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Abstract:

Railway transport in Europe is currently experiencing a surge, driven by sustainable development strategies. However,
rising demand poses significant challenges for infrastructure managers, particularly regarding single-track regional
lines, which often constitute system bottlenecks. This article presents a methodology for evaluating and selecting op-
timal infrastructure investment variants using dynamic microsimulation, addressing the problem of limited capacity
and traffic instability on single-track sections. The study utilises OpenTrack software to conduct stochastic microsim-
ulations of railway traffic. The research focuses on a case study of the Poznan — Pila railway line (No. 354) in Poland.
Six infrastructure variants were defined and analysed, ranging from the "do-nothing" base scenario, through the con-
struction of passing loops and partial double-tracking, to full double-tracking. These variants were tested under two
operational scenarios: a standard periodic timetable and an intensified high-frequency timetable (with a 30-minute
interval), applying random primary delays to assess system resilience. Key performance indicators included secondary
delays, infrastructure occupation, and delay dispersion. The simulation results demonstrate that the base variant is
highly unstable and prone to delay propagation. The study revealed that targeted point investments, such as a strate-
gically located passing loop, can effectively reduce secondary delays by approximately 50% under moderate traffic
conditions, offering a high cost-benefit ratio. However, for high-frequency services, partial double-tracking proved
insufficient, as it merely shifted bottlenecks to the remaining single-track sections rather than eliminating them. Only
the full double-tracking variant guaranteed system stability and reliability under heavy traffic load. The research
confirms that microsimulation is an indispensable tool in the investment decision-making process, enabling the iden-
tification of potential bottlenecks that static methods often fail to capture. The findings suggest that while partial
modernisation is effective for immediate relief, long-term strategies for high-frequency regional connections require
comprehensive infrastructure expansion. The study provides practical recommendations for planning the development
of regional railway networks to ensure operational reliability.
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1. Introduction

Railway transport in Europe is becoming a vital ele-
ment of sustainable development strategies. Rising
ecological awareness, increasing urbanisation, and
the strategic goals of the European Union, such as
those contained in the "European Green Deal" and
the "Sustainable and Smart Mobility Strategy”, une-
quivocally indicate the necessity of increasing the
share of rail in both passenger and freight markets.
The growth in demand for railway services observed
in recent years poses a fundamental challenge for in-
frastructure managers and policymakers: how to
meet growing transport needs effectively, economi-
cally, and reliably. The answer to this challenge
must be the thoughtful and strategic development of
the railway network's capacity, which constitutes the
backbone of the entire system.

This problem is particularly acute in the case of re-
gional lines, many of which, including those in Po-
land, remain single-track. These often constitute bot-
tlenecks in the transport system, limiting not only
the number of trains that can be run but also nega-
tively affecting punctuality and the network's resili-
ence to disruptions. Increasing the frequency of
trains on such lines leads to the rapid exhaustion of
capacity reserves, meaning that even a minor delay
of a single train can have a cascading effect on the
movement of others. In this situation, infrastructural
investments become necessary, ranging from the
construction of additional passing loops and station
modernisation to the addition of a second track on
the most heavily burdened sections. However, each
of these actions involves a different scope, cost, and
potential effect.

Simultaneously, budget constraints force the ration-
alisation of the decision-making process. Concern
for the efficiency of public spending means that
merely identifying an investment need is no longer
sufficient; a thorough analysis and comparison of
various implementation scenarios is essential. The
selection of the optimal investment variant must be
based on objective, measurable criteria that consider
both the improvement of traffic parameters and the
life cycle costs (LCC) of the investment, as well as
the benefits for passengers and operators. Tradi-
tional analytical methods, often based on static cal-
culations, may prove insufficient to capture the com-
plex and dynamic nature of railway traffic, espe-
cially under conditions of network saturation.

For this reason, microsimulation models are a cru-
cial tool. They enable the creation of a dynamic, dig-
ital representation of the railway network, including
its infrastructure, control systems, and planned time-
table. By simulating the movement of each train in-
dividually, considering its traction characteristics
and mutual interactions, it is possible to precisely
examine the functioning of the line under various ex-
pansion, reconstruction, and modernisation variants.
Microsimulation analysis enables not only the as-
sessment of capacity but also the testing of the sys-
tem's resilience to delays, identifying potential traf-
fic conflicts, and quantifying the impact of planned
infrastructural changes on travel time, punctuality,
and traffic flow. It thus becomes invaluable support
in the process of making strategic investment deci-
sions.

This article presents the practical application of mi-
crosimulation techniques for evaluating and select-
ing investment variants, using the example of a re-
gional single-track railway line. The paper presents
a research methodology based on the use of special-
ised software for railway traffic modelling. Based on
a case study of the Poznan — Pila line in Poland, a
comparative analysis of several modernisation sce-
narios was performed, ranging from the "do-noth-
ing" variant to the expansion of point and linear in-
frastructure.

The article's structure includes a literature review, a
description of the methodology and research tools, a
characterisation of the case study, and a presentation
of simulation results along with their interpretation.
The study closes with conclusions and recommen-
dations regarding railway infrastructure develop-
ment planning.

2. Literature review
2.1. Challenges associated with infrastructure
investments on single-track lines

The analysis and evaluation of investment variants
in railway infrastructure is a complex process requir-
ing the application of advanced analytical, optimisa-
tion, and simulation methods (Wojnar et al., 2022;
Nikolayzik et al., 2024). It gains particular im-
portance in the context of single-track lines, which,
due to their operational specificity, constitute one of
the most significant challenges for modern railway
systems. Their fundamental limitation stems from
the necessity of crossing and overtaking trains at
strictly defined operational points, such as stations
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or passing loops. This fundamental constraint makes
these lines particularly susceptible to the formation
of bottlenecks, the identification of which is essen-
tial for capacity improvement (Hong, 2023). They
are also characterised by lower resilience to disrup-
tions compared to double-track lines (Sogin et al.,
2013).

A significant bottleneck, identified in numerous
studies, is the point infrastructure itself used for train
handling. An insufficient number of passing loops or
their non-optimal spacing along the route signifi-
cantly limits flexibility and the maximum number of
trains that can service the line (Shih et al., 2014). An
equally important problem, especially in the context
of freight transport development, is the insufficient
length of additional tracks (sidings) at stations and
passing loops. As indicated by authors (Dick et
al.,2019; Gotegbiowski, 2019), operating trains that
exceed available station track lengths or platform
edges leads to significant delays and operational
complications, necessitating costly management
strategies or investments in infrastructure expan-
sion.

The heterogeneity of railway traffic further exacer-
bates the capacity problem. Simultaneous handling
of passenger and freight trains on the same limited
infrastructure generates numerous conflicts. Differ-
ences in operational characteristics, such as speeds,
priorities, acceleration, and braking times, lead to an
asymmetric distribution of delays and significant
variance in travel times (Dick et al., 2019; Dingler et
al., 2014). The inclusion of these characteristics in
analytical models is crucial for accurately estimating
capacity and energy efficiency under various oper-
ating conditions (Rahoma et al., 2021; Goltebiowski
et al., 2021). Consequently, even a minor, initial de-
lay of a single train (e.g., freight) can propagate in a
cascading manner throughout the network, affecting
the punctuality of higher-priority passenger trains.
This low system resilience makes precise timetable
planning with appropriate headways necessary (Ja-
mili, 2018). The complexity of real-time traffic man-
agement prompts researchers to seek solutions uti-
lising, among others, machine learning for dynamic
train rescheduling and conflict resolution (Kovari et
al., 2023; Matowicki et al., 2025).

In the subject literature, infrastructure expansion is
indicated as one of the most effective remedial meth-
ods, including the construction of new passing
loops, extending existing ones, or, as a target

solution, the addition of a second track (Shih et al.,
2014). Strategic planning in this area is crucial, par-
ticularly when combined with the implementation of
integrated periodic timetables to remove network
bottlenecks (Franke, 2023). However, due to the
high costs of full double-tracking, increasing atten-
tion is being paid to the analysis of so-called partial
double-tracking. Such a strategy enables a signifi-
cant improvement in capacity and service quality
with minimal investment outlays, provided that the
sections where expansion will yield the most essen-
tial operational benefits are precisely identified
(Bazant et al., 2020). Furthermore, a meticulous as-
sessment of infrastructure conditions and mainte-
nance costs is vital for the rational selection of these
modernisation variants (Golebiowski et al., 2020).
The identification of these critical segments and the
evaluation of the actual gain from various moderni-
sation variants, however, require the application of
tools capable of detailed modelling of traffic dynam-
ics, which goes beyond the capabilities of simple an-
alytical models (Besinovi¢ et al., 2018; D’ Acierno et
al., 2019).

2.2. Approaches to planning and evaluating in-
vestment variants

Following the identification of key challenges and
bottlenecks, the next stage in the planning process
involves selecting the most effective investment
strategy supported by a wide range of decision-sup-
port methods (Jacyna, 2022). This decision is rarely
straightforward and requires a systematic compari-
son of various modernisation variants. In the scien-
tific literature and design practice, two primary
methodological streams have emerged for evaluat-
ing infrastructure projects: Cost-Benefit Analysis
(CBA) and Multi-Criteria Decision Analysis
(MCDA).

Cost-Benefit Analysis (CBA) is a traditional and
widely accepted assessment tool that focuses on a
project's economic efficiency (Penyalver et al.,
2018; Matrai, 2013). Its foundation lies in compar-
ing the discounted investment costs with total mon-
etised benefits, such as passenger time savings or re-
duced operational costs for operators. Despite its
popularity, this method has significant limitations.
Critics argue that CBA often results in an incomplete
evaluation, as it is unable to adequately capture and
value non-economic aspects, such as environmental
impact, social cohesion, safety, or strategic political
goals (Dean et al., 2019; Tudela et al., 2006).
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Multi-Criteria Decision Analysis (MCDA) methods
serve as a response to these limitations. They enable
the evaluation of investment variants based on a
wide range of criteria, including both quantitative
(measurable) and qualitative (descriptive) factors,
which reflect project complexity and the diverse ex-
pectations of stakeholders (Aoun et al., 2021; Hick-
man et al., 2018). Within the MCDA framework,
several specific techniques have been developed for
the systematic evaluation and prioritisation of in-
vestments, ranging from the modernisation of traffic
control systems and intermodal terminal layouts
(Szczepanski et al., 2021) to the selection of an op-
timal investment portfolio (Del Caro Daher et
al.,2020; Yiicel et al., 2019; Panck et al., 2025).
Comparative studies indicate that project rankings
obtained using CBA and MCDA do not always con-
verge. This stems from the fact that MCDA, by ac-
counting for a broader context, may better reflect the
final decisions made by public authorities (Khaki et
al., 2011). For this reason, modern approaches to in-
vestment evaluation often advocate for the integra-
tion of both methods. Such a hybrid approach allows
for utilising the economic rigour of CBA within the
flexible structure of multi-criteria analysis, thereby
enhancing the transparency and comprehensiveness
of the decision-making process (Githnemann et al.,
2012; Florczak-Strama et al., 2016). Moreover, in-
creasing emphasis is being placed on the participa-
tory nature of the assessment by involving represent-
atives of various stakeholder groups in the process
of defining criteria and their weights, which further
legitimises the final selection (Cornet et al., 2018).
This process must also account for risk assessment
in traffic planning, including the probability of un-
certain phenomena affecting safety and operations
(Gotebiowski, 2022).

2.3. Methods of railway capacity and traffic flow
analysis
One of the most critical technical parameters deter-
mining the efficiency of planned railway invest-
ments is capacity. In the scientific literature, it is de-
fined as the maximum number of trains that can be
operated through a specific infrastructure element
(such as a line or station) within a given time frame
while maintaining set service quality standards. Two
prominent families of methods are used for its esti-
mation: analytical and simulation methods, which
differ in their level of detail, scope of application,

and the accuracy of obtained results (Khadem et al.,
2022).

Among analytical methods, the method described in
Code 406 of the International Union of Railways
(UIC) is of fundamental importance. Its operation is
based on the concept of timetable compression,
which involves removing all buffer times to deter-
mine how densely train paths can be arranged on the
graphical timetable (Landex et al., 2008; Lindner,
2011). This method is widely used by infrastructure
managers in Europe to assess capacity utilisation,
both on railway lines and, to a certain extent, in sta-
tions (Weik et al., 2020). Despite its widespread ap-
plication, including on high-speed lines, research in-
dicates its limitations (Puptak et al., 2025). The
standard implementation of UIC 406 does not fully
account for dynamic network effects and complex
traffic dependencies within large railway nodes,
which may lead to an underestimation of actual con-
straints (Lindner, 2009). In response to these short-
comings, researchers propose extensions to the
method, including integration with operational and
economic factors, as well as mathematical models
that investigate the effect of route parameters on av-
erage speed (Krzykawski et al., 2024). Additionally,
they suggest adapting the method for strategic plan-
ning on a network-wide scale (Khadem et al., 2010;
Grimm, 2012).

The second group consists of simulation methods,
which allow for overcoming the static nature of an-
alytical approaches. They utilise specialised soft-
ware, such as OpenTrack or RailSys programs, to
create dynamic, microscopic models of the railway
network. These tools, by simulating the movement
of each train while considering its traction parame-
ters, infrastructure characteristics, and control sys-
tem operations, enable a highly detailed analysis of
traffic processes (Wang et al., 2014; Pascariu et al.,
2021). Case studies, including one for the Italian
Rome-Florence high-speed line, demonstrate that
simulations enable the precise identification of bot-
tlenecks and the testing of various operational sce-
narios under near-real-world conditions (Prencipe et
al., 2018). Modern approaches often integrate ana-
lytical and simulation methods, for example, by
combining UIC 406 principles with the simulation
of advanced control systems, which allows for a
comprehensive and reliable assessment of capacity
in the context of planned investments (Wang et al.,
2015).
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2.4. Application of microsimulation tools in rail-
way transport planning

Analytical methods, despite their utility, encounter
limitations in analysing complex and dynamic traf-
fic phenomena. This gap is successfully filled by mi-
crosimulation tools, which currently constitute the
standard in detailed planning and performance eval-
uation of rail transport systems, including shunting
stations and intermodal terminals (Szczepanski et
al., 2023; Nehring et al., 2021). Software such as
OpenTrack or RailSys enables an in-depth analysis
of the impact of investments on key indicators, in-
cluding punctuality, reliability, and capacity (Huan
et al., 2022; Rakhmangulov et al., 2017).

These tools enable the creation of detailed digital
models that represent not only the infrastructure but
also traffic management rules, rolling stock charac-
teristics, and the current timetable. Thanks to this, it
is possible to simulate various operational scenarios,
including timetable optimisation to improve punctu-
ality and testing traffic management strategies under
disrupted conditions (Huang et al., 2022).

However, the most crucial advantage of microsimu-
lation in the context of this study is the ability to test
investment variants before incurring any financial
costs. It is possible to precisely examine how
changes in a station's track layout, the construction
of a passing loop, or the modernisation of signalling
and control systems affect line capacity or its resili-
ence to delays (Dunbar et al., 2017; Arslan et al.,
2021). Research shows that simulations not only
verify the validity of a given solution but also opti-
mise its parameters, such as the location and length
of a new double-track section. The application of
microsimulation thus allows for making informed,
data-driven decisions that maximise the return on in-
vestment, which is particularly relevant given lim-
ited public funds. In more advanced applications,
simulation models are integrated with optimisation
algorithms or combined with macroscopic models,
allowing for comprehensive traffic management on
anetwork-wide scale (Licciardello et al., 2020; Kett-
ner et al., 2004).

3. Research problem and methodology

3.1. Formulation of the research problem

The fundamental problem constituting the starting
point for this research is the insufficient capacity of
the single-track Poznan — Pita railway line in the
context of the forecasted growth in transport

demand. The existing infrastructure, characterised
by long single-track sections, constitutes a bottle-
neck that limits the possibility of introducing a com-
petitive, cyclical service offer and negatively affects
the punctuality and stability of railway traffic. This
necessitates the consideration of investments in line
expansion.

In view of the above, the following main research
question was formulated: How do selected point and
segment infrastructure investments affect the im-
provement of capacity and traffic reliability on the
Poznan — Pita railway line?

Furthermore, to provide the study with a broader, ap-
plied nature, a generalised problem was also de-
fined: How to identify the optimal investment strat-
egy (sequence and scope of expansion) as a function
of varying traffic load and structure?

3.2. Criteria for evaluating investment variants
To conduct an objective evaluation of the analysed
infrastructure variants, a set of evaluation indicators
was defined. These were selected to reflect the most
essential aspects of railway line operation from both
the passenger's and the infrastructure manager's per-
spectives. Indicator values are derived from the ag-
gregated results of a series of stochastic simulations
performed in the OpenTrack software. The follow-
ing evaluation measures were defined:
1) Traffic Reliability and Stability — Secondary
Delays
This is the most critical indicator for assessing
system resilience. It measures the ability of a
given infrastructure (with a specific timetable) to
absorb and dampen random disturbances. Unlike
primary delays (introduced into the model), sec-
ondary delays arise from interactions between
trains and capacity constraints. The indicator is
calculated as the arithmetic mean of the differ-
ence between a train's delay at the final station
and its initial delay. A negative value indicates
that the system possesses reserves capable of neu-
tralising disturbances, whereas a positive value
indicates that it amplifies and propagates delays.
2) Capacity Reserves (Infrastructure Occupa-
tion)
This is a technical indicator that allows for the
empirical identification and quantification of the
load on the network's most critical elements. It is
measured as the average percentage occupation
of the most heavily burdened single-track section
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within the analysed time horizon. This indicator
allows for verifying whether a bottleneck has
been eliminated or merely shifted to another lo-
cation.

3) Investment Outlay — Length of Built Tracks
For a simplified assessment of the economic effi-
ciency of individual variants, the length of the
newly built track, expressed in kilometres, was
adopted as a comparative cost indicator. This is
an objective measure which, assuming similar
terrain conditions, accurately reflects the scale
and proportions of financial outlays for individual
linear expansion variants.

3.3. Objectives, assumptions and limitations of

the analysis

The main methodological objective of this work is

to conduct a multi-stage, comparative evaluation of

infrastructure modernisation variants, enabling the
identification of the optimal investment strategy.

To ensure the reproducibility of the research and to

clearly define its scope, the following assumptions

and limitations were adopted:

—The analysis does not account for the detailed
maintenance costs of the new infrastructure, fo-
cusing instead on investment costs represented by
the length of the built track.

—1It was assumed that the rolling stock (its traction
parameters), as well as general rules and traffic
control systems (apart from the logic resulting
from the change in track layout), remain un-
changed across all variants.

— The modelling considers the impact of the human
factor (e.g., drivers' driving style) to a limited ex-
tent by defining a Performance Distribution as-
signed to individual train categories. These as-
sumptions remain constant across all investment
and traffic variants.

—Two separate timetables were subjected to analy-
sis (TV-1 and TV-2). In accordance with the
adopted methodology, each of these timetables
was identical for all infrastructure variants tested
in each research stage, ensuring full comparability
of results.

3.4. Research stages and methods used

The research process was designed as a multi-stage
analytical procedure allowing for systematic and ob-
jective comparison of the scenarios under consider-
ation. This methodology integrates the process of

model construction and calibration, scenario defini-
tion, and two main phases of stochastic simulation,
followed by a final analysis. The entire process is
presented in Figure 1.

4. Research tool
4.1. Characteristics of the OpenTrack pro-
gramme
In this study, OpenTrack software was utilised to
evaluate investment variants on the railway line. It
is a specialised tool designed for the microscopic
and stochastic simulation of railway systems. Origi-
nally developed at the Swiss Federal Institute of
Technology in Zurich (ETH Ziirich), it is currently
maintained and further developed by OpenTrack
Railway Technology Ltd. Its primary purpose is to
support planning processes, capacity analysis, time-
table stability assessment, and the evaluation of in-
vestment projects.
As a microsimulation tool, OpenTrack models the
movement of each train as a distinct object, account-
ing for its individual dynamic parameters as well as
interactions with the infrastructure and other trains
on a continuous time basis. Thanks to its capability
of introducing random disturbances, the software
enables not only the analysis of ideal scenarios but
also the examination of the railway system's resili-
ence and reliability under near-real-world condi-
tions.

4.2. Functionalities relevant to infrastructure

planning

OpenTrack offers a range of modules and function-

alities that are directly applicable to the planning and

evaluation of infrastructure investments. The gen-
eral diagram of the programme's operation and the
links between the individual modules are presented

in Figure 2.

For this study, the following program modules were

of primary importance:

— Infrastructure Editor: Enables detailed repre-
sentation of the railway line geometry, including
track alignment, turnouts, crossings, as well as the
longitudinal profile (gradients) and cross section
(superelevation). It enables the precise placement
of signals, boards, indicators, and other compo-
nents of the railway traffic control system. This is
an essential element for the correct modelling of
signal dependencies and line block systems.
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Stage |

Creation of a detailed digital base model (IV-0) in the
OpenTrack programme, mapping the existing
infrastructure of the Poznan-Pita line.

Stage Il \/
Defining assumptions for analysis:

- infrastructure variants (IV) of cake layouts;

- traffic variants (TV) — assumptions regarding simulated
rail traffic;

- selection of stochastic parameters (primary delays and
number of repetitions in the simulation series)

Stage |l N
Subjecting all infrastructure variants to a series of

stochastic simulations using the TV-1 traffic variant.
Assessment of the functioning of individual variants.

Stage IV N

Subjecting a series of stochastic simulations of selected
infrastructure variants to the TV-2 traffic variant.

Assessment of the functioning of individual variants.

Stage V v
Analysis of results from both simulation stages.

Comparison of results.
Formulation of conclusions and recommendations.

Fig. 1. Methodology of the analysis

Input Output &

Data Evaluation
INFRASTRUCTURE\ Graphi
raphical
Stationdata = timetables D
sltinerarydata /= % a
(ROLLING STOCK Oy [Rereseddae D
*Locomotive datas |:>
*Train data )
\ J % Detailed data D
(OPERATIONS 2 N
*Course data = Protocols D
*Timetable data =) and logs
o v

Fig. 2. Diagram of the Opentrack programme's operation
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— Timetable Editor: Used for inputting the planned
timetable, defining train paths, departure and arri-
val times, commercial stops, and minimum dwell
times.

—Simulation Engine: Constitutes the computa-
tional module of the program, which, based on the
input data regarding infrastructure, rolling stock,
and the timetable, calculates train movements,
identifies potential conflicts, calculates delays,
and gathers detailed statistical data regarding the
simulation run.

The ability to modify the infrastructure model, for

example, by adding a new track, changing a signal's

location, or introducing a double-track section, al-
lows for the creation and comparison of various in-
vestment variants.

4.3. Railway network modelling

The modelling process in OpenTrack involves cre-
ating a so-called digital shadow of the analysed sec-
tion of the railway network. The work begins by de-
fining the main axial points (kilometrage), on which
individual track elements (so-called edges) and
nodes (e.g., turnouts) are then placed. Each track el-
ement has defined attributes, including length and
the maximum permitted speed. Rail traffic control
systems are also modelled, consisting of the place-
ment of signals and their interconnection. The pro-
gramme also allows for the definition of complex
station layouts, which is essential for detailed anal-
yses of railway station operations.

4.4. Application of OpenTrack in capacity and
punctuality analysis
Once the model has been built and the timetable en-
tered, OpenTrack is used as an analytical tool. Con-
ducting a series of simulations for a given invest-
ment option allows for the collection of a rich set of
evaluation indicators. In the context of capacity
analysis, the programme allows verification of
whether a given timetable is feasible on the assumed
infrastructure and identifies areas of conflict and de-
lays. By gradually expanding the timetable, it is pos-
sible to determine the maximum capacity of the line.
In turn, punctuality and reliability analysis are based
on stochastic simulations. The programme randomly
generates initial delays for trains or equipment fail-
ures and then observes how these disruptions propa-
gate throughout the network. The results, presented
in the form of traffic graphs, secondary delay

statistics or reports on the utilisation of individual
infrastructure elements, provide an objective basis
for comparing the analysed investment options in
terms of their operational efficiency and resilience
to disruptions.

5. Case study — Poznan—Pila railway line
5.1. Characteristics and history of the analysed
section
The subject of this scientific article is railway line
No. 354, located entirely within the boundaries of
the Greater Poland Voivodeship, connecting the
Poznan Gtowny branch post (PoD) with the Pita
Glowna station. The infrastructure manager of the
line is PKP Polskie Linie Kolejowe S.A. The railway
line is electrified along its entire length with 3 kV
DC (direct current) and features a standard gauge of
1435 mm.
The history of the line dates back to the period of
Poland's partitions. The construction of the line con-
necting the then Prussian Eastern Railway with the
city of Poznan was completed on May 15, 1879. Af-
ter the end of World War I, the line was transferred
to Polish administration. In 1922, the second track
was dismantled, along with the section from the Pita
Kalina stop to the Dziembowko station. This section
was subsequently rebuilt during the German occu-
pation during World War II. The electrification of
the line took place in 1990. In 2017, the line under-
went extensive revitalisation, which involved,
among other things, modifying track alignment to
achieve a maximum speed of 120 km/h, as well as
modernising existing and constructing new passen-
ger stops and stations. In 2019, a contract was signed
for a feasibility study regarding the addition of a 2-
kilometre second track section to the Oborniki
Wielkopolskie station (Wikipedia, 2025).

5.2. Infrastructural constraints

Railway line No. 354, with a total length of 92.985

km, is characterised by a variable number of tracks

on the routes, which significantly affects train traf-

fic conditions. Analysing its track layout, three sec-

tions can be distinguished:

— Double-track section: Poznan POD (km -0.237) —
Oborniki Wielkopolskie Most (km 25.395),

—Single-track section: Oborniki Wielkopolskie
Most — Dziembowko (km 82.098),

— Double-track section: Dziembowko — Pita Gtéwna
(km 92.538).
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The list of operating points on railway line No. 354
is presented in Table 1.

Table 1. List of operational points on railway line
No. 354. Source: own elaboration based

on PKP PLK data

Name of point Type of point _Kilometres
Poznan PoD Branch post 0.001
Poznan Podolany Passengers stop 3.261
Poznan Strzeszyn Passengers stop 5.000
Suchy Las Branch post 6.300
Ztotniki Grzybowe Passengers stop 8.157
Ztotniki Station 9.525
Ztotkowo Passengers stop 11.250
Goleczewo Passengers stop 13.907
Chludowo Passengers stop 16.747
Wargowo Station 19.424
Bogdanowo Passengers stop 24.228
Oborniki Wielkopolskie Branch post 25395
Most
;)Stt)(())mlkl Wielkopolskie Mi- Passengers stop 26.331
Oborniki Wielkopolskie Station 27.788
Roznowo Branch post 31.540
Parkowo Passengers stop 35.887
Rogozno Wielkopolskie Station 42.514
Tarnowo Rogozinskie Passengers stop 48.047
Sokotowo Budzynskie Passengers stop 51912
Budzyn Station 58.169
Ostrowki koto Chodziezy Passengers stop 63.337
Chodziez Station 70.439
Milcz Passengers stop 77.356
Dziembowko Station 82.098
Pita Kalina Passengers stop 85.802
Pita Gtéwna Station 92.538

A single-track section from the Oborniki Wielkopol-
skie Most signal box (km 25.395) to the
Dziembowko station (km 82.098) was selected for
simulation analyses. The track layout is shown in

Figure 3 and in the view from the Opentrack pro-
gramme (Fig. 4).

There are four railway stations on the single-track
section where trains can cross and overtake each
other:

— Oborniki Wielkopolskie (27.788 km)

—Rogozno Wielkopolskie (42.514 km)

—Budzyn (58.169 km)

— Chodziez (70.439 km)

5.3. Description of the analysed traffic variants
The basis for the simulation analysis is the definition
of reliable traffic variants (timetables) that will be
used to load the tested infrastructure variants. In this
study, a representative time interval was selected
and simplifications applied to the service model to
ensure the objectivity and comparability of the vari-
ants.

A 4-hour afternoon peak period (14:00 — 18:00) was

selected as representative for the following reasons:

— It covers a period of high, mixed traffic (re-
gional, long-distance and freight passenger
traffic), generating numerous interactions and
conflicts.

— It is long enough to allow trains with the long-
est journey times (including freight trains) to
pass through the entire section of the railway
line under analysis.

— It allows the phenomenon of propagation and
cascading of secondary delays to be observed,
which is not possible in shorter time windows.

— It ensures an acceptable calculation time for a
series of stochastic simulations.

The actual timetable (Table 2) is characterised by

high irregularity and a significant number of short-

ened journeys (starting or ending at intermediate sta-
tions, e.g. Oborniki or Rogozno).
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Fig. 3. Diagram of the track layout of a selected section of railway line No. 354
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Fig. 4. Diagram of the track layout of the modelled section of railway line No. 354 in the Opentrack pro-

gramme

Table 2. Number of trains running on the analysed
section per day (2025 timetable). Source:
own elaboration based on PKP PLK data

Entire route Shortened route

Train

type Oborniki — (starts/ends in Total
Dziembéwko Oborniki or Rogozno)
Regional 30 16 46
Long-
distance 16 0 16
Freight 10 2 12
Total 56 18 74

The aim of this study is not to reconstruct historical
punctuality but to systematically compare the poten-
tial and resilience of different infrastructure variants.

To ensure the objectivity of this comparison, it is

necessary to eliminate operational variables that

may influence the results. Therefore, the following
simplifying assumptions were made for all analysed
scenarios (TV-1, TV-2):

— All trains run on the entire analysed section
(Oborniki — Dziembowko).

—  Shortened routes, which would disrupt cycli-
cality and make it difficult to compare the load
on individual routes, have been abandoned.

Thanks to this approach, each infrastructure variant

is tested under identical, repeatable traffic condi-

tions, allowing for the objective isolation of the im-

pact of the infrastructure itself on the results.

For the analysis, three separate traffic variants (time-
tables) were defined, representing the current and fu-
ture possible models of line operation, which are
presented in Table 3.

Table 3. Assumed number of trains in the analysed
4-hour simulation period (14:00-18:00)
Number of trains in 4 hours

Train type =330 TV-1 TV-2
Regional 16 8 16
Long-
distance 4 4 4
Freight 2 2 4
Total 22 14 24

Uneven inter- , .
60-minute in-
vals between .
ional tervals in re-
regiona .
; ional traffic
trains, some 8 ﬁ(‘

. in both direc-
with reduced .
. tions.
service.

30-minute in-
tervals in re-
gional traffic
in both direc-
tions.

Comments

Variant TV-0 (current situation) — This variant re-
flects the current irregular traffic during the after-
noon rush hour (Table 3). It serves as a reference
point for the other variants. It is characterised by un-
even intervals between trains.

Variant TV-1 (60-minute interval in regional traf-
fic) — This is the first target variant, representing the
introduction of a cyclical transport offer (hourly in-
terval) that is attractive to passengers. Despite the
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potentially lower total number of trains than in the
peak of variant TV-0, this variant is more demand-
ing for single-track infrastructure. A fixed, cyclical
timetable means that train meeting points (crossings)
occur regularly at the same, strictly defined loca-
tions. This variant tests the infrastructure's ability to
handle regular, predictable traffic. The traffic graph
for variants IV-0 and TV-1 is shown in Fig. 5.
Variant TV-2 (30-minute interval in regional traf-
fic) — This variant represents a prospective timeta-
ble. Intensive regional traffic (30-minute interval)
combined with increased freight traffic creates a sig-
nificant number of potential conflicts. It is practi-
cally impossible to implement this timetable on the
existing infrastructure (IV-0). This scenario was
used to simulate only selected modernisation vari-
ants, allowing for a precise assessment of their ca-
pacity reserves (Fig. 6).

5.4. Description of the analysed investment vari-
ants

To conduct a comparative analysis, six infrastruc-

ture variants (IV) were defined, reflecting various

strategies and scales of modernisation for the

Obomiki Miasto - Dziembowko

analysed railway line. The total length of the newly
constructed open track, expressed in kilometres, was
adopted as the comparative indicator of investment
outlays for each variant. The defined variants are
presented in Table 4.

Table 4. Description of investment variants
Length of
new track
Base variant (existing state) -

Name Description

V-0

Construction of a new pass-
ing loop in the Sokotowo
Budzynskie stop

Addition of a second track
on the Rogozno — Budzyn
section

Addition of a second track
on the Oborniki — Rogozno
section

Addition of a second track
on the Oborniki — Budzyn
sections

Full double-tracking
(Oborniki Most —
Dziembdowko)

Iv-1 1.5 km

Iv-2 15.7 km

Iv-3 14.7 km

Iv-4 30.4 km

Iv-5 56.7 km

[Se——

g. 5. Traffic chart for the assumed timetable for variants I[V-0 and TV-1

Fi

—
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Fig. 6. Traffic chart for the assumed t
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5.5. Determining the number of repetitions in a
simulation series
To ensure the reliability of stochastic studies, it is
necessary to select an appropriate number of repeti-
tions (N) to achieve statistical stability of the results.
A purely mathematical approach, aiming for the
convergence of indicators (such as secondary delay),
often leads to an unjustified increase in calculation

imetable for variants IV-5 and TV-2

time, as fluctuations of a few seconds are insignifi-
cant in the context of the entire system's scale.

This paper adopts an engineering approach, which
consists of finding the stabilisation point of the lead-
ing operational indicators. To this end, a series of
N =200 simulations was carried out for the base var-
iant (IV-0), analysing selected statistical measures
(Fig. 7).

Convergence of indicators

350
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Numberof simulations

= Average initial delay

— Average final delay

w— Average secondary delay

— Standard deviation of initial delay s Standard deviation of final delay

Fig. 7. Stabilisation of selected indicators depending on the number of simulations
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Considering the achievement of stability of selected
measures for all relevant variant analyses in this
study, N = 100 repetitions was adopted as a value
that fully guarantees the reliability of the results
while optimising the analysis time.

5.6. Determination of primary delay parameters
Stochastic analysis was used to assess the reliability
and resilience of the analysed infrastructure variants.
This requires the definition of realistic random pa-
rameters for initial delays with which trains enter the
analysed section.
An analysis of empirical data from the Railway
Transport Office (UTK) for 2024, presented in Ta-
bles 5 and 6, shows that on the analysed section of
the line, the punctuality rate for long-distance
(74.46%) and regional trains (89.01%) is signifi-
cantly lower than the national average (91.64% in
2024). This proves that the current single-track in-
frastructure is highly susceptible to generating and
propagating delays.
As the aim of this study is not to simulate historical
delays, but to objectively compare the potential and
resilience of new infrastructure variants (IV) when
operating new, cyclical timetables (TV-1, TV-2), the
use of historical, very high delay values (e.g. an av-
erage of 29 minutes for long-distance trains) result-
ing from the current inefficiency of the network does
not seem appropriate. For this reason, this study
adopts an approach of testing the resilience of vari-
ants against two controlled disruption scenarios rep-
resenting a stably managed railway network:

1) Scenario A: average initial delay of 300 s (5
minutes). This value was chosen because 5
minutes is the standard international punctuality
threshold. This scenario represents typical daily

operational problems (minor breakdowns, ex-
tended stops) in a properly functioning railway
system.

2) Scenario B: average primary delay of 600 s (10
minutes). This scenario represents a more signif-
icant, but still common, disruption (e.g., rolling
stock failure, malfunction of rail traffic control
systems).

To ensure consistency and repeatability of the anal-

ysis, an identical implementation method in Open-

Track was adopted for all train categories in both

disruption scenarios. It was assumed that all trains

entering the analysed section receive a random pri-
mary delay.

Table 6. Aggregate punctuality index for the ana-
lysed section (2024). Source: own elabora-

tion based on UTK data
Total
Parameters
Long-distance Regional
Number of train 8374 24397
stops
Number of 6235 21716
punctual trains
Punctuality rate 74.46% 89.01%
No. of trains 2139 2 681
delayed > 5 min
Percentage of 25.54% 10.99%
trains delayed > 5
min
Total delay time > 61908 47001
5 min
Average delay (in 28.94 17.53
min)

Table 5. Punctuality statistics for Oborniki Wielkopolskie Miasto and Chodziez stations (2024). Source: Own

elaboration based on UTK data

No. of trains  Total delay
Station Operator Nu:t];)e: of Nutmble : Of delayed time Ave'rage‘delay
p punctual trains > 5 min > 5 min (in min)

Ki PKP INTERCITY 4173 3159 1014 31183 30.75
%E:{E(‘)p‘olskie POLREGIO _ 3776 3101 675 12262 18.17
Miasto Koleje Wielkopolskie 10282 9627 655 12143 18.54

Total 18231 15887 2344 55588 23.72
PKP INTERCITY 4201 3076 1125 30725 27.31
Chodzics POLREG‘IO : 3775 2955 820 13517 16.48
Koleje Wielkopolskie 6564 6033 531 9079 17.10
Total 14540 12064 2476 53321 21.54
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6. Microsimulation results and their interpre- however, in Scenario B, it reaches the limit of its ca-

tation
6.1. Comparison of infrastructure variants for
traffic variant TV-1

This chapter presents and interprets the results of a
series of stochastic simulations (N =100) for the
TV-1 traffic variant (hourly cycle) and for all de-
fined infrastructure variants (IV). The analysis was
carried out in two disruption scenarios: scenario A
(initial delay of 300 seconds) and scenario B (initial
delay of 600 seconds). The quantitative results of the
simulations are summarised in Tables 7 and 8.

The analysis of secondary delays (Tables 7 and 8)
reveals significant differences in the performance of
individual variants. The base variant (IV-0) is an un-
stable solution — in Scenario A, it adds an average of
106 seconds of delay to each train, while in the sig-
nificant disruption scenario (Scenario B), this delay
rises to as much as 193 seconds. The comparison of
investments in variant IV-2 (construction of a sec-
ond track on the Rogozno—Budzyn section) and V-
3 (construction of a second track on the Oborniki—
Rogozno section) provides fascinating insights. De-
spite the similar section length, variant IV-2 reduces
secondary delays by 94 s relative to the base variant,
whereas variant [V-3 proves to be significantly less
effective, reducing secondary delays by only 36 s.
This demonstrates that the choice of modernisation
location is critical for its success. Variant IV-4 ac-
tively dampens disturbances in Scenario A (-52 s);

pabilities (+2 s). Only the full double-tracking vari-
ant (IV-5) possesses sufficient reserves to seam-
lessly absorb even major disruptions in both scenar-
ios (-154 s and -134 s, respectively).

System reliability is also measured by its predicta-
bility, as indicated by the standard deviation of the
final delay. The lower the value of this indicator, the
more consistent the travel time is for the passenger.
These results correlate with the stability analysis: the
base system (IV-0) is the most unpredictable, with a
standard deviation of 433 s in Scenario A, rising to
699 s in Scenario B. Every effective investment im-
proves predictability. The best variant (IV-5) signif-
icantly reduces delay dispersion, lowering the stand-
ard deviation to 314 s (in Scenario A) and 627 s (in
Scenario B), which translates to a more reliable ser-
vice for travellers.

In the next step, an analysis of the infrastructure load
itself was performed. It allows for the empirical
identification of bottlenecks and the assessment of
the uniformity of line utilisation. Tables 9 and 10
compile the results of percentage occupation (Reser-
vation [%]) for individual sections, broken down
into average (Avg.) and maximum (Max.) values
recorded during 100 simulation runs. To better cap-
ture the characteristics of the entire system, basic
statistical measures were also calculated for each
variant based on the set of average occupations of all
five sections.

Table 7. Simulation results for scenario A (average initial delay of 300 s)
Infrastructure Vari- Average initial  Average final Average second- Standard deviation Standard devia-

ant (IV) delay delay ary delay of initial delay tion of final delay
1V-0 320 427 106 302 433
1V-1 318 370 51 302 395
1v-2 319 332 12 306 378
1v-3 312 383 70 291 399
1V-4 311 260 -52 291 355
1V-5 306 152 -154 290 314

Table 8. Simulation results for scenario B (average initial delay of 600 s)

Infrastructure Vari- Average initial Average final Average second- Standard deviation Standard devia-

ant (IV) delay delay ary delay of initial delay  tion of final delay
1V-0 625 824 193 589 699
V-1 624 735 107 592 674
1v-2 628 708 77 596 672
1V-3 610 769 154 583 693
1v-4 609 611 2 585 658
1vV-5 603 467 -134 583 627
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The data presented in Table 9 allow for a precise as-
sessment of the base state and the effects of individ-
ual modernisations. In the base variant [V-0, the sys-
tem is highly unbalanced, as illustrated by the high
standard deviation of section occupation (17.70%).
There are two distinct bottlenecks: the Oborniki —
Rogozno section (with an average occupation rate of
62.05%) and the Rogozno — Budzyn section (with a
rate of 64.37%). These result from the length of both
sections and the absence of an installed automatic
line block system, which would divide the section
into shorter block sections.

Variant IV-1 (construction of a passing loop) intelli-
gently addresses the main problem, reducing the av-
erage occupation of the Rogozno — Budzyn section
by over 25 percentage points (pp) (from 64.37% to
38.71%). Nevertheless, the "bottleneck" constituted
by the Oborniki — Rogozno section, with a maxi-
mum average occupation of 56.87%, remains unre-
solved.

Variant [V-3 (expansion of the Oborniki — Rogozno
section) acts as its mirror image. It solves the prob-
lem in the expanded section (occupation drop to
32.93%), but the main bottleneck in this case re-
mains the Rogozno — Budzyn section (63.87%).
Significant improvement is brought by Variant [V-4
(expansion of both sections). It eliminates both iden-
tified bottlenecks, lowering their occupation to a sta-
ble level of approximately 33%. This causes a shift
of the critical section to the Chodziez -

Dziembowko section; however, its maximum aver-
age load (47.41%) is already significantly lower.
The system also becomes clearly more balanced
(standard deviation drops to 11.16). Variant IV-5,
which provides for full double-tracking, completely
resolves the capacity problem as expected. The av-
erage section load drops to a mere 24.42%, the max-
imum average load is only 33.06%, and the system
is the most balanced (standard deviation 9.00),
which testifies to immense capacity reserves.

A comparison of the results from Scenario A (Table
9) and Scenario B (Table 10) provides conclusions
regarding the resilience of individual variants to in-
creased disturbances. In variant IV-0, average sec-
tion occupation values paradoxically decrease; how-
ever, an increase in maximum values can also be ob-
served in selected periods. This likely results from
low section occupation at the beginning of the sim-
ulation due to the considerable primary delays as-
signed to trains. However, in the latter part of the
simulation, periods of very heavy traffic occur on a
given section. A similar phenomenon can be ob-
served in variants IV-2 and IV-3. Variants IV-4 and
IV-5, with a larger scope of investment, also demon-
strate high resilience to increased disturbances. In
their case, doubling primary delays (from 300 s to
600 s) does not have a significant impact on infra-
structure load. This proves that these variants pos-
sess sufficient capacity reserves to fully absorb dis-
turbances of this scale.

Table 9. Infrastructure occupation results for timetable variant TV-1 and Scenario A (average primary delay

300 5)
V-0 V-1 V-2 V-3 V-4 V-5
Reservation [%]

Section Avg. Max. Avg. Max. Avg. Max. Avg. Max. Avg. Max. Avg. Max.
Oborniki
Miasto — 14.80 23.15 1434 2426 1584 2450 1606 24.89 1671 2553 832  14.48
Oborniki
Oborniki— ) s )00 5687 8627 6279 8249 3293 5020 3311 5066 33.06 5028
Rogozno
Rogoino— 0\ 17 613 3871 6165 33.07 5112 6387 8582 3288 5132 3281 50.64
Budzyn
Budzyn —

n- 4641 6633 4497 69.10 4654 6506 4580 6560 4624 6678 23.67 39.74
Chodziez
ChodzieZ— ;17 607 4403 69.01 4785 68.12 4674 6738 4741 7064 2422 39.16
Dziembowko
Max. 6437 86.13 5687 8627 62.79 8249 63.87 8582 4741 70.64 33.06 50.64
Ave. 47.02 65.14 3978 62.06 4122 5826 41.08 58.78 3527 5299 2442 38.86
Standard 1770 2235 14.04 2056 1580 19.60 1591 2037 11.16 1590 9.00 13.15

deviation
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Table 10. Infrastructure occupation results for timetable variant TV-1 and Scenario B (average primary de-

lay 600 s)
V-0 V-1 V2 V-3 V-4 V-5
Reservation [%]

Section Avg. Max. Avg. Max. Avg. Max. Avg. Max. Avg. Max. Avg. Max.
Oborniki

Miasto — 1422 2420 1511 2322 1532 2516 1511 2569 1561 2613 799 14.88
Oborniki

Oborniki— o, )\ ¢535 6108 8430 5888 8607 3119 5352 3177 5391 3228 54.16
Rogozno

Rogofno— 59,9 8650 41.18 5823 31.06 53.02 60.18 88.56 31.82 54.52 32.04 5453
Budzyn

Budzyi — 124 6780 4596 6727 4521 68.17 4476 68.82 4571 69.87 2342 4137
Chodziez

Chodziez— .3 (cous 4701 69.56 4573 68.89 4389 67.65 4592 69.55 2377 40.72
Dziembowko

Max. 5929 8650 61.08 8430 58.88 86.07 60.18 88.56 4592 69.87 3228 54.53
Ave. 4400 6646 4207 6052 3924 6026 39.03 60.85 3417 5480 2390 4113
Standard 1607 2258 1502 2044 1485 2043 1508 2082 1120 1592 883 1441
deviation

Based on the results for timetable variant TV-1, in-
frastructure solutions were selected for further anal-
ysis (timetable variant TV-2). Infrastructure variants
IV-0, IV-1, IV-2, and IV-3 were rejected, while two
variants were qualified for further study under in-
creased traffic load: IV-4 (expansion of two sec-
tions) and V-5 (full double-tracking).

6.2. Comparison of infrastructure variants for
traffic variant TV-2
Following the first phase of analysis for timetable
variant TV-1, the second phase of research was con-
ducted. Variants showing potential to handle more
intensive traffic (TV-2) with a 30-minute frequency
in regional traffic were selected for analysis. This
analysis aimed to verify whether these variants pos-
sess sufficient capacity reserves to handle increased
traffic stably and reliably.

Similar to the first stage of analysis, the most critical
operational indicators for both investment variants
are presented in Tables 11 (for primary disturbances
of 300 seconds) and 12 (for primary disturbances of
600 seconds).

The results of the secondary delay analysis in this
phase indicate that variant [V-4, which showed com-
plete stability under lighter traffic (TV-1, 60-minute
interval), becomes an unstable system under more
intensive traffic conditions (TV-2, 30-minute inter-
val). Already at nominal disturbances (Scenario A),
it generates an average of +96 seconds of secondary
delay, indicating operation at the limit of capacity
and a lack of operational reserves. In Scenario B,
this indicator remains at an equally high, unstable
level (+99 s).

Table 11. Simulation results for scenario A (average initial delay of 300 s)

Infrastructure Vari- Average initial

Average final

Average second- Standard deviation Standard devia-

ant (IV) delay delay ary delay of initial delay tion of final delay
1v-4 390 489 96 333 498
1vV-5 380 329 -51 338 358

Table 12. Simulation results for scenario B (average initial delay of 600 s)

Infrastructure Vari- Average initial

Average final

Average second- Standard deviation Standard devia-

ant (IV) delay delay ary delay of initial delay  tion of final delay
1V-4 794 910 99 678 805
1vV-5 771 795 24 677 724
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In contrast, variant IV-5 (full double-tracking) re-
mains fully stable in Scenario A and actively absorbs
disturbances, reducing the primary delay (-51 s).
Only with significant disturbances (Scenario B) does
passage through the analysed railway line section
cause an increase in delays (+24 s); however, its re-
sult is still drastically better than that of variant IV-
4. The analysis of the standard deviation of the final
delay confirms these conclusions. In both scenarios,
variant IV-5 is significantly more predictable for the
passenger, exhibiting lower standard deviation val-
ues of the final delay.

The differences in performance between the two
variants are explained by the infrastructure occupa-
tion results presented in Tables 13 and 14.

In variant IV-4, a clear difference can be observed
between the expanded double-track sections
(Oborniki — Rogozno and Rogozno — Budzyn) and
those that remained single-track. The average occu-
pation of double-track sections is approximately
44% (for Scenario B), reaching maximum values of
roughly 70% in selected time periods. On the single-
track sections between Budzyn and Chodziez, and

between Chodziez and Dziembdwko, the maximum
occupation in Scenario B exceeds 90%. These sec-
tions limit the capacity of the entire line, which di-
rectly generates the secondary delays shown in Ta-
bles 11 and 12. In variant [V-5, the maximum aver-
age occupation on any section does not exceed 49%
(for Scenario A), which attests to sufficient capacity
reserves. Comparison with Scenario B (Table 14)
additionally shows that increased disturbances have
almost no impact on the average section load.

To summarise, the analysis of timetable variant TV-
2 demonstrated that although constructing a timeta-
ble for variant IV-4 is theoretically possible, the sys-
tem operates at the limit of capacity and is highly
unstable even with relatively low primary delays.
The phenomenon of merely shifting the critical sec-
tion, constituting the "bottleneck" of the railway
line, to subsequent single-track sections was identi-
fied. The study demonstrates that, under the adopted
assumptions, the only variant that guarantees both
the required capacity and the necessary reliability to
handle a 30-minute frequency is the complete ex-
pansion of the line to two tracks (IV-5).

Table 13. Infrastructure occupation results for timetable variant TV-2 and Scenario A (average primary de-

lay 300 s)
Section V-4 1V-5
Reservation [%]

Avg. Max. Avg. Max.
Oborniki Miasto — Oborniki 16.79 29.35 10.75 20.03
Oborniki — Rogozno 37.44 64.57 46.96 74.56
Rogozno — Budzyn 37.95 66.84 48.83 76.78
Budzyn — Chodziez 50.75 84.76 36.40 58.59
Chodziez — Dziembéwko 44.52 75.38 35.68 57.61
Max. 50.75 84.76 48.83 76.78
Avg. 37.49 64.18 35.72 57.51
Standard deviation 11.44 18.81 13.58 20.34

Table 14. Infrastructure occupation results for timetable variant TV-2 and Scenario B (average primary de-

lay 600 s)
Section 1v-4 1V-5
Reservation [%]

Avg. Max. Avg. Max.
Oborniki Miasto — Oborniki 19.87 31.75 10.46 19.92
Oborniki — Rogozno 43.76 70.05 45.14 75.98
‘Rogozno — Budzyn 44.27 71.36 46.74 79.06
Budzyn — Chodziez 64.72 90.57 35.22 60.27
Chodziez — Dziembéwko 63.86 90.02 34.65 59.68
Max. 64.72 90.57 46.74 79.06
Avg. 47.30 70.75 34.44 58.98
Standard deviation 16.44 21.38 12.97 21.07
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7. Conclusions and recommendations

7.1. Summary of the results

The two-stage simulation analysis allowed for a
quantitative assessment of the examined investment
variants (IV).

In Stage 1 (timetable variant TV-1), it was demon-
strated that the base variant (IV-0) operates in an un-
reliable manner. In both initial delay scenarios, it
causes an increase in the delays, amounting to over
100 seconds of secondary delay. The introduction of
a relatively inexpensive point investment (IV-1,
construction of a passing loop) proved to be an effi-
cient solution, reducing secondary delay by approx-
imately 50%. It was also demonstrated that the
choice of investment location is of great importance.
Variant V-3 (expansion of the Oborniki—-Rogozno
section) yields significantly worse results than vari-
ant IV-2, which involves the expansion of the
slightly longer Rogozno—Budzyn section. A high de-
gree of reliability and capacity to absorb disturb-
ances (negative secondary delays) in this scenario
was demonstrated only by the significantly more ex-
pensive variants [V-4 and IV-5.

In Stage 2 (timetable variant TV-2), only selected
infrastructure variants subjected to demanding traf-
fic loads were tested. Variant IV-4 (expansion of
two sections), despite functioning correctly in vari-
ant TV-1, proved very unreliable under conditions
of dense regional traffic (secondary delay amounted
to +96 s). With the assumed traffic, the Budzyn—
Chodziez and Chodziez—Dziembowko sections
proved to be the bottlenecks of the analysed line (av-
erage occupation >60%, maximum >90%).

The only variant that reliably handled TV-2 traffic
was variant [V-5, providing for full double-tracking
of the line. It demonstrated high stability (secondary
delay of -51 s) and possessed the largest capacity re-
serves, as confirmed by the section occupation anal-
ysis.

7.2. Conclusions for planning the development of
single-track infrastructure
The research showed that for specific, assumed
timetables, partial expansion of a single-track line
may not be sufficient. It does not systemically solve
the capacity problem, but merely shifts it to subse-
quent, non-expanded sections, remaining an effec-
tive solution only up to a certain level of traffic load.
At the same time, the analysis confirmed that the
construction of a strategically located passing loop

can be a very cost-effective transitional investment,
capable of stabilising the network given moderate
traffic growth and postponing the necessity of incur-
ring multiply higher expenditures. The transition
from a 60-minute to a 30-minute frequency causes a
significant loss of reliability in partially single-track
systems, which proves that for target, dense timeta-
bles, the only solution guaranteeing the required re-
silience to disruptions is the complete expansion of
the line to two tracks.

7.3. Advantages and limitations of using mi-
crosimulation

The conducted research confirmed that the mi-
crosimulation technique is a valuable tool in the in-
vestment decision-making process. Its fundamental
advantage is the ability to conduct stochastic analy-
sis. The application of random delays and the analy-
sis of indicators such as secondary delay or standard
deviation allowed for the assessment of the reliabil-
ity and resilience of variants, rather than just their
theoretical capacity. At the same time, the study re-
vealed methodological limitations and requirements.
Conducting the presented analyses requires adopting
several assumptions, particularly the timetable, as
well as parameters describing the infrastructure, rail-
way traffic control systems, and traction vehicle
characteristics.

7.4. Possibilities for further research

The conducted analysis can be expanded and refined
through several new research areas. In this work,
two manually constructed, fixed timetables (TV-1,
TV-2) were used to test individual infrastructure
variants. An interesting direction would be the ap-
plication of optimisation algorithms to find the opti-
mal timetable for each variant, which would allow
for the precise determination of their limiting capac-
ity. Furthermore, the study focused on operational
indicators and a simple cost indicator (track length);
therefore, further work could include a broad multi-
criteria analysis or cost-benefit analysis, considering
detailed construction, maintenance, and external
costs. Additionally, a valuable research direction
would be the analysis of subsequent, including
mixed, infrastructure solutions. Investment variants
related to the construction of a new track can be ex-
panded to include cases of expanding railway traffic
control systems and their combinations with track
layout expansion.
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