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An analysis of the transport impact of finish building on-ramps
and off-ramps from the Dnipro embankment
to the Darnytskyi Bridge in Kyiv

Abstract. This study was aimed at assessing the effectiveness of design solutions for the development of Kyiv’s
transport infrastructure based on transport modelling and analysis of possible socio-economic effects. To do this, a
four-step algorithm for modelling transport demand was used, based on data from sociological surveys, territory plans,
and forecasts for 2030. The results of the study showed significant changes in the functioning of the Kyiv transport
network as a result of the implementation of the proposed design solutions. The transport modelling helped to
estimate quantitative indicators such as traffic volumes on major highways, as well as qualitative changes such as
reduced congestion, shorter travel times, and cost savings. One of the key results was that the opening of new exits and
entrances to the Darnytskyi Bridge on the left bank contributed to a slight increase in bridge capacity, but the biggest
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effect was seen on the approaches to the bridge. The additional approaches have increased traffic volumes, which
indicates improved transport accessibility for drivers using this transport hub. The results related to environmental
performance were also important. The reduction in congestion resulted in a reduction in CO, emissions, which is a
significant contribution to improving the environmental situation in the city. In terms of cost-effectiveness, the results
demonstrated significant savings in transport losses, confirming that the implementation of the proposed measures
has a positive impact on transport infrastructure, as well as reducing financial losses associated with travel. Thus, the
results of the study confirmed that the proposed design solutions have a positive impact on the development of the
transport network, increasing capacity and reducing negative environmental impact, which opens up opportunities for
creating a more efficient transport system that meets the requirements of sustainable development and improves the
overall quality of life of Kyiv residents

Keywords: street and road network; transport modelling; traffic capacity; node congestion; infrastructure development

scenarios; social impacts

INTRODUCTION

Ukrainian cities, including the capital, Kyiv, are facing
transport issues arising from the rapid increase in car own-
ership (Semchenko, 2020). The growth of the private car
fleet is driven by both the rising demand for personal trans-
port and the relative availability of used cars from Europe
and the USA, influenced by national policies. These factors,
combined with urban planning policies that typically aim
to meet citizens’ demands for unrestricted car use, have led
to a significant increase in the load on the road network
(RN) in Ukrainian cities. The consequences include a dete-
rioration in the level of service (LOS) of the RN, an increase
in harmful emissions, higher energy losses, a decline in
transport accessibility, and reduced resilience of the trans-
port systems in Ukrainian cities.

The situation is particularly critical in Kyiv. In 2021, the
Ukrainian capital ranked third among 404 cities worldwide
for congestion levels, according to the Traffic Index (2021),
with traffic delays reaching 56%. This indicates that a sig-
nificant portion of Kyiv’s RN, constructed in the 1960s and
1980s, along with RN overall density, is inadequate to meet
the growing demand for transportation. Moreover, due to
limited resources for maintaining and developing the RN,
the city is gradually losing its capacity to modernise, and
even maintain, its existing transport infrastructure, fur-
ther exacerbating the problem of deficiencies (Sidliaren-
ko, 2023). Given these challenges, it is crucial to make de-
cisions aimed at improving the efficiency of the RN. One
key area is the modernisation and expansion of important
transport hubs and junctions. Conducting a cost-benefit
analysis of such projects can facilitate decision-making
that aligns with legal requirements and urban planning
goals, enabling the achievement of the highest level of
cost-effectiveness.

A crucial factor in enhancing the efficiency of RNs
is a comprehensive study of the impact of various design
solutions on traffic flows using transport modelling. In the
research by O. Stepanchuk et al. (2022), the effectiveness
of transport modelling methods was highlighted, empha-
sising that such technologies can significantly improve the
overall efficiency of RN utilisation. In the study by V. Per-
lov & I. Kyrytsya (2023), transport modelling was used for

planning and modernising the RN in Vinnytsia, where pos-
itive effects of applying such technologies were identified.
Furthermore, the article of G. Boeing & W. Riggs (2024)
examined the impact of transport systems on traffic op-
timisation, demonstrating that the use of transport mod-
elling methods can significantly optimise RNs, reducing
traffic delays and improving overall network performance.
Thus, these results confirm that the application of trans-
port modelling is essential and relevant for the effective
management of RN development.

Moreover, transport modelling can provide deeper in-
sights into the impact of specific design solutions on the
performance of RNs. In the research conducted by E. Sury-
ani et al. (2020), the effectiveness of implementing new
design solutions based on transport modelling of various
traffic management scenarios was analysed, revealing that
optimising traffic management at intersections and road
sections can lead to increased capacity of key sections of
the RN. The study of E. Zadobrischi et al. (2020) focused
on the impact of modernising RN elements on the overall
efficiency of the transport system, and as a result, revealed
that such updates can contribute to a significant transport
effect. In the study by W. Wu et al. (2020), the emphasis was
on the implementation of intelligent transportation sys-
tems, where, using transport modelling, it was found that
the integration of innovative technologies can improve the
overall level of road safety on the RN and yield a transport
effect. Nevertheless, even considering the positive results,
it is necessary to take into account the limitations and
challenges associated with the implementation of such de-
sign solutions and, consequently, projects.

Another crucial factor to analyse is the impact of dif-
ferent strategies on RN efficiency through the use of trans-
port modelling. The study of M. Ogryzek et al. (2020) con-
ducted detailed transport modelling of scenarios involving
both the reconstruction of existing roads and the construc-
tion of new transport routes, demonstrating that the re-
construction of key intersections can increase the overall
capacity of the RN. The research of C.-Y. Wu et al. (2021)
focused on assessing the impact of new transport technol-
ogies on achieving transport efficiency, revealing through
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transport modelling those new technologies contribute to
reducing congestion duration at intersections on the RN.
The article of P. Wang et al. (2020) used transport modelling
to investigate the transport effect of measures to restrict
the use of private transport, including the development of
cycling infrastructure and increasing the amount of public
transport. However, despite these results, it should be not-
ed that when implementing new design solutions in an ex-
isting RN, it is necessary to consider not only technical but
also socio-economic aspects, ensuring a balance between
efficiency and the system’s resilience, which requires fur-
ther monitoring and adjustment as projects are developed.

This study aimed to assess the transport impact of de-
sign solutions for intersections on the RN, using the left-
bank on-ramps and off-ramps of the Darnytskyi Bridge in
Kyiv as a case study. To achieve this goal, several key tasks
were defined and implemented, including an analysis of
the impact of the proposed design solutions on the overall
efficiency of the RN, including changes in capacity, and de-
lay times, as well as an assessment of socio-economic and
environmental impacts such as savings in transport losses
and expected reductions in CO, emissions, allowing for a
comprehensive evaluation of the consequences of imple-
menting changes to the RN.

MATERIALS AND METHODS

The research was conducted of the Department of Urban
Construction at the Kyiv National University of Construc-
tion and Architecture (KNUCA), which specialises in the
analysis and development of urban planning solutions. A
digital twin of Kyiv’s mobility, developed by the universi-
ty, was used for the analysis. One of the key tools used for
transport modelling was the academic version of the PTV
Visum software. To forecast the development of Kyiv’s re-
gional network (RN) and its suburbs under conditions of
uncertainty, a two-stage expert survey was conducted in
the field of urban planning. The survey aimed to gather
insights and professional assessments on potential de-
velopment paths, considering the current challenges and
resources available. The experts who participated in the
survey had significant professional experience in urban
and transport planning, ranging from 10 to 25 years, which
ensured a high level of expertise in evaluating the feasibil-
ity and implications of proposed projects.

The survey was conducted in Kyiv, Ukraine, in 2024,
using an absentee format to accommodate the partici-
pants’ schedules while maintaining ethical and procedural
integrity. During the first stage, five experts participated,
primarily representing academic institutions and consult-
ing firms. Their involvement focused on identifying critical
issues and proposing preliminary solutions. In the second
stage, six additional experts joined the survey, including
specialists from local government bodies and design or-
ganisations. This diversified the perspectives and enriched
the analysis by incorporating practical and institutional
knowledge alongside academic insights. To ensure trans-
parency and adherence to ethical standards, all participants
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were informed in advance about the principles of ensuring
their anonymity. They received comprehensive informa-
tion about the study’s objectives, the procedures for using
the data they provided, and the potential risks associated
with their participation. Ethical standards were strictly
observed throughout the research process. The study con-
formed to the recommendations of the American Socio-
logical Association’s Code of Ethic (1997), Guidance Note
of the European Commission “On Ethics and Data Protec-
tion” (2021), and adhered to the ethical principles outlined
by the academic institution overseeing the research.

During the first stage, experts were asked to identify
infrastructure projects and urban development projects in
Kyiv and its suburbs that were likely to be implemented or
in the final stages of implementation by 2030. Projects were
classified into three categories: infrastructure (including
the construction or redevelopment of highways, bridges,
intersections, and streets), public transport (new routes
and rapid transit lines), and development (new residential
areas, business centres, industrial enterprises, shopping
and entertainment facilities, educational institutions, and
cultural institutions). Given that experts provided a more
detailed list of projects in the first two categories, it was
decided to focus on these areas. In the second stage of the
study, the assessment of the likelihood of implementation
only concerned infrastructure projects and public trans-
port development projects.

The finalised list from the second stage was provided
to 6 experts to assess the likelihood of implementation for
each project. The experts were asked to assess the likeli-
hood of the implementation of the following projects by
2030 on a scale from 1 to 7, where 1 indicates the project
will definitely not be implemented, and 7 indicates the
project will definitely be implemented by 2030. To assess
the development of the RN by 2030, the analysis area was
divided into over 500 transport zones. For each of these
transport zones, data on population and other socio-eco-
nomic indicators were collected based on materials from
the Kyiv General Plan (2020). This data was used to calcu-
late transport demand, which in the digital twin of Kyiv’s
mobility is implemented using a fourstep algorithm.

The first step in the transport modelling involved a
representative sociological survey, based on which the
main purposes and volumes of daily trips between trans-
port zones were determined, as well as the distribution of
trips by different modes of transport. The analysis also con-
sidered data on the duration and distance of trips, which
allowed for the calculation of transport demand for each
step of model creation. Four main matrices of inter-zonal
trips were then formed: for private transport, public trans-
port, pedestrians, and cyclists. Subsequently, the matrices,
except for the pedestrian one, were distributed across the
RN. For calibration, data from passenger flow surveys on
public transport routes and data on traffic volume at key
intersections and segments of the RN were used.

The transport demand model used in this study includ-
ed data from 2019, i.e., the period before COVID-19 and the



full-scale war in Ukraine. In the calculations of the forecast
scenarios for 2030, a constant value of projected transport
demand was used for all scenario variants. Additional im-
portant factors were the limitations and assumptions con-
sidered when constructing the digital twin, as well as in the
process of calculating the transport effect of implementing
the proposed scenarios for the development of the RN.

RESULTS
The development of a digital twin of Kyiv’s mobility and
its suburban area has revealed that one of the primary
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issues in urban mobility is the uneven planning and de-
velopment of urban territories. Kyiv exhibits a significant
imbalance in the spatial distribution of population and
jobs. According to Figure 1, the left-bank districts of the
city — Desnianskyi, Darnytskyi, and Dniprovskyi — account
for 36% of the city’s population (approximately 1.05 mil-
lion people), yet these areas host only 18% of the total
number of workplaces (Sustainable urban transport for
Kyiv..., 2016), as illustrated in Figure 2. This mismatch
creates significant challenges for the RN, hindering move-
ment and increasing delays.

Right bank

Left bank
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inh. / km?

<500
500-1,000
1,000-2,000
2,000-4,000
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B >25,000

Figure 1. Distribution of population in the spatial settlement structure of Kyiv and its suburban area
Source: developed by the authors based on Sustainable urban transport for Kyiv: Towards a sustainable and competitive

city built upon the legacy system and innovations (2016)

Movement between both banks of the Dnipro River
in Kyiv is facilitated by both private and public transport.
The capital has a fairly extensive public transport sys-
tem, but its capacity and quality of service remain insuf-
ficient to fully meet the city’s demand for transportation
and effectively curb the growth of car ownership. In 2016,
approximately 320 buses, 430 trolleybuses, and 212 trams
operated on Kyiv’s routes. However, according to a World
Bank report (Sustainable urban transport for Kyiv..., 2016)
published the same year, to optimise the transport network
and adequately meet transport demand, it was necessary to

invest in the purchase of at least an additional 230 buses,
420 trolleybuses, and 72 trams to supplement the existing
fleet. Despite expert recommendations and the declared
priority of developing public transport in Kyiv’s strategic
plans, the city’s public transport system has not undergone
significant improvements since 2016. One of the significant
blows to public transport was COVID-19 (Gkiotsalitis &
Cats, 2021). During the quarantine restrictions, transport
operated in a reduced mode and with a limited number of
passengers, leading to the loss of some users who previous-
ly preferred public transport.
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Figure 2. Distribution of workplaces in the spatial settlement structure of Kyiv and its suburban area
Source: developed by the authors based on Sustainable urban transport for Kyiv: Towards a sustainable and competitive

city built upon the legacy system and innovations (2016)

Since the beginning of the full-scale Russian invasion
of Ukraine in 2022, the situation for public transport has
deteriorated even further. The number of vehicles on pub-
lic transport routes has decreased significantly. For exam-
ple, in September 2022, only 180 buses, 165 trolleybuses,
and 97 trams were operating on the routes, which is 44, 62,
and 54% less, respectively, than in 2016 (Ivanets, 2022).
This reduction significantly decreased the reliability and
accessibility of public transport for Kyiv residents, which,
in turn, could be one of the reasons for the increase in
car ownership and the more frequent use of private cars
for urban trips. The lack of stable and high-quality public
transport pushes residents to choose personal transport
(Li & Xu, 2020), which puts additional pressure on the RN
and worsens the overall transport situation in the capital
(Kramskyi et al., 2023).

In 2017, the Decision of the Kyiv City Council
No. 7/4071 (2018) was developed and officially approved
in 2018. This document envisages the construction of over
1,000 km of bicycle routes throughout the city. However,

& 176 = Architectural Studies, 10(2)

as of 2021, the total length of existing bike paths and
lanes in Kyiv was only 202.2 km (Bicycle infrastructure
in Kyiv, 2022), of which 27.8 km falls on public transport
lanes where cycling is experimentally permitted. However,
despite the stated length of the cycling network, its main
problem remains its connectivity. As of 2024, Kyiv has only
one fully-fledged cycling route “Residential Area Troiesh-
chyna-Centre”. Other sections of cycling infrastructure are
mostly made up of separate and unconnected fragments
(Fig. 3). Most bike lanes or paths have appeared as a re-
sult of major repairs to individual streets and do not form
a single network, which significantly complicates safe and
convenient cycling in the city.

Due to the lack of adequate transport supply, including
the insufficient development of public transport and cycling
infrastructure, as well as the uneven distribution of the
population within Kyiv and its suburban area, the demand
for private car trips is growing (Ceder, 2021). This leads to
the overload of existing bridge crossings over the Dnipro
River (Fig. 4), which creates significant problems for the RN.
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Nl

Figure 3. Map of bicycle lanes and cycle paths in Kyiv as of 2022

Source: developed by the authors

Figure 4. Map of the volume/capacity ratio on the Kyiv RN
Source: developed by the authors based on M. Osetrin et al. (2015)

Overloaded bridges become “bottlenecks” in the RN,
affecting its overall efficiency. In case of emergencies,
such as the sudden closure or repair work on any of these
structures, the resilience of the RN is significantly reduced.
This, in turn, jeopardises not only the safety but also the
defence capability of the Ukrainian capital, as the reliable
functioning of the RN is critical for ensuring the mobility

of the population, logistics of goods, and prompt response
to various challenges.

Of the five operational road bridges across the Dnipro
River in Kyiv, two bridges — the Metro Bridge and the Paton
Bridge - are in a non-operational state (Ministry of Infra-
structure..., 2023). This creates an additional load on the
other bridges and significantly affects the overall capacity
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of the RN. In such a situation, when assessing the effective-
ness of design solutions, special attention should be paid
to bridge crossings as critical elements for the resilience
of the RN. The efficiency of these bridges largely depends
on the quality of the functioning of pre-bridge intersec-
tions on the RN. They are key points that play a decisive
role in the distribution of traffic flows (Osetrin & Tarasi-
uk, 2014), and their operation is determined by factors such

An analysis of the transport impact of finish building on-ramps and off-ramps...

as transport demand, location, and purpose of the inter-
section (Bekenovet al., 2020). One of the important objects
of Kyiv’s RN is the Darnytskyi Road and Railroad Bridge,
along with its approaches. This bridge performs a crucial
transport function as it connects the left and right banks of
the capital, providing for the movement of both road and
rail transport. The road part of the Darnytskyi Bridge has 3

N

| 44
L I— |-
Al, 3 traffic lanes nl,

lanes in each direction, as shown in Figure 5.

._‘r_ —
L 3 traffic lanes |, I,

technical sidewalk

technical sidewalk

Source: developed by the authors

technical sidewalk

technical sidewalk

Figure 5. The cross-section of the road section of the Darnytskyi Road and Railroad Bridge in Kyiv

On the right bank of the Dnipro River, to effectively
connect the Darnytskyi Road and Railroad Bridge to the
RN, an interchange with flyover was built, which provides
access to the Naddniprianske Highway. This interchange
is an important part of the RN, which allows for reduc-
ing delays as a result of the assignment of traffic flows.
On the left bank, the main approach to the Darnytskyi
Bridge is Petro Radzinia Street, which connects to the in-
tersection of Pryvokzalna Street and Kharkivske Shose,
providing the main transport link for cars moving to-

wards or from the bridge. In addition, to integrate the
Darnytskyi Bridge into the existing RN, part of Sortuval-
na and Yuriy Shumskyi Streets were additionally built,
improving access to the bridge and the capacity of its
approaches. In Figure 6, these new sections created for
better connection of the Darnytskyi Bridge with the RN
are marked in blue. In red, in turn, are the key exits of
the Darnytskyi Bridge, which play an important role in

ensuring the movement of cars between different parts
of the bridge.
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Figure 6. Darnytskyi Bridge with right-bank and left-bank approach routes
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The foundational urban planning document in
Ukraine is the General Plan of a city, which defines the
strategy for the development of a settlement, including
its transport infrastructure, development planning, and
socio-economic development. This document is a crucial
tool for regulating the development and the evolution of
urban space and also determines the main directions of
spatial planning for the city over a long period. For Kyiv,
a General Plan (2020) was approved which was valid until
2020. However, as of 2024, this document has already lost
its relevance and does not take into account modern chal-
lenges, such as population growth, increased levels of car
ownership, and the need for modernisation of transport
infrastructure (Buil et al., 2016). In this regard, there has
been a need to develop a new General Plan that could re-
flect the current realities and formulate the prospects for
the city’s development in the future. As of 2024, attempts
are underway to create a new General Plan for the city
of Kyiv, which will cover the period up to 2040. Howev-
er, the process of developing this document faces several
difficulties, and therefore it has not yet been approved.
The absence of an up-to-date General Plan significant-
ly complicates the planning and development of urban
infrastructure, including the RN, as there are no clear
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guidelines for making design solutions regarding the fu-
ture development of the capital (Nenastina et al., 2024).
In the section concerning the RN, the draft of the new
General Plan for Kyiv continues to follow the principles
laid down in previous versions. The main concept is fo-
cused on the extensive development of transport infra-
structure, which involves large-scale investments in the
expansion of the RN. In particular, the project envisag-
es the construction of multi-level intersections, which,
according to the developers, should contribute to the
optimisation of traffic flows and reduce delays at key in-
tersections on the city’s RN. In addition, significant at-
tention is paid to transforming many existing streets into
continuous-flow highways, which is expected to increase
the speed of movement around the city. This decision is
aimed at improving connectivity between city districts
and ensuring greater capacity for vehicles. One of the
most ambitious elements of the project is the planned
construction of three new bridges across the Dnipro
River, aimed at significantly easing traffic between the
right-bank and left-bank districts of the capital. These
new bridges should become important transport arteries,
capable of reducing the overload of existing bridges and
providing additional routes for motorists (Fig. 7).

g l Main street transportation network
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Figure 7. Development of the urban RN as outlined in the draft of Kyiv’s new General Plan
Source: developed by the authors based on the Kyiv General Plan (2020)

It should be noted that the implementation of all
the measures envisaged in the draft of the new General
Plan for the city of Kyiv and its suburban area is unlike-
ly. A significant number of the declared projects require
large investments and long implementation periods,
which calls into question their full implementation.

Given these limitations, within the framework of this
study, it was decided to consider a more realistic scenar-
io for the development of the RN. For this purpose, as
noted before, a two-stage expert survey in the field of ur-
ban planning was conducted, which made it possible to
assess potential development paths, taking into account
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the expert assessment of current resources and capabil-
ities. The results of this assessment of the probability

of implementing urban planning projects are partially
presented in Table 1.

Table 1. Partial results of expert assessment on the feasibility of urban development projects for Kyiv

. Experts Average
Category Project sl?are scoreg
Off-ramps from Darnytskyi Bridge 1 5.9
Bridges Reconstruction or restoration of the Metro Bridge 1 4.6
Restoration of the Paton Bridge 0.8 4.5
Completion of the Podilskyi Bridge 0.7 4.4
i Finish building of Medova Street (near Zhulyany Airport) 0.8 5.3
Highways/streets Dovbusha Street extension from DVRZ to Brovarskiy Avenue 0.5 3.8
Pedestrianisation of Kontraktova Square 0.8 5.3
Pedestrian bridge at Obolon 0.5 4.6
Pedestrian Bessarabska passage 0.5 4.2
Reorganisation of Lvivska Square 0.5 3.8
Replacement of 30 underground crossings with surface-level crossings 0.5 3.7
Extension of the metro line to Vynohradar 0.8 5.3
Urban electric railway line Vyshhorod-Obolon-Pochaina 0.8 4.1
The new urban railway station at Obolon 0.7 4
Public transport The new urban railway station at Lybidska 0.5 3.8
Extension of the Borshchahivka rapid tram line to Vokzalna station (via Petliura Street) 0.5 3.8
Opening of the Lvivska Brama metro station 0.5 3.7
Development of a rapid transit line from Troieshchyna to the city centre 0.5 3.5
. Bohatyrska/Poliarna intersection 0.7 4.4
Intersections - - - - -
The intersection at Vernadskyi/Palladina (near Akademmistechko) 0.7 3.7
Squares Reconstruction of Halytska Square (Peremohy Square) 0.7 4.2

Source: developed by the authors

To include in the digital twin of Kyiv’s mobility (pro-
jected state), those projects that received the support of
most experts were selected. Of all the proposed projects,
only two - the construction of off-ramps for the Darnytskyi
Bridge and the reconstruction of the Metro Bridge -
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received the consolidated support of all survey participants.
All experts without exception expressed confidence that
these projects would be implemented within the specified
timeframe. The location of all objects supported by experts,
including these two critical projects, is shown in Figure 8.
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During the calculation of forecast scenarios in the dig-  of the impact of various infrastructure projects under the
ital twin of Kyiv’s mobility, an assignment of the expected = same conditions. In addition, to create a baseline version
transport demand, which was forecast for 2030, was car-  of the digital twin of Kyiv’s mobility and to calculate the
ried out. It is important to note that this transport demand transport effect of each of the forecast scenarios, several
remained constant for all considered scenarios, which al-  assumptions were used, a list of which is presented in more
lowed for the comparability of results and the assessment  detail in Table 2.

Table 1. Assumptions for the creation of the baseline version of Kyiv’s digital mobility twin

Assumption Value
The base year for mobility data within the analysis area 2019
Projected population in the analysis area for 2030 4,478,738
The projected level of motorisation in the analysis area for 2030 556 vehicles per 1,000 people
The average occupancy of a private car 1.7
Analysis period Average annual daily period
Cost of 1 hour in 2022, UAH 127.1
Average CO, emissions from a private car, g/km 130

Source: developed by the authors based on Main Department of Statistics of Kyiv (2024), European Environmental Agency
(2024)

Within this study, 14 forecast scenarios were formed the socio-economic development of Kyiv in 2030. This
for transport modelling. These scenarios were created scenario serves as a basis for comparison with other op-
by comparing 7 basic development options for the RN in  tions. Scenario 2 is based on the data of Scenario 1 but ad-
2030 in two versions: the first — without off-rams from  ditionally assumes the commissioning of new exits from
the Darnytskyi Bridge to the Dnipro embankment, and the Darnytskyi Bridge to the Dnipro embankment, which
the second - with their commissioning. Scenario 1 is the could potentially significantly change the transport de-
baseline and includes all projects selected based on the mand in this part of the RN. Scenarios 1 and 2 are demon-
results of the expert survey, as well as forecast data on  strated in more detail in Figure 9.
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Figure 9. Baseline forecast of transport modelling for the study
Notes: a) — Scenario 1; b) — Scenario 2
Source: developed by the authors

Comparing forecast Scenarios 1 and 2 enables an  helps identify how the integration of new elements into
assessment of the impact of introducing exits for the the RN may influence traffic distribution and the overall
Darnytskyi Bridge on the overall efficiency of the RN. This  effectiveness of the RN.
comparison provides a clear indication of how new cross- Forecast Scenario 3 is based on the data of forecast
ings in the RN could enhance the throughput of the RN, Scenario 1 but includes additional changes. Specifical-
reduce delays, and optimise the distribution of traffic flows, ly, this scenario assumes the commissioning of a tunnel
which is critical for the city’s future development (Medi- through Busova hora, which will exit onto the intersection
na-Salgado et al., 2022). The following forecast scenarios  of M. Boichuka and Zaliznychne Shoes streets. In addition,
allow for a detailed evaluation of the impact of introducing  within the framework of this scenario, it is also planned
exits for the Darnytskyi Bridge, assuming the construction  to reorganise traffic on Saperno-Slobidska and Zhylianska
of a new tunnel on the right bank of the Dnipro River. This  streets, which will allow to reduce delays and improve the
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connection between the main highways. Forecast Scenario
4 expands the previous one, providing for the simultaneous
commissioning of both the tunnel on the right bank and
the exits for the Darnytskyi Bridge on the left bank. This
allows for an analysis of the combined transport effect of
both elements of the RN, which can increase the through-

of traffic flows in the city. More details of forecasted Sce-
narios 3 and 4 are shown in Figure 10.

The following forecast scenarios, presented in Fig-
ure 11, are based on the data of forecast Scenario 1 and in-
volve the sequential closure of bridges across the Dnipro
River, both without and with the opening of the Darnytskyi
Bridge exits, respectively.

Figure 10. Forecasted transport modelling for the study

Notes: a) — Scenario 1; b) — Scenario 2
Source: developed by the authors

Figure 11 . Forecast Scenarios 5-14 of transport modelling for the study
Notes: a), b) — forecast Scenarios 5 and 10 (closure of the Pivnichnyi Bridge); c), d) — forecast Scenarios 6 and 11 (closure
of the Podilskyi Bridge)
Source: developed by the authors
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Figure 11. Continued

Figure 11 . Forecast Scenarios 5-14 of transport modelling for the study
Notes: e), f) — forecast Scenarios 7 and 12 (closure of the Metro Bridge); g), h) — forecast Scenarios 8 and 13 (closure of the
Paton Bridge); i), j) — forecast Scenarios 9 and 14 (closure of the Pivdennyi Bridge)
Source: developed by the authors

Forecast Scenarios 5-14 aim to provide a detailed
assessment of the impact of introducing off-ramps for
the Darnytskyi Bridge on the resilience of the RN. These
forecast scenarios consider various options for the im-
plementation and modernisation of intersections on
the RN, allowing for an analysis of how additional exits
for the Darnytskyi Bridge can affect the overall stability
and reliability of the RN in the event of potential emer-
gencies or repair work. The results of the calculations

carried out in the digital twin of Kyiv’s mobility and its
suburbs are presented in the form of cartograms illus-
trating the volume of private transport and the load on
the RN. These maps clearly visualise the level of traf-
fic loads as a result of assignment for different forecast
scenarios. An example of visualisation for the baseline
scenario is shown in Figures 12 and 13. The performance
indicators for the RN across all forecasted scenarios are
presented in Table 3.
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Figure 12. Traffic volume map for the RN of Kyiv city for the bas

Source: developed by the authors
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Figure 13. Map of the volume/capacity ratio for the RN of Kyiv city for the base scenario
Source: developed by the authors
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Table 3. Performance indicators for the RN of Kyiv city for forecasted scenarios

Change in dail Aoy
Compared .1ang arty travel time for Change in average Change in annual Change in CO
. mileage of private . . . o 2
scenarios correspondences, trip duration, sec  transport loss, UAH emissions, kg
transport, km h
ours

1 2 -9,461 -5,642 -7.90 261,741,000 1,514

3 -9,924 -7,791 -10.91 361,436,000 1,590

5 10 -5,136 -5,380 -7.53 249,586,270 822

6 11 -8,878 -4,693 -6.57 217,715,310 1,421

7 12 -10,802 -6,775 -9.48 314,302,410 1,730

8 13 -47,979 -25,307 -35.43 1,174,029,690 7,680

9 14 -24,229 -11,130 -15.58 516,337,400 3,880

Source: developed by the authors

The assessment of changes in CO, emissions into the
city’s atmosphere is based on the product of the projected
changes in the daily mileage of private transport, which are
predicted within the framework of the calculated scenari-
os, and the average amount of CO, emissions from one ve-
hicle per kilometre of its mileage (Liu et al., 2023; Yang et
al., 2023). For an accurate calculation of annual transport
losses, changes in the time of correspondence realisation
and the value of time, determined by the average wage
within the study area, are taken into account. For exam-
ple, in 2022, the average salary in Kyiv was 127.1 UAH/hour

(Minfin, 2022). In addition, it is assumed that on average a
passenger car in Ukraine emits about 160 grams of CO, per
kilometre of mileage (Buberger et al., 2022).

The opening of the off-ramps from the Darnytskyi
Bridge to the Dnipro embankment (without considering
other changes in the RN) does not directly affect the ca-
pacity of the bridge itself. However, it significantly chang-
es the capacity of the approaches to the bridge on the left
bank. Changes in transport demand that arise as a result of
these changes for all forecast scenarios were compared to
the baseline forecast scenario and are presented in Table 4.

Table 4. Changes in traffic intensity in Kyiv compared to the baseline forecast scenario

Compared ) Cha]131 ﬁg;: E)zr(;:;;/tskyl Load of Darnytskyi Bridge off-ramps, %
scenarios Scenario name The off-ramp . On-ramps to
On the left bank from the bridge To Berezniaky To Osokorky the bridge
1 2 Baseline + offramps 1.8% 42.5% 28.8% 51.9% 9.5%
4 Tunnel + offramps 3.3% 57.8% 56.8% 53% 6.6%
Bridge closures
5 10 Pivnichnyi 1.4% 51% 39.1% 57.8% 7.4%
6 11 Podilskyi 1.5% 49.6% 37.5% 56.7% 7.5%
7 12 Metro 2.5% 54.9% 46.5% 57.7% 6.3%
8 13 Paton 7.7% 96.7% 128% 55.8% 2.9%
9 14 Pivdennyi 7% 65.9% 13.3% 112% 12.2%

Source: developed by the authors

Thus, in the baseline forecast scenario with the ad-
dition of off-ramps, the load on the Darnytskyi Bridge
increases by 1.8%, indicating a slight increase in trans-
port demand. However, the off-ramps demonstrate sig-
nificant variation in load. Specifically, the off-ramps
from the bridge to Berezniaky and Osokorky have loads
of 42.5 and 28.8% respectively, while the on-ramp to
the bridge has a load of 9.5%. In the forecast scenario
with the tunnel and offramps, the load on the Darnytskyi
Bridge increases by 3.3%, and the load on the off-ramps
also increases. Specifically, the off-ramps to Berezniaky
and Osokorky have loads of 56.8 and 53% respectively,
while the on-ramp to the bridge decreases to 6.6%. When
considering forecast scenarios with the closure of other
bridges, the results show more variations in the impact
on the load of the Darnytskyi Bridge. The closure of the
Pivnichnyi Bridge leads to an increase in the load on the

Darnytskyi Bridge by 1.4%, while the closure of the Po-
dilskyi and Metro bridges causes an increase of 1.5 and
2.5% respectively. The most significant impact on the
load of the Darnytskyi Bridge is observed in the scenario
with the closure of the Paton Bridge (7.7%) and the Piv-
dennyi Bridge (7%).

The load on the off-ramps in the case of the closure of
the Paton Bridge and the Pivdennyi Bridge reaches criti-
cal levels, in particular, the off-ramps from the Darnytskyi
Bridge to Berezniaky and Osokorky have loads of 128 and
112% respectively. This indicates a potential overload
of infrastructure in such scenarios, which requires addi-
tional measures to improve capacity. Thus, the obtained
results provide valuable information for further planning
and optimisation of the RN, including the possibility of
adapting infrastructure to ensure effective operation un-
der conditions of traffic assignment.
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DISCUSSION

Within this study, the use of transport modelling in a digi-
tal twin allowed for a detailed assessment of the impact of
design solutions on Kyiv’s RN. Thanks to the capabilities of
transport modelling, it was possible to forecast changes in
demand and assignment on the RN and predict their trans-
port effects, impact on the RN’s capacity, and environmen-
tal aspects. Transport modelling allowed for the evaluation
of the transport effect of implementing design solutions,
such as the construction of off-ramps for the Darnytskyi
Bridge, as well as analysing potential forecast scenarios
for the assignment of traffic flows. Moreover, this research
helped identify critical points that require additional in-
tervention or correction of design solutions. The use of a
digital twin made it possible to evaluate various options
for the development and reconstruction of intersections
on the RN, providing a scientific basis for making manage-
ment decisions and increasing the efficiency of transport
infrastructure under conditions of uncertainty (Matsiuk et
al., 2023). In the study by J. Li et al. (2021), transport mod-
elling was also used to evaluate the effectiveness of urban
transport system planning, allowing for the considera-
tion of numerous RN development scenarios. The study of
D. Alobaydi et al. (2020) focused on researching the impact
of increasing the capacity of intersections on the RN and
changes in traffic flows on the RN’s capacity using trans-
port modelling methods, which allowed for achieving a
transport effect. In the study by R. Lovelace et al. (2020), in
turn, attention was paid to analysing the transport effect
of introducing new intersections on the RN using transport
modelling, focusing on improving mobility and reducing
travel time for the population. Thus, this study, compared
to the mentioned research, covers a more comprehensive
approach, combining transport demand modelling with the
analysis of the transport effect, making it more scalable
and suitable for broader practical application.

A crucial part of the research was the formation of 14
forecast scenarios, allowing for a detailed study of potential
changes in the distribution of traffic flows and the identifi-
cation of the transport effects of design solutions, particu-
larly the off-ramps for the Darnytskyi Bridge to the Dnipro
embankment in Kyiv. The research results showed that the
implementation of the off-ramps for the Darnytskyi Bridge
would significantly impact the distribution of traffic flows
and reduce delays on the RN. A comparison of the forecast
Scenario 1 (baseline) with the forecast Scenario 2, which
envisages the implementation of the specified design solu-
tions, showed that the new off-ramps could significantly
impact delays on the RN and improve its capacity. The in-
troduction of a tunnel through Busova hora and the reor-
ganisation of traffic on major streets within the framework
of forecast Scenario 3 may also have a positive impact on
reducing delays and improving connections between ma-
jor highways. Forecast Scenario 4, which combines both of
these elements, may have even greater benefits, providing
a comprehensive approach to the development of the RN.
Forecast Scenarios 5-14 enabled an assessment of how
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different implementation options for new intersections
on RN can affect the resilience and stability of the RN. In
the research of Z. Liu et al. (2022), a similar approach to
analysis was used, including the creation of various scenar-
ios to assess the dynamic stability of a multimodal public
transport network for sustainable transport development.
In the study of P.-C. Xu et al. (2024), a similar methodolo-
gy was applied to assess social aspects, creating scenarios
to analyse the impact of new transport solutions on public
transport accessibility. In the article of W. Yue et al. (2021),
transport modelling was used to study traffic efficiency,
developing scenarios to assess the impact of new infra-
structure solutions on highway congestion levels. However,
this research, in comparison to the mentioned studies, is
unique in that it is focused on the specific conditions of
the city of Kyiv and includes a comprehensive approach to
transport modelling of traffic flows, allowing for obtaining
more detailed and specific information about the impact of
specific design solutions on the capital’s RN.

The results of the analysis of various forecast scenari-
os, presented in this study, have provided an opportunity to
comprehensively assess the impact of different RN devel-
opment options on key performance indicators. Forecast
scenarios that included new off-ramps for the Darnytskyi
Bridge, as well as other infrastructure changes, showed a
significant reduction in daily vehicle kilometres travelled,
indicating a decrease in delays and improved conditions
for drivers. In particular, forecast Scenario 13, which en-
visaged the greatest number of changes, demonstrated the
most significant results in all key indicators: daily vehicle
kilometres travelled decreased by 47,979 km, correspond-
ence completion time decreased by 25,307 hours, and the
average trip duration decreased by 35.43 seconds. This was
accompanied by a significant reduction in annual transport
losses and CO, emissions, confirming the high efficiency of
the design solutions of this forecast scenario. Forecast Sce-
narios 2 and 4 also showed a significant transport effect,
reducing daily vehicle kilometres travelled by 9,461 and
9,924 km, respectively, as well as reducing correspondence
completion time and trip duration. Although forecast Sce-
nario 4 showed the most significant positive effect in all
aspects, forecast Scenario 2 also demonstrated a significant
reduction in annual transport losses and CO, emissions.
Other forecast scenarios, such as 10, 11, 12, and 14, also
showed positive results, albeit less significant compared
to the most comprehensive scenarios. While they still pro-
vided reductions in transport costs and improvements in
environmental indicators, the differences compared to
the most effective scenarios were smaller. In the study of
X. Xiao & H. Duan (2020), a comprehensive approach to
transport modelling of traffic flows was also used, includ-
ing an assessment of the effectiveness of implementing
new intersections on the RN and changes in urban infra-
structure. In the article of L.M. Hilty & R. Meyer (1996), in
turn, the impact of different transport infrastructure devel-
opment scenarios on environmental indicators, in particu-
lar, pollutant emissions, was studied. However, compared



to the mentioned studies, this research is distinguished by
the fact that it includes a detailed assessment of the impact
not only of infrastructure changes but also of scenarios that
take into account the real socio-economic conditions of the
city, as well as their long-term consequences for the RN.

Additionally, this study provided detailed results
on the impact of various forecast scenarios on the traffic
load of the Darnytskyi Bridge and its off-ramps. Forecast
Scenario 2 showed a moderate impact on the traffic load
of the Darnytskyi Bridge and its off-ramps. The introduc-
tion of new off-ramps led to a significant increase in the
load on offramps to the left bank (42.5%) and to Berezni-
aky (28.8%), as well as a significant increase in the capacity
of the bridge entrance (up to 9.5%). This forecast scenario
provided a reduction in the load on the main traffic flows
but did not significantly change the overall traffic load pic-
ture. Forecast Scenario 4 demonstrated greater changes in
the traffic load of the RN. The introduction of the tunnel
along with the off-ramps led to a significant increase in
the load on the off-ramps, in particular in the directions
to Berezniaky (56.8%) and Osokorky (53%). Forecast Sce-
narios 5-12 with bridge closures showed varying levels of
impact on the traffic load of the Darnytskyi Bridge. For ex-
ample, forecast Scenario 10 (Pivnichnyi Bridge closed) and
forecast Scenario 11 (Podilskyi Bridge closed) demonstrat-
ed a moderate increase in the load on the off-ramps up to
7.4 and 7.5%, respectively, while forecast Scenario 12 (Met-
ro Bridge closed) showed a high load on the new off-ramps
up to 54.9%. Forecast Scenarios 13 (Paton Bridge closed)
and 14 (Pivdennyi Bridge closed) showed a significant in-
crease in traffic load, especially on the off-ramps, up to 128
and 65.9%, respectively. Overall, the analysis showed that
forecast scenarios with bridge closures can create addition-
al load on other sections of the RN, while forecast scenar-
ios with new off-ramps and tunnels can more effectively
distribute traffic flows and reduce the load on some inter-
sections of the RN. In the study by P. Bindzar et al. (2021),
a transport modelling method was also used to assess the
impact of new intersections on the load on highways. The
research of M.Z. Serdar et al. (2022) aimed to assess the im-
pact of various infrastructure reconstruction scenarios on
the overall capacity of the RN. In the article by R. Surya-
dithia et al. (2021), in turn, the possibility of integrating
new transport technologies that improve the efficiency of
the transport system was considered. However, the results
of this study, compared to the results of the mentioned
works, differ in that it offers more accurate and specific
data on the impact of the proposed design solutions on
traffic flows and socio-economic aspects in the conditions
of the Darnytskyi Bridge in Kyiv, which allows for a clearer
understanding of the potential benefits and risks of imple-
menting the design solutions.

Such studies are crucial for the effective planning
and development of the RN. They allow for a detailed
assessment of the impact of various design solutions
on traffic flows, socio-economic indicators, and envi-
ronmental aspects. The creation of digital twins and the
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use of transport modelling methods enables accurate
forecasting of the consequences of introducing new el-
ements to the RN, helps to optimise costs and improves
the efficiency of the transport system. The results of
such studies also assist in the formation of strategies for
sustainable development, which is critical for ensuring a
high quality of life in megacities.

CONCLUSIONS

Through the use of transport modelling, this study con-
ducted a detailed analysis of the impact of design solu-
tions on the functioning of Kyiv’s RN. This allowed for
the consideration of several factors, such as the intensity
and composition of traffic flow, design solutions, and traf-
fic organisation. Based on the obtained data, quantitative
and qualitative indicators of the RN’s performance were
formed, including the intensity of movement of various
participants, time costs, distance travelled, and environ-
mental indicators.

The evaluation of design solutions, particularly the
off-ramps for the Darnytskyi Bridge, showed that the im-
plementation of these design solutions will lead to an in-
crease in traffic demand on the bridge towards the left bank
by 1.8%. This is also accompanied by a reduction in trans-
port losses, which will amount to 261.7 million UAH per
year, and a decrease in CO, emissions by 1,500 kg per day.
These results confirm that the implementation of design
solutions with off-ramps can positively impact the trans-
port situation in the city, specifically by reducing costs and
improving environmental indicators, thus creating a pos-
itive transport effect. The study also established that the
additional commissioning of a tunnel on the right bank to
the Darnytskyi Bridge, along with the completion of off-
ramps from the Dnipro embankment, has an even greater
impact on the performance indicators of the RN. In this
scenario, the demand for the bridge towards the left bank
increases by 3.3%, indicating a higher efficiency of the im-
plemented solutions. The annual savings in transport costs
in this case will amount to over 361.4 million UAH, and the
reduction in CO, emissions will reach 1,590 kg per day. This
demonstrates a better transport effect for the RN.

Overall, the conducted research confirms that the im-
plementation of the proposed design solutions can signif-
icantly improve the efficiency of Kyiv’s RN, particularly in
terms of reducing transport losses and environmental im-
pacts, which underscores the importance of planning and
implementing design solutions considering all possible im-
pacts on the city. It is important to note that the approach
applied to the evaluation of design solutions for urban RNs
is focused on indicators obtained from a digital twin exclu-
sively within the framework of transport modelling, which
may affect the accuracy and detail of the assessment. For
further research in this direction, it should be considered
to integrate detailed transport modelling, which allows for
a more detailed study of the impact of design solutions at
the level of individual elements of the RN, which will ena-
ble a more accurate assessment of the transport effect.
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AHani3 TexHiKo-eKoHOMiuHoI epeKTUBHOCTI nobyaosu 3'i3ais/3aizais
3 JHiNnpoBCbKoOi Habepe)XHoi Ha JJapHULUbKUM MicT y M. Kuesi

AHoTauiqa. [aHe mOCTiIKeHHST Oy/I0 CIPSIMOBaHe Ha OILIHKY e(eKTMBHOCTI IIPOEKTHMX pillleHb [Jis PO3BUTKY
TpaHCIOpTHOI iHdpacTpykTypu KmeBa Ha OCHOBi TPaHCIIOPTHOTO MOJIETIOBAHHS Ta aHAII3y MOXKIMBUX COIiaJbHO-
€KOHOMIUHMX edeKTiB. IJis 1bOro OyJ0 BUKOPMUCTAHO UYOTUPUKPOKOBMII AJITOPUTM MOIETIOBAHHS TPAHCIIOPTHOTO
TIOTINTY, IO 6a3yeThCSl HAa JAHUX COIIONOTiYHMX OMUTYBAaHb, IUIAHIB TEPUTOPIii Ta MPOTHO3HMX TMOKa3HMKax Ha 2030
pik. Pe3ynbTaTi MpoBeeHOro NOCTiIsKeHHS TOKa3aau CyTTEBI 3MiHM y QYyHKI[IOHYBaHHI TpaHCIIOPTHOI Mepeski Kuepa B
pe3yibTaTi BIPOBA/IKEHHS 3aIIPOITIOHOBAHMX MTPOEKTHUX PillleHb. 3aBISIKM 3aCTOCYBAaHHIO TPAHCIIOPTHOTO MO eTIOBAHHS
BIAJIOCS OLIHMUTYM KiJIbKiCHI IMOKAa3HMKM, TaKi SIK iHTEHCMBHICTh TPAHCIOPTHMX IMOTOKIiB Ha OCHOBHMX MAariCTpassix, a
TaKOX SIKiCHI 3MiHM, Taki SIK 3MeHILeHHS 3aTOPiB, CKOPOUEHHS Yacy M0i3/10K Ta eKOHOMilo BUTpaT. OgHMUM i3 KII0UOBUX
pe3ysbTaTiB CTAIO Te, O BiAKPUTTS HOBMX 3’i37iB Ta B’'i31iB Ha JJapHUIIbKIIT MiCT Ha JTiBOMY 6epe3i Cripusiec He3HAYHOMY
3pPOCTAaHHIO MPOMYCKHOI 3aTHOCTI MOCTY, OMHAK HaiOinbmnii edekT 6yB MOMITHMIT Ha MMig’i3max O HbOTO. 3aBASIKMA
IONATKOBMM IIigX0maM 3pocia iHTeHCUBHICTb PyXy, IO CBiAUMTH PO TMOMIMIIEHHS TPAHCIIOPTHOI AOCTYITHOCTI IJIsT
BOJIiiB, SIKi KOPUCTYIOThCS IIMM TPAHCIIOPTHMUM BY3JIOM. TaKOX BaskJIMBUMU OYJIM Pe3y/abTaT, TIOB’SI3aHi 3 eKOJIOTiUHUMM
NoKasHMKaMMU. BHACi 0K 3MeHIIeHHS 3aTOPiB 6yJ10 JOCSTHYTO 3HIKeHHs BUKMiB CO, Y OBIiTPS, 10 € 3HAUHMM BHECKOM
y TIOJITIIIEHHST eKOIOTivHO1 cuTyallii B MicTi. Illomo ekoHOMiuHOT eheKTMBHOCTI, pe3yabTaTy MPOJEMOHCTPYBAIM 3HAUHY
€KOHOMIiI0 TPaHCIIOPTHUX BTPAT, MiATBEPIKYIOUN, 10 BIIPOBA/IKEHHS 3aIIPOITIOHOBAHMX 3aX0iB Ma€ MO3UTUBHMII BILIUB
Ha TPAHCIIOPTHY iHPPACTPYKTYypy, a TAaKOXK 3MeHIIyouy (GiHaHCOBi BTpaTH, MOB’I3aHi 3 mMoi3akaMu. TakKMM UMHOM,
pesynbTaTy TOCTiIKEHHS ITiITBEPAUIIN, 1[0 3aIIPOITIOHOBaHI MTPOEKTHI PillleHHSI MalOTh ITO3UTUBHMIA BIUIMB HAa PO3BUTOK
TPaHCIIOPTHOI MePeKi, ITiIBUIIYIOUM IIPOITYCKHY 3IaTHICTh Ta 3MEHIIYIOUYM HeraTUBHMI BIUIMB Ha TOBKIJIS, 1110 BiKpUBaE
MOK/IMBOCTI [JISI CTBOPEHHS 6GisTbIll e()eKTUMBHOI TPAaHCIIOPTHOI CUCTEMMH, SIKa BiIIIOBiae BUMOTaM CTaJIoro pO3BUTKY Ta
MiJBUIIYE 3arajbHy SKiCTb XUTTS MellKaHLiB KueBa

KnioyoBi cnoBa: BYIMUYHO-IOPOKHS Mepeska; TPAHCIIOPTHE MOJEMTIOBAHHS; MPOIMYCKHA 34aTHICTh; 3aBaHTAKEHICTh
BY3JIiB; cLleHapii po3BUTKY iHPPACTPYKTYPH; COLia/IbHI HACTIIKM
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