environmental efficien-
cy, reducing dependence on fossil fuels and cutting CO,
emissions not only during transport operation but also
in the production of energy for it. The development of in-
frastructure for electric transport is a key element of the
strategy. Plans were in place to install charging stations
across the country, particularly in major cities and along
major motorways. It was projected that the share of elec-
tric vehicles in the total fleet would increase to 5% and
that up to 30% of the urban public transport fleet in ma-
jor cities would be replaced by modern electric transport,
through the expansion of trolleybus networks and the cre-
ation of new routes (Resolution of the Cabinet of Ministers
of Ukraine No. 430, 2018).

The strategy envisages the development of multi-
modal transport, which will ensure cooperation between
different modes of transport (road, rail, water and air).
Plans were in place to establish logistics centres to ensure
the smooth movement of goods and passengers between
EU countries and other neighbours. Integration with the
Trans-European Transport Network (TEN-T) is a key pri-
ority for improving international transport. To implement
the strategy, the plan was to attract foreign investment in
transport infrastructure through public-private partner-
ships and optimise the use of public funds. Securing in-
ternational grants and loans is a vital element of project
financing. Regulatory reforms include aligning Ukrainian
legislation with EU standards, simplifying procedures for
businesses, and improving the efficiency of public ad-
ministration in the transport sector. Plans were made to
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digitise processes and introduce new standards for safe-
ty and the environment. To encourage the use of electric
transport, the plan provides for the introduction of tax in-
centives and subsidies for electric vehicle users, the adop-
tion of European standards for the production and use of
electric transport, and regular monitoring of compliance
with environmental standards.

Subsidising public transport in Ukraine is a pressing
issue in both large and small towns and villages, where the
problem of air pollution is far from being the main con-
cern. In towns with a population of no more than 70,000,
there remain issues regarding the modernisation of pub-
lic transport (where public transport services are usually
provided by private operators). In other words, around
80% of towns have the potential to develop their trans-
port systems, particularly public transport, but due to
chronic underfunding, the age of the vehicles is unsatis-
factory and they require replacement (Palant et al., 2023;
Pryimak, 2024). At the same time, the criteria for replacing
vehicles are low purchase cost, fuel economy, maintain-
ability and durability. If the Ukrainian market for electric
buses can be developed, with vehicles made affordable for
city budgets through subsidies and state loans, then the
construction of component factories and electric bus pro-
duction could reach a new level in Ukraine. All this meets
the needs of cities: an electric bus means electricity, and
therefore fuel savings, durability and reliability, as electric
motors and batteries have a much longer service life. With
state interest and subsidies for the purchase of Ukrainian
electric buses, the cost of vehicles could be significantly
reduced, which would help to renew the fleet and assist
private operators in smaller towns.

In the coming years, the number of alternatives for
key electric transport components will increase, which
will lower the price of the end product. Another issue is
the development of infrastructure for electric transport, its
universality and standardisation, particularly as regards
public transport. The speed of decision-making after the
war ends must be taken into account, as the priority tasks
will be the restoration of road infrastructure and the reha-
bilitation of public transport companies (PTCs). It is nec-
essary to introduce standardisation of processes, which
will help avoid waste; for example, the restoration of pub-
lic transport will be more effective if it is brought into line
with EU standards from the outset. Such an approach can
contribute to the efficient use of resources and ensure the
long-term sustainability of the transport system.

To regulate and monitor the expansion of electric
transport, the future development strategy must include
the establishment of a commission capable of providing
support for the integration of public electric transport in
urban areas. It will help analyse the increase in the number
of electric vehicles, the population size, route lengths, the
number of regular public transport users, the complexi-
ty of transport routes, the cost of electricity in the region,
and calculate the prospects for transport development in
this city, payback periods, etc. It should ensure coordina-
tion and facilitate development, taking into account the
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technical, financial and infrastructural aspects of moni-
toring for each route or PTCs as a whole. The commission
should assess the need to introduce electric buses for each
specific city, which will allow for the rational and effective
planning of fleet renewal, following the example of EBRD
commissions (n.d.). The commission must ensure: the
standardisation of technical requirements for electric bus-
es, including specifications regarding maximum range,
charging time, energy efficiency and safety; financial
support, which will analyse opportunities to attract ad-
ditional funds for the renewal of the city’s transport fleet;
verification of the readiness of the charging infrastructure,
including the installation of charging stations on routes, at
car parks and other locations; monitoring and evaluation
of the introduction of electric transport in cities, analysing
effectiveness and making the necessary adjustments to
optimise the process.

Strategy targets have been met. Ukraine’s National
Transport Strategy for the period up to 2030 was launched
in 2018, and significant progress has been made since
then. One of the main achievements has been the mod-
ernisation of transport infrastructure, which has included
the construction and reconstruction of roads, bridges and
railways. The President of Ukraine’s “Great Construction”
initiative has played a key role in these achievements.
Since 2018, over 10,000 km of roads have been repaired,
including motorways and regional roads. Over 560 bridges
have also been repaired, as stated in the materials from
the plenary session (Verkhovna Rada of Ukraine, 2021).
In the context of electric transport, Kyiv and other major
cities have taken significant steps towards the introduc-
tion of electric buses. Around 50 new electric buses were
introduced in Kyiv, and the total number across the coun-
try reached 200. Over 10,000 charging stations for electric
vehicles were installed, which contributed to the growth
in demand for electric transport among the population.
As a result, according to expert estimates, 35-40% of the
strategy was implemented during the 2018-2022 period.

Assessment of uncompleted projects. The Nation-
al Transport Strategy envisaged the further expansion
and modernisation of transport infrastructure by 2030.
However, it can be accurately concluded that the plans
concerning the expansion of electric transport routes,
safety measures, and the reconstruction of the urban
road network (provision of charging stations, improved
road markings, widening of roads in problem areas, etc.)
could not be fully implemented. As of 2025, work on pro-
jects for which funding had already been allocated up to
2022 but which had not yet been completed is continu-
ing. The pace of completion of such projects has slowed.
Those projects for which funding was planned have been
frozen or cancelled (those 90% complete remain unfin-
ished) and may not be completed by the end of hostili-
ties. Since 2022, the condition of the infrastructure has
deteriorated; parts of the road surface used by military
vehicles once again require assessment and repair. The
infrastructure situation in the south and east of the
country is critical in certain areas.
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The war in Ukraine has significantly impacted the
ability to fully implement the National Transport Strate-
gy up to 2030. Many infrastructure facilities have been
damaged or destroyed as a result of military operations,
complicating the process of restoration and modernisa-
tion. Despite these challenges, Ukraine continues to work
on implementing the strategy. Given the circumstances,
around 30% of the planned measures have been imple-
mented by 2025, which is a significant achievement in
wartime conditions. However, full implementation of the
strategy by 2030 appears unlikely (Resolution of the Cabi-
net of Ministers of Ukraine No. 430, 2018).

The analysis conducted indicates that the current
transport development strategy no longer fully corre-
sponds to the current conditions of the sector’s operation.
Large-scale changes resulting from hostilities have neces-
sitated a thorough investigation of the state of transport
infrastructure, an assessment of existing losses, and the
identification of priority areas for its restoration. In this
regard, particular importance is attached to the system-
atisation of statistical data, the clarification of strategic
objectives, the formulation of relevant tasks, and the de-
velopment of comprehensive plans for the development
of the transport system. Further strategic planning must
be based on a clear breakdown of general directions into
specific practical measures, which will ensure a more in-
formed formulation of a new transport development strat-
egy. At this stage, Ukraine is facing numerous problems
arising from the war. Large-scale damage to infrastruc-
ture, roads, bridges and other transport network facilities
requires urgent restoration. Current conditions demand
that the strategy be adapted to the new realities. The new
transport development strategy must take these challeng-
es into account and adapt to changing conditions.

An important part of the new strategy should be the
incorporation of European standards and legislative re-
quirements. This includes the introduction of environ-
mentally friendly technologies and approaches to road
construction and maintenance, the specifications of
charging stations, and electric transport itself (including
its end-of-life management). The development of elec-
tric transport will reduce dependence on diesel fuel and
enhance the environmental sustainability of the trans-
port system. Additional incentives are needed for citi-
zens and businesses to switch to electric transport. Sub-
sidies, reduced taxes on the import of spare parts and the
charging of electric vehicles, as well as the development
of charging station infrastructure, must be key elements
of the new strategy.

Battery technologies used in electric transport also
overlap with modern unmanned aerial vehicles (UAVs).
Ukraine has significant potential for technological de-
velopment, particularly in the field of UAV compo-
nents, which have seen rapid development since 2022.
Unmanned technologies themselves can be integrated
into electric transport, which will enhance its efficien-
cy, cost-effectiveness and safety. The production of sen-
sors, gyroscopes, GPS systems, lidars, cameras and other



components for electric vehicles could be a logical next
step in the industry’s development. There remains sig-
nificant potential for investment in Ukraine’s industry.
Given that the development of innovative technologies
has slowed considerably due to the crisis in the region,
Ukraine is capable of establishing a leading position in
the production of affordable electric buses on the mar-
ket, meeting both domestic and external demand. Its
unique location at the heart of Europe and its aspiration
to join the EU will serve as a major incentive for partner-
ship with many countries.

Effective investment management and cooperation
with international partners will help Ukraine restore and
develop its transport system. Ukraine also possesses sig-
nificant reserves of lithium, a strategic resource that is key
to battery production. The development of the metallur-
gical industry and the production of lithium-ion batteries
could become a key element of the strategy, providing the
country with the necessary materials for the production
of electric transport. All of this is prompting the Ukraini-
an government to choose the most promising market for
the coming years - the development of electric transport,
which will make it possible to: increase Ukraine’s ener-
gy independence from fuel prices; promote the export
of technologies and components for electric transport,
thereby boosting the country’s economic potential; ex-
pand the use of electric transport; modernise standards
and accelerate European integration; improve the out-
dated transport system; and develop the industrial sector,
creating new jobs in the production and maintenance of
electric transport.

Conclusions
The study involved a comprehensive analysis of the provi-
sions of the National Transport Strategy of Ukraine up to
2030, which was approved by the government in 2018. The
assessment revealed that certain provisions of this strategic
document have become partially outdated due to changes
in the economic, social and infrastructural conditions af-
fecting the development of the country’s transport system.
Current challenges related to economic instability, war-re-
lated damage to infrastructure, rising energy costs and the
need to fulfil international environmental commitments
have significantly impacted the feasibility of achieving cer-

Bugera | 65

transport sector. In the process of analysing the strategy’s
initial objectives and the status of their implementation,
a number of pressing issues regarding the development
of public transport in Ukraine were identified. Among the
main challenges are the high cost of implementing mod-
ern transport technologies, the insufficient level of infra-
structure development to support electric transport — in
particular, charging stations for electric buses — as well
as financial difficulties in the area of passenger transport
subsidies. A separate issue remains ensuring the acces-
sibility of public transport for people with reduced mo-
bility, which requires a comprehensive approach to the
modernisation of vehicles and transport infrastructure.

Prospects for further research in this area involve
studying modern technological solutions that could help
improve the effectiveness of implementing Ukraine’s fu-
ture transport strategy. In particular, research aimed at
reducing the production costs of public electric transport,
improving its energy efficiency and operational reliability
is of particular relevance. Another important area is the
development of approaches to standardisation and the
optimal placement of charging infrastructure, which will
ensure the effective integration of electric transport into
the transport systems of Ukraine’s cities and regions. The
implementation of such research could form the basis for
the development of an updated national transport poli-
cy and contribute to the sustainable development of the
transport sector. The prospect for further development
lies in researching modern technologies that will help
accelerate the implementation of the future strategy. Spe-
cifically, this involves reducing the cost of manufacturing
public electric transport, making it more economical and
efficient, and enabling the standardisation of charging
stations for electric transport.
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NepcnekTuBu HALIOHANBHOI TPAHCNOPTHOI CTPATETITI YKPAiHU
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AHOTALIfA. AKTyaJIbHICTB JOC/IiPKeHH 3yMOBJIeHa HEOOXiTHiCTIO TepeOoiHKY HAaIIPAAMiB PO3BUTKY TPAHCIIOPTHOT
crcTeMHN YKpalHM B YMOBaX BOEHHMX BUKJIMKIB, BiTHOBJIEHHS HOIIKOMKEHOI iHppacTpyKTypH Ta NOTIUOIeHHA
iHTerparii o0 EBpOoNeiChKOro TPAHCIIOPTHOTO TpocTopy. Ocob6/IMBOro 3HaUeHHSI HA0yBae opMyBaHHS e(DEKTUBHOI,
CTifIKO1 Ta €KOJIOTiYHO OPiEHTOBAHOI TPAHCHOPTHOI MOJITUKH, 3[aTHOI 3a0€3MeYUTH BiTHOBJIEHHSI €KOHOMIKU
Ta MiJBUIIEHHS SKOCTi TPaHCIOPTHOTrO 0OCayroByBaHHsl. MeTow po6oTu OyB aHami3 1ijseit HamioHanabHOI
TpaHCHIOPTHOI cTpareril Ykpainu 1o 2030 poky, oIfiHKa cTaHy i peaJsisaril B Cy4acHUX yMOBax Ta OOI'PYHTYBaHHSA
NPiOpUTETHUX HANIPAMIB IOJAJIBIITIOT0 PO3BUTKY TPAHCIIOPTHOI CUCTEMH 3 YPaXyBaHHAM €BPOIEeHChKUX CTAaHJAPTIB
i IpUHIMIIB CTAJI0T0 PO3BUTKY. Y NOCHiIYKEHHI BUKOPUCTAHO METOJU aHAJI3y Ta y3arajJbHEHHs HayKOBHX
JPKepeJ1, TIOPiBHAJBHOTO aHAMI3y CTpAaTeTivHUX i HOPMATMBHHUX NOKYMEHTIB, a TAKOX CHUCTEMHHUM MiAXim 10
OIIiHIOBAHHSA CTAaHY TPAHCIIOPTHOI iHPPACTPYKTYPH Ta IEPCIEKTUB PO3BUTKY eJIEKTPOTPaHCIOPTY. [HDopMmamiiHy
6a3y CTaHOBUJIU Jiep>KaBHi MporpamMu, HayKoBi ImyOJtikariil Ta aHamiTH9Hi Marepianu y cdepi rpancnopty. B poboti
IpoaHaJsi30BaHO KJIOYO0Bi mososkeHHss HarioHanpHOI TpaHncnopTHOI crparerii Ykpainu no 2030 poky, 30KpeMa
HAMpsAMU MOJepHi3amnii iHppacTpyKTypH, iHTerparii 1o TpaHceBpomeicbkoi TpaHcmopTHOI Mepexi (TEN-T),
PO3BUTKY MYJIETUMOJAJIbHUX IIepeBe3eHb Ta BIPOBA/sKeHHA €K0JIOTIYHO YUCTUX BUAIB TPAaHCIIOPTY. BcTaHOBJIEHO,
0 peasisalis 3HAYHOI YaCTUHU 3aXOJiB BigOyBa€eThCs YaCTKOBO uyepeld (iHaHCOBI 0OMe)keHHs, iHCTUTYHiHHI
npo06JieMH Ta BIJIUB BOEHHUX Aili. BUsAB/IEHO OCHOBHI Ip0o6JieMU PO3BUTKY TPOMAICBKOTO TPAHCIOPTY, 30KpeMa
3HOIIIEHICTh PyXOMOTO CKJIAy, HeIOCTATHil piBeHb (piHaHCYyBaHHSA Ta HEPO3BUHEHICTh 3apsAHOI iIHPPACTPYKTYypH
JJIS eJleKTpoTpaHcropTry. Ha ocHOBI ITpoBefeHOT0 aHa/li3y OOI'pPyHTOBAHO IepCIEeKTUBHI HampAMU (hOpMyBaHHSA
OHOBJIEHO1 TPAHCIIOPTHOI CTpaTeTil, cepe IKNX PO3BUTOK eJIEKTPOOYCiB, pO3MIMpPEHHS MEPesKi 3apsATHUX CTAHIIIH,
BIIPOBA’KEHHsI iHTEJIEKTYaJIbHUX TPAHCIOPTHUX CUCTEM Ta IIOCUJIEHHs [ep>KaBHOI MiATPUMKH MoAepHisamil
TPaHCIOPTHOIO NapkKy. [IpakTUYHA I[iHHICTh OTPUMAHUX Pe3YyJbTATiB MOJIATA€ B MOKJIMBOCTI iX BUKOPUCTaHHS
pu po3pobJIeHH] fep;KaBHUX i perioHaJIbHUX IIPOrpaM PO3BUTKY TPAHCIOPTHOI iHPpacTPyKTypH, a TAaKOXK IPU
¢opmyBaHHi e(peKTUBHOI TPAHCIIOPTHOI MOMITUKY YKpPaiHU B yMOBax MiCJIsIBOEHHOTO BiTHOBJIEHHS

KnioyoBi cnoBa: rpomMaaCchbKUI TPAHCIOPT; BiTHOBIEHHA YKpaiHU; CTpaTeriss pO3BUTKY; NPOOIeMH TPAHCIIOPTY;
eJIEKTpoOyC
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Abstract. The intensification of contemporary military threats in Ukraine has necessitated a reassessment of
approaches to civil protection and the integration of protective shelters into residential and civil infrastructure. The
study aimed to analyse Ukrainian legislation alongside selected international practices in order to identify effective
models for incorporating protective spaces into buildings and to substantiate directions for expanding the classification
of protective structures. The methodological framework was based on a comprehensive analysis of national regulatory
documents, a comparative evaluation of international experience, and the generalisation and systematisation of best
practices. Particular attention was given to the legislative and technical approaches implemented in Israel and Singapore,
especially regarding the integration of shelters into buildings, rapid accessibility, and functional efficiency. The research
also considered economic feasibility and the practical aspects of implementing such solutions within existing and
newly constructed facilities. The findings demonstrated that international practice consistently emphasised the critical
importance of minimising the time required for citizens to access shelters, which was achieved through the integration
of protected spaces directly into residential and industrial buildings or through the deployment of modular shelter
systems. The analysed cases revealed that such approaches ensured a higher level of population safety, particularly under
conditions of frequent and unpredictable threats. It was established that both Israel and Singapore had successfully
embedded these solutions within their legislative frameworks, supported by clearly defined technical standards. The
study substantiated the feasibility of gradually introducing integrated and modular protective structures in Ukraine,
both in the process of post-war reconstruction and in new construction projects. The practical significance of the
research lay in the formulation of recommendations for adapting Ukrainian legislation and improving the accessibility,
efficiency, and resilience of civil protection infrastructure

Keywords: protected space; dual-purpose structures; urban resilience; subsurface spaces; Mamads

Introduction
Modern security challenges have necessitated the im-  governing the construction of protective structures. These
plementation of new protective solutions alongside the regulatory changes have established new directions for
modernisation of existing civil defence infrastructure. In  development; however, they have also revealed signif-
Ukraine, this process has gained renewed momentum icant limitations, as not all solutions formally covered
following the introduction of updated state standards by existing standards provide an adequate level of real
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protection under contemporary conditions. Therefore,
it is essential to consider and adapt the experience of
countries that have long operated under conditions of
persistent military or terrorist threats, particularly Israel
and Singapore, as noted by S.M. Anas et al. (2023). In the
current conditions faced by Ukraine, characterised by on-
going warfare and continuous shelling involving various
types of weaponry, the time required to reach a shelter has
become a critical factor in ensuring civilian safety. The ef-
fectiveness of civil protection systems is increasingly de-
termined not only by the structural reliability of shelters
but also by their accessibility and proximity to users. The
development and implementation of new types of tem-
porary protective structures have enabled rapid access to
safe spaces for the population. At the same time, A.I. Al-
mulhim (2025) demonstrated that in high-density urban
environments, effective civil protection is based on the
integration of shelters into existing infrastructure, par-
ticularly transport nodes and underground spaces. It was
emphasised that minimising the time required to access
shelters directly correlates with increased survival rates.
The main regulatory document in Ukraine governing the
construction of shelters and bomb shelters is DBN V.2.2-
5:2023 (2023). Compared with previous editions, this
standard introduced a new category of shelters — rapidly
deployable protective structures — alongside existing types
such as anti-radiation shelters and the simplest shelters,
with specific requirements defined for each category. All
of these structures belong to collective protection facili-
ties. However, the continuously evolving nature of mili-
tary threats, including the changing characteristics of air
attacks, necessitates a fundamental rethinking of existing
approaches to shelter design and deployment.

Initial steps towards implementing new approaches
have already been observed. The first modular under-
ground shelter, constructed by the State Agency for Res-
toration and Infrastructure Development, was installed in
the Kyiv region, indicating the beginning of the state-level
introduction of rapidly deployable shelter solutions capa-
ble of providing a basic level of protection for the popula-
tion (Ministry for Communities and Territories Develop-
ment of Ukraine, n.d.). These structures are characterised
by short installation times and immediate operational
readiness. Rapidly deployable modular protective struc-
tures represent one of the most promising approaches
to enhancing civil protection, although their practical
implementation remains limited. Their requirements are
defined in DSTU 9195:2022 (2022), which regulates their
design and operation. A further promising direction in-
volves the integration of protective spaces into transport
and urban infrastructure, including tunnels, service gal-
leries, and subsurface areas beneath road structures.
This approach enables the expansion of shelter capacity
within existing urban environments without the need for
extensive new construction. The operational suitability
of protective structures is assessed in accordance with
DSTU 9329:2025 (2025), which establishes procedures for
verifying the protective properties of enclosing structures
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prior to commissioning. In addition, with the development
of modular shelters, national methodologies for testing
such structures for blast resistance have begun to emerge,
drawing on international experience, including that of the
Singapore Civil Defence Force (n.d.). As emphasised by
S. Surkes (2025) and Y. Wu et al. (2025), effective national
protection systems rely not only on dedicated shelters but
also on the utilisation of existing housing stock, including
household shelters, residential shelters, protected rooms,
and communal protected spaces. In parallel, the study by
M. Zohourian et al. (2025) examined modular construc-
tion as an innovative approach within the construction
industry, highlighting its advantages over traditional
methods. The results indicated that modular construc-
tion could reduce construction time by up to 50%, lower
costs by approximately 20%, and decrease material waste
by up to 83%. At the same time, several limitations were
identified, including transportation complexity, limited
design flexibility, and high initial costs. These findings are
particularly relevant for the implementation of modular
shelters in emergency conditions. Despite these develop-
ments, Ukraine currently lacks clearly defined technical
requirements for so-called “protected spaces” integrated
into buildings, which prevents their formal recognition
as a distinct category of protective structures. Neverthe-
less, initial steps have already been taken at the regional
level, where local authorities have developed recommen-
dations concerning underground shelter premises, pro-
tected spaces within residential and office buildings, and
requirements for engineering systems and spatial plan-
ning. Therefore, addressing this problem requires the de-
velopment of a modern approach to shelter design based
on the concept of integrated protected spaces (“safe spac-
es”), capable of providing effective protection under con-
temporary military conditions. The purpose of this article
was to investigate best practices in civil and residential
construction regarding the availability and accessibility of
protective structures and to identify potential directions
for adapting Ukrainian civil engineering legislation in or-
der to introduce new types of shelters that correspond to
current threats and post-war recovery needs.

Materials and Methods
The study was theoretical and analytical in nature and
was conducted within an interdisciplinary framework at
the intersection of civil engineering, urban planning, and
civil protection systems. The object of the research was
the process of formation and development of civil protec-
tion shelter systems under contemporary military threats.
The subject of the research comprised the principles of
integrating protective spaces into residential, public, and
engineering infrastructure, as well as the regulatory and
technical mechanisms for their implementation. The the-
oretical and regulatory framework of the study was based
on current Ukrainian building codes and standards (in par-
ticular, DBN V.2.2-5:2023 (2023), DSTU 9195:2022 (2022)
and DSTU 9329:2025 (2025)), international regulatory
acts and technical standards (including civil protection
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regulations of Israel and Singapore), as well as contem-
porary scholarly publications addressing shelter design,
modular construction, and urban resilience. A set of inter-
related scientific approaches was employed in the study.
The systems approach enabled protective structures to be
considered as elements of a unified civil protection infra-
structure. The comparative approach was used to analyse
international experience and to identify differences in de-
sign approaches and regulatory frameworks for shelters.
The institutional approach provided an assessment of the
role of state regulation in shaping an effective system for
population protection. The principal research methods
included the analysis of regulatory and legal documents
governing the design and operation of protective struc-
tures; a comparative analysis of international experience
(Israel and Singapore); the method of generalisation for
systematising identified practices; and the method of sci-
entific interpretation to formulate conclusions regarding
their potential adaptation in Ukraine. The selection of
countries for comparative analysis was determined by
their practical experience in operating civil protection
systems under constant or potential threats. Israel was se-
lected as an example of a state with extensive experience
in integrating protected spaces into residential develop-
ment and with stringent regulatory frameworks. Singa-
pore was considered an example of a highly developed ur-
ban system in which shelters were integrated into urban
infrastructure and regulated at the legislative level. Such a
selection made it possible to establish a representative ba-
sis for comparison and to identify directions for adapting
international experience to the Ukrainian context.

Results and Discussion

Considering the experience of Israel, which has built a
new construction concept based on a set of principles for
creating so-called “residential protected rooms”, the legis-
lation and technical standards of this country provided for
the creation of specific types of reinforced rooms. Accord-
ing to State comptroller of Israel (2024), the main state
principles could be divided into 4 points:

Principle 1. Everyone needs protection. Wherever a
person is, they must have access to any shelter. For exam-
ple: mobile shelters at bus stops, underground shopping
centres, subway stations, hotel parking lots, educational
centres, gyms — anything that can be considered as a shel-
ter should be an open refuge 24/7 for everyone, supplied
with water, lighting, and ventilation. A situation like in
Ukraine, where public buildings close during an alarm,
public transport stops, and people are turned out onto the
street, is unacceptable. On the contrary, everything that
can provide protection must be open. And everyone must
know where to go in case of danger.

Principle 2. Capsule security. In Israel, in addition to
conventional bomb shelters, a numerous of other types of
shelters are used. Mamad - (an abbreviation for merhav
mugan dirati — “protected apartment space”). This kind
of room with massive, usually 30-centimeter, reinforced
concrete walls, thickened ceilings, metal airtight doors
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that withstand blast waves, and shutters made of two-cen-
timetre steel sheets. Mamads began to be created so that
people would not have to run outside to reach a bomb
shelter but could literally go into an adjacent protected
room. The capsule must have its own ventilation with an
air filter for chemical protection and special doors.

Mamak - a fortified room in public buildings, located
on each floor where people are present. In office buildings,
these can serve as internal conference rooms. In apart-
ment buildings, they are created within the volume of the
staircase and are located on each floor for use by several
families. The size of a Mamak was calculated based on the
number of people on the floor. Such fortified rooms were
built one above the other to increase structural stability.
They could protect occupants from missile and shell frag-
ments, as well as from chemical threats and earthquakes.
Without their presence, city authorities would not grant
a building permit or commission the building. The con-
struction of buildings with protected spaces began only
after 1993. For older buildings, the government launched
a renovation programme called TAMA-38. The aim was
to reinforce buildings that did not have Mamads. With
the consent of 75% of the building’s residents, a develop-
er could add Mamads, as well as two or three additional
floors of apartments for sale. In some cases, developers
also added a lift and reinforced the building’s facade. Since
1992, all new residential buildings in Israel have been re-
quired to include a reinforced room for protection during
rocket and missile attacks. A reinforced room in a house or
apartment had to measure at least nine square metres (96
square feet) (Zatulsky, 2023).

Figure 1. Fortified room Mamad during
and after construction
Source: A. Zatulsky (2023)

Figure 1 depicts the process of modular construction
of Mamad fortified structures — from the manufacture and



installation of reinforced concrete blocks to their inte-
gration into residential developments. It visually demon-
strates the principle of vertical stacking of these modules
and their standardisation as components of a civil de-
fence system. Despite the fact that such shelters did not
provide a one hundred per cent guarantee of safety, they
significantly reduced the time required to reach cover
and, consequently, decreased the likelihood of injury from
building debris or shrapnel. Temporary or mobile fortifi-
cation structures were also used. Migunit was a cuboid,
box-shaped, dome-shaped, or tent-shaped shelter made
of high-quality reinforced concrete and placed in open ar-
eas. It had two open exits, allowing people to enter quickly,
wait out an attack, and then exit safely. These structures
were located at bus stops, along highways, and on streets,
enabling people to take cover during shelling while wait-
ing for transport. Children’s centres, playgrounds, and
hospitals were equipped with additional arched canopies
over roofs to provide protected spaces for children’s activ-
ities, as well as concrete play tunnels painted and shaped
like caterpillars for aesthetic appeal. All of this created
additional protection and allowed for rapid shelter in the
event of sudden danger (State comptroller of Israel, 2024).

Principle 3. Continuous review of building standards
towards strengthening. The certification and attestation
of new or reconstructed buildings mandatory involves
the Ministry of Home Front. This ministry developing re-
quirements, without the fulfilment of which, a developer
cannot approve a project or commission a building. The
Ministry of Home Front checks the implementation of re-
quirements regarding the shelters compliance to national
and local legislation. Each city, regularly, checks how well
the infrastructure meets requirements, how quickly peo-
ple can use it and reach a shelter. Ensuring security is not
just a code of requirements for building supplies or work
methods. It is a complex set of measures whose ultimate
goal is to create a safe environment (Israel’s bomb shel-
ters..., 2023; de Yong et al., 2024).

Principle 4. Architectural planning was based on the
concept of the “wind rose of war”. In border areas, con-
sideration was given to how people could safely reach
their homes after entering the yard and parking their
vehicles. The building complex was designed taking into
account the “wind rose of war”, meaning that walls were
reinforced and positioned depending on the direction
from which a threat might arise. An illustrative example
was a school in the city of Sderot, located 4 km from the
Gaza Strip. This distance corresponded to approximately
a 3-second rocket flight. Therefore, the building was con-
structed as a complete bomb shelter, with windows ori-
ented away from the Gaza Strip. Another example was a
hospital located 25 km from the border, where almost all
departments, including maternity wards and facilities for
people with disabilities, formed a single large bunker. At
the sound of sirens, it was sufficient to close the shutters,
after which up to 60% of the hospital became encapsu-
lated; even surgical operations did not stop. During peri-
ods of intense shelling, protective doors were also used.
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Buildings included a fortified room on each floor, and the
overall structure was designed so that external walls or
specific parts of the building absorbed the main impact,
thereby protecting the internal “capsule” where people
were located, while only the blast wave affected the cap-
sule itself (Shadan et al., 2024).

Despite the fact that Singapore was a country that
had not participated in any armed conflict and had not
conducted hostilities on its territory, after the Second
World War it became concerned with how to protect its
population from potential threats. Singaporean legis-
lation established several types of shelters mandatory
for urban planning: household shelters, storey shelters,
public shelters, and improvised shelters (Singapore Civ-
il Defence Force, n.d.). People could use any of the more
than 595 public shelters listed in the List of Civil Defence
Public Shelters (2025) simply by reaching the nearest one.
Civil buildings, such as metro stations, schools, and office
centres, were designed to be used as improvised shelters
if necessary. In particular, in underground metro stations,
blast doors separated the underground level from the
concourse level, thereby protecting people inside from
potential external explosions. All metro stations were
equipped with generators and their own air filtration sys-
tems, ensuring a continuous supply of electricity, drink-
ing water, and clean air. Since 1997, it became mandatory
for every apartment in a residential building to include
a built-in shelter. Located one above the other, these in-
dividual household shelters were constructed from thick
reinforced concrete and were strong enough to withstand
bombardment. However, in the event of a direct hit and
the collapse of the entire structure, it was unlikely that
only a vertical column of fortified rooms would remain
intact. In accordance with the Civil Defence Shelter Act
1997 (2020), the primary purpose of such shelters was
to protect residents from fragments during explosions,
as flying glass, concrete debris, and shrapnel typically
caused most injuries. It should be noted that in the afore-
mentioned countries, technical requirements for such
shelters were strictly regulated and mandatory.

Ukraine was undergoing processes similar to those
experienced by Israel 50 years earlier: with still weak pro-
tection, but a strong understanding of the need to adapt
everyday life to the conditions of war. Over nearly three
years of war, Ukrainian infrastructure, business process-
es, and society had already begun this transformation
(Reznikova & Korniievskyi, 2024). The main regulatory
document in Ukraine governing the construction of shel-
ters and bomb shelters was the building code DBN V.2.2-
5:2023 (2023). It replaced DBN V.2.2.5-97 (1998), which
had originally been a translation of the Soviet SNiP II-11-
77 “Civil Defence Protective Structures”. The new stand-
ard eliminated most Soviet terminology, such as “civil
defence”, replacing it with “civil protection”, updated
references to regulatory documents, and removed refer-
ences to Soviet-era products for specific types of equip-
ment. This allowed Ukrainian manufacturers and suppli-
ers to offer their products freely (provided they did not
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originate from Russia or Belarus). DBN V.2.2-5:2023 (2023)
also introduced a new type of shelter — rapidly deployable

protective structures — and defined specific requirements
for each type of shelter (Fig. 2).

Figure 2. Categories of civil defence protective structures
Note: a — anti-radiation shelters; b — dual-purpose structures; c, d, e — varieties of simplest shelters

Source: Organising the sheltering of the population... (n.d.)

These types of defensive structures have of strategic
importance for ensuring the protection of the popula-
tion and belong to collective protection purpose. How-
ever, they do not cover all the protection needs of the
population, considering the latest experience of living in
wartime conditions (Fig. 1). Critical infrastructure, pub-
lic buildings, and residential buildings suffer daily from
air attacks by various ammunition, which continuously
change while a war conditions. The main injuries in ur-
ban areas are shrapnel wounds from ammunition and
fragments of destroyed building structures, as well as
blast waves during the shelling of populated areas. The
threats of air attacks that exist during the war will also
remain in the post-war period. Therefore, the solution
to the problem are in creating a modern, safe spaces for
people. The Verkhovna Rada of Ukraine adopted the Civil
Protection Code of Ukraine (2018), which stipulated that
new housing constructed in Ukraine had to include its
own bomb shelter or provide access to a nearby shelter. It
also required that urban planning documentation at the
local level include a section on engineering and techni-
cal measures for civil protection. According to the Civil
Protection Code of Ukraine (2018) and Law of Ukraine
No. 2486-1X (2022), the deployment of a network of bomb
shelters in Ukraine was envisaged, including in all new
buildings. Urban planning documentation had to include
information on engineering and technical measures for
civil protection; otherwise, it was not subject to approv-
al. The law also stipulated that the state architectural and
construction control authority could refuse to issue a cer-
tificate of readiness for operation if the developer failed
to fulfil the required conditions for equipping bomb shel-
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ters. At the regional level, initial steps in this direction
were already being taken. The Standards for High-Quality
Housing... (2022) provided an example of recommenda-
tions developed and approved by local urban planning
authorities regarding underground shelters, protected
spaces in apartments and office buildings, features of
engineering communications, life-support systems, and
spatial planning. A new type of shelter was planned to be
constructed for the first time in Lviv. Safe rooms based
on the Israeli model were expected to be introduced in
an office centre, following the Israeli example (In Lviv, a
property developer..., 2023). This represented a positive
practice, but only the beginning of the process of mod-
ernising legislation at the state level.

When discussing protective structures, it was impor-
tant to understand that state standards (such as DBN V.2.2-
5:2023 (2023)) did not cover all possible solutions for en-
suring protection under real conditions. It was therefore
necessary to consider and implement the best practices
of countries such as Israel, Singapore, and others. For this
reason, particular attention was given to those approaches
that were directly relevant to the needs of Ukraine. Based
on the above, the key question was what Ukraine should
adopt from international experience. First and foremost,
the implementation of a comprehensive range of small,
yet equally important, shelters installed directly within
public or residential buildings should have been regulat-
ed at the state level. Such premises could be collectively
defined by the general term “protected space” — a type of
shelter that could always be quickly accessed and provid-
ed rapid protection from most threats when reaching a
“traditional shelter” was not possible.
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Figure 3. Principle of placing protected rooms in a building
Note: a — location within the building’s rigid core, stacked one above the other; b —location deep within the building; ¢ — functionality

of the premises, providing amenities and everything necessary
Source: In Lvivy, a property developer... (2023)

For example, if building has protected space within
rooms or under the building, there no need to go outside to
looking for official shelter, risking wounds or injuries from
debris. The correct concept is not moving to a bomb shel-
ter several blocks away or descend from the 25t floor to a
basement under the building, but to have premises built
as a protected armoured structure directly where people
are located. And ensuring the presence of an elevator that
will operate during power outages, and generator — as one
of the requirements, without which the building will not
be commissioned. For this purpose, legislation must be
urgently adapted towards creating population protection.
First, there must be types of protective constructions,
like as temporary shelters, to allow people quickly find

protection. Since there is no regulatory framework for de-
signing protected spaces yet, the fastest and most practical
option is to build shelters from prefabricated reinforced
concrete structures. Figure 4 shows one such facility in the
process and after construction.

The technical requirements for protected spaces
in Ukraine are absent. They will not replace full-fledged
civil defence protective structures, but as a supplement
to them, or for organising people protection at the initial
stage of danger, they will be extremely relevant. Figure 5
shows the principle of design-stage calculating a prefab-
ricated explosion shelter, as well as a schematic diagram
of how to assemble such a shelter. Regarding placement, it
can be at ground level, buried, or semi-buried.

Figure 4. The simplest type of precast reinforced concrete shelter built at a factory in the Kyiv region

Source: Ruslan Kravchenko: Another modern shelter... (2024)

*

Figure 5. Prefabricated reinforced concrete shelters
Note: a — diagram of explosion points; b and c - structural elements of the construction
Source: .M. Neklonsky (2017)

For industrial facilities, especially critical infrastruc-
ture sites where staff cannot leave their workplaces to

take shelter in civil defence protective structures — even
during threats — the situation is particularly challenging.

Bulletin of the National Transport University. 2026. Vol. 30, No. 1



74  Implementation of world experience...

Although Ukrainian standards provide for anti-radiation
shelters or dual-purpose structures at industrial sites,
these requirements are not mandatory for most industri-
al enterprises, unlike in many other countries. Currently,
shelters are actively being built for state-owned critical
infrastructure enterprises using state funding (Hasenko et
al., 2025; Filonenko & Nikolaienko, 2025). However, in the
private sector, this remains a rare exception. Such shelters
are usually incorporated only when new facilities are de-
signed in line with best international practices and cur-
rent state requirements. When comparing a standalone
shelter with a built-in dual-purpose structure, the latter is
clearly preferable from a safety perspective (Fig. 6).

SEPARATELY PLACED SHELTER

Figure 6. Types of shelters by location
Note: a — separately placed shelter; b — built-in-shelter
Source: S. Malliiani & O. Slietsov (2025)

For example, a built-in canteen, changing room,
meeting room, or operator’s room at the basement floor,
that meets all the standards of shelter is significantly
safer and more convenient, as personnel do not need to
leave the building to take detached shelter. It reduces the
risk of being exposed to shelling while moving from the
workplace to an outdoor shelter. In the case of staff, this
also means additional time for changing clothes, since,
in winter, personnel must leave work change sanitary
clothing with warm clothes before heading to the shelter
(State comptroller of Israel, 2024). Also to be added that
crowds of people need to change clothes simultaneously.
Therefore, a shelter within an industrial building is not
only safer but also more convenient, considering that du-
al-purpose structures already have the necessary comfort
and amenities for extended stays. The economic aspect is
important for industry. On the one hand, a dual-purpose
structure seems to be a profitable solution for business,
as there is no need to build a separate shelter, and one
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premise covers both current operational needs and shel-
ter. On the other hand, the cost of such a premise might
be higher than, as detached one. Because of the cost for
additional equipment, emergency power supply, venti-
lation, strengthening of walls and ceilings, an additional
exits arrangement — can make this option less attractive.
An entrepreneur will choose a cheaper option, despite all
the safety and convenience advantages. Ukraine’s hous-
ing stock was quite diverse in terms of implementing the
necessary reconstruction. For instance, in the case of
monolithic-frame buildings, the required changes were
not significant. Protected spaces were located inside the
building next to elevators, where they were enclosed from
all sides and did not face the facades. This correspond-
ed to the “two-wall rule”, whereby the first wall could be
hit by a missile, while the second would protect against
fragments. Ideally, such a room was designed in the mid-
dle of the apartment. According to Ukrainian standards
(DBN V.2.2-5:2023 (2023)), “blind room” layouts were
not yet provided. The protected room had to be properly
organised, including the provision of ventilation, water
and food supplies, and an emergency lighting system.
In non-frame or existing buildings, such as inexpensive
panel and brick structures, the implementation of mono-
lithic-frame protected rooms could require an additional
10-20% investment relative to the property value (Recom-
mendations from the State Emergency Service..., 2022).
It should be noted that a safe space was more than just
walls. It included the comfort of stay and the ability to re-
main there for an extended period. For example, the ar-
rangement of shelters in educational and children’s insti-
tutions involved spaces with bright designs and engaging
themes to support children’s psychological well-being. At
the same time, any strengthening requirements increased
costs. For the construction industry, this meant reduced
profitability, while for residential construction it led to
higher property prices and a potential risk of decreased
demand. If a developer invested more in construction,
they either earned less or increased the cost of the prop-
erty. Therefore, the experience of other countries demon-
strated the necessity of strengthening state standards
for proper construction. It should also be noted that the
implementation of new requirements needed to be sup-
ported by both state programmes and non-governmental
funds aimed at facilitating the transition to functioning
under military threats and adapting infrastructure ac-
cordingly (State comptroller of Israel, 2024). It is essen-
tial to develop a material, technical, legal, and financial
framework that would ensure compliance with existing
requirements and the adoption of new ones in line with
current challenges.

During the study by S. Malliiani & O. Slietsov (2025),
a phased analysis of civilian casualties caused by missile
and drone attacks was conducted, and three most critical
damage scenarios were identified: residential buildings,
open spaces, and public facilities with mass gatherings.
Based on these scenarios, a comparative analysis of the
regulatory framework, spatial and functional parameters,



and typology of protective structures in Ukraine, Finland,
and Israel was carried out. The study resulted in the iden-
tification of the strengths and weaknesses of each model
and in the formulation of potential directions for modern-
ising the Ukrainian system of protective structures. The
current nomenclature of protective structures in Ukraine
did not include solutions capable of effectively protect-
ing the population under the first scenario — attacks on
residential buildings. Unlike Ukraine, Israel had a deeply
integrated model of Mamad and Mamak shelters, which
formed part of the structural system of residential build-
ings and had regulated parameters of blast resistance, air-
tightness, and immediate accessibility. Given the similari-
ty of threats, the implementation of adapted individual or
floor-level shelters in Ukraine represented an appropriate
and potentially life-saving solution. Under the second sce-
nario — protection in open spaces — the Ukrainian system
did not include regulated types of structures capable of
providing effective protection in such conditions. In ad-
dition, relatively large regulatory accessibility radii (300-
500 m) created additional risks when attempting to reach
a shelter. In this context, fortified ground shelters of the
S2 type (Mamak) were particularly relevant — mobile and
spatially accessible modules placed in close proximity to
public areas (50-100 m). In Ukraine, it would be advisa-
ble to develop a national model of ground shelters with
an emphasis on modularity, mobility, and blast resistance.
Under the third scenario — the presence of large numbers
of people in public buildings (schools, theatres, shopping
centres) — the current nomenclature of PRU and shelters
in Ukraine provided a basic level of protection (Malliiani
& Slietsov, 2025). However, it did not eliminate the funda-
mental risk associated with a high concentration of people
within a single large space, which increased the likelihood
of mass casualties in the event of a direct hit.

In contrast, the analysis of recent conflicts present-
ed in The resilience of Israel safe rooms... (2025) showed
that the wars in Ukraine, the October 7 War, and the 12-
day war in Israel demonstrated that the residential pro-
tected room, while groundbreaking at the time of its in-
troduction, was no longer adequate for evolving security
challenges. Recent conflicts in Gaza, Ukraine, and Israeli
urban centres indicated that concrete alone could not en-
sure safety. The collapse of surrounding structures could
turn Mamads into sealed spaces with no escape routes.
The lack of proper ventilation and emergency exits also
made them potentially dangerous during fires or chemical
incidents. O. Sliepstov & S. Malliani (2025) further argued
that this type of shelter had become outdated and did not
address new scenarios such as urban combat, combined
threats, or earthquakes. A. Chudziriska et al. (2025) indi-
cated that the most effective integration with the urban
environment was achieved by shelters adapted within
existing buildings or infrastructure, such as basements
of sports halls, shopping centres, or transport tunnels.
These solutions enabled the integration of civil protec-
tion functions with the maintenance of public order. In
contrast, conventional shelters constructed from scratch
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outside urban centres required significant financial and
infrastructural investment, making them difficult to rep-
licate on a large scale in European conditions. Moreover,
the ratio of costs to potential benefits, given population
density, was often unfavourable. Large-scale protective
facilities, such as the Sonnenberg shelter and the AT&T
skyscraper, were designed to be fully autonomous and
were equipped with electricity generators, air filtration
systems, and long-term supplies of water and food. While
they represented a high level of technical resilience, this
was achieved at the cost of extremely high expenditures.
From a historical perspective, the social function of shel-
ters (criterion D) evolved from an exclusive to an inclusive
model. The most advanced Cold War shelters were typical-
ly intended for elites, such as political and military leader-
ship, and were not accessible to the general population. In
contrast, contemporary approaches emphasised univer-
sality: in Finland, underground concrete shelters were ac-
cessible to the entire population, and legislation required
their integration beneath large public buildings (Malliiani
& Slietsov, 2025). The evolving dual-use concept of shel-
ters raised the question of how new civic and recreational
functions aligned with their primary life-saving purpose.
S.H. Jore et al. (2025) examined the roles and perceptions
of security guards in Norway, demonstrating that security
and safety should not be reduced to traditional preven-
tive measures (e.g., physical barriers and armed protec-
tion), but are instead constructed through a broader set
of practices. The authors emphasised that contemporary
safety is co-produced through diverse professional func-
tions, including situational vigilance, inter-agency collab-
oration, elements of social support, and service-oriented
activities, thereby framing security work as an integrated
component of societal safety production. While every-
day use improved maintenance and public acceptance,
it should not have compromised emergency readiness.
Maintaining this balance required regular system testing,
personnel training, and public awareness to ensure that
accessibility in daily use did not reduce effectiveness in
emergency situations, as noted by L. Zhao et al. (2017).
Thus, the emerging concept should promote inclusivity —
shelters designed “for all, not the select few”. In addition,
the time required to reach a safe space remained a critical
factor in ensuring effective protection.

Conclusions
The experience of air attacks, particularly in frontline ar-
eas in 2025, confirmed that even where technical evacua-
tion measures were available, factors such as time, orien-
tation, and route accessibility determined the success of
self-evacuation. This further emphasised the importance
of creating local shelters directly within residential build-
ings, providing immediate access to protected spaces
without the need for complex navigation. The integration
of residential protected rooms into existing buildings or
civil infrastructure not only met the requirements of adap-
tive responses to contemporary risks, but also compensat-
ed for the limitations of traditional shelter systems. Thus,
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the results of the study indicated that the Ukrainian civil
protection system had real potential for development, but
required updating, increased spatial accessibility, and a
reconsideration of the principles governing the placement
and organisation of protective structures in the context of
residential development, open spaces, and public facili-
ties. Taking into account behavioural factors in emergency
situations, such solutions could become an effective com-

protection as an important component of comprehensive
population protection. If pilot projects were successful-
ly implemented, the next stage would involve securing
funding and creating conditions for the operation of funds
dedicated to the construction of new shelters and the ren-
ovation of existing ones.
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AHOTALIfA. 3aTOCTPEeHHA CyYacHUX BifICBKOBUX 3arpo3 B YKpaiHi 3yMOBUJIO HEOOXiTHICTh IepemIsALy Mifxo/iB
JI0 OWBIJIBHOTO 3aXUCTy Ta iHTerparlil 3aXMCHUX CIOPYJ V SKUTJIOBY M I'DPOMajACBKY iH(MPacCTpyKTypy. Meroio
JocraimkeHHs OyB aHaJi3 YKpaiHCHKOIO 3aKOHOJABCTBA NOpPsAJ i3 BifiOpaHMMN MiXHapOZHUMHU MpPaKTHUKaMU
3aJJisi BHUABJIEHHA e(eKTUBHUX Mojesiedl iHKopmopamii 3axucHuUX HpocTopiB y OyziBiai Ta oOIpyHTYBaHHA
HANpsAMIB pO3MIMpeHHs Kjaacu@ikamii 3aXMCHUX CHOPYA. MeTOMOJIOTiYHY OCHOBY CTAaHOBUB KOMILIEKCHUM
a”Ha/i3 HaIiOHaJbHUX HOPMAaTUBHO-IIPAaBOBUX JJOKYMEHTIB, NOpiBHAJbHA OIiHKa Mi»KHAapoJHOTO AOCBidy, a
TaKOXK y3arajJbHEHHS M cHCTeMaTH3allis HaWKpamux mpakTUK. OcoOJIMBYy yBary NpUAIIEHO 3aKOHOJABYHUM i
TeXHIYHUM IIiIxofgaM, 3ampoBamkeHUM B I3paini Ta CiHramypi, 3okpema momo iHTerpanii yKpuTTiB y OyaiBmi,
3abe3nedeHHsT MIBUAKOI MOCTYMHOCTI Ta (PyHKIioHA/JBHOI edeKTUBHOCTI. JIOCTiMKEeHHS TaKO’K BPaxoBYBaJO
€KOHOMIYHYy JOIiIBHICTh i IPaKTHUYHI acleKTH BIPOBAJ)KEHHs TAaKUX pillleHb B iCHYIOYHX Ta HOBO30yJOBaHUX
o0’ekTax. Pe3ysibraty mokasaJjy, [0 Mi’KHApOAHA MPAaKTUKa MOCJIiJOBHO HAroJIOIIYE HA KPUTHUYHIN BasKJIUBOCTI
MiHiMi3arii yacy, HeoOOXiZIHOTO rpoMaasTHaM [JIsT HOCTYIY M0 YKPUTTIB. lle mocsATaeThCcs MIJISIXOM BOYIOBYBaHHS
3axUIeHNX IPOCTOPiB Oe3rnocepeHbO B KUTIOBI Ta MPOMUCIOBI OyIiBsIi a60 3aBASKU pO3rOPTaHHIO MOAYIBHUX
crucTeM YKpUTTIB. [IpoaHanisoBaHi MpuKJIaaA¥ 3aCBiIUNIIH, III0 TaKi IMiIX0au 3abe3MeuyIoTh BUIIHNHA piBeHb Oe3neKku
HaceJIeHHs, 0COOJIMBO B YMOBaxX 4acCTUX i HenepeabadyyBaHUX 3arpo3. BctaHoBIeHO, mo AK I3pains, Tak i CiHranyp
YCHIIIHO 3aKpinu/u Iii pillleHHA y CBOEMY 3aKOHOJABCTBi, MiAKpIiNMBIIM X YiTKO BU3HAYEHUMH TEXHIUHHUMU
cragpapramu. Jloc/IigKeHH 00IPYHTYBa/IO JONiIBHICTh IIOCTYIIOBOTO BIIPOBA)KEeHHS iHTETPOBAHUX 1 MOAYIBHUX
3aXMCHUX CIIOPYJ B YKpaiHi— K y IPOIIeCi MicasIBOEHHO1 BiOyI0BY, TaK i B HOBUX Oy/1iBEJIbHUX TPO€EKTaX. [I[pakTudIHe
3HAUYeHHA POOOTH MoJIArae y po3poOJieHHI peKoMeHJamii IMomo agamnTanii yKpaiHChKOro 3aKOHOMABCTBA Ta
MiJBUIIEHH JOCTYITHOCTI, e()eKTUBHOCTI ¥ CTIHKOCTI iHPaCTPyKTypH HUBIIBHOTO 3aXUCTY

KnioyoBi cnosa: 3axuIieHni IpocTip; CHOPYyAY NOABIHHOI0 IpU3HavYeHHS; MiChbKa CTIHKiCTh; iA3eMHi mpocTopy;
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Abstract. The article was devoted to the analysis of modern innovative approaches to the restoration of the logistics
infrastructure of Ukraine in the context of post-war recovery and global changes in the world economy. The object of
research was the processes of restoring the transport and logistics infrastructure of Ukraine, taking into account modern
technological and organisational solutions. The purpose of the study was to identify key strategies and technologies
for the reconstruction of the country’s logistics system, taking into account digitalisation, environmental sustainability
and integration into the European transport network. The research methods included mathematical modelling of
traffic flows, analysis of current logistics trends, the use of multi-agent systems for route optimisation, and an empirical
study of international experience. The article discussed the main challenges associated with the restoration of logistics
infrastructure and identified ways to overcome them. In particular, it was proposed to use urban microhubs to optimise
the delivery of goods in cities, to introduce digital technologies (Internet of Things, artificial intelligence, blockchain)
to improve the efficiency of logistics processes, and to develop multimodal transportation. Based on modelling using
Simulation of Urban Mobility, the effectiveness of the proposed approaches to reduce traffic load, cut costs, and reduce
CO. emissions was demonstrated. The results of the article can be used by public authorities, transport companies
and logistics operators to develop a strategy for the restoration and modernisation of Ukraine’s logistics infrastructure.
Forecast assumptions about the development of the research object were related to the further introduction of intelligent
transport systems and digital technologies in the field of logistics, the creation of innovative logistics clusters, and the
integration of Ukraine into European transport corridors

Keywords: digitalisation; multimodal transportation; urban microhubs; route optimisation; transport technologies

Introduction

Restoration of Ukraine’s logistics infrastructure is one of
the key conditions for economic growth and stability of
the country in the post-war period. The large-scale de-
struction of transport arteries, warehouses, ports and
logistics centres requires not only their reconstruction,
but also the introduction of new, innovative approaches

that will ensure increased sustainability and efficiency of
the logistics system. In the current environment of logis-
tics processes, global trends are focusing on digitalisation,
automation, use of environmentally friendly technologies
and development of multimodal transportation. Ukraine
has a unique opportunity to create a more efficient, safe
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and sustainable logistics infrastructure that meets Euro-
pean and global standards using the latest technologies
and innovations. Thus, the problem of restoring Ukraine’s
logistics infrastructure is complex, multidimensional, and
requires the introduction of innovative approaches based
on scientific research, advanced technologies, and strate-
gic planning. Its solution will contribute not only to the
rapid economic recovery of the country, but also to the
creation of a competitive transport network capable of
ensuring sustainable development in the future. The res-
toration of Ukraine’s logistics infrastructure requires inte-
grated planning and modern policy approaches, as noted
by PN. Alves Junior et al. (2021). The study by S. Aebi et
al. (2024) argued that experience from post-conflict set-
tings indicates that infrastructure reconstruction should
be accompanied by the integration of smart technologies.
This is essential for achieving long-term sustainability
and economic resilience. Restoration of logistics infra-
structure in crisis situations and post-war reconstruction
is one of the key areas of modern scientific research. Over
the past three years, the world’s scientific literature has
shown considerable interest in the problems of logistics
digitalisation, integration of sustainable transport sys-
tems and application of innovative solutions to improve
the efficiency of transport infrastructure. According to
J. Zaman et al. (2025), the use of Internet of Things (IoT)
and artificial intelligence (AI) technologies helps optimise
logistics processes in crisis-affected regions. Such tech-
nologies can significantly improve the monitoring of traf-
fic flows and reduce risks in supply management.

Y. Sultana & S.M. Rawoof (2025) studied the role of
blockchain in ensuring the transparency and efficiency of
supply chains in the post-war period. Authors concluded
that the integration of blockchain into the transport re-
source management system reduces costs and minimises
corruption risks. Sustainable development of transport
infrastructure is also a priority of modern research. For
example, A. Jugovi¢ et al. (2025) examined the introduc-
tion of “green corridors” and the use of low-carbon tech-
nologies in the logistics systems of countries recovering
from conflicts. They emphasised that the use of electric
vehicles and hydrogen technologies can significantly
reduce CO, emissions and improve the environmental
performance of the transportation network. One of the
key approaches to the reconstruction of logistics systems
is the development of multimodal transportation. The
study by D.A. Kurniawan (2024) showed that the integra-
tion of rail and road transport can increase the efficiency
of transportation in regions that need rapid recovery. In
addition, the S.E. Antos et al. (2021) report emphasised
the need to introduce modern logistics hubs in urban
centres, which will reduce transportation costs and in-
crease the speed of delivery of goods. Thus, the analysis
of recent research demonstrated that the reconstruc-
tion of Ukraine’s logistics infrastructure should be based
on the application of advanced digital technologies, the
development of multimodal transportation, and envi-
ronmentally sustainable solutions. The rebuilding of
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Ukraine’s logistics infrastructure in the post-war period
is a complex and multidimensional process that requires
a systematic approach and the implementation of in-
novative solutions. Given the large-scale destruction of
transport networks, the key tasks are to ensure the effec-
tive functioning of the logistics system, its adaptation to
new geopolitical conditions and integration into global
transport corridors. The purpose of this article was to an-
alyse modern innovative approaches to the restoration of
Ukraine’s logistics infrastructure in the context of post-
war recovery and global changes in the world economy.
In particular, the study was aimed at solving the following
tasks: (1) assessment of the possibilities of digitalisation
of logistics processes — consideration of the prospects for
the use of Al, blockchain, the IoT and Big Data to opti-
mise traffic management; (2) development of approaches
to increasing the sustainability of the logistics system —
analysis of environmental and energy-efficient solutions
in the transport infrastructure; (3) substantiation of the
role of multimodal transportation — assessment of the ef-
fectiveness of integration of different modes of transport
to increase the capacity and reliability of logistics chains.

Materials and Methods
This study was based on a comprehensive combination
of analytical, mathematical, and simulation approach-
es to investigate logistics processes in the context of
post-war recovery. The research design was applied and
descriptive, involving the development of a theoretical
model of infrastructure restoration followed by its valida-
tion through digital simulation. The object of the study
was the processes of restoring the transport and logistics
infrastructure of Ukraine, taking into account modern
technological and organisational solutions. The subject
of the study included key strategies and technologies for
the reconstruction of the national logistics system, with
particular emphasis on digitalisation, environmental sus-
tainability, and integration into the European transport
network. The research was conducted in several succes-
sive stages. At the first stage, an analysis of scientific lit-
erature was carried out to identify current trends in logis-
tics development, digitalisation of transport processes,
and the use of urban microhubs. The analysis was based
on international research and reports from organisations
such as the World Bank (Antos et al., 2021) and the Euro-
pean Commission (n.d.), as well as scholarly publications
indexed in Scopus and Web of Science. The theoretical
framework was informed by the studies of M. de Bok et
al. (2024), J.-P. Rodrigue (2024), and J. Liu et al. (2025). At
the second stage, mathematical modelling of transport
flows was applied to assess logistics performance and de-
termine optimal delivery routes. Route optimisation was
conducted using the Greedy algorithm, the Vehicle Rout-
ing Problem (VRP), and dynamic routing techniques,
which enabled the identification of efficient delivery con-
figurations and the reduction of transport costs under
varying constraints. At the final stage, simulation model-
ling was implemented as the core analytical tool using the



Simulation of Urban Mobility (SUMO) environment. This
approach enabled the creation of a digital representation
of an urban transport system incorporating different ve-
hicle types, including electric trucks, bicycles, and con-
ventional freight transport, as well as varying traffic con-
ditions and demand patterns.

A multi-agent system (MAS) approach was integrat-
ed into the simulation framework to model interactions
between vehicles and logistics centres. This allowed the
assessment of system adaptability under dynamic traffic
conditions and facilitated the evaluation of decentralised
decision-making processes in logistics operations. The
simulation was conducted using a synthetic urban trans-
port network representing a typical medium-sized Euro-
pean city. The network included arterial roads, second-
ary streets, and central areas with high delivery demand
density, allowing the generalisation of results to similar
urban environments. Each simulation covered a 24-hour
operational cycle, including peak and off-peak periods.
Traffic congestion was modelled through variable vehicle
density and speed constraints, while demand dynamics
were introduced via time-dependent delivery requests.
The modelling scenario incorporated key parameters
affecting logistics performance, including delivery in-
tervals to end users, the number and spatial distribu-
tion of urban microhubs, route network configurations
connecting microhubs with other parts of the city, and
technical characteristics of the transport infrastructure
and vehicle fleet. Input parameters were defined as fol-
lows: traffic intensity ranged from 800 to 1,800 vehicles
per hour on main roads and from 200 to 600 vehicles per
hour on secondary streets; daily delivery demand varied
between 1,200 and 2,500 orders; the freight structure con-
sisted of 65% small parcels, 25% medium shipments, and
10% bulk deliveries; and the average delivery distance
ranged from 3 to 8 km. Model performance was evalu-
ated using indicators of average delivery time, operating
costs, traffic congestion, and CO, emissions. The average
delivery time was calculated as the total duration from
dispatch to final delivery, including travel time, waiting
time at microhubs, and delays caused by congestion. Op-
erating costs were estimated based on vehicle operating
time, distance travelled, fuel or energy consumption, and
maintenance costs. To ensure the reliability of the results,
a total of 30 simulation runs were performed for each
scenario. Two scenarios were analysed: a baseline sce-
nario representing a traditional delivery system without
microhubs, and an experimental scenario incorporating
urban microhubs, optimised routing strategies, and mul-
ti-agent coordination. The number of microhubs varied
from 3 to 7 units, while delivery time windows ranged
from 1 to 4 hours. The model was validated by comparing
the obtained results with findings reported in previous
studies, particularly regarding delivery time reduction
and cost efficiency (de Bok et al., 2024; Ruan et al., 2025).
The consistency of the results with established ranges in
the literature confirmed the adequacy and reliability of
the modelling approach.

Tochyhin & Hulchak = 81

Results and Discussion

Restoring Ukraine’s transport infrastructure after the hos-
tilities is a critical strategic task for stabilising the coun-
try’s economic situation. Transport is a key element of
economic activity, as it ensures not only the movement
of goods and services, but also the continuity of the func-
tioning of enterprises and markets. According to Q. Li &
J.S.L. Lam (2025), transport infrastructure is a fundamen-
tal component of a country’s economic development, and
its restoration is critical to ensuring the efficiency of na-
tional supply chains. The need for rapid and high-quali-
ty infrastructure reconstruction was also emphasised by
J. Liu et al. (2025), who noted that investment in transport
network restoration can significantly accelerate economic
recovery following crises. For Ukraine, given the current
challenges, the restoration of transport networks should
be based on innovative approaches that allow not only to
quickly restore physical infrastructure, but also to ensure
its sustainability and efficiency in the long term. In the
context of global changes and the growing need for envi-
ronmentally friendly sustainable logistics, an important
task is to create a transportation system that combines
efficiency and sustainable development. Implementation
of innovative solutions is key to addressing road conges-
tion, reducing CO, emissions, and improving transporta-
tion efficiency. According to B. Gerrits et al. (2024), one of
the biggest challenges for post-war recovery is adapting
transportation systems to new conditions, which include
the need to use more environmentally friendly modes of
transport and integrate digital technologies into logistics
processes. The main requirements for modern transport
infrastructure include the introduction of digitalisation,
integration of smart transport systems, the use of elec-
tric vehicles, and improved route optimisation methods
to reduce environmental impact and improve economic
efficiency. The restoration of the logistics infrastructure
should not only restore the physical flow of goods, but also
optimise them with the help of modern information tech-
nologies (Ning & Yao, 2023).

One of the most promising solutions for achieving
efficient and environmentally sustainable urban deliv-
ery is the development of a network of urban microhubs.
These facilities represent compact logistics centres lo-
cated at strategically important points within the city,
enabling route optimisation and traffic reduction (de
Bok et al., 2024). Their implementation contributes to
a decrease in transport load, lower CO, emissions, and
improved delivery speed. In addition to physical infra-
structure, microhubs are part of a digitalisation system
that automates the management of logistics processes
and increases their efficiency using the latest technol-
ogies such as the IoT, Al, and route optimisation algo-
rithms. Such solutions can significantly improve logistics
processes and reduce operating costs for companies,
which is confirmed by numerous studies on the example
of European cities (Rodrigue, 2024). Urban microhubs
are compact, well-located logistics centres within the
city that provide convenient distribution of goods to the
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end consumer. They help optimise the last mile of deliv-
ery, reducing costs and the burden on urban transport
infrastructure. The main goal of microhubs is to reduce
the need for large vehicles to deliver goods to city cen-
tres by replacing them with smaller, more environmen-
tally friendly vehicles such as electric trucks or bicycles.
Since 2022, European countries have implemented ini-
tiatives incorporating urban microhubs to reduce traffic
congestion and improve the efficiency of urban logistics.
For example, in the Netherlands, where this approach has
been actively adopted, a 20% reduction in the number of
trucks was recorded, leading to a 10% decrease in urban
air pollution (European Commission, n.d.). One of the
main advantages of urban microhubs is the reduction of
traffic congestion, as large freight vehicles are replaced
by more compact and flexible modes of transport. This

transition can decrease the number of trucks in urban ar-
eas by approximately 20-30% (Rodrigue, 2024). Another
important advantage is the reduction of CO, emissions,
as the use of electric transport for last-mile delivery sig-
nificantly decreases environmental impact. For instance,
electric courier services can reduce emissions by up to
40% compared to conventional diesel vehicles (de Bok et
al., 2024). Another advantage is the improvement in de-
livery speed, as decentralised logistics facilities reduce
the distance required to reach final destinations. This can
increase overall operational efficiency by approximately
30-40% compared to conventional delivery systems. Ta-
ble 1 presents a comparison of the efficiency of urban mi-
crohubs and traditional delivery systems, allowing for an
assessment of the advantages of these logistics solutions
in urban environments.

Table 1. Comparison of the efficiency of urban microhubs and traditional delivery

Parameter Traditional delivery Urban microhubs
Reduced traffic 0% 20-30%
Reduced delivery time 0% 30-40%
Reducing CO, emissions 0% 40%
Increase delivery efficiency 0% 30-40%

Source: compiled by the authors based on M. de Bok et al. (2024), European Commission (n.d.)

The data presented in Table 1 indicate that the im-
plementation of urban microhubs is associated with im-
provements in delivery efficiency. Compared to conven-
tional delivery models, their use contributes to reduced
traffic congestion and lower environmental impact, pri-
marily due to the replacement of heavy freight vehicles
with more sustainable transport solutions. Overall, the
findings suggest that decentralised logistics infrastruc-
ture can enhance delivery flexibility and support more
efficient urban distribution processes, particularly in
densely populated areas. Within this study, the digital-
isation of logistics processes was considered an integral
component of the microhub-based delivery model. The
application of digital technologies facilitated coordi-
nation between logistics operators, transport systems,
and end users. In this context, digital transformation
functioned as a supporting technological framework
that enhanced the overall efficiency of microhub-based
logistics systems, rather than as an independent devel-
opment direction.

IoT and AI technologies to optimise logistics opera-
tions Digitalisation of logistics processes has become a

major trend in recent years. The introduction of IoT and
Al technologies allows automating the processes of plan-
ning, tracking goods and managing vehicles. The IoT al-
lows connecting all elements of the logistics system into
a single network, which makes it possible to effectively
track the location of goods and predict delivery requests
in real time. The use of modern technologies, such as
IoT and Al, contributes to the improvement of logistics
processes, as evidenced by the data in Table 2. IoT tech-
nologies improve logistics efficiency through the use of
smart sensors, GPS trackers, automated cargo moni-
toring systems and digital communication platforms.
These technologies enable real-time monitoring of car-
go movement, allow predictive maintenance of vehicles
and provide accurate delivery scheduling. The integra-
tion of IoT platforms ensures continuous data exchange
between logistics operators, microhubs and transport
infrastructure, significantly improving operational co-
ordination. Al uses machine learning algorithms to pre-
dict demand, plan routes, and even manage inventory.
It is estimated that the use of Al in logistics can increase
transportation efficiency by 15-25% (Ning & Yao, 2023).

Table 2. Impact of IoT and Al technologies on the efficiency of logistics processes

Technology Impact on efficiency Notes
IoT 10-15% Improved cargo tracking
Al 15-25% Demand forecasting and route optimisation
Combination IoT and Al 20-35% Integrated traffic flow management

Source: compiled by the authors based on L. Ning & D. Yao (2023), Z. Ruan et al. (2025)

The results showed that the integration of IoT tech-
nologies improves cargo tracking accuracy and provides

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

1

real-time monitoring of transportation processes. [oT de-
vices such as GPS sensors, smart trackers and automated



monitoring systems allow logistics operators to collect
operational data about vehicle movement, cargo condi-
tions and traffic flows. Al complements these technolo-
gies by analysing collected data and predicting demand,
which significantly improves route planning and resource
allocation efficiency. To maximise the efficiency of logis-
tics processes, it is important to use algorithms for route
optimisation, such as Greedy Algorithm, VRP, Dynamic
Routing, and MAS. The Greedy algorithm is a heuristic
approach that constructs a solution by iteratively select-
ing the locally optimal option at each stage. This enables
the rapid identification of feasible delivery routes, par-
ticularly in relatively simple or constrained scenarios.
VRP is a more complex task that takes into account re-
strictions on the number of vehicles and their routes, tak-
ing into account time and distance. Dynamic routing was
applied to enable real-time adaptation of delivery routes
in response to changing road and traffic conditions. In
addition, MAS were employed to model and optimise
logistics processes, wherein individual agents interacted
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to achieve coordinated system-level performance and
global optimisation.

The effectiveness of urban microhub implementation
was evaluated through simulation modelling using the
SUMO environment, which enabled the creation of dig-
ital representations of urban transport systems and the
detailed simulation of vehicle movements under varying
traffic conditions, cargo distribution patterns, and fleet
characteristics. The results demonstrated that, compared
to the baseline delivery model, the introduction of urban
microhubs led to a reduction in average delivery time by
approximately 25-30% and a decrease in operating costs
by 15-20%, including savings in fuel consumption and
vehicle maintenance. These findings indicate that the mi-
crohub-based approach enhances the efficiency of urban
logistics systems while reducing pressure on transport
infrastructure and mitigating environmental impacts. To
further examine alternative delivery configurations, ad-
ditional simulations were conducted, the results of which
are presented in Table 3.

Table 3. Comparison of modelling results of traditional delivery and delivery through microhubs

Parameter Traditional delivery Urban microhubs
Average delivery time (hours) 2.5 1.8
Operating expenses (percentage) 100 80
Number of freight vehicles 100 70
Reducing emissions CO, (%) 0 25

Source: compiled by the authors based on J.-P. Rodrigue (2024)

The results presented in Table 3 are based on 30
simulation runs for each scenario and represent aver-
age values. To assess the stability of the obtained results,
minimum and maximum values were also recorded.
The modelling results confirmed the effectiveness of
microhub-based logistics compared to traditional deliv-
ery systems. The reduction in delivery time and vehicle
numbers indicates improved traffic flow distribution and
more efficient use of transportation resources. The data
also demonstrate the environmental benefits of logistics
optimisation, particularly through reduced carbon emis-
sions and improved operational performance. For the
traditional delivery scenario, the average delivery time
ranged from 2.3 to 2.8 hours, with a standard deviation
of +0.2 hours. In the microhub-based scenario, delivery
time varied between 1.6 and 2.0 hours, with a standard
deviation of +0.15 hours. Operating costs in the baseline
model ranged from 95% to 105% (normalised baseline),
while in the experimental model they varied between
75% and 85%, indicating consistent cost reduction. The
number of freight vehicles fluctuated within +5% of the
reported values, confirming the stability of the simulation
outcomes. The baseline scenario represents a traditional
centralised delivery model, where goods are transported
directly from distribution centres to final customers using
conventional diesel vehicles without route optimisation.
The experimental scenario includes:

« integration of 3-7 urban microhubs;

« use of electric vehicles and bicycles for last-mile de-
livery;

« implementation of dynamic routing algorithms and
multi-agent coordination.

The average delivery time includes total time from
dispatch to final delivery, including travel time, waiting
time at microhubs, and delays caused by traffic conges-
tion. Operating costs were calculated based on total ve-
hicle operating time, distance travelled, fuel or energy
consumption, and estimated maintenance costs. The
analysis of European initiatives in Germany, France, and
the Netherlands demonstrated that the adoption of urban
microhubs has been associated with improved delivery
efficiency and reduced traffic congestion. Across these
countries, multiple projects have been implemented to
enhance urban logistics performance through the inte-
gration of decentralised distribution solutions. In major
German cities such as Berlin and Munich, a network of
microhubs has been implemented, which significantly re-
duces the number of trucks on the roads. According to the
results of the projects, it is possible to reduce traffic by 20-
25% and reduce delivery time by 15-20% (European Com-
mission, n.d.). Paris (France) is also actively integrating
microhubs into its urban logistics. The introduction of the
microhub system as part of the Paris Logistic Hub project
has increased the speed of delivery of goods by 30%, while
reducing CO, emissions by 20% compared to traditional
delivery methods (Crainic & Montreuil, 2015). Amsterdam
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(Netherlands) is an example of successful integration of
microhubs into the urban logistics system. Here, the in-
troduction of microhubs has reduced traffic congestion

by 15% and reduced emissions of harmful gases by 18%
(Rodrigue, 2024). The experience of European cities in im-
plementing urban microhubs is presented in Table 4.

Table 4. Results of microhubs implementation in European cities

Country Reduced traffic (%) Increase the speed of delivery (%) Reducing emissions CO- (%)
Germany 20-25 15-20 10-15
France 15-20 30 20
Netherlands 15 25 18

Source: compiled by the authors based on T.G. Crainic & B. Montreuil (2015), European Commission (n.d.)

Table 4 confirmed that the implementation of mi-
crohubs has a positive impact on urban logistics per-
formance. European cities demonstrated consistent
improvements in delivery speed and environmental
indicators. These results highlighted the relevance of
coordinated infrastructure planning and integration of
sustainable transportation technologies. Studies of Euro-
pean initiatives show that the introduction of urban mi-
crohubs helps to reduce traffic and increase delivery effi-
ciency. Given the experience of other countries, Ukraine
has the opportunity to effectively use this concept to im-
prove its logistics infrastructure.

Technological solutions to improve efficiency. In-
telligent transportation systems (ITS) are an important
component for improving the efficiency of logistics and
traffic management in modern cities. They use advanced
technologies to monitor and control traffic flows, as well
as to predict and manage infrastructure loads. Such sys-
tems can achieve significant improvements in the follow-
ing areas:

1. Traffic monitoring. IoT-based systems allow for con-
tinuous real-time monitoring of road conditions and conges-
tion, which makes it possible to adjust cargo delivery routes.

2. Traffic flow management. The use of sensors and
cameras for vehicle tracking enables effective queue man-
agement on congested road sections and the redirection
of traffic to less congested routes.

3. Data analysis. Intelligent transportation systems
can process large amounts of data to predict congestion
and adjust routes in real time. This makes it possible to
reduce travel time and increase vehicle efficiency.

Studies by J.-P. Rodrigue (2024) and O.-O. Aderibigbe
& T. Gumbo (2024) indicated that the application of ITS
can reduce delays by approximately 15-20% and improve
transportation efficiency by around 25%. Furthermore,
the integration of ITS with modern infrastructure solu-
tions was associated with a reduction in the load on urban
transport systems, contributing to more sustainable ur-
ban mobility. The impact of ITS on logistics performance
is illustrated in Table 5.

Table 5. The impact of intelligent transportation systems on delivery efficiency

Parameter Before ITS implementation After the implementation of ITS
Delivery time (hours) 2.5 1.8
Operating expenses (%) 100 80
Average traffic delay time (min) 15 5
Number of vehicles 100 70

Source: compiled by the authors based on J.-P. Rodrigue (2024), O.-O. Aderibigbe & T. Gumbo (2024)

The data illustrated that intelligent transport sys-
tems significantly improve traffic flow coordination and
reduce delays. The integration of ITS enables predictive
traffic management and dynamic route adjustments,
which leads to improved delivery reliability and reduced
operational costs. These results confirm the strategic
importance of ITS implementation in modern logistics
systems. MAS are one of the most promising approaches
to optimising cargo delivery, as they allow for the auto-
matic management of complex processes involving inter-
action between numerous agents (in this case, vehicles,
couriers, and other logistics elements). MAS were char-
acterised by several key features, including distributed
control, interactive route optimisation, and adaptability.
Within such systems, individual agents (e.g., vehicles) op-
erated autonomously, making decisions based on current
conditions, which contributed to reduced delays and im-
proved delivery efficiency. In addition, agents interacted
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with one another to optimise delivery routes in real time,
enabling dynamic adjustments in response to changing
traffic conditions. A further advantage of this approach
was its adaptability, allowing the system to respond effec-
tively to variations in traffic, weather, and unforeseen dis-
ruptions. Examples of multi-agent logistics applications
included automated fleet coordination platforms used in
smart city projects and distributed warehouse manage-
ment systems. In such systems, each vehicle operates as
an independent agent capable of dynamically adjusting
delivery routes based on traffic data. Similar approaches
are implemented in automated parcel delivery services
and robotic warehouse logistics systems, where agents
coordinate delivery tasks without centralised control.
J.-P. Rodrigue (2024) noted that the introduction of MAS
can reduce delivery time by 20-30% and increase vehicle
utilisation by 25-40%. In addition, when combined with
other technologies such as Al and IoT, multi-agents allow



for flexible management of routed cargo flows in urban
environments. As can be seen from Table 6, MAS can
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significantly improve logistics processes by optimising
routes and traffic flow management.

Table 6. The impact of MAS on logistics efficiency

Parameter Without MAS From MAS
Delivery time (hours) 3.0 2.0
Reduced fuel costs (%) 0 15
Route optimisation (%) 0 25
Number of delays in delivery (%) 30 10

Source: compiled by the authors based on T.G. Crainic & B. Montreuil (2015), J.-P. Rodrigue (2024)

MAS are actively used in smart city projects and au-
tomated warehouse management platforms. For example,
distributed fleet management systems allow vehicles to
independently adjust delivery routes based on real-time
traffic data. Similar approaches are used in automated
parcel delivery networks and robotic warehouse logistics.
The presented results confirm that multi-agent coordi-
nation improves delivery stability and reduces delays by
enabling adaptive decision-making processes. Thus, intel-
ligent transport system technologies and MAS are power-
ful tools for improving the efficiency of urban logistics, re-
ducing delays, optimising delivery routes, and improving
the overall productivity of transport operations.

The obtained results were consistent with recent in-
ternational studies on sustainable logistics development.
Y. Sun et al. (2021) emphasised the role of digital technolo-
gies in enhancing the resilience of logistics systems, which
was supported by the modelling results presented in this
study. Similarly, A. Shafiee et al. (2026) demonstrated that
urban microhubs significantly improved last-mile deliv-
ery efficiency, which aligned with the simulation findings
indicating reduced delivery times and lower operational
costs. In comparison, M. Browne et al. (2012) highlight-
ed the importance of intelligent transport systems in op-
timising traffic flow, whereas the present study further
demonstrated their relevance in the context of post-war
infrastructure recovery. Furthermore, the integration
of multi-agent logistics management, as described by
B. Kin et al. (2024), supported the findings regarding en-
hanced delivery adaptability and a reduction in delays.
Therefore, the combined use of microhubs, digital tech-
nologies and ITS represents a comprehensive approach to
rebuilding logistics infrastructure in Ukraine. One of the
key areas of development is the wider adoption of digital
technologies in urban logistics. This involves the imple-
mentation of advanced solutions for the automation and
monitoring of transport processes, as well as the refine-
ment of algorithms to optimise delivery operations and
traffic management. To manage demand and traffic flows
even more efficiently, it is necessary to develop Al systems
that can predict changes in demand, determine optimal
delivery routes in real time, and adapt logistics strategies
to changing road conditions. A fundamental component
of development is the creation of infrastructure for mi-
crohubs, including their integration with other parts of
the urban transportation system. This will facilitate fast-
er adaptation to changes in the urban environment and

improve cooperation between different modes of trans-
portation. Prospects for Ukraine’s integration into the Eu-
ropean transport network. Ukraine’s integration into the
European transport network opens up new opportunities
for the development of international transportation and
improved cooperation with other European countries. The
creation of efficient and environmentally friendly urban
logistics, including micro hubs and digital solutions, will
help attract investment in the development of Ukraine’s
transport infrastructure. Thanks to modern technologies,
such as Al and digital platforms, Ukraine will be able to
establish closer cooperation with European countries,
increase the efficiency of its logistics processes, and in-
tegrate into the European transport network. The results
obtained in this study, particularly the 25-30% reduction
in delivery time, were consistent with the findings of
K. Katsela et al. (2022) regarding the impact of microhubs
on urban logistics efficiency. Furthermore, the simula-
tion model confirmed the global trend towards the digital
transformation of city logistics, which has been shown to
provide new opportunities for addressing transport chal-
lenges (Taniguchi et al., 2016; Ballare & Lin, 2020). Overall,
the implementation of innovative solutions, such as ur-
ban microhubs and the digitalisation of logistics, will al-
low Ukraine not only to rebuild its infrastructure but also
to become part of the modern European transport system,
contributing to sustainable economic and environmental
development.

Conclusions
The study confirmed that innovative logistics solutions
play a key role in rebuilding the transport infrastructure
of Ukraine under conditions of post-war recovery and
increasing integration into global supply chains. The
findings demonstrated that the implementation of ur-
ban microhubs contributes to a significant reduction
in traffic congestion by decreasing the number of heavy
freight vehicles operating in densely populated areas. At
the same time, the decentralisation of logistics process-
es enabled shorter delivery distances and improved time
efficiency, resulting in a measurable reduction in average
delivery time and operating costs. The results obtained
through simulation modelling using the SUMO envi-
ronment showed that the combined application of mi-
crohub-based logistics, route optimisation algorithms,
and multi-agent coordination ensures more efficient
use of transport resources and enhances the flexibility of
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logistics systems under dynamic traffic conditions. The
integration of digital technologies, including IoT and Al,
further strengthens these effects by enabling real-time
data exchange, demand forecasting, and adaptive route
planning, which improves decision-making and opera-
tional coordination. In addition, the study confirmed the
environmental benefits of innovative logistics approach-
es, particularly through reduced CO, emissions and more
sustainable use of urban transport infrastructure. The

in order to ensure the resilience and long-term sustaina-
bility of Ukraine’s logistics system. Future research should
focus on the practical implementation of these models
in real urban environments, including the optimisation
of microhub placement, the integration of multimod-
al transport systems, and the development of advanced
Al-driven decision-support tools.
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AHoTauif. CTaTTI0O MPUCBSYEHO aHAJi3y CyYacHUX iHHOBAIIMHWX MiIXOAiB MO BiIHOBJIEHHS JOTiCTUYHOI
iHppacTpyKTypu YKpaiHU B yMOBax IicAsIBOEHHO]I BifOy0BM Ta I00AJIBHUX 3MiH CBiTOBOI eKOHOMIKHU. O0’'€KTOM
JOCTimKeHHA OyIu MPoIecy BiTHOBJIEHHS TPAHCIOPTHO-JOTiCTUYHOI iH(PaCcTPYKTypHu YKpaiHU 3 YpaxyBaHHAM
Cy4YaCHHUX TEXHOJIOTiYHMUX Ta Opra”isaniiHux pimeHb. MeTO0 JOCJIIKEeHHsS OyJI0 BU3HAYEHHS KJIIOUOBUX
cTpareriii i TeXHOJIOTiH PeKOHCTPYKLIT JOTiCTUYHOI CHCTeMH KpaiHM! 3 ypaxyBaHHAM Iudposisarii, ekosoriyHol
CTaJIOCTi Ta iHTerparii 10 €eBpoNechbKOi TPAHCIIOPTHOI Mepeski. MeTOnM MOC/IiI;KeHHsI BRJIIOYAJIN MaTeMaTuyHe
MOfeIIOBaHHSA TPAHCIOPTHUX IIOTOKIB, aHa/i3 Cy4acCHUX TeHJeHIill PpPO3BUTKY JOTiCTUKU, BUKOPUCTAHHSA
MYJBTUAareHTHUX CUCTEM I ONTUMi3allii MapuIpyTiB, a TAKOK eMIipyuyHe JOCJiKeHHs MisKHapOIHOI'0 10CBiAy.
VY cTaTTi pO3TIAHYTO OCHOBHI BUKJIUKY, IIOB’sA3aHi 3 BiTHOBJIEHHAM JIOTicCTHYHOI iHppacTpyKTypH, Ta BU3HAYEHO
LIIJISAXY 1X TOJ0JIaHHSA. 30KpeMa, 3alipOIIOHOBAHO BUKOPHUCTAHHS MiCBKHUX MiKpoxabiB MJist onTuMisaril JoCTaBKA
TOBapiB y MicTax, BIpOBaJKeHHA IU(POBUX TEXHOJIOTill (iHTepHeT pedell, IITYyYHUH iHTeseKT, OJIOKYeNH)
JJIs OifgBUIEHHS edeKTUBHOCTI JIOTICTUMYHUX INIPOIIECiB, a TaKOKX PO3BUTOK MYJIBTHUMOJAJBHUX IepeBe3eHb.
Ha ocHoBi MonentoBaHHA i3 BukopucTaHHAM Simulation of Urban Mobility mponemMoHCTpoBaHO e(eKTUBHICTH
3aIPONOHOBAHHUX MiIXOAIB 00 3MEHIIEHHsI TPAHCIIOPTHOI'O HABAHTAKEHHA, CKODOYEHHS BUTPAT Ta 3HU)KEHHSA
BUKUJIB CO,. Pe3yabraTu JOCHiIKeHH MOKYTh OyTH BUKOPHUCTAHI OpraHaMHU iep KaBHOI BJIagu, TPAaHCIOPTHUMU
KOMIIaHiAMU Ta JIOTICTUYHUMHU oOIlepaTopaMu AJsA pPo3poOJIeHHs CTpareriii BifHOBJIEHHA Ta MojepHisamii
JioricTu4YHOI iHDPacTPYKTypH YKpaiHu. [IporHo3Hi NpUIyIIeHHs 00 PO3BUTKY 06'€KTa JOCTiIKeHHA 0B 13aHi
3 MOAAJbIINM BIPOBAJKEHHAM iHTeJIeKTyaJbHUX TPAHCHOPTHUX CHCTeM i IuGpPOBUX TexHoJIOrilt y cdepi
JIOTiCTUKH, CTBOPEHHAM iHHOBAIifHUX JIOTiCTUYHUX KJIACTEPiB, a TAKOXK iHTerpalieio YKpalHu J0 eBpONeHChbKUX
TPAHCIOPTHUX KOPUAOPIB
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Abstract. The study aimed to investigate the role of corrosion damage to corrugated metal pipes in determining
the durability, technical condition and operational reliability of transport structures. The methodology was based on
methods of systematisation, engineering and theoretical analysis, illustrative calculation, and the analysis of practical
examples. The study established that the corrosive degradation of metal corrugated pipes is predominantly of an
electrochemical nature and is determined by the aggressiveness of the soil and water environments. Localised corrosion
poses the greatest danger to such structures, as it reduces the shell’s stiffness, local stability and the structure’s remaining
service life. In underground and water-saturated conditions, corrosion is accelerated by wetting-drying cycles, which
destroy the protective coating and increase the metal’s vulnerability. Stray currents in the vicinity of electrified transport
systems constitute a separate man-made risk factor, causing localised anodic areas and accelerated metal damage.
The study demonstrated that the corrosion resistance of metal corrugated pipes should be assessed not only by the
aggressiveness of the environment, but also by a system of quantitative indicators reflecting the rate of metal loss, local
damage, changes in stiffness and the residual service life of the structure. Quantitative assessment based on Faraday’s
law has shown that even a relatively small loss of wall thickness is of engineering significance, as it affects the durability,
technical condition and operational safety of the transport structure. An engineering approach is proposed for the
assessment of the corrosion degradation of corrugated metal pipes based on a corrosion weakening coefficient, which
characterises the relative loss of thickness of the metal shell and its approach to a critical state. A simplified relationship
linking the initial thickness, critical thickness and corrosion rate is used for the engineering assessment of the remaining
service life. The practical significance lies in the possibility of applying the results by designers, operating organisations
and diagnostic specialists during the design, operation, inspection and rehabilitation of corrugated metal pipes in
transport structures

Keywords: degradation; remaining service life; durability; operation; structures

Introduction

Corrugated metal pipes are used in transport infrastruc-
ture as culverts, drainage structures and transition struc-
tures; consequently, their technical condition affects the
reliability and safety of transport infrastructure. At the
same time, such structures are operated in conditions of
aggressive soil and water environments, cyclic wetting
and drying, and in some cases are also subject to stray
currents. The combined effect of these factors requires

separate consideration, as this effect determines the in-
tensity of corrosion degradation and must be addressed
in the analysis of the durability, technical condition and
methods of protection for such structures. This topic has
already been extensively explored in academic discourse.
The paper by E.M. Farahani et al. (2024) summarises the
21st-century definition of corrosion in steel pipelines
under cathodic protection when exposed to alternating
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current. The authors emphasised that the influence of
alternating current can cause significant corrosion dam-
age to buried metal structures even in the presence of ca-
thodic protection. This indicates the need to account for
the influence of alternating stray currents when assessing
corrosion risk and the effectiveness of cathodic protection
systems. C. Wang ef al. (2024a) proposed a model for as-
sessing the area of influence of stray currents in the vicini-
ty of a metro depot, which is based on current distribution
and surface potential gradient and has been verified by
modelling and experimentation. The results obtained can
improve accuracy of localisation of areas of increased cor-
rosion risk near electrified transport systems. The study
by Y. Li et al. (2023) established that in stratified soil, the
current corrosion of buried metal is less intense than in a
homogeneous medium, decreases with an increase in the
soil’s specific resistance, and intensifies with a decrease in
the distance to the rail. This contributes to the research on
the role of the soil environment in the development of cor-
rosion ofburied metal under the influence of stray currents.

According to S. Rossi et al. (2022), elevated concentra-
tions of chlorides and sulphates accelerate the degradation
of the zinc coating on hot-dip galvanised steel, and their
combined action has a pronounced synergistic effect. The
authors’ findings clarified the role of soil chemical com-
position in reducing the corrosion resistance of galvanised
steel. In turn, the study by G.A. Gaber et al. (2023) demon-
strates that in an aqueous environment, galvanised steel
may be subject to pitting, galvanic and uniform corrosion,
and the nature of the damage is determined by the con-
centration of active components, in particular sodium hy-
pochlorite. This clarifies the influence of the composition
of the aqueous environment on the corrosion behaviour
of galvanised steel under conditions of wetting and water
saturation. J.E. Torres et al. (2024) found that in simulated
seawater, the corrosion behaviour of galvanised steel de-
pends on the ambient temperature and the thickness of
the zinc coating: as the thickness of the protective layer in-
creases, the corrosion rate decreases, whilst at lower tem-
peratures the kinetics of the process increase slightly. This
approach quantifies the influence of temperature and the
condition of the zinc coating on the corrosion resistance
of galvanised steel. A study by E. Nakhostin et al. (2022)
found that the combination of metal corrosion and ero-
sion cavities in the soil alters the mechanical behaviour
of buried corrugated steel pipes, and that the location
of cavities at or above the spring line increases the risk
of reaching critical conditions. This defines corrosion of
corrugated metal pipes not merely as a materials science
issue, but as a factor in the structural degradation of the
“soil-structure” system, affecting the stiffness, load-bear-
ing capacity and durability of the structure.

In Ukrainian academic discourse, Y.Y. Luchko &
V.V. Kovalchuk (2021) summarised the challenges of en-
suring the reliability and durability of transport structures
made of corrugated metal and emphasised the need to
assess their actual technical condition under operation-
al conditions. This forms the engineering context for
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considering corrugated metal pipes as elements of trans-
port infrastructure, the technical condition of which re-
quires systematic monitoring. M.V. Harkusha (2023) noted
that corrosion damage to road culverts is one of the causes
of their loss of serviceability and the transition of struc-
tures to a defective or emergency condition, and attention
is drawn to the importance of modern 21st-century repair
technologies. The authors’ findings highlight the prac-
tical need for timely diagnosis of corrosion degradation,
assessment of the actual technical condition of the pipes,
and the informed selection of methods for the repair and
restoration of such structures.

At the same time, existing studies lack a comprehen-
sive analysis in which aggressive environments and stray
currents are considered jointly as factors in the corrosion
degradation of corrugated metal pipes, affecting their
technical condition, service life, operational reliability,
remaining service life, and the selection of engineering
measures for protection and rehabilitation. Therefore, the
study aimed to summarise the factors and mechanisms
of corrosion degradation of metal corrugated pipes to
determine their impact on the durability and reliability
of transport structures. To achieve this aim, the following
tasks were set: to characterise the factors and mechanisms
of corrosion degradation of metal corrugated pipes in ag-
gressive environments and under the influence of stray
currents; to systematise approaches to assessing corro-
sion resistance, its quantitative indicators and engineer-
ing significance for transport structures; to summarise the
practical manifestations of corrosion degradation and en-
gineering solutions for reinforcement and rehabilitation
to determine approaches to ensuring the durability of cor-
rugated metal pipes at the design, construction, operation
and repair stages.

The scientific novelty of the study is determined by
the proposal of an engineering approach to assessing the
corrosion degradation of corrugated metal pipes, based
on the introduction of a corrosion weakening coefficient
and its relationship to changes in the shell stiffness and
the residual service life of the structure. An approach to
assessing corrosion resistance has been developed by
combining the electrochemical parameters of the corro-
sion process with engineering indicators of technical con-
dition - thickness loss, critical thickness and estimated re-
maining service life. Further development has been made
in the engineering interpretation of the impact of metal
loss on the structural behaviour of the “soil-structure”
system, which provides a basis for the quantitative assess-
ment of the technical condition and the justification of de-
cisions regarding the rehabilitation of the structure.

Materials and Methods
The study was theoretical in nature and was based on a
combination of methods, including systematisation, engi-
neering and theoretical analysis, illustrative calculations,
and the analysis of practical examples, with a view to com-
prehensively examining the factors contributing to the
corrosion degradation of corrugated metal pipes and their
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consequences for transport infrastructure. The study’s
source base includes 32 scientific and scientific-practical
sources published between 2015 and 2025, with the major-
ity comprising works from 2021 to 2025. The period 2015-
2025 was chosen to cover both contemporary 21st-century
scientific approaches to assessing the corrosion degra-
dation of corrugated metal pipes and earlier studies con-
taining representative practical examples of their damage,
reinforcement and rehabilitation. Sources were selected
based on criteria of thematic relevance to the problem
of corrosion degradation of metal corrugated pipes and
buried metal structures, the availability of data on the ef-
fects of aggressive environments, stray currents, corrosion
resistance indicators, technical condition, durability and
remaining service life, as well as the engineering suitabil-
ity of the results for assessing the load-bearing capacity,
serviceability, reinforcement, rehabilitation and life-cycle
management of transport structures. The analysis also
includes studies on the corrosion of buried metal pipe-
lines, as these elucidate the mechanisms of stray current
action, the patterns of electrochemical degradation, and
approaches to its quantitative assessment, all of which are
methodologically relevant to corrugated metal pipes. Prac-
tical examples were included based on the representative-
ness of key scenarios for changes in the technical condi-
tion of corrugated metal pipes in transport infrastructure:
corrosion damage and loss of serviceability, structural
reinforcement, trenchless rehabilitation, and extension
of the structure’s safe service life. This interpreted the re-
sults of the applied methods in the context of assessing
the technical condition, durability and remaining service
life of corrugated metal pipes in transport infrastructure.

Using a systematic approach, the factors contributing
to the corrosion degradation of corrugated metal pipes in
aggressive environments — acidic and alkaline environ-
ments (Mundra & Provis, 2021), chlorides, sulphates, hu-
midity and water saturation (Ezzeldin et al., 2024a), and
wetting-drying cycles (Ezzeldin et al., 2024b). The selec-
tion of these specific factors is due to the fact that they are
the most representative of the operating conditions for
metal corrugated pipes in a soil-water environment and
determine the intensity of electrochemical processes, the
stability of the protective coating, and the development of
general and localised corrosion. The generalisation was
conducted according to the following criteria: the nature
of the corrosive effect, the consequences for the metal cor-
rugated pipe, and the significance for the transport struc-
ture. This approach has made it possible to systematise
the main factors of the aggressive environment and form
a basis for further assessment of their impact on the tech-
nical condition, durability, stiffness, remaining service life
and operational reliability of the structure.

Using engineering analysis, this study examines the
specific effects of stray currents on the corrosion degra-
dation of corrugated metal pipes and identifies indicators
for assessing this degradation in transport infrastructure:
the rate of general corrosion (Chen et al., 2025), mm/year,
wall thickness loss, mm, depth and location of localised
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corrosion damage (Zou et al., 2024), condition of the pro-
tective coating and the metal’s ability to passivate, stray
density/presence of anodic zones (Liang et al., 2024), re-
duction in stiffness and load-bearing capacity of the shell,
remaining service life and feasibility of rehabilitation.
These indicators were selected as the most representative,
as they correlate the intensity of the effect with the locali-
sation of corrosion damage, the degree of structural weak-
ening of the shell, and the consequences for the reliability
and serviceability of the transport structure. The analysis
was summarised according to the nature of the impact
and its engineering significance for the transport struc-
ture. An analysis was also conducted to compare changes
in the structural performance of the shell with the service-
ability of the transport structure. This was done to consid-
er stray currents as a separate engineering risk factor and
to establish a basis for assessing the corrosion resistance,
technical condition and serviceability of metal pipes.

Theoretical analysis has been used to derive analyti-
cal relationships describing the corrosion degradation of
corrugated metal pipes. The formulas presented are used
to illustrate, from an engineering perspective, the effect of
metal loss on changes in the stiffness, load-bearing capac-
ity and remaining service life of the structure. Faraday’s
law and its derivatives (ASTM International, 2023) have
been chosen as the theoretical basis for this analysis, ac-
cording to which the mass of metal dissolved as a result of
an electrochemical process is proportional to the electric
charge passing through the system (1):

IxtxM
= nxF ’ (D

where m — lost material mass; I — magnitude of the anodic
or corrosion current; t — current duration; M — molar mass
of the metal; n —number of electrons in the anode process;
F — Faraday’s constant (96,485 C/mol).

For engineering assessment, it is not the mass loss of
metal that is most indicative, but the corresponding re-
duction in wall thickness. The transition to this parameter
is described by equation (2):

m

Ah = p><_A’ (2)

where Ah - loss of thickness; p — metal density; A — area of
affected surface.

Incorporating the expression for mass loss, the rela-
tionship for thickness loss takes the form (3):

IxtxM
Ah = ————,
nxFxpxA

3)
where Ah -loss of metal thickness; I - magnitude of anodic
or corrosion current; t — duration of the current; M — mo-
lar mass of the metal; n — number of electrons involved in
anode process; F — Faraday’s constant (96,485 C/mol); p —
metal density; A — area of the affected surface.

Using current density , the rate of thickness loss can
be expressed as in (4):

ixM

nxFxp’
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where v,, — rate of metal thickness loss; i — current densi-
ty; M — molar mass of the metal; n — number of electrons



involved in anode process; F — Faraday’s constant
(96,485 C/mol); p — metal density.

These relationships make it possible to establish a di-
rect correlation between the electrochemical parameters
of the process and the rate of degradation of the metal
coating. The equation for determining the corrosion rate
from the corrosion current density, as used in electro-
chemical laboratory studies, is given by (5):

KX icorr X M

CR =—22—, @)

nxp

where K — unit conversion factor; i, — corrosion current
density; M — molar mass of the metal; n — number of elec-
trons in anode process; p — metal density.

This established a theoretical basis for further inter-
pretation of the effect of corrosion on the shell stiffness,
local stability and remaining service life of corrugated
metal pipes. Furthermore, using an illustrative calculation
based on Faraday’s law and the relationship for wall thick-
ness loss, the influence of the electrochemical parame-
ters of the corrosion process on the rate of metal loss in
corrugated metal pipes was quantitatively demonstrated.
Conventional values for current intensity, affected surface
area and duration of current exposure have been selected
as representative examples to illustrate the transition from
theoretical relationships to an engineering interpretation
of wall thickness loss, changes in shell stiffness and reduc-
tion in the remaining service life of the structure (Nation-
al Corrugated Steel Pipe Association, 2018). To transition
from a qualitative assessment of corrosion degradation to
an engineering-quantitative one, it is advisable to intro-
duce the corrosion weakening coefficient , which charac-
terises the relative loss of metal shell thickness (6):

Ko =¢ =", (®)
where t, — initial wall thickness; t — remaining thickness;
At — thickness loss due to corrosion.

This coefficient can be used to interpret corrosion
degradation not merely as a material loss, but as a factor
reducing the stiffness, local stability and load-bearing ca-
pacity of the corrugated pipe. It is appropriate to consid-
er the attainment of a critical thickness t,, at which the
condition of local stability or the load-bearing capacity of
the shell is violated, as a criterion for the risk of corrosion
damage. In equivalent form, this corresponds to condi-
tion (7):

t<teorKo = Koo =1-5, @
0

where t, — critical wall thickness at which the struc-
ture reaches the limit state in terms of local stability or
load-bearing capacity; K, — corrosion reduction factor,
which characterises the relative loss of thickness; K, -
limit value of the corrosion reduction factor correspond-
ing to the attainment of the critical thickness.

Thus, the extent of corrosion degradation can be
characterised not only by the rate of metal loss, but also by
the structure’s proximity to the limit state. The first condi-
tion, t<t,, means that the residual wall thickness has be-
come less than or equal to the critical value. The second
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condition, K,>K, ., is an equivalent form of expressing the
same limit state in terms of the relative corrosion weaken-
ing of the shell. For the engineering assessment of the re-
sidual life of corrugated metal pipes, it is advisable to use
the simplified relationship (8):
t—ter

Trem = mr (8)
where T, - remaining service life of the structure, years;
V., — average corrosion rate, mm/year.

This relationship exceeds the scope of corrosion dam-
age identification to a simplified engineering assessment
of the time remaining before a dangerous technical condi-
tion is reached, and justifies decisions regarding the mon-
itoring, reinforcement or rehabilitation of the structure.
This approach has been used to demonstrate the practi-
cal significance of a quantitative assessment of corrosion
degradation in the context of evaluating the technical
condition, durability and operational reliability of trans-
port infrastructure.

Using a case-study approach, this paper analyses in-
stances of corrosion-induced degradation, rehabilitation
and reinforcement of corrugated metal pipes in transport
infrastructure. The analysis includes examples of struc-
tural failure resulting from a combination of corrosion
and soil degradation (Giresini et al., 2015), and structural
reinforcement of corrosion-damaged pipes using an in-
ternal composite liner (Taha & Murcia, 2021). Trenchless
rehabilitation using GeoSpray geopolymer lining (Liao et
al., 2022) and the restoration of the load-bearing capacity
of damaged structures under conditions of intensive op-
erational loads (Liang er al., 2024) were analysed. These
examples were selected because they represent the main
practical scenarios of changes in the technical condition
of corrugated steel pipes, ranging from loss of serviceabil-
ity to restoration of capacity and extension of service life.
The analysis was conducted based on the following crite-
ria: characteristics of the event, engineering solution and
significance for transport infrastructure. This made it pos-
sible to demonstrate the practical manifestations of corro-
sion degradation, justify approaches to the rehabilitation
and reinforcement of structures, and formulate practical
recommendations for managing the technical condition,
durability and life cycle of corrugated metal pipes as ele-
ments of transport infrastructure.

Results and Discussion

Assessment of the corrosion resistance

of corrugated metal pipes

Corrosion degradation of corrugated metal pipes is pre-
dominantly electrochemical in nature and occurs as a re-
sult of the metal contacting an electrolyte, which, under
operational conditions, is affected by groundwater, moist
soil or saline solutions. The intensity of corrosion is deter-
mined by the chemical composition of the environment,
the pH level, the oxygen content, the concentration of ag-
gressive ions and the condition of the metal surface. In an
alkaline environment, steel can become passivated; how-
ever, in the presence of chlorides, the protective layer is
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disrupted, whereas in an acidic environment, corrosion
activity increases and localised damage intensifies (Mun-
dra & Provis, 2021; Chenghui et al., 2024). For corrugated
metal pipes, localised corrosion is the most dangerous,
as these structures function as thin-walled shells within
the “soil-structure” system. This results in a reduction in
effective wall thickness, leading to a decrease in stiffness,
a loss of local stability, and a redistribution of stresses
within the shell. Even minor local metal loss can cause
the development of local deformations and a reduction
in the structure’s remaining service life (Alam et al., 2021;
Ezzeldin et al., 2024Db).

In underground and water-saturated conditions, cor-
rosion is further accelerated by cycles of wetting and dry-
ing, which degrade the protective coating and increase the
steel’s susceptibility to corrosion (Ezzeldin et al., 2024a).

The most vulnerable areas of corrugated metal pipes are
the lower part of the casing, the side sections and the
crown, where corrosion-induced weakening has the great-
est impact on the stress-strain state and geometric stabil-
ity of the structure (Premasuriya et al., 2025). In the pres-
ence of stray currents, the current entry and exit zones
also become critical, as local anodic areas with acceler-
ated metal degradation form there (Wang et al., 2024b).
From an engineering perspective, such degradation leads
to a reduction in the structure’s load-bearing capacity, an
increased risk of roadbed deformation, and the structure
entering a defective or emergency state. Consequently, the
corrosion resistance of corrugated metal pipes should be
regarded as an integral characteristic reflecting the techni-
cal condition, load-bearing capacity and operational safe-
ty of the transport structure (Table 1).

Table 1. Effect of aggressive environments on the service life of corrugated metal pipes

Environmental
factor

Acidic environment

Nature of corrosive effect

A decrease in pH accelerates anodic
dissolution of steel and hinders the

Consequences for corrugated
metal pipes

Both overall metal loss
and the development of

Significance for a transport
structure
Service life of the pipe
is reduced, its rigidity
decreases, and the risk of the

formation of stable corrosion protection
products; in the presence of chlorides,
the risk of localised damage increases

localised defects in the shell

- structure losing its operational
are accelerating

reliability increases

At high pH values, temporary passivation
of steel may occur; however, this effect

The beneficial effects of an

When th i . .
en the passive state alkaline environment are

on the steel surface and influence the

harsh ingredients s -
composition of corrosion products

Alkali L . . is di , locali i
envii(:nlrlrllin t is disrupted in the presence of chlorides, 18 d;;?s) :/ii(ih (a)ziéls;i te;cdtlve not guaranteed and must
sulphide-containing compounds, corrosion develo be assessed based on actual
moisture and media heterogeneity P operating conditions
They break down protective films Thev cause a disproportionate Increase the risk of localised
Chlorides and cause localised corrosion, particularly lossyo f ricidi inpceﬁain areas damage, which determines
in acidic environments or those o fgthe?lllembrane the remaining service life
with fluctuating pH levels of the structure
Alter the electrochemical conditions Contribute to the long-term Chemical composition of
Sulphates and other groundwater is becoming one

development of corrosion

in the soil environment of the key factors determining a

structure’s durability

Increase the electrical conductivity
of the medium, enhance ion mass transfer
and facilitate the formation of localised
corrosion cells

Moisture content
and water saturation

In areas with unstable
water conditions, the risk
of structural corrosion
significantly increases

Accelerate the deterioration
of the metal and the protective
coating

These cause periodic activation
of the metal surface, changes in salt
concentration and the depletion
of protective corrosion products

Moisturising and
drying cycles

Seasonal fluctuations in
humidity have a direct impact
on the service life and technical
condition of transport
infrastructure

Accelerate the deterioration
of the coating and the
development of localised
corrosion sites

Source: compiled by the author based on S. Alam et al. (2021), S. Mundra & J. Provis (2021), I. Ezzeldin et al. (2024a; 2024b), H. Liang et

al. (2024), Y.1. Chenghui et al. (2024), C. Wang et al. (2024a; 2024b)

A corrosive environment should be regarded not
merely as a set of chemical characteristics of the soil or
water, but as one of the key factors determining the du-
rability of corrugated metal pipes in transport infrastruc-
ture. The greatest danger to thin-walled shells arises from
conditions in which the chemical aggressiveness of the
environment is combined with high humidity, cyclic wet-
ting and damage to the protective coating. Under such
conditions, corrosion progresses from material wear to
structural weakening, as it reduces the rigidity of the shell
and shortens the remaining service life of the structure.
Stray currents are one of the most dangerous man-made
factors contributing to the corrosion of underground
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metal structures. They most commonly occur in the vicin-
ity of electrified railways, underground railways and other
rail transport systems, where part of the return current is
dissipated into the ground and may find a path through
underground steel elements. For corrugated metal pipes,
this risk is particularly relevant within transport corridors,
near electrified tracks and urban rail systems (Liang et
al., 2024). The corrosion hazard arises because the cur-
rent enters the metal in some areas and exits into the soil
in others. Anode areas form at the points where the cur-
rent exits, where intensive electrochemical dissolution of
the metal occurs. In contrast to uniform corrosion, this
process is localised; therefore, even with a small average



metal loss, deep defects and wall breaches can rapidly de-
velop in individual zones (Zou et al., 2024).

For corrugated metal pipes, which act as thin-walled
shells, this is dangerous, as local damage leads to a re-
duction in stiffness, a loss of local stability, and an accel-
erated transition of the structure to a defective or critical
state. In transport infrastructure, this means a reduction
in the structure’s safe service life, even when the initial
condition of the metal and coating is relatively satisfac-
tory (Wang et al., 2024b). Therefore, during the design
and operation of corrugated metal pipes in the vicinity of
electrified lines, stray currents should be considered as a
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separate engineering risk factor alongside soil and water
aggressiveness, providing for the monitoring of poten-
tials, inspection of the coating condition and assessment
of areas of potential current influence (Liang et al., 2024).
In the context of transport infrastructure construction, it
is advisable to assess the corrosion resistance of corru-
gated metal pipes not only in terms of the aggressiveness
of the environment or the presence of stray currents, but
also using a system of quantitative indicators reflecting
the rate of metal loss, the degree of structural weakening
of the casing and the remaining service life of the struc-
ture (Table 2).

Table 2. Indicators for assessing the corrosion resistance of corrugated metal pipes
in aggressive environments and under the influence of stray currents

Indicator Characteristic
Rate of general corrosion, The rate of uniform metal loss
mm/year in a corrosive environment

Engineering significance for a transport structure

Determines the rate at which the design wall thickness
decreases and the projected service life of the pipe

Loss of wall thickness, mm

The cumulative reduction in the effective
thickness of the metal casing during operation

Affects the stiffness of the shell, the load-bearing
capacity and the remaining service life of the structure

Depth and 1 ion .
epth a d ocatio Uneven metal degradation; the development
of localised corrosion . o . .
of localised, pitting or crevice corrosion
damage

Local defects pose a risk to thin-walled corrugated
shells, as they can lead to a loss of local stability
and accelerated structural damage

Condition of the protective
coating and the metal’s
ability to passivate

Effectiveness of corrosion protection in acidic,
alkaline or chloride-containing environments

Damage to the coating or disruption of the passive
state accelerates the onset of degradation
and shortens the safe service life

Stray current density/
presence of anodic zones

Electrochemical intensity

of the current acting on a metal structure

Can be used for the assessment of the risk
of accelerated localised metal loss in the vicinity
of electrified transport systems

Reduction in the stiffness
and load-bearing capacity
of the shell

Transition from material degradation
to structural weakening of the pipe

Describes the impact of corrosion on the behaviour
of the “soil-structure” system, structural deformation
and the operational reliability of transport
infrastructure

Remaining service life and
the feasibility
of refurbishment

The possibility of continued safe operation,
reinforcement or restoration without the need
to completely replace the structure

A basis for decision-making regarding monitoring,
repair, rehabilitation using the pipe-in-pipe method,
and the application of GeoSpray

Source: compiled by the author based on S. Alam ef al. (2021), S. Mundra & J. Provis (2021), I. Ezzeldin et al. (2024a; 2024b), H. Zou et

al. (2024), W. Liang et al. (2024), C. Wang et al. (2024a; 2024b)

The proposed system of indicators suggests that the
corrosion resistance of corrugated metal pipes should be
assessed not based on individual environmental factors
but rather based on their impact on the rate of metal loss,
the nature of localised damage, the degree of structur-
al weakening of the pipe wall, and the remaining service
life of the structure. This approach makes it possible to
move from a description of corrosion factors to an engi-
neering assessment of the technical condition and the
justification of decisions regarding the further operation
of the structure. The results of the study showed that the
corrosion degradation of corrugated metal pipes in trans-
port structures should be regarded not merely as an elec-
trochemical process, but as a factor affecting the techni-
cal condition, durability and operational reliability of the
structure, which is determined, in particular, by the pH
of the environment and the chloride and sulphate con-
tent. This is consistent with the findings of N.T. Chung et
al. (2021) established that the combination of pH, chlo-
rides and sulphates influences the corrosion behaviour of
steel in soil, and that chlorides and sulphates are factors
that enhance corrosion activity. The aggressiveness of the

environment should be considered as one of the basic
parameters of the durability of metal corrugated pipes in
transport infrastructure. At the same time, the research re-
sults indicate that the intensity of corrosion degradation
is determined not only by the chemical composition of
the environment but also by underground operating con-
ditions, in particular water saturation, soil condition and
damage to the protective coating. This correlates with the
approach of G.M. Castro et al. (2025), who demonstrated
that the degree of saturation, mineralogy and the content
of the fine-grained fraction significantly influence corro-
sion processes in buried metal elements. In this context,
the current results confirm that the most hazardous con-
ditions for corrugated metal pipes are those in which the
aggressiveness of the environment is combined with high
humidity, an unstable water regime and degradation of
the protective layer.

The study by S. Safari er al. (2024) examined a cor-
rugated metal culvert prior to its rehabilitation using
a geopolymer spray-applied lining. To assess its actu-
al condition, the authors used installed sensors, visual
measurement methods and diagnostic load tests in static
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and dynamic modes, which determined the maximum
deformations, evaluated the actual behaviour of the
structure under load and compared the obtained results
with the calculated ones. This correlates with the results
of the current study, which showed that for metal corru-
gated pipes as thin-walled shells, even insignificant local
metal loss must be assessed not only in terms of metal
loss but also in terms of its impact on the stiffness, local
stability, deformation state and residual life of the trans-
port structure. Stray currents pose a particular threat to
corrugated metal pipes within transport corridors. The
study’s findings established that, in their presence, the
areas where the current enters and exits become particu-
larly hazardous, as local anodic zones form there, leading
to accelerated electrochemical dissolution of the metal.
C. Wang et al. (2024a) identified the influence of dynamic
stray currents caused by underground rail infrastructure
on the corrosion behaviour of buried metal elements. The
authors demonstrated that such current effects intensify
non-uniform and localised corrosion, altering the nature
of the electrochemical damage to the metal. This conclu-
sion is consistent with the findings of the current study;,
according to which stray currents should be regarded as
a distinct man-made risk factor which, when combined
with a corrosive environment, can significantly reduce the
safe service life of a structure.

C. Bryden & A. Valsangkar (2025) examined the long-
term assessment of the design service life of a corrugat-
ed metal pipe following rehabilitation with a geopolymer
lining, focusing on how the rehabilitation solution affects
the structure’s subsequent structural performance. The
proposed study presented rehabilitation not merely as a
means of repairing existing damage, but as an engineering
approach to restoring functional reliability and extending
the service life of the structure in the long term. In this con-
text, the authors’ findings align with the conclusions of the
current study, according to which the corrosion degrada-
tion of metal corrugated pipes in transport infrastructure
should be considered as a basis for decision-making re-
garding monitoring, reinforcement, rehabilitation and the
extension of the structure’s safe service life. Thus, the cor-
rosion degradation of metal corrugated pipes in transport
structures should be regarded not merely as an electro-
chemical process, but as a factor in structural weakening,
arising under the influence of an aggressive environment,
water saturation, damage to the protective coating and
stray currents. In this regard, it is advisable to assess the
corrosion resistance of such pipes in terms of the degree
of structural weakening of the shell and the remaining ser-
vice life of the structure.

Engineering assessment of corrosion damage

to corrugated metal pipes

For thin-walled corrugated pipes, the quantitative assess-
ment of corrosion degradation is critical, as even a slight
loss of wall thickness affects the stiffness of the pipe, its
local stability and the performance of the “soil-structure”
system. The theoretical basis for such an assessment is
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Faraday’s law and its derivatives (equations 1-4), which
link the electrochemical process to mass loss of metal,
reduction in wall thickness and the rate of its further de-
crease. In the case of non-uniform corrosion damage, this
can lead to local deformations, stress concentrations and
a reduction in the structure’s remaining service life. Con-
sequently, these relationships make it possible to interpret
the electrochemical parameters of corrosion in terms of
engineering-relevant indicators of the technical condition
of corrugated metal pipes.

To assess the impact of corrosion processes, it is ad-
visable to move from a qualitative characterisation of the
aggressiveness of the environment and the mechanisms
of stray current action to a quantitative assessment of the
rate of metal degradation. A numerical example based on
Faraday’s law is illustrative in this context. Assuming that
an anode current of I=1 A acts uniformly on an area of
A =1 m2 over the course of one year, the calculated loss of
steel wall thickness will be approximately 1.16 mm/year.
For corrugated metal pipes with a typical wall thickness
of 3-6 mm, such metal loss is of engineering significance,
as even over a relatively short period of operation, it can
lead to a reduction in the shell’s stiffness and a loss of lo-
cal stability. Even at a lower current density, for example,
0.25 A/m?, the calculated thickness loss is approximate-
ly 0.29 mm/year, which is also a significant figure for the
long-term operation of a transport structure (Liang et
al., 2024). Given the possibility of localised current con-
centration in certain surface areas, the actual rate of met-
al loss under real-world conditions may be even higher.
Thus, a quantitative assessment of corrosion losses is an
essential link between the electrochemical description of
the process and the engineering evaluation of the struc-
ture’s technical condition.

An interpretation of the relationship (equation 5)
shows that the corrosion rate is directly related to the
corrosion current density, i,; consequently, as the elec-
trochemical activity of the medium increases, the rate of
metal degradation increases. For corrugated metal pipes,
this means that in acidic environments, where i, val-
ues are generally higher, the corrosive weakening of the
casing occurs more intensively, whereas in an alkaline
environment, the corrosion process may slow down. At
the same time, the engineering significance of this rela-
tionship lies not only in determining the corrosion rate,
but also in the ability to assess the degree of structural
weakening via the corrosion weakening coefficient K,
(equation 6), to establish the time at which a dangerous
state is reached according to the criterion (equation 7),
and to perform a simplified assessment of the remaining
service life based on the relationship (equation 8). Thus,
as i, increases, not only does the loss of wall thickness
accelerate, but the metal shell also approaches the crit-
ical thickness t_, at which the conditions for local stabil-
ity or load-bearing capacity are violated. This ensures a
transition from an electrochemical description of the
process to a quantitative assessment of the remaining
service life and the justification of decisions regarding the



strengthening or rehabilitation of the structure. In prac-
tical terms, this approach links laboratory-determined
electrochemical parameters with the assessment of the
rate of metal loss, the degree of structural weakening of
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the shell, and the remaining service life of the structure.
The practical significance of corrosion-induced degrada-
tion of corrugated metal pipes in transport infrastructure
is illustrated by the examples given in Table 3.

Table 3. Examples of corrosion damage, rehabilitation and reinforcement of corrugated metal pipes

Event description

Damage to the corrugated pipe during heavy
rainfall; corrosion of the invert, combined with
soil erosion and softening

Subject of analysis / engineering
solution

Analysis of the causes of the building’s
collapse

Engineering value for transport
infrastructure

Localised corrosion, combined with
soil degradation, can lead to structural
failure and the collapse of the structure

A metal pipe damaged by corrosion that
required repair without being completely
replaced

Reinforcement by installing an internal
fibreglass composite liner, followed
by load-bearing tests; the technology
was regarded as a way of extending the
service life by 50-100 years

Confirms that the service life of the pipe
can be extended through structural
reinforcement

Corrosion-damaged corrugated metal culverts,
for which traditional replacement was too
expensive or would have had a significant

The rehabilitation was conducted by
applying GeoSpray geopolymer coating
to the actual transport infrastructure

The effectiveness of trenchless solutions
for restoring a structure’s functionality
without significantly impacting the

impact on traffic

operation of the infrastructure

Damaged metal corrugated culverts on
sections of heavy-haul railways exhibiting
structural damage, reduced load-bearing

capacity and durability under heavy axial loads

Technology for reinforcing corrugated
plates has been proposed and
investigated

The issue of damaged pipes is viewed
as a matter of service life, load-bearing
capacity and the safety of transport
infrastructure

Source: compiled by the author based on L. Giresini et al. (2015), M.R. Taha & D.H. Murcia (2021), H. Liao et al. (2022), M.V. Harkusha (2023)

The presented examples have shown that the corro-
sion-induced degradation of corrugated metal pipes is not
merely a process of material wear and tear, but also a fac-
tor contributing to the loss of serviceability and a reduc-
tion in the structural reliability of the structure. In particu-
lar, the collapse of a corrugated pipe due to a combination
of localised pitting corrosion and degradation of the soil
environment demonstrated that such damage could lead
to a complete loss of serviceability and the need for im-
mediate engineering intervention (Giresini et al., 2015).
At the same time, the use of an internal composite liner
confirmed the possibility of restoring the pipe’s structural
integrity without its complete replacement and extending
its service life (Taha & Murcia, 2021). Rehabilitation using
GeoSpray geopolymer coating has demonstrated the ef-
fectiveness of trenchless restoration in situations where
traditional replacement would be prohibitively expensive
or would entail significant operational restrictions (Liao et
al., 2022). The necessity of reinforcing damaged corru-
gated structures, especially under intensive operational
loads, highlights that corrosion-induced weakening must
be considered in the context of restoring load-bearing ca-
pacity and ensuring the overall safety of transport infra-
structure (Luchko & Kovalchuk, 2021; Harkusha, 2023).
Thus, the analysed cases confirm that corrosion damage
to metal corrugated pipes provides grounds for decisions
regarding the reinforcement, rehabilitation or restriction
of a structure’s operation. As an example of practical ap-
plication, a field project is presented involving the reha-
bilitation of a corrosion-damaged corrugated metal pipe
using GeoSpray geopolymer coating (Fig. 1).

Figure 1. A practical example of the restoration
of a corrosion-damaged corrugated metal pipe
using GeoSpray geopolymer coating
Source: H. Liao et al. (2022)

The durability of corrugated metal pipes is deter-
mined throughout the entire life cycle of the structure and
must be ensured as early as the design stage. At this stage,
itis necessary to assess the aggressiveness of soils and wa-
ter, based on pH, chloride and sulphate content, degree
of water saturation, moisture regime and the environ-
ment’s capacity to support electrochemical processes. For
structures located within the influence zone of electrified
transport systems, this assessment should additionally
include the risk of stray currents. The selection of materi-
al, protective coating and design allowance for metal loss
must be conducted based on the expected aggressiveness
of the environment, the service life and the reliability re-
quirements of the structure (Ezzeldin et al., 2024b).
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During the construction phase, the quality of the im-
plementation of design solutions, monitoring of the con-
dition of the protective coating and adherence to instal-
lation procedures are crucial. For thin-walled corrugated
pipes, even localised damage to the casing or the anti-cor-
rosion layer during transport, assembly, backfilling or soil
compaction can become the starting point for subsequent
accelerated degradation. Therefore, construction supervi-
sion must focus not only on checking geometry and joints,
but also on preventing initial defects, on which the actual
service life of the structure depends (Ezzeldin et al., 2024a;
Rahmaninezhad et al., 2025). During operation, the main
task is the timely detection of signs of degradation and the
assessment of remaining service life. This requires period-
ic inspections, instrumental diagnostics of thickness loss
and shell deformations, and, for structures near electrified
lines, monitoring of potentials and areas of possible cur-
rent influence. Under these conditions, corrosion damage
should be viewed not merely as a loss of material, but as
a source of operational risks that may manifest as ballast
settlement, deformations of the track bed or track area,
and a reduction in the intervals between repairs. This ap-
proach makes it possible to move from simply recording
damage to predicting the technical condition and justify-
ing decisions regarding repair or rehabilitation.

In the event of corrosion-induced degradation, engi-
neering measures should combine structural repair with
the restoration of anti-corrosion protection. In the case of
localised damage, it may be advisable to reinforce specific
areas of the casing, whereas for more advanced degrada-
tion, internal lining and rehabilitation using the liner pipe
method are effective, as they can restore the structure’s
functionality without complete dismantling. For struc-
tures within the vicinity of electrified transport systems,
rehabilitation must also include measures to counteract
stray currents. Consequently, ensuring the longevity of
metal corrugated pipes requires systematic risk man-
agement during the design, construction, operation and
repair phases. For the designer, this means the need to
account for the aggressiveness of the environment and
the risk of stray currents when selecting materials, protec-
tive coatings and design allowances for metal loss (Zou et
al., 2024). For the operating organisation, this means the
need for risk-oriented monitoring of the structure’s tech-
nical condition, including checks on wall thickness loss,
shell deformations, the condition of the invert and, in the
event of potential current influence, potentials and areas
ofanodic corrosion (Ezzeldin et al., 2024b). When selecting
a repair method, a differentiated approach is advisable —
ranging from local reinforcement to the use of trenchless
rehabilitation technologies, depending on the degree of
degradation and the remaining service life of the structure.

The results of the study showed that the invert and
the lower section of the casing are among the most vul-
nerable areas of corrugated steel pipes in terms of cor-
rosion degradation, and damage in these specific areas
can significantly affect the casing’s stiffness, remaining
service life and the operational safety of the transport
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structure. This is consistent with the approach of B. Lassy
& A. Hain (2025), who investigated methods for installing
invert linings made of ultra-high-strength concrete in cor-
rugated metal pipes and focused on the rehabilitation of
the lower part of the structure as the area most vulnerable
to moisture accumulation, corrosion products and local-
ised damage. In this context, the authors’ results confirm
the conclusions of the present study regarding the advis-
ability of considering local repair of the invert as one of
the practical engineering solutions in the rehabilitation of
corrugated metal pipes.

K. Zakowski et al. (2025) summarised methods for as-
sessing the risk of corrosion caused by constant stray cur-
rents in underground pipelines, particularly in the vicinity
of rail transport systems. The authors demonstrated that
theidentification of current-affected zones, the assessment
of anodic areas, and the organisation of a system for mon-
itoring electrochemical parameters are of key importance.
This is consistent with the results of the presented study,
where stray currents are considered one of the most dan-
gerous man-made factors in the corrosive degradation of
corrugated metal pipes, and the monitoring of potentials,
coating condition and areas of possible current influence is
identified as an essential component of operational super-
vision. Consequently, for structures located near electri-
fied transport systems, the corrosion risk must be assessed
not only based on the characteristics of the soil environ-
ment, but also incorporating external current influence.

The results of the current study have shown that in-
ternal lining and rehabilitation using the liner pipe meth-
od are effective approaches to the restoration of corro-
sion-damaged corrugated metal pipes. Their application
makes it possible to restore the structure’s functionality
and extend its safe service life without the need for com-
plete replacement. This is confirmed by Z.K. Kouches-
fehani et al. (2021), who, based on field data, examined
the rehabilitation of culverts using cement-geopolymer
sprayed lining and assessed the actual condition of the
structure following the rehabilitation. The authors ana-
lysed the field characteristics of the structure, the specifics
of the lining installation, and the results of the post-repair
inspection, which addressed the suitability of this tech-
nology for the practical rehabilitation of the culvert with-
out significantly disrupting the structure’s operation. The
results showed that cement-geopolymer sprayed lining
can perform not only a repair function but also a struc-
tural restoration function, ensuring an extension of the
pipeline structure’s service life. It is advisable to transition
from the identification of corrosion damage to the justifi-
cation of decisions regarding the reinforcement, rehabili-
tation and extension of the structure’s service life.

In a study by S. Raut et al. (2024), three-dimensional
finite-element modelling was conducted on corrugated
metal pipes repaired using sprayed linings, with an analy-
sis of their performance under shallow burial conditions.
The authors concluded that the use of sprayed pipe lin-
ings can alter the pipe’s deformation behaviour, reduce
deformations and improve the structural performance of



the system following damage. This is consistent with the
results of the present study, in which rehabilitation with-
out complete pipe replacement is considered substantial
for the engineering management of residual life. In cases
of significant corrosion degradation, it is advisable to as-
sess not only the extent of metal loss but also the effect of
the rehabilitation solution on reducing deformations and
extending the structure’s safe service life.

The study found that the greatest risk to metal corru-
gated pipes stems from a combination of a corrosive envi-
ronment, high humidity, damage to the protective coating
and the effects of stray currents; under such conditions,
corrosion degradation becomes localised and escalates
from material wear to a structural issue. This correlates
with the findings of W. Lan et al. (2025), who analysed
the mechanisms of pipeline corrosion in the presence of
coating defects under alternating current conditions and
examined in detail the interphase processes developing
in the zone of the damaged protective layer. The authors
established that the combination of a coating defect and
electrical influence creates conditions for the intensifica-
tion of local electrochemical damage to the metal, alter-
ing the nature of the corrosion process and increasing the
risk of its accelerated development. Coating degradation
should be regarded not as a secondary defect, but as one
of the key factors in the reduction of corrosion resistance
and operational reliability of corrugated metal pipes.

Thus, the impact of aggressive environments and
stray currents should be regarded not only as a cause of
corrosive wear of metal, but also as a factor contributing
to the structural weakening of transport infrastructure.
For corrugated metal pipes, this manifests itself in accel-
erated metal loss, the development of localised defects, a
reduction in the shell’s stiffness, and a shortening of the
structure’s remaining service life. In practical terms, this
can deform the carriageway or track structure, result in
a reduction in the intervals between repairs, and neces-
sitate operational restrictions. For this reason, the corro-
sion resistance of such pipes should be assessed in terms
of the degree of structural weakening of the shell and the
remaining service life of the structure.
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casings, localised metal loss is the most dangerous, as it
leads to a disproportionate reduction in stiffness, a loss of
local stability and a reduction in the structure’s remaining
service life. The most vulnerable areas are the lower zone
of the casing, the invert, the side sections and the crown,
where corrosion-induced weakening has the greatest
impact on the structural performance of the “soil-struc-
ture” system. The assessment of the corrosion resistance
of corrugated metal pipes should be conducted not only
based on environmental characteristics, but also using a
system of engineering-relevant indicators, which include
the rate of metal loss, loss of wall thickness, localisation
of damage, condition of the coating, presence of anod-
ic zones, change in stiffness and remaining service life.

A theoretical analysis based on Faraday’s law has
shown that even a relatively small reduction in wall thick-
ness is significant for pipes with a metal thickness of 3-6
mm and must be considered when assessing the technical
condition of the structure. This paper proposes an engi-
neering approach to assessing the corrosion degradation
of corrugated metal pipes based on the corrosion weak-
ening coefficient and critical wall thickness as criteria for
transition to a hazardous technical condition. This ap-
proach makes it possible to link the electrochemical char-
acteristics of corrosion with the parameters of stiffness,
local stability and the remaining service life of the struc-
ture. The practical significance of the proposed approach
lies in the ability to assess the technical condition, predict
the remaining service life and justify decisions regarding
the monitoring, reinforcement and rehabilitation of metal
corrugated pipes. A limitation of the study is its theoretical
nature, without experimental, field or numerical verifica-
tion of the influence of corrosive factors on the condition
of metal corrugated pipes. Future research should focus
on developing predictive models of service life, risk-ori-
ented monitoring systems, and criteria for selecting ef-
fective methods of strengthening and trenchless rehabil-
itation of corrugated metal pipes in real-world transport
infrastructure conditions.
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BnauB arpecuBHUX cepeaoBuUll Ta 61yKalounx CTpyMmiB
HA KOPO3iiHY CTIMKICTb MeTaneBux roppoBAHUX TPYO
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AcnipaHT
XapkiBChbKUH HaIliOHAIBHUN aBTOMOOIJIBHO- JOPOXKHIN YHIBEpCUTET
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AHoTauifA. MeToio focimxeHHs 6yJ10 3'siCyBaHHS POJIi KOPO3iHHOTO MOIIKOIKEHHS METAJIEBUX TODPOBAHUX TPYO
y dopMyBaHHi JOBTOBIYHOCTI, TEXHIYHOT0 CTaHy ¥ eKCIIJTyaTaIiliHOI HaAifHOCTi TPaHCIIOPTHUX CIOPYA. MeTomoJioris
0a3yBaJsiach Ha METO/IAX CUCTEMATHU3allil, iH}KeHEPHOT0, TEOPETHYHOTO aHAJTI3Y, UTFOCTPATUBHOTO PO3PAXYHKY, aHAJTi3Y
MPaKTUYHUX IMPUKJIALiB. BcTaHOBIIEHO, [0 KOPO3iifHa Aerpafalia MeraneBUX ropoBaHUX TPYO Mae IepeBa*kKHO
eJIEKTPOXiMiYHy TPUPOAY ¥ BU3HAYAETHCS arpPeCUBHICTI0O I'PYHTOBOrO Ta BOAHOrO cepefoBuina. HaiOimbmry
HeOe3IeKy M TaKUX KOHCTPYKILiM CTAaHOBUTH JIOKaJbHA KOPO3is, OCKiTbKKM BOHA Oe3mocepeqHBO 3HIKYE
SKOPCTKICTh 000JIOHKH, MiCIIeBY CTiHKiCTh i 3a/IHIITKOBUI pecypc criopyau. ¥ Mig3eMHUX i BOJOHACHYEHUX YMOBAx
KOPO3isl IPUCKOPIOETHCS Yepes UK 3BOJIOKeHH-BUCYIITYBAHHSA, AIKi pyHHYIOTh 3aXUCHe TOKPUTTS Ta MiIBUIIYIOTh
Bpa3uBicTh MeTasy. Biykaroui cTpyMu B 30HI esleKTpH(dikoBaHMX TPAHCIIOPTHUX CUCTEM € OKPEMUM TeXHOTeHHUM
YUHHUKOM PU3UKY, 110 BUKJIWKAE JIOKAJIbHI aHOAHI AIMSHKU Ta NMPUCKOpeHe ypaskeHHA MmeTany. IlokasaHo, 110
KOpPO3ifiHy CTIlKiCTh MeTa/IeBUX ro()pOBAHUX TPYO CJIi/I OLIHIOBATH He JIUIIE 33 arPECUBHICTIO CepeIOBUINa, a 1 3a
CHUCTEMOIO KiJTbKiCHMX MMOKAa3HUKIB, IO BiZ0OpaskaioTh MIBUIKICTh METAJIOBTPATH, JOKAIbHI MOMTKOIKEHHsI, 3MiHYy
SKOPCTKOCTI Ta 3aJUIIKOBUI pecypc criopyau. KinbkicHe omiHIOBaHHS Ha OCHOBi 3akoHy Papajesi okasajo, 110
HaBiTh BiJHOCHO HeBeJIMKA BTpara TOBIIUHU CTiHKU € iH)KEHepHO 3HA4YII010, OCKIJIbKU BIIJIMBA€E HA JOBIrOBIYHICTbD,
TexHIYHUH cTaH i 6e3NeKy eKcIIyaTallii TpaHCIIOPTHOI cIOPYAU. 3aIlIpOIIOHOBAHO iHKeHepHUH Mifxifg 10 oLiHIOBaHHSA
KOpO3ifiHOi nIerpanarii MeraneBux ropoBaHux Tpyd Ha OCHOBI KoedillieHTa KOpPO3iHHOTO OcabJieHHs, SKAN
XapaKTepU3ye BiJHOCHY BTPATy TOBIIUHU MeTaseBoi 00OJOHKU Ta 1l HAOJIMKEHHS [0 KPUTHUYHOTO craHy. s
iH)KeHepHOTro OLHIOBAaHHS 3aJ/IUIIKOBOTO PECYpPCy BUKOPUCTAHO CIIPOIEHY 3aJIesKHICTh, 1110 MOB’SI3y€ IOYATKOBY
TOBIINHY, KPUTUYHY TOBIIMHY Ta MIBUIKICTH KOPO3ii. [[pakTHYHA 3HAYUMICTD HOJIATAE Y MOSKJIUBOCTI 3aCTOCYBaHHS
pe3ysbraTiB MPOEKTYBaJIbHUKAMY, EKCILIyaTylOUMMHU oOpraHisamiaMu Ta ¢axiBIgMU 3 AiarHOCTUKU MiJ dYac
NIPOEKTYBAHHA, eKCILTyarallii, 06cTeskeHHs Ta peabisiTallil MeTaneBux roppoBaHUX TPyO V¥ TPAHCIIOPTHUX CIIOPYAAX
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Abstract. In the conditions of international transportation development, characterised by a high level of
uncertainty, increased requirements for customs control, and active digitalisation of logistics processes, the issue of
effective risk management is of particular importance. Risks arise at the intersection of transport, logistics, and customs
operations, have a complex nature, and are capable of spreading along the entire supply chain, which complicates their
timely identification and mitigation. The aim of the study was to develop a concept and structure of an improved risk
management system in international transportation, focused on process integration and real-time decision support.
The study employed system analysis, methods of structural and functional modelling, risk assessment methods in
accordance with ISO 31000 provisions, as well as fuzzy logic methods to formalise decision-making processes under
conditions of uncertainty and incomplete information. A hierarchical transport and technological risk management
system was proposed, covering all stages of international cargo transportation — from planning to execution control. The
composition of key subsystems was defined, including identification, assessment, decision support, implementation
of mitigation measures, and monitoring. A methodology for forming an integrated risk map had been developed,
enabling the determination of risk criticality levels and the establishment of management priorities. An architecture of
an intelligent decision support system was proposed, ensuring the integration of data, expert evaluations, and analytical
tools. The results of the study can be used to improve the efficiency of customs control, reduce delays in international
transportation, optimise logistics processes, and enhance the reliability of transport system operations

Keywords: customs procedures; logistics processes; digitalisation; integrated risk map; fuzzy logic; decision support
system

Introduction

The modern development of international transportation
is characterised by a high level of uncertainty, increasing
complexity of transport and logistics processes, and strict-
er requirements for customs control. The conditions of
globalisation, digitalisation of the economy, and geopolit-
ical instability lead to the emergence of new types of risks
that affect all stages of cargo delivery — from route planning

to the completion of customs clearance. Under these con-
ditions, the formation of an effective risk management
system becomes particularly important, as it should en-
sure the adaptability of transport and logistics systems,
enhance their resilience, and minimise losses caused by
adverse factors. At the same time, traditional approaches
to risk management no longer meet current requirements,
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which necessitates the development of new conceptual
solutions based on the integration of digital technologies,
analytical tools, and modern decision-support methods.

A significant contribution to the study of risk man-
agement in transport and logistics systems has been
made by both Ukrainian and international researchers.
In particular, K. Yereshko et al. (2024) demonstrated that
the resilience of supply chains directly depends on the
ability of the system to adapt to external changes, while
effective risk management is a key factor in ensuring such
resilience. In turn, Yu. Zhyshchynskyi & O. Sharko (2025)
substantiated the need for a risk-oriented approach to
logistics management, emphasising the importance of
comprehensive consideration of uncertainty factors. The
issues of digitalisation of logistics processes and their im-
pact on risk management are addressed in the works of
S. Sakhno & Yu. Khrutba (2025), who found that the imple-
mentation of digital technologies enhances transparency
and efficiency in supply chain management. A similar po-
sition is held by D. Bugayko & V. Reznik (2025), who proved
that the use of intelligent transport systems significantly
reduces risk levels through real-time monitoring and data
analysis. An important aspect of the research is related to
the application of modern analytical tools and artificial
intelligence in risk management. Thus, V. Prokhorova et
al. (2025), in their systematic review, established that the
use of Big Data & Al significantly improves the accuracy of
risk assessment and contributes to more informed mana-
gerial decision-making. In turn, V. Tyshchenko ez al. (2022)
identified key directions for the application of artificial in-
telligence in supply chain risk management, emphasising
its role in forecasting and mitigating negative impacts.

A separate group of studies focuses on the analysis
of risks in the transport system of Ukraine. In particular,
A. Dolgui & D. Ivanov (2021) noted that the digitalisation
of customs procedures is a key factor in improving the effi-
ciency of risk management in international trade. Yu. Zhy-
shchynskyi & O. Sharko (2025) proposed approaches to
modelling risks in multimodal transportation and substan-
tiated the need for using mathematical models to assess
uncertainty. S. Sakhno & Yu. Khrutba (2025) investigated
the risks of dangerous goods transportation and found that
their management requires consideration of specific safety
factors. In turn, A. Dolgui & D. Ivanov (2021) analysed the
functioning of the transport market under martial law con-
ditions and identified key threats to international trans-
portation, while S. Hosseini & D. Ivanov (2020) character-
ised systemic risks affecting the unified transport system
of Ukraine. Recent studies also highlight the importance of
collaboration and adaptability in supply chains, particu-
larly under crisis conditions, which significantly affects
risk mitigation efficiency (Jaras$iiniené & GelZinis, 2025).

Despite the significant number of scientific studies,
it should be noted that most existing approaches to risk
management are fragmented and do not ensure a com-
prehensive consideration of the interaction between
transport, logistics, and customs processes. In addition,
issues related to the integration of digital platforms,
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monitoring systems, and analytical tools into a unified
decision-support system remain insufficiently explored.
The lack of a coherent concept that combines tradition-
al risk management methods with modern digital tools
limits the possibilities for improving the efficiency of in-
ternational transportation. The aim of the study was to
develop a scientifically grounded concept and structure
of an improved risk management system in internation-
al transportation, which ensures the integration of trans-
port, logistics, and customs processes, as well as the use of
digital technologies and intelligent data analysis methods
to enhance the effectiveness of managerial decision-mak-
ing under conditions of uncertainty.

Literature Review

The issue of risk management in international transporta-
tion has become increasingly relevant at the current stage
of development of transport and logistics systems. This is
due to the rapid digitalisation of economic processes, the
growing complexity of customs procedures, and the in-
creasing influence of external uncertainty factors. Globali-
sation processes, the transformation of international sup-
ply chains, and geopolitical instability significantly affect
the functioning of transport systems and create new chal-
lenges for ensuring their efficiency and reliability. Under
such conditions, risks arise at all stages of cargo delivery,
including planning, transportation, customs clearance,
and final distribution. Therefore, the development of ef-
fective approaches to risk management is a key prerequi-
site for improving the sustainability and competitiveness
of international transportation systems.

A significant contribution to the study of risk man-
agement in transport and logistics systems has been
made by both Ukrainian and foreign researchers. In par-
ticular, V. Tyshchenko et al. (2022) demonstrated that
the resilience of supply chains depends on the ability
of logistics systems to adapt to changes in the external
environment. The authors emphasised that effective risk
management serves as a fundamental mechanism for en-
suring stability and continuity of transport processes. In
a related study, V. Prokhorova et al. (2025) substantiated
the importance of applying a risk-oriented approach to
logistics management, highlighting the need to consider
uncertainty factors in a comprehensive and systematic
manner. The impact of digital transformation on logis-
tics processes and risk management has also been wide-
ly studied in recent years. A. Dolgui & D. Ivanov (2021)
found that the implementation of digital technologies
significantly enhances transparency in supply chain op-
erations and contributes to more efficient risk monitoring
and control. According to the authors, digital platforms
enable real-time data exchange and improve coordina-
tion between stakeholders, which is crucial for reducing
operational risks. A. JaraSiiniené & M. Gelzinis (2025)
demonstrated that intelligent transport systems play an
important role in minimising risks by enabling real-time
monitoring of transport operations and predictive analy-
sis of potential disruptions.
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An important direction of modern research is the ap-
plication of advanced analytical tools and artificial intelli-
genceinriskmanagement. Forinstance, T. Wang et al. (2022)
conducted a comprehensive review and concluded that
the use of Big Data analytics and artificial intelligence sig-
nificantly improves the accuracy of risk assessment and
supports more effective decision-making. Their findings
indicate that data-driven approaches allow for early iden-
tification of potential threats and provide opportunities for
proactive risk mitigation. In turn, V. Lebid et al. (2021) an-
alysed the role of artificial intelligence in supply chain risk
management and identified key areas of its application,
including risk prediction, scenario modelling, and opti-
misation of decision-making processes under uncertainty.

A separate group of studies focuses on risk manage-
ment in the transport system of Ukraine, particularly
in the context of digitalisation and external challenges.
K. Yereshko et al. (2024) emphasised that the digitalisa-
tion of customs procedures is a critical factor in improving
the efficiency of risk management in international trade.
The authors highlighted the importance of integrating
information systems and analytical tools into customs
processes to enhance their effectiveness. Yu. Zhyshchyn-
skyi & O. Sharko (2025) proposed approaches to model-
ling risks in multimodal transportation and demonstrated
the necessity of applying mathematical models to assess
uncertainty and support decision-making. Furthermore,
S. Sakhno & Yu. Khrutba (2025) investigated the risks as-
sociated with the transportation of dangerous goods and
concluded that their management requires consideration
of specific safety-related factors and regulatory require-
ments. In addition, D. Bugayko & V. Reznik (2025) analysed
the functioning of the transport services market under
martial law conditions and identified key threats that sig-
nificantly affect international transportation. The authors
pointed out that increased uncertainty and disruption of
logistics chains require the development of adaptive risk
management strategies. V. Prokhorova et al. (2025) ex-
amined systemic risks in the unified transport system of
Ukraine and concluded that these risks are complex and
interconnected, which necessitates a comprehensive and
integrated approach to their management. The applica-
tion of mathematical modelling and fuzzy logic approach-
es in customs processes has been substantiated in recent
studies by G. Prokudin et al. (2025).

Despite the considerable number of scientific stud-
ies in this field, it should be noted that most existing ap-
proaches to risk management are fragmented and focus
on individual aspects of the problem. In many cases, re-
searchers concentrate on specific elements such as risk as-
sessment methods, digitalisation of logistics processes, or
supply chain resilience, without considering the interac-
tion between transport, logistics, and customs processes
within a unified system. This limitation reduces the effec-
tiveness of risk management practices in real-world con-
ditions, where these processes are closely interconnected
and mutually dependent. Moreover, issues related to the
integration of digital platforms, monitoring systems, and
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analytical tools into a unified decision-support system
remain insufficiently explored. Although modern technol-
ogies provide significant opportunities for improving risk
management, their practical implementation often faces
challenges related to data integration, system compatibil-
ity, and organisational readiness. In this context, there is a
growing need to develop integrated approaches that com-
bine traditional risk management methods with advanced
digital solutions. Thus, the analysis of recent scientific
publications confirms the existence of a solid theoretical
foundation in the field of risk management in internation-
al transportation, while also highlighting the need for fur-
ther research aimed at developing integrated and adaptive
systems. Such systems should be capable of effectively
managing risks under conditions of uncertainty and en-
suring the resilience of transport and logistics processes.

Materials and Methods

The methodological framework of this study was based
on a systems approach to the analysis of risk manage-
ment processes in international transportation, which
enables the consideration of transport, logistics, and cus-
toms operations as a unified integrated system. This ap-
proach ensured a comprehensive understanding of risk
formation mechanisms and supports the development
of effective management solutions under conditions of
uncertainty. The research was conducted in several se-
quential stages. At the first stage, an analysis of the cur-
rent state of risk management in international transpor-
tation was performed based on scientific publications,
international standards, and regulatory documents, in-
cluding ISO 31000:2018 (2018), World Customs Organiza-
tion (n.d.), European Commission (n.d.). This stage made
it possible to identify the main categories of risks and de-
termine the limitations of existing approaches.

At the second stage, methods of systems analysis and
structural-functional modelling were applied (Prokudin et
al., 2025). Within the framework of this approach, the
risk management system was considered as a multi-lev-
el structure covering all stages of cargo delivery — from
transportation planning to execution control. The pro-
posed system includes interconnected functional blocks:
data collection, risk identification, risk assessment deci-
sion-making, implementation of measures and monitor-
ing (Vijayakumar, 2025). A key methodological element of
the study was the formalisation of risk assessment using
a quantitative approach based on two main parameters:
probability of occurrence and severity of consequences.
The integrated risk indicator was calculated using the fol-
lowing expression (1):

R=PxS, (D

where R - integrated risk indicator; P — probability level of
the event; S - level of impact or severity of consequences.
To ensure consistency in evaluation, a five-level scale
is used for both probability and severity parameters, rang-
ing from 1 (very low) to 5 (very high). The combination of



these values formed a 5 x 5 risk matrix, which enabled clas-
sification of risks according to their criticality level. Based
on this matrix, risks were categorised as low, medium,
high, or critical, which provided a foundation for prioritis-
ing management actions. The methodology also included
the construction of an integrated risk map, which served
as a visualisation tool for representing the distribution of
risks within the system. The development of the risk map
was carried out through a sequence of steps: identifica-
tion of key risk groups (customs, transport, logistics, doc-
umentary, and security risks); assessment of probability
and severity for each risk; calculation of the integrated risk
indicator; placement of risks within the matrix; determi-
nation of appropriate management measures.

This approach allowed for the systematisation of
risks, identification of critical vulnerabilities, and devel-
opment of targeted mitigation strategies. An important
component of the methodology was the application of
fuzzy logic methods to model decision-making processes
under conditions of uncertainty. A significant proportion
of risk parameters were of a vague, qualitative nature and
cannot be adequately described using classical mathe-
matical methods. The applicability of fuzzy logic methods
for decision-making in transport systems had been wide-
ly discussed in recent research (Palkovad & Masek, 2024).
Hybrid approaches combining fuzzy logic and neural net-
works have also been proposed for risk assessment in in-
ternational trade (Luo et al., 2023). The integration of dig-
ital traceability technologies further enhances risk control
capabilities (Kamble et al, 2020). Quantitative methods
for supply chain resilience analysis provide a strong foun-
dation for risk assessment models (Dong & Tian, 2025).

The fuzzy logic model was implemented using a
standard structure that includes the following stages:
fuzzification - transformation of quantitative input pa-
rameters into fuzzy linguistic variables using member-
ship functions; rule Base — formation of a system of ex-
pert “if-then” rules reflecting knowledge in logistics and
customs processes; inference Engine — logical processing
of rules using algorithms such as Mamdani or Sugeno;
defuzzification — conversion of fuzzy results into a nu-
merical value using the centroid method. The integrated
risk level within the fuzzy model is represented as a gen-
eralised function (2):

R=f(R,, R, R, R), @)

-
where R, — the customs risk; R, — the logistics risk; R, — the
infrastructure risk; R, — the time-related risk.

This representation enabled the incorporation of mul-
tiple heterogeneous factors into a unified risk assessment
model and allows the consideration of expert judgments
and incomplete data. To support the practical implemen-
tation of the proposed approach, an architecture of an
intelligent decision support system (DSS) was developed.
The system integrates data from multiple sources, includ-
ing Global Positioning System (GPS), customs information
systems (such as new computerised transit system (NCTS)
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and automated risk analysis systems), and analytical plat-
forms. The effectiveness of data-driven customs risk man-
agement systems has also been confirmed in recent stud-
ies (Vijayakumar, 2025). The DSS architecture includes the
following components: data acquisition and preprocess-
ing module; fuzzification module; rule base and inference
engine; defuzzification module; risk evaluation module
(Risk Score); decision-making module; feedback loop. The
presence of a feedback mechanism ensures continuous
improvement of the system through accumulation of ex-
perience and adjustment of model parameters.

Furthermore, the methodology required the inte-
gration of digital technologies into the risk management
process. The use of GPS monitoring, customs informa-
tion systems and analytical platforms makes it possible to
automate the risk assessment process, ensure a prompt
response to anomalies and improve the effectiveness of
management decisions. Thus, the proposed methodology
combines classical quantitative approaches, fuzzy logic
methods, and digital technologies into a unified frame-
work for risk management in international transportation.
This ensures a high level of adaptability, scalability, and
practical applicability of the developed system.

Results and Discussion

The results of the study demonstrate the practical imple-
mentation of the proposed integrated risk management
system for international transportation and confirm its
effectiveness under conditions of uncertainty. The de-
veloped system is based on a multi-level structure that
integrates transport, logistics, and customs processes
into a unified information and analytical environment.
The application of a systems approach made it possible
to form a structured model consisting of interconnected
functional blocks, each of which performs a specific role
within the overall risk management framework. As a re-
sult of the study, a conceptual structure of the risk man-
agement system was developed, which includes ten key
stages: data collection, risk identification, risk assessment,
fuzzification, rule formation, logical inference, defuzzifi-
cation, decision-making, implementation of measures,
and monitoring with feedback. This structure ensures the
continuity of the risk management process and enables
the integration of analytical and operational components
into a single system. The developed digital model of risk
management in international transportation consists of
10 blocks (Table 1).

The presented structure reflects a comprehensive
approach to risk management, where each stage is logi-
cally interconnected and contributes to the formation of
a unified analytical system. The integration of digital tools
ensures the automation of processes and enhances deci-
sion-making efficiency. The practical application of the
model made it possible to identify key risk groups charac-
teristic of international transportation. The study of risks
in international road transportation made it possible to
develop a risk assessment matrix for international road
transport (Table 2).
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Table 1. Structure of the risk management system for international transportation

Stage / system block Input data Process (functions) Output / result Tools / technologies
Cargo characteristics, Data collection
Data route, customs . Analytical database GPS, ERP, customs systems
and aggregation
procedures
Risk identification Transport data Identification of risks List of risks Data analysis, expert evaluation
Risk assessment Identified risks Risk evaluation Risk level Risk matrix (5x5), ISO 31000
Fuzzification Quantitative Transformapon into Linguistic variables Membership functions
parameters fuzzy variables
Rule base Fuzzy variables Formation of rules Rule set Expert knowledge
Inference engine Rule base Logical inference Fuzzy result Mamdani / Sugeno
Defuzzification Fuzzy result Conve:rsmn to Risk score Centroid method
numerical value
Decision making Risk score Formation of decisions | Recommendations DSS
Implementation Decisions Execution of measures Risk mitigation NCTS, ASARM
N . Monitoring
Monitoring Execution data and adjustment System update BI systems

Note: GPS - Global Positioning System; ERP — Enterprise Resource Planning; DSS — Decision Support System; NCTS —- New Computerised

Transit System; ASARM — Automated System for Analysis and Risk Management

Source: developed by the authors

Table 2. Risk assessment matrix for international transportation

Risk type Probability (P) Impact (S) Risk value Level
Customs risks 3 4 12 High
Transport risks 3 3 9 Medium
Documentary risks 4 3 12 High
Logistics delays 4 2 8 Medium
Security risks 2 5 10 High

Source: developed by the authors

The analysis of risks presented in Table 2 shows that
customs and documentary risks have the highest level
of criticality, which confirms their significant influence
on the efficiency of international transportation. These
risks are primarily associated with delays in customs
clearance, inconsistencies in documentation, and the
activation of automated control systems. Transport risks
are related to operational factors such as vehicle condi-
tion, infrastructure, and weather conditions. Although
their impact is moderate, their frequency makes them
an important factor affecting transportation reliability.
Logistical risks arise from disruptions in coordination
between supply chain participants, including delays
at border crossings and terminal congestion. Security
risks, despite their lower probability, have severe conse-
quences and therefore require special attention in risk
management strategies. Their presence highlights the
importance of implementing preventive measures and
ensuring cargo protection. The visualisation of risks

within the matrix enabled the construction of an inte-
grated risk map, which reflects their relative importance
and supports the prioritisation of management actions.
This approach ensures the transition from fragmented
risk analysis to a systematic and structured risk manage-
ment process.

The results also demonstrate the effectiveness of in-
tegrating digital technologies into the risk management
system. The use of GPS monitoring, customs informa-
tion systems, and analytical platforms ensures real-time
tracking of transportation processes and improves the re-
sponsiveness of management decisions. The implemen-
tation of intelligent decision support systems allows for
the processing of large volumes of data and the genera-
tion of recommendations based on integrated risk indica-
tors. This significantly reduces decision-making time and
enhances the accuracy of risk assessment. Comparison of
performance indicators before and after implementation
of the risk management system (Table 3).

Table 3. Comparison of performance indicators before and after implementation of the risk management system
After

Before

Indicator implementation implementation Change (%) Explanation of improvement
Average customs clearance time (hours) 18-24 10-14 135-45 Automation of procedures,
reduced manual checks
Probability of delays (%) 30-40 15-20 1 40-50 Risk prediction and route optimisation
Number of documentary errors (%) 12-15 5-7 150-60 Digital document 'Verl'ﬁcatlon
and standardisation
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Table 3, Continued

Indicator q Before q q After . Change (%) Explanation of improvement
implementation implementation
- . . Risk-based customs control
Frequency of additional inspections (%) 25-30 12-18 1 35-45 (ASARM/NCTS)
o . . Improved coordination

Logistics costs per shipment (%) 100 (baseline) 85-90 110-15 and reduced idle time

Risk detection accuracy (%) 60-65 80-85 125-30 Use of analytics and fuzzy logic
. Integration of GPS
Level of supply chain transparency (%) 50-60 80-90 T40-50 and digital platforms
Decision-making time (hours) 6-8 2-3 1 60-70 DSS implementation and automation

Note: GPS - Global Positioning System; DSS — Decision Support System; NCTS - New Computerised Transit System; ASARM — Automated

System for Analysis and Risk Management
Source: developed by the authors based on modelling results

The comparative analysis of performance indicators
before and after the implementation of the proposed risk
management system demonstrates a significant improve-
ment in the efficiency of international transportation
processes. In particular, the average customs clearance
time decreased by up to 45%, while the probability of de-
lays was reduced by nearly half. This confirms the effec-
tiveness of integrating digital technologies and analytical
tools into logistics and customs operations. A notable re-
duction in documentary errors and the frequency of addi-
tional inspections indicates improved data quality and the
successful application of risk-oriented customs control.
At the same time, the use of intelligent decision support
systems contributed to a substantial decrease in deci-
sion-making time and an increase in risk detection accu-
racy. Overall, the obtained results confirm that the im-
plementation of the proposed system leads to enhanced
transparency, reduced operational costs, and improved
reliability of international transportation processes. The
reduction in customs clearance time and delays indicates
improved coordination between logistics and customs
processes. The decrease in documentary errors demon-
strates the effectiveness of digital document processing
and standardisation.

At the same time, the reduction in logistics costs re-
flects improved route optimisation and reduced down-
time. These results confirm that the proposed system
enables the transition from reactive to proactive risk
management. The developed DSS plays a central role in
ensuring these improvements. By integrating analytical
tools and digital platforms, the system supports real-time
monitoring and adaptive management of transportation
processes. Thus, the obtained results confirm the effec-
tiveness of the proposed concept of an integrated risk
management system. The developed model ensures im-
proved transparency, reduced risks, increased efficiency,
and high adaptability of international transportation sys-
tems under conditions of uncertainty.

The obtained research results confirm that effective
risk management in international transportation requires
a transition from fragmented approaches to integrated
system solutions that encompass all stages of the trans-
port and logistics process (Osipchuk, 2024). The proposed
hierarchical risk management model, which combines

transport, logistics, and customs aspects, is consistent
with modern scientific approaches; however, it extends
them through comprehensive process integration and
the use of intelligent analytical methods by N. Luo et
al. (2023). In particular, the results correlate with the
findings of V. Tyshchenko et al. (2022), who substantiate
the necessity of ensuring supply chain resilience under
conditions of uncertainty. At the same time, this study
further develops this idea by detailing risk management
mechanisms at the level of international transportation,
taking into account the specifics of customs procedures.
V. Lebid et al. (2021) emphasise a risk-oriented approach
to logistics system management; however, their research
focuses mainly on organisational and economic aspects,
whereas the present study proposes a specific structural
and functional model of the system.

An important direction of modern research is the
digitalisation of logistics processes. Thus, K. Yereshko et
al. (2024) consider digital transformation as a key factor
in improving the efficiency of logistics systems. In this
study, these provisions are further developed through
the integration of digital systems (GPS, NCTS, analytical
platforms) into the risk management process, enabling re-
al-time decision-making. Among Ukrainian scholars, the
work of Yu. Zhyshchynskyi & O. Sharko (2025) should be
highlighted, as it examines the digitalisation of customs
procedures and the implementation of risk-oriented tech-
nologies. The results obtained in this article confirm the
importance of this direction but extend it by integrating
customs risks with transport and logistics risks. Studies by
S. Sakhno & Yu. Khrutba (2025) focus on risk modelling in
multimodal transportation and the transportation of dan-
gerous goods, respectively. In contrast to these works, the
present study proposes a universal model applicable to
various types of transportation.

Particular attention in scientific research is given to
the impact of external factors, especially martial law, on
the functioning of transport systems. Thus, A. Dolgui &
D. Ivanov (2021) analyse risks and transformations of the
transport market under crisis conditions. In this study,
these aspects are taken into account in the formation of
the risk structure, particularly by identifying security risks
as a separate category with a high level of impact. A. Ja-
rastiniené & M. GelZzinis (2025) are focused on enhancing
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the resilience of logistics systems and the use of intelli-
gent transport technologies. In the present study, these
approaches are integrated into a broader concept that in-
cludes not only transport and logistics but also customs
processes, which is particularly important for internation-
al transportation.

A significant distinguishing feature of the obtained re-
sultsis the application of fuzzy logic methods for modelling
decision-making processes. Unlike traditional approaches
based on precise data, the proposed model allows for the
consideration of uncertainty and incomplete information,
which is typical of real-world transport system operations.
Similar approaches are discussed in the work of V. Borsa &
Yu. Terebeichyk (2024). Thus, the research results confirm
and further develop existing scientific approaches to risk
management in international transportation by propos-
ing their systemic integration, digitalisation, and the ap-
plication of intelligent analytical methods. The obtained
results provide a more comprehensive understanding of
the risk management process and create a foundation for
further research aimed at implementing intelligent sys-
tems in the practice of international transportation.

Conclusions
The conducted study has established that risk manage-
ment in international transportation under current con-
ditions is characterised by a high level of complexity, driv-
en by the integration of transport, logistics, and customs
processes, as well as the influence of uncertainty factors in

from shipment preparation to execution control. The pro-
posed system structure includes functional subsystems
for risk identification, assessment, decision support, im-
plementation of risk mitigation measures, and monitoring
with feedback.

The proposed risk management system enables the
integration of different transportation stages into a unified
decision-making framework. The use of a matrix-based
approach and fuzzy logic methods ensures more flexible
and well-grounded risk assessment. The methodological
approach to risk assessment has been improved through
the application of the matrix, which allows for quantitative
determination of risk levels, their classification according
to criticality, and the development of substantiated man-
agement decisions. An integrated risk map for interna-
tional transportation has been constructed, providing sys-
tematisation of risks and determination of their priorities.
The feasibility of applying fuzzy logic methods for mod-
elling decision-making processes under uncertainty has
been substantiated. An architecture of an intelligent de-
cision support system has been developed, enabling the
integration of statistical data, expert evaluations, and digi-
tal risk analysis tools. Prospects for future research include
the development of mathematical models for risk assess-
ment using machine learning methods, as well as the
implementation of the proposed system within real dig-
ital platforms for managing international transportation.
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KoHuenuis Ta CTPYKTYpPA BAOCKOHAIEHOI CUCTEMMU YNPABJiHHSA
PU3UKAMMU Y MDKHOPOAHUX NepeBe3eHHAX
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AHoOTALUiA. B ymMoBax pO3BUTKY MiKHApOJHUX IlepeBe3eHb, IO XapaKTepU3YIOThCSI BHUCOKHUM piBHEM
HEBU3HAYEHOCTi, MOCHJIEHHSM BUMOI [0 MUTHOTO KOHTPOJIIO Ta AKTHUBHOIO IU(POBi3aIi€eio JOTiCTUIHUX
nporneciB, TUTaHHA e)eKTUBHOTO YIIPaBJiHHA pU3uKaMu HaOyBae 0co0MBOI Baru. PU3uku opMyOThCA HA CTUKY
TPAHCIOPTHHUX, JIOTICTUYHUX | MUTHUX OIlepalliif, MaloTh KOMIIJIEKCHHUH XapaKTep i 37jaTHi MOMMUPIOBATUCS B3[IOBXK
YCBOTO JIAQHIIIOra IOCTAa4YaHHsA, 110 YCKJIAMHIOE IX CBO€YacHe BUABJIEHHA Ta MiHiMisanio. MeToo NOCJaimKeHHs
CTa/I0 po3po0JIeHHA KOHIIEMIii Ta CTPYKTYPU YAOCKOHAJIEHOI CHCTeMH YIPaBJIiHHA PU3UKAMHU Y MiKHApOJHUX
nepeBe3eHHX, OPiEHTOBAHOI Ha iHTerpariiio npomnecis i HiTTPUMKY IPUHHATTA pillleHb y pesKuMi peaJbHOTO 4acy.
Y pob6ori 6y10 BUKOPUCTAHO CUCTEMHUH aHasi3, METOIU CTPYKTYPHO-(YHKI[IOHAJBHOTO MOAEIIOBAaHHSA, METOIU
OI[iHIOBAaHHsI PU3UKIB BiAmoBigHO 10 moJsioskeHb ISO 31000, a TaKOK METOAU HEUITKOI JIOTIKM MJIs1 (popmaJtidamii
nponeciB IpUHHATTA pillleHb B yMOBax HEBU3HAUYEHOCTi Ta HEIIOBHOTHU iHdopMmanii. 3anponoHoBaHo iepapxiuny
TPAHCIOPTHO-TEXHOJIOTIYHY CUCTEMY YIIPABJIIHHSA PU3UKAaMHU, 1[0 OXOILJIIOE BCi €Talll MisKHAPOJHOTO IIepeBe3eHHA
BaHTAKIiB — BiJ JIaHyBaHHS JO KOHTPOJIO BUKOHAHHs. BU3HAUYeHO CKJaJ K/II0YOBUX MmigcucteM (imeHTHdikarii,
OI[iHIOBAaHHA, MiTPUMKH NPUHHATTA pimeHb, peasisaril 3axofiiB MiHiMisarii Ta MoHiTOpuHTY). Po3pobieHo
MeTOAMKY (popMyBaHHA iHTerpoBaHO! KapTHU PU3UKIB, 10 JO3BOJIMJIO BU3HAYUTH PiBeHBb iX KPUTHUYHOCTI Ta
BCTAaHOBUTHU IIPIiOPUTETU YIPaBJiHHA. 3alpOIIOHOBAHO AapXiTEKTypy IiHTeJeKTyaJabHOI CHUCTeMU NiJTPUMKH
NPUHHATTA pillleHb, KA 3abe3nedye iHTerpamilo JaHWX, eKCIEPTHHUX OI[iIHOK Ta aHAJITUYHUX iHCTPyMEHTIB.
Pe3ynbTaTé AOCIIIKEHHS MOKYTh OyTH BUKOPUCTAHI AJIA MiABUIIEHHS e(QeKTUBHOCTI MUTHOTO KOHTPOJIIO,
CKOPOYEHHS Yacy 3aTpUMOK Y Mi’)KHApOJHUX NepeBe3eHHsIX, ONTUMi3allil JIOTICTUYHUX NPOLeCciB Ta NifBUIIIeHHA
HaAifHOCTI (PYHKI[IOHYBaHHSA TPAHCIIOPTHUX CUCTEM

Knioyosi cnoBa: MuTHI Ipoueaypy; JIOTiCTUYHI poliecy; nUdpoBisais; iHTerpoBaHa KapTa PU3UKiB; HeduiTKa
JIOTiKa; CMCTeMa MiATPUMKH IPUHHATTSA pillleHb
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Abstract. The article provided a comprehensive analysis of the role of freight forwarding activities in supporting
Ukraine’s economic recovery under the conditions of a full-scale war. The primary objective of the study was to
analyse the dynamics of Ukraine’s trade balance and to develop a forecast for its development in 2025-2026. To
achieve this objective, economic and mathematical modelling methods were applied, in particular various types of
trend approximation, including exponential, linear, logarithmic, polynomial, and power models. This methodological
approach allowed for comparing different functional dependencies and selecting the most suitable models under
conditions of high uncertainty. The findings demonstrated a stable negative trade balance (USD -33,390.9 million in
2025 and USD -37,679.1 million in 2026), characterised by a decline in exports and a simultaneous increase in imports.
This imbalance is largely driven by the growing need for energy resources, machinery, equipment, and other essential
goods required to sustain the economy during wartime and recovery. Given the risks associated with a persistent trade
deficit, the article proposed a set of strategic measures aimed at stabilising the economic situation. These included
the restoration and modernisation of transport infrastructure, diversification of export markets, promotion of high
value-added production, expansion of multimodal transport systems, and the implementation of digital technologies
in logistics. Additionally, the study highlighted the strategic importance of Ukraine’s integration into the Trans-
European Transport Network and the need to attract investment in logistics infrastructure and hubs. Overall, the
research confirmed the crucial role of efficient logistics and transport systems in ensuring economic resilience and
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strengthening Ukraine’s position in international markets. The results of the study can be used in the development of
national logistics strategies, policy-making, and support programmes for exporters

Keywords: foreign trade; logistics; transport infrastructure; TEN-T; export; import; trade balance; forecasting

Introduction
Martial law in Ukraine has created significant challenges
for the functioning of the transport and forwarding in-
dustry, necessitating the intensification of international
cooperation. In wartime conditions, disruptions in logis-
tics chains, port closures, infrastructure destruction, and
increased transportation risks have created a demand for
new solutions at the international level. Cooperation with
European and global partners is crucial for ensuring the
stability and efficiency of freight forwarding. Determining
the role of freight forwarding in the recovery of Ukraine’s
economy and developing recommendations for its optimi-
sation is a topical subject for academic research. Numer-
ous studies have explored the challenges of transport and
forwarding activities (TFA) in crisis conditions. J. Gnap et
al. (2021) and A.I. Kiiko (2024) emphasised the crucial role
of transportinfrastructure for the national economy; stress-
ing the importance of its restoration to facilitate effective
freight forwarding operations. K.M. Razumova et al. (2023)
analysed the impact of globalisation and integration on
the development of transport and forwarding enterprises,
as well as the challenges faced by the industry in the con-
text of contemporary economic realities. V. Prokhorova et
al. (2025) identified the key factors influencing the inten-
sity of economic recovery, as well as the construction and
evaluation of possible development scenarios for Ukraine
after the “hot” phase of the war. For the study of the pe-
culiarities of Ukraine’s economic development, they used
the tools of non-parametric regression spline functions.
The feasibility of using scenario modelling in conditions
of high uncertainty about Ukraine’s future development
was substantiated. R. Subaciené et al. (2023) developed
organisational and methodological issues related to mon-
itoring the contribution of the corporate sector to achiev-
ing sustainable development goals during the post-war
reconstruction phase in Ukraine. The work uses methods
of analysis and synthesis (to study the consequences of
Russia’s military aggression on Ukraine’s economic devel-
opment and the achievement of sustainable development
goals), comparison (in analysing the requirements of inter-
national regulations on the structure, stages of formation,
and set of reporting indicators), and a process approach
(for developing recommendations on the creation of a
repository). Institutional mechanisms to strengthen the
harmonisation and comparability of sustainability report-
ing at the international level in the context of achieving
sustainable development goals were substantiated. V. San-
duhei et al. (2025) and P. Vesco et al. (2025) substantiated
the directions and potential for using human capital as a
driver of forming the country’s competitive advantages
in the post-war period. They determined how the quality
of human capital in Ukraine aligns with the potential for
acquiring competitive advantages, identified factors of
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positive and negative impact of war and crisis on human
capital, and examined trends in changes to the quali-
ty of human capital under the influence of these factors.

Despite the availability of research, insufficient at-
tention has been given to integrating TFA into Ukraine’s
economic recovery process and the impact of this activity
on the sustainable development of the national economy.
The goal of this article was to assess the role of transport
and TFA in Ukraine’s economic recovery, identify the main
challenges faced by the transport sector, and propose
strategies for improving its operational effectiveness. Also,
in this context, it is crucial to underscore the develop-
ment of public-private partnerships in the transport and
logistics sector, which will allow for attracting addition-
al investment into the transport industry, improving the
quality of logistics services, and ensuring the stability of
transport flows in European and global foreign economic
markets. In line with the established objective, the follow-
ing tasks were defined for the research:

« analysis of problems caused by Russia’s aggression
in the field of TFA in the country;

« development of recommendations to overcome the
issues caused by Russia’s aggression in the field of TFA in
Ukraine to restore its economy.

Materials and Methods

The empirical basis of the research consisted of statisti-
cal data on Ukraine’s exports and imports of goods for the
period 2020-2024, obtained from official sources of the
State Statistics Service (n.d.a; n.d.b). The selection of this
period was justified by the need to cover both pre-war and
wartime stages, which allows identifying structural breaks
and transformations in foreign trade dynamics. The object
of the study was Ukraine’s foreign trade under martial law
conditions, while the subject is the dynamics and trends
in export and import volumes, as well as the possibilities
of their forecasting considering the influence of transport
and logistics factors. The least squares method was used
to find an approximate solution to the overdetermined
system and to estimate the parameters of the linear re-
gression. The application of the least squares method is
justified by the following example. Suppose that as a result
of some research, four data points (x, y) were obtained:
(1, 6), (2,5), (3, 7), and (4, 10) (shown as dots in Figure 1).
The task was to find the line that best fits these points (to
determine the values of a and b that approximately solve
the system of linear equations):

Pr+1:p,=6
Pr1+2-B=5
Pr+3:B=7
pr1+4-B, =10, 1

where B, — the intercept; 8, — the slope coefficient.



The least squares approach to solving this problem
was to try to make the sum of the squared errors between
the right and left sides of this system as small as possible,
that s, it is necessary to find the minimum of the function:

S(ﬁl) ﬁz) = [6- (ﬂ1+ 1 'ﬂg)]z"' [5' (ﬂ1+2'ﬁ2)]2+
+[7-(B,+3-B,)12+[10- (B, +4- B> 2)

The minimum was determined by calculating the par-
tial derivative of S(8,, B,) of B,, B, and setting them to zero:
AS = = . . _—
35 =0=8p1+20p,~56

AATS=0=20~[)’1+60~[)’2—154. )

This resulted in a system of two equations with two
unknowns, known as the normal equations. The solution
to the system of linear algebraic equations provides the
equation of the line that best fits the four given points. The
minimum sum of squared errors is:

S(3.5,1.4)=1.12+(-1.3)2-(0.7)2+0.92=4.2.
It should be noted that the form of the linear function

obtained analytically coincides exactly with the equation
of the linear trend (Fig. 1).
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Figure 1. Linear regression example
Source: developed by the authors

Based on Figure 1, it was confirmed that the least
squares regression line captured the overall trend of var-
iation in the data, as the obtained linear trend equation
closely fit the majority of data points while minimising
the deviations from the observed values. This indicated a
good fit of the model and supported the appropriateness
of using a linear specification for data approximation. At
the first stage of the research, general scientific methods
of analysis and synthesis were applied to assess the state
of freight forwarding activities and their impact on the na-
tional economy. At the second stage, economic and math-
ematical modelling methods were used, in particular trend
analysis. Five types of trend models were constructed:
linear, exponential, logarithmic, polynomial, and power.
This approach was chosen to compare different function-
al forms and identify the model that best fits the available
data under conditions of high uncertainty. The selection
of the exponential trend for exports (R2=0.4092) and the
power trend for imports (R2=0.2269) is justified not by the
absolute value of the coefficient of determination, but by
their relative superiority among the tested models. The
relatively low R2 values are explained by the high volatility
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of the data caused by exogenous shocks such as war, port
blockades, and infrastructure destruction, which disrupt
traditional economic patterns. Under such conditions,
trend models serve primarily as indicative rather than
precise forecasting tools. Preliminary data processing in-
cluded aggregation and consistency checks; however, no
additional smoothing techniques (such as moving averag-
es) were applied, which may have affected the accuracy of
approximation. All calculations and model constructions
were performed using Microsoft Excel.

Results and Discussion
Following the outbreak of the full-scale war, Ukraine has
suffered significant losses in the logistics and transpor-
tation sectors. The blockade of seaports, destruction of
transport routes, and shifts in international trade have
profoundly impacted the economic situation. Under
such conditions, TFA are crucial in stabilising economic
processes, particularly during post-crisis recovery. TFA
facilitates the uninterrupted supply of goods, ensures
availability in domestic and international markets, and
stimulates investment in infrastructure modernisation.
Economic recovery largely depends on the efficient oper-
ation of the logistics sector, which supports international
trade and helps adapt the transportation system to new
challenges (Ivanov et al., 2025). However, the war has led
to the destruction of key infrastructure, including bridg-
es, roads, and railway hubs, creating additional obsta-
cles to transporting critically essential goods (Maliuta et
al., 2023). Due to the blockade of seaports, businesses
have been forced to seek alternative routes, leading to the
rapid expansion of railway transportation, the develop-
ment of land corridors through Ukraine’s western borders,
and an increase in cargo flows through Danube ports. At
the same time, these changes require substantial invest-
ments in upgrading the transport network and enhancing
its capacity. A separate challenge remains the rising cost
of logistics. The war has resulted in increased insurance
payments, higher fuel prices, elevated transportation
maintenance costs, and rising wages, all of which com-
plicate business operations. Additionally, the shortage of
skilled personnel, caused by mobilisation and migration,
negatively impacts freight transport efficiency and cargo
handling speed (Myskyv et al., 2025). A serious challenge
for the economy remains the negative balance of foreign
trade, indicating that imports exceed exports, leading to
currency risks, increased debt burden, and the devalua-
tion of the hryvnia, as noted by A. Nepran (2025). The war
has significantly complicated the sale of Ukrainian prod-
ucts in foreign markets due to the destruction of produc-
tion facilities, reduced export capabilities, and logistical
constraints. At the same time, the demand for imports
of energy resources, machinery, and essential goods re-
mains high. Moreover, the significant share of raw materi-
al exports makes the economy vulnerable to fluctuations
in global prices, further exacerbating the financial sys-
tem’s instability. An attempt was made to forecast the vol-
ume of Ukraine’s foreign trade in goods for 2025 and 2026
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using five trend models - exponential, linear, logarith-
mic, polynomial, and power. This was achieved through
the application of mathematical tools and smoothing

functions (Prokudin et al., 2024). The forecast was based
on statistical data for the years 2020, 2021, 2022, 2023, and
2024, as presented in Table 1.

Table 1. Volume of Ukraine’s foreign trade in goods, 2020-2024

Year Exports, million USD Imports, million USD Trade balance, million USD
2020 49,191.8 54,336.1 -51,44.3
2021 68,072.3 72,843.1 -47,70.8
2022 44,135.6 55,295.7 -11,160.1
2023 36,182.9 63,567.0 -27,384.1
2024 41,733.0 70,709.1 -28,976.1

Source: State Statistics Service of Ukraine (n.d.a; n.d.b)

The data in Table 1 reveals a consistent negative trade
balance for Ukraine from 2020 to 2024, with imports con-
sistently exceeding exports. The trade deficit widened sig-
nificantly from USD 5.14 billion in 2020 to USD 28.98 bil-
lion in 2024, reflecting a growing imbalance in foreign

trade over the period. Notably, the export value fluctuated,
while imports showed a general upward trend, particular-
ly in 2023 and 2024, contributing to the increasing trade
deficit. The forecast of foreign trade volume, built on an
exponential trend, is presented in Figure 2.
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Figure 2. Forecast of foreign trade volume using the exponential trend

Source: developed by the authors

The exponential model indicates a rapid divergence
between imports and exports. By the end of the forecast
period, the gap reaches roughly USD 40-42 billion, re-
flecting the compounding nature of exponential growth.
Imports expand at an increasing rate, while exports de-
cline proportionally, which amplifies the imbalance over
time. From an economic perspective, such dynamics may
reflect asymmetric recovery conditions: strong domestic
demand and import dependence (e.g., energy, machinery,
consumer goods) combined with structural constraints

on exports, such as damaged infrastructure, limited pro-
duction capacity, and restricted access to external mar-
kets. Compared to other models, the exponential trend
produces one of the most aggressive divergence scenarios,
as it assumes constant percentage growth/decline rates.
This makes it less conservative than the linear and pow-
er trends and more extreme than the logarithmic model,
which incorporates deceleration effects. The forecast of
foreign trade volume, built on a linear trend, is presented
in Figure 3.
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Figure 3. Forecast of foreign trade volume using the linear trend

Source: developed by the authors

The linear model shows a steady and predicta-

ble widening of the trade gap, reaching approximately
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USD 40-43 billion by the final years. The difference grows
at a nearly constant absolute rate, reflecting stable but



opposing trends in imports and exports. Economical-
ly, this suggests a gradual normalisation of trade flows,
where imports increase due to recovering consumption
and investment, while exports fail to keep pace due to
persistent competitiveness issues. The linear assump-
tion implies no major structural shifts, only continua-
tion of current tendencies. In comparison, this model is

72,843.1
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more conservative than the exponential and polynomial
trends, as it avoids acceleration effects. However, it is less
nuanced than the logarithmic model, which captures
slowing dynamics, and less flexible than the power mod-
el, which reflects nonlinear adjustment. The forecast of
foreign trade volume, built on a logarithmic trend, is pre-
sented in Figure 4.
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Figure 4. Forecast of foreign trade volume using the logarithmic trend

Source: developed by the authors

The logarithmic model points to a moderate and sta-
bilising gap, estimated at around USD 30-32 billion toward
the end of the period. The divergence grows initially but
then decelerates, reflecting diminishing marginal chang-
es. This behaviour can be explained by market saturation
and adaptive mechanisms. Imports grow more slowly
as demand stabilises, while exports, despite declining,
begin to adjust to constraints, possibly through market

diversification or partial recovery of production. Com-
pared to other models, the logarithmic trend is the most
optimistic and balanced scenario. Unlike exponential and
polynomial models, it does not imply runaway divergence.
It also improves upon the linear model by incorporating
nonlinear slowing, making it more realistic in conditions
of economic stabilisation. The forecast of foreign trade vol-
ume, built on a polynomial trend, is presented in Figure 5.
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Figure 5. Forecast of foreign trade volume using the polynomial trend

Source: developed by the authors

The polynomial model produces the most pro-
nounced divergence, with the trade gap potentially
exceeding USD 55-57 billion by the end of the forecast
horizon. Imports accelerate significantly, while exports
decline at an increasing rate, creating a sharp imbalance.
Economically, this reflects a high-risk scenario charac-
terised by deepening structural asymmetry: strong re-
liance on imports combined with deteriorating export
capacity. This may be linked to prolonged war impacts,
deindustrialisation, or loss of key export sectors. Com-
pared to all other models, the polynomial trend is the
most pessimistic, as it captures nonlinear acceleration
in opposite directions. Unlike the exponential model,

which assumes proportional change, the polynomial
specification allows for turning points and sharper cur-
vature, leading to more extreme outcomes. The forecast
of foreign trade volume, built on a power trend, is pre-
sented in Figure 6.

The power model suggests a moderate but persistent
gap, reaching approximately USD 30-35 billion. Imports
grow steadily but without sharp acceleration, while ex-
ports decline gradually, resulting in a smoother diver-
gence. This reflects a scenario of controlled imbalance,
where economic agents partially adapt to constraints.
Imports remain necessary for recovery and modernisa-
tion, while exports face structural but not catastrophic
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limitations. In comparison, the power trend occupies a
middle position between models. It is less extreme than
the exponential and polynomial scenarios, but also less
optimistic than the logarithmic one. Relative to the linear

trend, it better captures non-constant growth rates, mak-
ing it more flexible and potentially more realistic in transi-
tional economic conditions. The results of the approxima-
tion for all five trends are summarised in Table 2.
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Figure 6. Forecast of foreign trade volume using the power trend

Source: developed by the authors

Table 2. Results of approximation of the volumes of foreign trade in goods of Ukraine for 2020-2024

Type of trend ke
Export Import
Exponential 0.4092 0.2079
Linear 0.3663 0.1897
Logarithmic 0.2698 0.2078
Polynomial 0.3799 0.192
Power 0.3173 0.2269

Source: developed by the authors

For the forecast for 2025-2026, the trends with the
highest R2 values closest to 1 are selected. The exponential
trend (R2=0.4092) is used for exports, while the power trend
(R2=0.2269) is applied for imports. The obtained results
are presented in Table 3. According to Table 3, the fore-
cast for Ukraine’s foreign trade in goods for 2025 and 2026

indicates a further decline in exports and a steady increase
in imports. The trade deficit is projected to rise signifi-
cantly, from USD 28.98 billion in 2024 to USD 33.39 billion
in 2025 and USD 37.68 billion in 2026, showing a grow-
ing imbalance in foreign trade. The obtained forecasting
results are presented in the resulting graph in Figure 7.

Table 3. Forecast of Ukraine’s foreign trade volume in goods for 2025-2026

Year Exports, million USD Imports, million USD Trade balance, million USD
2020 49,191.8 54,336.1 -51,44.3
2021 68,072.3 72,843.1 -47,70.8
2022 44,135.6 55,295.7 -11,160.1
2023 36,182.9 63,567.0 -27,384.1
2024 41,733.0 70,709.1 -28,976.1
2025 35,055.8 68,446.6 -33,390.9
2026 31,846.9 69,526.0 -37,679.1
Source: developed by the authors
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Figure 7. Forecast of Ukraine’s trade turnover for 2025-2026

Source: developed by the authors
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The results indicate significant fluctuations in export
and import volumes and a persistently negative trade bal-
ance, which significantly deteriorated between 2022 and
2024. While in 2020-2021, the trade balance remained rel-
atively stable, 2022 witnessed a sharp decline in exports
(by 35.2% compared to 2021), leading to an increased
deficit of USD -11.16 billion. The situation worsened fur-
ther in 2023, as exports declined, and the negative balance
reached USD -27.38 billion. In 2024, exports partially re-
covered; imports also increased, further expanding the
trade deficit to USD -29.13 billion. The contraction of
exports in 2022-2023 was primarily driven by military ac-
tions, disruptions in logistics routes, and loss of access to
key markets. The slight recovery in 2024 indicates business
adaptation and the gradual restoration of economic activ-
ity. Despite financial difficulties, the rise in imports during
2023-2024 may be attributed to the necessity of importing
critically essential goods, such as energy resources, equip-
ment for production recovery, and military-related sup-
plies. According to the results of the trend analysis, exports
are expected to show a declining tendency in 2025-2026,
potentially reaching around USD 35.1 billion. Meanwhile,
imports are projected to rise, reaching USD 68.4 billion in
2025 and USD 69.5 billion in 2026. This will further exacer-
bate the trade balance deficit, which is expected to reach
USD -33.4 billion in 2025 and USD -37.7 billion in 2026.
Despite these challenges, TFA play a key role in economic
recovery. Their efficient functioning contributes to main-
taining and expanding Ukraine’s trade relations with ex-
ternal partners, ensuring the timely delivery of goods and
creating new jobs. Given this, it is necessary to implement
a series of measures to improve the sector’s efficiency.
Firstly, priority should be given to restoring transport in-
frastructure, including reconstructing destroyed facilities
and constructing new logistics hubs and freight termi-
nals. Secondly, support for exporters should be provided
through state financing programmes for enterprises. Of-
fering long-term preferential loans will enable businesses
to invest in expanding production, purchasing equipment,
and improving product quality. Thirdly, export diversifica-
tion is essential through market expansion and enhanced
cooperation. Beyond Europe, strengthening trade rela-
tions with Asian and Middle Eastern countries is crucial.
These regions demonstrate high demand for agricultural
products, metallurgy, and engineering goods. Strength-
ening cooperation with China, India, Saudi Arabia, and
Turkey opens up new opportunities for export growth and
reduces dependency on European markets. Additionally,
the digitalisation of transport and logistics processes is a
crucial development direction. This transformation will
reduce the time required for processing transport docu-
mentation, enhance cargo tracking, and improve overall
efficiency in managing material flows. Another key task is
the training and retraining of logistics professionals, as a
shortage of qualified personnel may hinder the transport
sector’s growth. Expanding public-private partnerships in
transport and logistics is also essential. Cooperation be-
tween the state and businesses will help attract additional
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investments into the transport industry, improve the qual-
ity of logistics services, and ensure transport flow stability.

The European Union is developing the Trans-Euro-
pean Transport Network (TEN-T) to connect Europe from
west to east and north to south through a network of high-
ways, railways, airports, and waterways. The development
of the transport system is planned in two stages: the “core”
network is expected to be completed by 2030, while the
“comprehensive” network is scheduled for completion by
2050. Ukraine joined TEN-T in 2017. According to Strat-
egy for the EU integration... (2023), projects worth EUR
4.45 billion are planned for implementation in Ukraine
by 2030. This represents the most significant investment
allocation among all Eastern Partnership countries of the
EU. The European Commission for Transport has intro-
duced modifications to the indicative maps of the TEN-T
network, incorporating Ukrainian logistics routes. This
decision represents a strategic step toward Ukraine’s inte-
gration into the EU. It will facilitate the implementation
of the “Solidarity Lanes” initiative, which aims to support
the export of Ukrainian agricultural products and the de-
livery of humanitarian aid to Ukraine (Hoi et al., 2025).
The following changes have been introduced to enhance
Ukraine’s transportation network: the North-Baltic Corri-
dor has been extended through Lviv and Kyiv to Mariupol,
while the Baltic-Black-Aegean Corridor has been expand-
ed through Lviv and Chernivtsi (Romania and Moldova)
to Odesa. Furthermore, the Baltic-Adriatic Sea Corridor
and the Rhine-Danube Corridor will now pass through
Lviv. Additionally, new routes have been designated,
including Odesa — Berezyne - Basarabeasca (towards
Chisinau and Reni, Republic of Moldova), Zhytomyr —Vin-
nytsia — Yampil (towards Riscani, Republic of Moldova),
Chop - Uzhhorod — Sambir — Lviv, and Krasnohrad — Pol-
tava, Krasnohrad - Kharkiv, Krasnohrad - Dnipro. The
inclusion of these logistics routes in the TEN-T network
brings several significant benefits (Strategy for the EU in-
tegration..., 2023). It eliminates existing barriers in logis-
tics operations, improving transportation efficiency and
streamlining processes. Additionally, it opens the door
for attracting European investments focused on mod-
ernising the country’s transport infrastructure. Moreo-
ver, integration into the TEN-T network grants access to
European Union assistance instruments that support the
development of Ukraine’s segment of the network. It also
contributes to the expansion of multimodal transporta-
tion capabilities, allowing for more flexible and diversified
logistics solutions. Furthermore, this inclusion can lead to
a reduction in overall logistics costs while simultaneously
improving the quality and reliability of freight transporta-
tion services. Additionally, the European Commission has
excluded Russian and Belarusian routes from the TEN-T
network and downgraded the status of routes within the
EU that intersect with these aggressor countries.

The comparison with other publications confirms
that the reconstruction of Ukraine’s transport infrastruc-
ture and the adaptation of logistics systems, including
the implementation of European norms, digitalisation,
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and international partnerships, are crucial for overcom-
ing wartime challenges and ensuring economic recovery
(Kiiko, 2024). As emphasised by Y. Korniiko er al. (2024),
the problems of the transport sector of Ukraine have be-
come more acute as a result of the armed aggression of
the Russian Federation. A general assessment of the dam-
age caused to the infrastructure of Ukraine during the war
is presented, where the second largest category of dam-
aged assets is precisely the transport infrastructure. It is
revealed that despite the existing challenges, there is a
positive trend in the restoration of freight traffic volumes
and the reconstruction of infrastructure facilities, name-
ly: transshipment complexes, warehouse hubs, car parks,
port terminals and private fleets. In the article S. Tkachen-
ko (2024) the role of logistics in the process of post-war
economicrecovery of Ukraine was investigated, taking into
account international experience and the involvement of
foreign partners. Strategic directions for the development
of logistics infrastructure were identified, which ensure
the accelerated recovery of production and trade chains.
Modern obstacles and limitations that affect the efficien-
cy of logistics systems in the conditions of reformatting
the economic system were considered. Attention was fo-
cused on the need to coordinate the actions of state bod-
ies, business and international donors to form an effective
supply mechanism, resource allocation and support for
the critical infrastructure of the state. The possibilities of
implementing foreign logistics approaches and tools in
the domestic economy were analysed, taking into account
institutional specifics. The conceptual principles of strate-
gic partnership with international structures in the field of
logistics were identified in order to strengthen economic
stability and ensure the regenerative growth of the nation-
al economy of Ukraine. V. Kuranovi¢ et al. (2025) stated
that the growth of the global freight forwarding market is
rapid due to the rapid development of international trade,
the expansion of the e-commerce industry worldwide,
and the increase in the number of free trade agreements
between countries. Enterprises that engage forwarders
to organise foreign trade operations in the international
trade market can receive a number of advantages in or-
ganising cargo delivery and minimising transportation
costs. The introduction of information technologies al-
lows forwarders to be prepared for large-scale disrup-
tions and unforeseen risks when organising internation-
al freight transportation (Abideen, et al., 2023; Cariou et
al., 2025). Even in times of uncertainty, data analytics
and automation are becoming the main way to improve
the activities of leading freight forwarding companies.

R. Kersys & PG. Pererva (2025) noted that logistics be-
gan to play one of the decisive roles in restoring the econo-
my of Ukraine under martial law. Despite significant loss-
es since the beginning of the war due to such problems
as the closure of Ukrainian ports, air traffic, instability of
railway transportation, lack of infrastructure and exter-
nal factors, the Ukrainian transport and logistics system
gradually coped with the challenges and began to increase
the volume of export-import and domestic supplies.
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However, a significant part of the logistics infrastructure
still needs to be restored and there is a need to accelerate
the movement of goods. Therefore, to solve the outlined
problems, the spread of digitalisation, which will improve
the movement of information and financial flows through
the use of reliable technologies and information systems,
the restoration of the transport and logistics infrastructure
by searching for companies and investors capable of do-
ing this in the shortest possible time, including through
privatisation processes, which is no less relevant today
than before. Taken together, this will determine the devel-
opment of logistics in Ukraine in the near future. V. Yano-
vska et al. (2025) and K.M. Prytula et al. (2025) examined
the transformation of Ukraine’s export cargo flows in
2022-2026 amid wartime shocks and structural changes
in the transport and logistics system. Authors synthesised
theoretical and practical aspects of three key logistics sub-
systems: the seaports of the Odesa region, the Danube
cluster, and land border crossings. The study highlights
patterns of flow reorientation during shock periods, insti-
tutional turbulence, and the emergence of a new multi-
modal balance. The trends in sea, rail and road transport
rates have been analysed, and their impact on the struc-
ture of transport and logistics costs has been assessed. The
article further elaborates the mechanism through which
changes in logistics costs are transmitted into export price
formation under Incoterms (Delivered at Place; Carriage
Paid to; Free on Board; Cost, Insurance, and Freight).
V. Yanovska et al. (2025) also examined how institution-
al decisions, inspection restrictions, infrastructure con-
gestion, and security risks reshape route configurations.
Competitive advantages of alternative export channels
are evaluated under capacity constraints and heightened
uncertainty. A multicriteria route assessment framework
is proposed, incorporating cost, logistics cycle time, relia-
bility, security, and environmental parameters. Finally, key
directions for strengthening export logistics resilience are
identified based on a multimodal export logistics archi-
tecture, and recommendations are offered for transport
and technological solutions and infrastructure develop-
ment under prolonged instability.

Conclusions
The study confirmed that, despite the challenging envi-
ronment, TFA play a decisive role in sustaining and restor-
ing Ukraine’s economy. They help stabilise trade flows,
support market diversification, and create conditions
for attracting investment into transport and logistics in-
frastructure. The resilience of foreign trade increasingly
depends on the efficiency and adaptability of logistics
systems under external shocks. The results indicated a
persistent trade deficit (USD 33,390.9 million in 2025 and
USD 37,679.1 million in 2026), driven by declining exports
and rising imports, largely due to increased demand for
energy, machinery, and other essential goods during war-
time and recovery. Priority directions for further develop-
ment should include the modernisation of logistics hubs,
deeper integration into the European TEN-T, expansion



of multimodal transportation, and comprehensive dig-
italisation of logistics processes. At the same time, state
support for exporters remains essential and should focus
on improving access to preferential financing, simplifying
customs procedures, and stimulating the development of
high-value-added production. Particular attention should
also be given to import optimisation through the gradual
reduction of dependence on critical goods by strength-
ening domestic production capacities. In this context,

Prokudin etal. 117

adaptation of logistics routes to current challenges. The
consistent implementation of these priorities will contrib-
ute to economic stabilisation, improved competitiveness,
and the sustainable long-term development of Ukraine.
The econometric modelling of the relationship between
logistics costs, supply conditions, and export competitive-
ness is promising.
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AHoTauif. ¥V craTrTi IpoBefeHO BceOGIUHME aHaIi3 PoJIi AiAIBHOCTI eKCIIeJUTOPCHKUX KOMIAHIN y mimxTpumii
€KOHOMIYHOTO BiTHOBJIEHHsI YKpAiHM B yMOBax MOBHOMAcIITa0HOI BiliHU. OCHOBHOIO METOI0 JOCHTiIKeHHsT 6YJI0
NpoaHaJi3yBaTH JUHAMIiKY TOProBoro 6ajaHCcy YKpaiHu Ta po3poOUTH IPOTHO3 HOro po3BUTKY Ha 2025-2026 poKH.
s nocArHeHHsA 1ii€el MeTH 3aCTOCOBAHO METOAM €KOHOMiKO-MareMaTUYHOrO MOE/II0BaHHs, 30KpeMa pisHi Tunmu
anmpokcuMariii TpeH B, BKJIIOYA0UH eKCIIOHeHITia/IbHY, JiHiHHY, JIorapu(MidHy, TOJTiHOMiaIbHY Ta CTENIEHEBY MOAEJTI.
Ileft MeTOOJIOTTYHIH MiIXiK O3BOMMB TOPIBHATH pi3Hi DyHKIIOHAJIBHI 3a/1€;KHOCTI Ta BUOMpaTh HalO1/Ib I ITi X0 g AT
MOJeJIi B yMOBax BUCOKOI HEBU3HAYEHOCTI. Pe3yJIBTaT! JOCTiIPKEHHS MOKa3aau CTablIbHUI HEraTUBHUN TOPTOBUM
6asanac (-33 390,9 mutH 1oJ1. y 2025 pomi Ta -37 679,1 MuIH foJ1. Y 2026 poili), AKUN XapaKTepU3YEThCs 3HUKEHHAM
eKCIIOPTY Ta OMHOYACHUM 30inbimieHHsAM iMmopty. Takuil aucb6aaHCc 3HAYHOIO MipOI0 0OYMOBJIEHUI 3POCTAI0Y0I0
noTpeb0I0 B eHepropecypcax, TexHirni, o6J/agHaHHi Ta iHIIX HeOOXiTHUX TOBapax AJIA MATPUMKN €KOHOMIKY il 9ac
BiliHM Ta BiTHOBJIeHH:. BpaxoBy0ur pU3UKH, IOB’sI3aHi 3 TOCTIHHUM TOPTOBUM JedillUTOM, Y CTATTi 3alIPOIIOHOBAHO
KOMILIEKC CTpaTeTivHUX 3aXOfiB, COPSIMOBAHUX Ha cTabisnisamio ekoHOMiuHOI cutyaril. Cepes HUX BiTHOBJIEHHS Ta
MOJIEpHi3allisi TPaHCHOPTHOI iIHPPaCTPYKTYpH, TUBEPCU(IKALIiSA eKCIIOPTHUX PUHKIB, CTUMY/IIOBAHHSI BUPOOHHUIITBA
3 BICOKOIO JIOJJaHOIO BAPTICTIO, PO3MINPEHHSA MyJIBTUMO/IA/IbHIX TPAHCIIOPTHUX CUCTEM Ta BIPOBAIKEHH U poBUX
TexHOJIOTiH y joricTuni. KpiM Toro, moCifsKeHHA MigKpecansIo cTparerivuie 3HaYeHHs iHTerpanii Ykpaiau B Trans-
European Transport Network Ta HeoOXiTHICTE 3a/Ty4eHHs iHBeCTULIiN y JIOTiCTHYHY iHGPACTPYKTYpy Ta Xxabu. 3arajgom
JOCTiIKEeHHST MiATBEPINIO BAKJIUBY POJb €(EKTUBHUX JIOTICTUYHUX i TPAHCIOPTHUX CHUCTEM Yy 3abe3redeHHi
eKOHOMIYHOI CTiMKOCTi Ta 3MiI[HEeHHi MO3UIilf YKpaiHM Ha MDKHApOTHUX PUHKAX. Pe3yJbTaTd MOXKYTh OyTH
BUKOPHUCTAHI IpU po3po0O1li HallioHATBLHUX JIOTICTUYHUX CTpaTeril, MOJITUKY Ta IporpaM MiATPUMKU eKCIIOpTepiB

KnioyoBi cnoBa: 30BHIITHA TOPTiBJIA; JIOTICTHKA; TpaHCIOpTHa iHgpacTpykTypa; TEN-T, ekcnoprt; iMIopT;
TOProBUii 6aJAHC; MPOTHO3YBAHHS
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