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University of Palermo

Italy

Margarida Coelho

University of Aveiro

Portugal

Paulo Fernandes

University of Aveiro

Portugal

Editorial Office

MDPI

St. Alban-Anlage 66

4052 Basel, Switzerland

This is a reprint of articles from the Special Issue published online in the open access journal

Energies (ISSN 1996-1073) (available at: https://www.mdpi.com/journal/energies/special issues/

traffic transportation smart cities).

For citation purposes, cite each article independently as indicated on the article page online and as

indicated below:

LastName, A.A.; LastName, B.B.; LastName, C.C. Article Title. Journal Name Year, Volume Number,

Page Range.

ISBN 978-3-0365-5523-2 (Hbk)

ISBN 978-3-0365-5524-9 (PDF)

© 2022 by the authors. Articles in this book are Open Access and distributed under the Creative

Commons Attribution (CC BY) license, which allows users to download, copy and build upon

published articles, as long as the author and publisher are properly credited, which ensures maximum

dissemination and a wider impact of our publications.

The book as a whole is distributed by MDPI under the terms and conditions of the Creative Commons

license CC BY-NC-ND.



Contents

About the Editors . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . vii
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Anna Granà works in the Department of Engineering, University of Palermo, Italy. She received

her PhD in Road, Airport and Railway Infrastructure Engineering from the University of Palermo,

Italy, and currently she is a professor in Road, Railway and Airport Construction at the same

university.

She participates in the editorial committees of journals and editorial series: since April 2022,

she has been Associate Editor of Transport (Proceedings of the ICE); since 2012, she has been

the Editor-in-Chief of the Journal of Sustainable Development; and she is the Review Editor of the

international journal Transportation and Transit Systems (Frontiers in Built Environment). Since 2003,

she has been a member of the Italian Society of Road Railway and Airport Infrastructures (SIIV).

She is a member of the International Scientific Advisory Board for the Priority Research Area:

Smart cities and future mobility (Silesian University of Technology, Poland); she was invited by the

Rector of the Silesian University of Technology, Professor Arkadiusz Meżyk PhD, DSc in January
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1. Introduction

Transportation, like other spheres of human activity, is constantly changing due to
economic development. People are constantly improving the ways of moving using various
energy sources, expanding infrastructures, and adapting cities to increasing traffic volumes.
An efficient, modern, and demand-driven transportation infrastructure is the strength of a
growing economy. The development of transportation improves the accessibility of regions
and labor markets and reduces the nuisance caused by congestion. All these elements
translate into economic benefits, competitiveness, increased productivity of enterprises
and regions, as well as social benefits. However, transport consumes enormous energy
resources; hence, all solutions in the scope of improving transportation infrastructure,
vehicle construction, as well as modeling users’ and drivers’ behavior may constitute an
element contributing to broadly saving energy.

This Special Issue will consist of papers describing the state-of-the-art in methods
and solutions in traffic and transportation engineering supporting energy saving in smart
cities as well as outlining trends already under way and future developments in this sector.
Topics of interest include but are not limited to the following:

• Road traffic measurements, data analyzing;
• Road traffic (micro-, meso-, macro) modelling, simulation models;
• Road and intersection capacity;
• Optimization, route choice;
• Human factor in road traffic and transportation engineering;
• Road safety;
• Pedestrian and bicycle traffic and infrastructure;
• Public transportation solutions, parking;
• Contemporary problems of road traffic engineering and sustainable transportation;
• Intelligent transportation systems (ITS), traffic control and management;
• Smart grid services;
• Electric mobility;
• Environmental impacts of transportation systems;
• Life cycle analysis (LCA) of alternative energy vectors for road vehicles;
• Transportation systems and process modeling;
• Sustainable transportation development;
• Life cycle impact, fuel consumption, and emissions.

Energies 2022, 15, 4191. https://doi.org/10.3390/en15124191 https://www.mdpi.com/journal/energies1
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In the next section, we provide a brief review of the papers published in this Special
Issue. These papers are included in the previously outlined thematic areas.

2. The Review of the Contributions in This Special Issue

This Special Issue presents original research and review articles addressing all as-
pects related to new perspectives and challenges in traffic and transportation engineering
supporting energy saving in smart cities. Many of them are characterized by a multidisci-
plinary approach to a global problem. This collection spans a body of research papers that
represents the efforts of 16 research papers.

H. Vasiutina et al. [1] examined the environmental impact of using cargo bikes in cities.
It is a comprehensive review of existing approaches. The impact of the use of cargo bicycles
for delivery processes on the environment is undeniably positive: it leads to a reduction in
pollutant emissions, noise, and vibrations caused by traditional vehicles; decreases traffic
jams; causes more effective use of public space; and others. But how should such an effect be
measured? What tools should be used to justify the necessity for change to more sustainable
means of transportation? How can we improve the state of the environment considering
the interests of logistics service providers? There is a large amount of scientific literature
dedicated to this problem: by using different modeling approaches, authors attempt to
address the issue of sustainable transportation. This paper conducted a literature review in
the field of green cargo deliveries, investigated the benefits and drawbacks of integrating
cargo bikes in urban logistics schemes, and examined methodologies and techniques
for evaluating the impact of using cargo bicycles on the environment. By providing an
opportunity to become acquainted with the situation in the sphere of green deliveries,
the authors aimed to encourage a breakthrough in the field of sustainable transportation
that may be achieved by using cargo bikes in modern cities. The authors present a review
of the existing approaches and tools for modeling transportation emissions and state the
significant positive environmental consequences. The main approaches were the estimation
of emissions based on analytical models, including the following: traffic performance
characteristics and emissions using an integrated model consisting of the Transport Systems
Modeling software (TSM); emissions and dispersion using an integrated model consisting
of TSM software; simplified air pollution using an integrated model consisting of TSM
software; and vehicle emission computation using an integrated model consisted from
traffic emission and dispersion. Moreover, as the main tools used to the estimation of the
environmental impact of transport, they indicated analytical models, ArcGIS Visual Basic
and Moves, Mainsim Scipuf and CyberGIS, FlexSim and regression models, Paramics MS
Access and IVE, and Emisens.

In the next paper, prepared by A. Sołowczuk, and D. Kacprzak [2], the problem of the
identification of determinants of the effectiveness of on-road chicanes in transition zones to
villages subject to a 70 km/h speed limit have been presented. In recent decades, traffic
calming, especially in villages characterized by relevant through traffic, has become an
urgent issue. Various schemes are applied in the transition zones to reduce the inbound
traffic speeds and thus improve traffic safety. The studies conducted in several countries
point to different determinants of the speed reduction obtained in this way. This article
dealt with schemes including a central island horizontally deflecting one lane located
in transition zones to villages with 70 km/h speed restriction on two-lane roads (6 m
carriageway width). To identify the speed reduction determinants, the speeds before
and after chicanes were measured, and the effects of the three criteria were investigated,
characterizing the traffic management scheme, road design parameters, landscape elements
present in the surroundings of the transition zone, and visibility conditions. Based on the
confirmation of the logical tautology of many pre-selected factors, one aggregate parameter
was proposed for the assessment of the practicable level of speed reduction, combining
the effect of the selected factors in the above-mentioned criteria. Statistical analysis of the
obtained results confirmed a statistically significant relationship between both the speed
reduction value, the speed reduction index, and the aggregate parameter proposed by
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the authors. Factors related to the surrounding landscape and visibility conditions were
found to have the greatest direct effect on speed reduction. The chicanes chosen in the
final step of the proposed design process should be enhanced by additional solar-powered
elements, ensuring their improved visibility. These devices should not, however, require
any additional energy supply and should not increase the construction or maintenance
costs. The further development of this topic has been included in the works [3–5].

The main purpose of the study [3] was to identify the speed reduction determinants in
traffic calming schemes in village transition zones based on a central island horizontally
deflecting one lane of a two-lane, two-way road with a 50 km/h speed restriction. As part
of the study, vehicle speeds were measured just before and after the chicanes under analysis.
Furthermore, the inbound lane traffic volumes were measured in field, and a number of
factors were identified, including the applied traffic management scheme, road parameters,
view of the road ahead and of the village skyline, isolated buildings, road infrastructure,
and adjacent roadside developments. The obtained data were analyzed with a method
employing the tautologies of the 32 selected factors affecting the drivers’ perception. A
single aggregate parameter was proposed for assessing the coincidence of the influence of
selected factors on speed reduction. The analysis of the existing schemes and the results
of statistical analyses carried out in this study confirmed the authors’ hypothesis that the
combined selected factors produce a desirable effect and that they should be additionally
enhanced by the application of solar-powered devices.

The purpose of the study [4] was to investigate whether the applied traffic-calming
measures had a considerable bearing on the reduction in speed to the desired level, as
assumed in the traffic-calming plan. Three street sections starting and ending with different
intersection types were chosen to examine the synergy of the applied traffic calming mea-
sures. The numbers and speeds of vehicles were measured in three-day-long continuous
surveys. As expected, the amount of speed reduction depended on the hourly traffic vol-
ume on a one-way street and various other traffic engineering aspects. The obtained results
may be used to modify the existing speed profile models and can guide traffic engineers in
choosing the most effective traffic calming measures.

Meanwhile, in [5], the authors put forward a hypothesis of there being some deter-
minants which, in combination, influence speed reduction in village transition zones. To
corroborate their hypothesis on the combined impact of the transition zone features on
speed reduction and in order to validate the established relationships, the authors con-
ducted a verification study in transition zones containing chicanes or central islands. The
Authors studied twenty transition zones and managed to confirm the hypothesis at a 95%
confidence level. The contribution of this study is a further investigation of the synergy
effect of various relevant factors, and the findings can assist in planning new transition
zones or suggest additional measures to achieve the desired speed reduction in existing
transition zones.

In turn, O. Pietrzak and K. Pietrzak [6] presented the economic effects of electromo-
bility in Sustainable Urban Public Transportation. This paper focused on the effects of
implementing zero-emission buses in public transportation fleets in urban areas in the
context of electromobility assumptions. It filled the literature gap in the area of research on
the impact of the energy mix of a given country on the issues raised in this article. The main
purpose of this paper was to identify and analyze the economic effects of implementing
zero-emission buses in public transportation in cities. The research area was the city of
Szczecin, Poland. The research study was completed using the following research methods:
a literature review, a document analysis (legal acts and internal documents), a case study, a
ratio analysis, and a comparative analysis of the selected variants (investment variant and
base variant). The conducted research study has shown that economic benefits resulting
from implementing zero-emission buses in an urban transportation fleet are limited by the
current energy mix structure of the given country. An unfavorable energy mix may lead to
increased emissions of sulfur dioxide (SO2) and carbon dioxide (CO2) resulting from the
operation of this vehicle mode. Therefore, achieving full effects in the field of electromobil-
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ity in the given country depends on taking concurrent actions to diversify the sources of
power generation and on increasing the share of Renewable Energy Sources (RES).

Furthermore, in the paper [7], a new back-of-queue model of a signal-controlled inter-
section approach development based on an analysis of vehicle driver behavior has been
presented. In smart cities, it is expected that transportation, communication, as well as
the movement of people and goods will take place in the shortest possible time while
maintaining a high level of safety. In recent years, due to the significant increase in the num-
ber of passengers and vehicles on the road and the capacity limitations of transportation
networks, it has become necessary to use innovative technologies for intelligent control
and traffic management. Intelligent transportation systems use advanced technologies
in the field of data gathering, information processing, and traffic control to meet current
transportation needs. To be able to effectively control and manage road traffic, it is essential
to have reliable mathematical models that allow for a faithful representation of the real
traffic conditions. Models of this type are usually the basis of complex algorithms used
in practice in road traffic control. The application of appropriate models reflecting the
behavior of road users contributes to the reduction in congestion, the vehicles’ travel time
on the transportation network, fuel consumption, and emissions, which in turn support
understood energy savings. The article proposes a model that allows for the estimation
of the maximum queue size at the signal-controlled intersection approach (the so-called
maximum back-of-queue). This model considers the most important traffic characteristics
of the vehicles forming this queue. These traffic characteristics include the volume-to-
capacity ratio, the capacity-to-starts ratio, the initial queue length on a given time interval,
the green effective period ratio, the cycle length of a given interval, and the arrival flow
rate of a given interval. The verification allowed the authors to conclude that the proposed
model is characterized by high compliance with the actual traffic and road conditions at
the intersections with signal controllers located in built-up areas in Poland. The obtained
compliance confirms the possibility of using the model for practical applications in calcu-
lating the maximum back-of-queue at signal-controlled intersections located in built-up
areas in Poland.

In [8], the authors presented their investigation of the impact of dynamic travel
time information on drivers’ route choice in an urban area—a case study based on the
city of Białystok. Increasing traffic volumes in cities lead to common traffic congestions
building up, especially during peak hours. To protect city dwellers from excessive fuel
exhaust and traffic noise and to prevent drivers from time loss due to overloaded routes,
it is important to inform them about real-time traffic conditions and possible delays in
advance. Effectively influencing drivers’ decisions to divert from an original route choice
in case of traffic hinderance is essential, and the application of dynamic travel information
in the form of variable message signs (VMSs) is believed to be effective in these terms.
The paper examined drivers’ willingness to divert from an initial route choice due to
the information provided on VMS boards. Their behavior was analyzed in terms of
their response to everyday and artificially elongated travel times displayed on the VMSs.
Maximum simulated elongation reached 200% and 300% of the initial state, depending
on the characteristics of the pre-peak conditions. To assess the effectiveness of VMSs,
the changes in traffic intensities were statistically analyzed. In general, apart from few
significant differences, the results revealed drivers’ ignorance of the travel time information
provided on the VMS, regardless of the extension of the original times.

J. Paszkowski et al., in their paper [9], present the problem of modelling the effects
of traffic-calming introduction to volume–delay functions and traffic assignment. Traffic
calming is introduced to minimize the negative results of motor vehicle use, for example,
lower safety levels or quality of life, high noise levels, and pollution. It can be implemented
through the introduction of road infrastructure reducing the velocity and the traffic volume.
In this paper, they studied how traffic-calming influences the traffic assignment. For the
research, a traffic-calming measure of speed cushions on Stachiewicza street in Krakow
was taken. A method of extracting trajectories from aerial footage was shown, which

4



Energies 2022, 15, 4191

was further used to build a model. For a given example, through driving characteristics
research and microscopic modelling, volume–delay functions given by the Bureau of Public
Roads (USA) were estimated for a street with and without traffic calming. Later, a toy
network of two roads of the same length, connecting the same origin and destination, was
simulated using an equilibrium traffic assignment method. Simulations were conducted
both with the use of PTV Vissim and Visum software and through individual calculations.
According to the results of this paper, there was a difference in traffic volumes according to
the equilibrium traffic assignment in the aforementioned toy network as a function of the
network’s total traffic volume.

V. Naumov and M. Pawluś, in the paper [10], identified the optimal packing and
routing to improve last-mile delivery using cargo bicycles. Efficient vehicle routing is a
major concern for any supply chain, especially when dealing with last-mile deliveries in
highly urbanized areas. In this paper problems considering last-mile delivery in areas
with the restrictions of motorized traffic are described, and distinct types of cargo bikes
were reviewed. The paper described methods for solving a combination of problems
in what concerns the cargo bicycle logistics, including efficient packing, routing, and
load-dependent speed constraints. Proposed models apply mathematical descriptions
of problems, including the Knapsack Problem, the Traveling Salesman Problem, and
the Traveling Thief Problem. Based on synthetically generated data, they examined the
efficiency of the proposed algorithms. Models described in this paper were implemented
in Python programming language and can be further developed and used for solving the
problems of electric cargo bikes’ routing under real-world conditions.

Moreover, A.A. Drabicki et al. [11] evaluated the impact of public transportation
service disruptions upon passenger travel behavior in Krakow City. Public transportation
(PT) service disruptions are common and unexpected events which often result in major
impediments to passengers’ typical travel routines. However, attitudes and behavioral
responses to unexpected PT disruptions are still not fully examined in state-of-the-art
research. The objective of this study was to understand how PT users adapt their travel
choices and what travel information sources they utilize once they encounter sudden
PT service disruptions. To this end, the authors conducted a passenger survey among
PT users in the city of Kraków (Poland), consisting of a series of stated- and revealed-
preference questions. The results showed that passengers’ reported choices during past PT
disruptions mostly involved adjusting the current PT travel routine, exposing a certain bias
in their stated choices (which tend to overestimate the probability of modal shifts). Factors
influencing travel behavior shifts included the frequency and recency of PT disruption
experience, as well as the propensity to arrive on-time. With regards to travel information
sources, staff announcements and personal experience appeared to play a key role in
recognizing the emerging disruption, but real-time information (RTI) sources were showed
to be the most useful in planning the onward journey after such events. Based on these
results, the study highlighted the implications for future RTI policy during PT service
disruptions: in particular, the provision of a reliable time estimate until normal service
conditions are resumed. Such RTI content could foster passengers’ tendencies to use PT
services in uncertain conditions, especially as their stated wait time tolerance often matches
the actual duration of PT disruptions.

In the next paper, prepared by J. Oskarbski et al. [12], a bicycle traffic model for
sustainable urban mobility planning has been proposed. Modelling tools and transportation
models are required to assess the impact of measures for the effective planning of cycling
routes in cities. This paper introduced the methodology for developing a four-stage
macroscopic model of bicycle traffic for the city of Gdynia (Poland) and its use in planning
new bicycle routes, considering a modal shift. The model presented in this paper allows for
the evaluation of the influence of the characteristics of the cycling infrastructure, along with
the development of the cycling network based on the choice of cycling as an alternative to
other modes of transportation, by considering the modal shift. The model incorporated the
influence of the longitudinal gradients, links, and surface types of cycling routes on the
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distribution and demand for bicycle traffic. The results of this research allowed the authors
to assess the impact of planned cycling routes on the reduction in the volume of car traffic,
which is crucial for reducing energy consumption and negative environmental impacts.
Experiences from the application of the model in Gdynia suggested that the model provides
a strong basis to support mobility planning and monitoring processes in cities worldwide.

D. Biernacki and Ch. Lis in [13] studied the sustainable effects of urban-port road
system reconstruction. The aim of the research was to identify and quantify the direct
sustainable effects resulting from the improved road infrastructure in the local urban port
system. This case study considered the city port of Szczecin (Poland). The effects were
identified for the local road transportation system by comparing freight road transporta-
tion performance in two options: (i) with investment and (ii) without investment. The
sustainable effects were quantified in terms of money and physical units. Sustainable
economic, social, and environmental effects concerned generalized freight road transporta-
tion costs, i.e., truck operating costs and costs of truck drivers’ working time, as well as
freight transit time, energy consumption, greenhouse gas emissions, and environmental
savings. To capture these effects, the forecasted truck traffic demand, unit vehicle operating
costs, values of time, and air pollution and climate change values were elaborated and
revealed in freight road transportation. The findings revealed that the primary effect of
investment is the reduced traffic congestion, which enhances the velocity of trucks in the
transportation system.

H. Fu-Shiung [14] compared three ridesharing cost-saving allocation schemes based
on the number of acceptable shared rides. Shared mobility based on cars refers to a
transportation mode in which travelers/drivers share vehicles to reduce the cost of the
journey, emissions, air pollution, and parking demands. Cost savings provide a strong
incentive for the shared mobility mode. Since the cost savings are due to the cooperation
of the stakeholders in shared mobility systems, they should be properly divided and
allocated to relevant participants. The improper allocation of cost savings will lead to the
dissatisfaction of drivers/passengers and hinder the acceptance of the shared mobility
mode. In practice, several schemes based on proportional methods to allocate cost savings
have been proposed in shared mobility systems. Neither a guideline for selecting these
proportional methods has been prepared nor a comparative study on effectiveness of
these proportional methods. Although shared mobility has attracted much attention in the
research community, there is still a lack of research of the influence of cost-saving allocation
schemes on the performance of shared mobility systems. Motivated by the deficiencies in
existing studies, this paper examined three proportional cost-saving allocation schemes by
analyzing their performance in terms of the numbers of acceptable rides under different
schemes. The authors focused on ridesharing based on cars in this study. The main study
contribution relied on the development of a theory based on analysis to characterize the
performance under different schemes to provide a guideline for selecting these proportional
methods. The developed theory was verified by conducting experiments based on real
geographical data.

In the next paper [15], an evaluation of the use of radar speed cameras and panels
indicating vehicle speeds as traffic-calming measures (TCM) in short-length urban areas
located along rural roads was performed. TCMs are typically implemented in urban areas
to reduce vehicles’ speeds. However, speed is still a problem in rural roads crossing small
villages without a bypass and in short-length urban areas, since drivers do not normally
reduce their speed for that short segment. Hence, various TCMs can be installed. It is
necessary to maintain a calm area in these short segments to improve road safety, especially
for pedestrians aiming to cross the road, and to save combustibles by avoiding a constant
increase–decrease of speed. Four villages were selected to evaluate the efficiency of radar
speed cameras and panels indicating vehicle speed. The results showed that the presence of
radar speed cameras reduces the speed in the direction they can fine speeding cars, but with
a lower effect in the non-fining direction. Additionally, a positive effect was observed in the
fining direction in other points, such as pedestrian crossings. Nevertheless, the effect does
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not last long, and speed cameras may be considered as punctual measures. If the TCMs are
placed far from the start of the village, they are not respected. Hence, it is recommended to
place them near the real start of the build-up area. Lastly, it was verified that longer urban
areas make the overall speed decrease. However, when drivers feel that they are arriving
to the end of the urban area, signaled by the lack of buildings, they start to speed up.

The last paper [16] is devoted to assessing the environmental performances of urban
roundabouts using the Vehicle Specific Power (VSP) methodology and AIMSUN. In line
with globally shared environmental sustainability goals, the shift towards citizen-friendly
mobility is changing the way people move through cities and road-user behavior. Building
a sustainable road transportation requires design knowledge to develop increasingly green
road infrastructures and monitoring the environmental impacts from mobile crowdsourced
data. In this view, the paper presents an empirically based methodology that integrates the
VSP emission model and AIMSUN microscopic traffic simulation to estimate second-by-
second vehicle emissions at urban roundabouts. The distributions of time spent in each
VSP mode from instantaneous vehicle trajectory data gathered in the field via smartphone
were the starting points of the analysis. The versatility of AIMSUN in calibrating the model
parameters to better reflect the field-observed speed-time trajectories and to enhance the
estimation accuracy was assessed. The conversion of an existing roundabout within the
sample into a turbo counterpart was also made as an attempt to confirm the reproducibility
of the proposed procedure. The results shed light on new opportunities in the environmen-
tal performance evaluation of road units when changes in design or operation should be
considered within traffic management strategies and highlighted the potential of the smart
approach in collecting massive amounts of data through digital communities.

3. Conclusions

Based on the collection of articles in this Special Issue, it can be concluded that the
topics discussed in the articles most often concerned such issues as the use of traffic-
calming measures and their effectiveness, human factors in road traffic and transportation
engineering, bicycle traffic and infrastructure, the environmental impacts of transportation
systems, as well as sustainable urban public transport.

In conclusion, we believe that this research topic presents a broad range of conceptual
and practical research and reviews and that the papers included in this Special Issue
clearly contribute to expanding the knowledge in this field. Moreover, we hope that the
presented collection of articles will find a wide audience among scientists dealing with new
perspectives and challenges in traffic and transportation engineering in support of energy
saving in smart cities, as well as among practitioners dealing with this subject. Taking
advantage of this opportunity, we wish all of you a fruitful reading.
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Abstract: In recent decades traffic calming, especially in villages situated on through roads, has become
an urgent issue. Various schemes are applied in the transition zones to reduce the inbound traffic
speeds and thus improve the traffic safety. The studies conducted in several countries point to
different determinants of the speed reduction obtained in this way. This article deals with the schemes
including a central island horizontally deflecting one lane, located in transition zones to villages
with 70 km/h speed restriction on two-lane roads (6 m carriageway width). In order to identify the
speed reduction determinants, the speeds before and after chicanes were measured and the effect
of the three criteria was investigated, characterising: the traffic management scheme, road design
parameters, landscape elements present in the surroundings of the transition zone and visibility
conditions. Based on the confirmation of logical tautology of many pre-selected factors, one aggregate
parameter was proposed for the assessment of the practicable level of speed reduction, combining the
effect of the selected factors in the above-mentioned criteria. Statistical analysis of the obtained results
confirmed a statistically significant relationship between both the speed reduction value and the
speed reduction index, and the aggregate parameter proposed by the authors. Factors related to
the surrounding landscape and visibility conditions were found to have the greatest direct effect on
speed reduction. The chicanes chosen in the final step of the proposed design process should be
enhanced by additional solar-powered elements ensuring their improved visibility. These devices
should not, however, require any additional energy supply and should not increase the construction
or maintenance costs.

Keywords: traffic calming; transition zone; chicane; speed restriction; speed reduction; solar cells

1. Introduction

The increase in traffic volumes observed in recent decades has aggravated transport-related
problems in small towns and villages situated on roads carrying through traffic [1–4]. The ever-increasing
traffic volumes frequently exceed the capacities of the existing intersections, causing problems with
parking spaces in built-up areas [5] and increasing the frequency of road traffic incidents [4,6,7],
the level of noise [8–11] and the concentration of exhaust fumes and pollution in the immediate
vicinity of roads [4,11,12]. High density housing with narrow fronts lining the through roads,
makes the expansion of the existing road system impossible [13]. All these factors have an adverse
effect on the acceptance and perception of the road by both the residents and road users [14–18].
Dramatic accumulations of these factors can be encountered, especially on relatively short sections of
through roads passing through villages (e.g., according to the data from Danish design guidelines [1],
England [2,19,20], Poland [5,21] and an article about design conditions in Iran [22]). The first
traffic safety analyses on through roads crossing rural areas were conducted in the 1990s in
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Denmark [1], Great Britain [2,19,20,23,24] and later in Canada [17], Germany [3], Sweden [25],
Spain [26] and USA [18,27]. To prevent similar cases from occurring on many through roads of
lesser importance introduction of traffic calming schemes has been recommended in many countries
(e.g., Austria [28], Denmark [1,29], France [30], Germany [3], Great Britain [2,31], Italy [32], Iran [33],
Poland [5,21], Sweden [25], Spain [34], Switzerland [35] and USA [27,36–38]), for application both
in the transition zone (i.e., a road section where the vehicles are to slow down before entering the
village) and over the whole length of the road within the built-up area. The analyses data (according
to [4]–40%, [20]–10–15%, [24]–54%, [29]–45%, [39]–40–50%, [13]–8–71%, [40]–40–50%) that thanks to
the use of traffic calming measures and various speed management strategies demonstrated that traffic
calming measures installed helped to reduce the frequency of road traffic accidents by ca. 40–50%.

Despite the fact that chicanes can help decrease the frequency of road traffic accidents, the design
guidelines [3,18,41] recommend that, in order to obtain the desired improvement of the safety of traffic,
the design of chicanes in the transition zones should be based on a thorough analysis of the traffic
management arrangements, the installed lighting system, the most appropriate location, etc. On the
other hand, in [23] attention is additionally drawn to the fact that although horizontal deflections
allow to avoid discomfort to the drivers and passengers, which is unavoidable in the case of vertical
deflections, when used in rural areas they must both ensure the reduction of the traffic speeds and
allow safe passage of oversize heavy agricultural vehicles.

The distances on which speed reduction should be implemented vary between different design
guidelines and generally depend on the importance of the two-way through road concerned and on
the total length of the road’s section within the village limits. For instance, guidelines [40] recommend
an analysis of the actual vehicle speeds and next their possible reduction over a 600 m long section of
the road. Still, the above-mentioned guidelines recommend that some balance should be maintained
between the actual vehicle speeds, the recommended speed reductions and the traffic calming measures
to be applied over the whole length of the road section within the village limits. This article deals with
the effectiveness of a traffic calming measure installed in the transition zones to villages situated on
two-lane single carriageway regional roads with a posted speed limit of 70 km/h.

The concept of traffic calming has three fundamental objectives (Denmark [1], Germany [3],
Great Britain [2,19,23,24], Poland [5,21], Sweden [25], USA [26,36]): to reduce vehicle speeds and to
improve traffic safety and living conditions of the local residents. Traffic calming schemes involve
the use of psychological or physical traffic measures designed to slow down the traffic in order to
reduce environmental impact of roads. They directly influence drivers’ behaviour, and thus have a
beneficial effect on the living conditions of the local residents and on the safety of vulnerable road users.
According to [41] traffic calming measures should be selected taking into account the existing road
alignment (i.e., the lengths of straight and curved road sections and their parameters), importance of
intersections situated within the village boundaries, number of access points to properties, local traffic
volumes and vulnerable road users.

Speed of traffic is the main factor having a direct on both the number of road incidents and their
severity (Denmark [1,29], Germany [3], Great Britain [2,19,20,23,24,39,41], Poland [5,21,42], Sweden [25],
USA [27,36,37]). From the analysis the conclusions from various studies (Denmark [1,29], Germany [3],
Great Britain [2,19,20,23,24,39,41], Poland [5,21,42], Sweden [25], USA [27,36,37]) it appears that drivers
tend to exceed speed limits in the transition zones to villages. Hence, any traffic calming scheme
designed to reduce the speed of through traffic should involve signalling the boundaries of the
built-up area and the applicable speed limit to the through-traffic drivers both by means of informative
measures, such as traffic signs, and by dynamic measures, that is by the use of traffic calming devices.
The specialist literature on traffic calming (Denmark [1], Germany [3,43], Great Britain [2,19,23,31],
Poland [5,21], 13, Sweden [25], USA [27,36,37]) usually indicates three elements used in transition zones,
namely warning measures (road humps, road markings, rumble devices), village gateways and central
islands (i.e., road narrowing measures, including chicanes, pinch-points or overrun areas). All the
above-mentioned measures contribute to speed reduction. However, to ensure that the reduced speed is
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maintained over a longer section of the through road or over the whole length of the passing the village,
other traffic calming treatments need to be employed along the whole section. These include physical
road narrowing, horizontal deflection of the travel lane, small and mini roundabouts, pedestrian
refuges, etc. The classification of road chicanes in terms of the shape and arrangement of individual
islands was given as early as in 1998 in [24]. According to the classification given and the terminology
used in [24], in this article the authors focused mainly on the speed reducing effect of chicanes, i.e., the
central islands affecting one lane, installed in the transition zones to villages.

In projects involving retrofitting of traffic calming measures on existing roads, designers should
take into account the expectations of road owner or operators in this respect. In some cases, the road
right-of-way cannot be widened as needed to accommodate complicated traffic calming schemes, as it
would require acquisition of additional stretch of land along the road, resulting in a major impact
on the project cost. Therefore, it is necessary to initially assess the effectiveness of a chicane to be
installed from the point of view of its primary objective, i.e., achieving speed reduction. Due to the
above, the Danish [1] and UK [2,19] guidelines introduced categorisation of speed reduction, giving the
principles for selection of the most appropriate traffic calming treatment, depending on the expected
degree of speed reduction. Furthermore, the guidelines [19] give concrete relationships between speed
reduction and the chicane parameters, i.e., the length of stagger, the width if the narrowed lane, initial
carriageway width, free view width, etc. The publication [20] presents the results of the experiments
carried out in 1990s on the test track of the Transport Research Laboratory TRL in Crowthome with
chicanes having different parameters. These parameters included, for instance, travel lane width,
varying free view width and varying height of visual obstructions placed at the carriageway and
island edges. The above-mentioned experiments demonstrated that the factors relevant to the speed
reduction included not only free view width but also the length of stagger, travel lane width, height of
visual obstructions placed at the island and carriageway edges (i.e., kerb height, traffic signs placed on
the island, safety barriers and traffic posts).

The German guidelines [3] are related more to the geometrical parameters of the chosen measure
and the dimensions of the chicane itself. According to the design guidelines of [3] a correctly designed
chicane, located in the central area of a village should feature adequate proportions between the length
of stagger, free view width and the resulting travel lane width at a constant lane deflection angle of
45◦. As far as chicanes located in the transition zones to villages are concerned, the main assumption
given in the guidelines [3] is based on reducing the traffic speed down to the built-up area speed
limit of 50 km/h, with the specified range of travel lane width. Guidelines [3] give tabled geometric
parameters of chicanes, depending on the chicane type and the shape of horizontal deflection of the
lane. The minimum allowable island widths are also given, which, according to the opinion expressed
in the design guidelines [3], play the primary role in speed reduction at a specific length of stagger.
In [43] we can find close relationships between the expected speed reduction and the vehicle’s speed at
the chicane, and the amount of horizontal deflection of the lane. According to these relationships a
speed reduction down to 70 km/h can be achieved by installing a central island laterally deflecting one
travel lane by 1 m. Deflection of the lane by 3 m can result in a reduction of the traffic speed down
to 60 km/h and only with deflections by more than 3 m may speed reductions down to values below
50 km/h be expected. Furthermore, the length of road over which the achieved speed reduction is
maintained is also assessed in [43] as being dependent on the amount of deflection, which confirms the
previously stated thesis that additional traffic calming treatments must be employed to maintain the
achieved speed reduction on the way through the village.

The Swedish guidelines [25], in turn, besides the recommended stagger length, also specify
the recommended radii of curves on the approach, at the exit and in the middle part of the central
island. In guidelines [25] the central island recommended for installation in village transition
zones has the shape of elongated converging lens, deflecting the travel lane by at least two metres.
Similar recommendations for semi-circular central islands shifting only the inbound lanes to village
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are given in the Polish guidelines [5,21], except that they recommend a deflection of the lane by as
much as ca. 5 metres.

A recent study has investigated the optimum geometry of different kinds of chicanes provided on
dual carriageways and two-lane roads in built-up areas in terms of the expected speed reduction [44].
The conclusions drawn by the authors of the above-mentioned article concern primarily the speed
through the chicane. As regards two-lane roads, it was established that the greatest discipline in
keeping to the travel lane and the associated speed reduction is achieved by staggered narrowing of
the carriageway down to one lane width of 2.7 m, accompanied by trapezoid bulb-outs, imposing
a deflection angle of 30◦. Although novel and interesting, these result are, however, of little use as
regards the subject of this article, i.e., transition zones to villages on two-lane through roads. This is
because carriageways of through roads subject to 70 km/h speed limit in transition zones cannot be
narrowed to one travel lane as it would considerably impair the road capacity and probably also
the safety of traffic. Another reason why the results of research given in [44] cannot be used for the
purposes hereof is the presence of a pedestrian crossing between the chicanes. The transition zones
analysed in this article included no road infrastructure elements related to pedestrian traffic.

2. Materials and Methods

2.1. Background

The problem of traffic calming basically involves limiting an adverse effect of vehicular traffic
on the environment within built-up areas. It first aroused interest in the 1970s and research on the
effectiveness of various traffic calming measures has been conducted since that time. The earlier
research concerned primarily the use of these elements in built-up areas, with only a few studies
investigating the application of traffic calming measures in transition zones. Table 1 shows the data
such as parameters, locations and results of the hitherto studies on the application of various traffic
calming measures.

The analysis of the abovementioned results demonstrated fundamental differences between
individual results and numerous discrepancies in the repeatability of v results in various countries.
The comparison of the results of the studies conducted on a test track, within an urban area, in transition
zones on the entries to towns and villages by roads of different classes and when using chicanes
of various shapes revealed significant discrepancies in the compared research results. Furthermore,
limiting the comparison of the results of the above studies presented in Table 1 just to the transition
zones to villages on roads with posted speed limit of 70 km/h the authors have found:

- the absence of an analysis of the actual conditions of the traffic management features used
(i.e., location of the upright traffic signs associated with the built-up area),

- the absence of considering various road parameters and road infrastructure elements used in
built-up areas,

- the absence of an analysis of visibility of the road further ahead and village skyline,
- the absence of an analysis of landscape elements in the surroundings of the road (approach through

the open rural area, through the rural area with a tree line or small groves of trees, approach through
a forest area).

The above elements have been considered in the research described in this article.
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Table 1. Considered parameters, area locations and results of previous one’s research.

No. Considered Parameters Research Result References

Area location of the research site: research track Transport Research Laboratory TRL

1 lane width, free view width, visual obstruction,
length of stagger

speed reduction results Δv are tabulated depending
on the size of all the parameters under consideration [23]

Area location of the research site: residential road in centre city

2 length of stagger, narrow lane width, road width,
free view width

speed reduction results Δv are tabulated depending
on the size of the parameters under consideration for

each type of vehicle (passenger cars, HGV, buses)
[1,3,31]

3

12 different geometric chicanery schemes, constant
lane width (lane width = 4 m), different widths of

the chicane island (2.7, 3, 3.3 and 5 m) and the
leading/trailing face angles of these islands (30◦,

45◦ and 60◦)

(case study on a driving simulator-on dual
carriageways and two-lane street), speed reduction

results of speed v and speed reduction Δv
graphically summarized depends on 12 schemes,

with the road narrowing to one lane

[44]

4
various measures of traffic calming: raised
pedestrian crossing, lane narrowing, speed

cameras, warning signs, chicanes, middle islands

(case study)—the results Δv are given depending on
the option of the tested traffic calming measures on

different street classes
[26,40,45–48]

5 horizontal deflection min. 2 m, length of stagger,
the radii rounding the curves of the chicane

recommended radii values are listed according to the
speed limit on the street [25]

Area location of the research site: transition zones

6 chicanes shape, width of the available land,
narrowing lane width, horizontal deflection

speed reduction results Δv are tabulated depending
on the road class [3]

7 length of stagger lv, horizontal deflection tv
(case study of 4 different island shapes)-Δv results

compiled according to the quotient lv/tv
[28]

8 chicanes shape, horizontal deflection speed reduction results Δv are compiled depending
on the vbefore of a given road [43]

9 angle horizontal deflection and curb height at
central islands gateways

(case study of 12 locations of different
gateways)—the analysis concerns: Δv, reducing the
number of accidents and reducing driver distraction

[39]

10
different types of gateways: street trees, upgraded

pavement treatments, median, lighting, signage
and graphics, sculptures or public art

driving simulator case study - research on the
influence of various gateways on vbefor and vafter [18,49–51]

2.2. Description of the Test Sections

For the purpose of the survey of vehicle speeds on two-lane roads the authors chose from among
almost one hundred of the analysed entry zones only nine test sections located in the entry zones to
the village, with a speed limit of up to 70 km/h specified on denote B-33 traffic sign. All sections are
characterized by the same width of traffic road and the carriageway, the same road class, the same
permissible speed, slight similar traffic volume and heave vehicle participation, the same condition
of the pavement (capital a renovation on all sections was carried out a year earlier). On all the test
sections the travel lanes were 3 m wide.

A view seen by a driver approaching the village under study is shown in Figure 1. Six test sections
included a central island horizontally deflecting one lane by a = 2 m (Figure 1a,b,d–g), one section had
a central island deflecting both lanes by a = 1 m (Figure 1c) and the two remaining sections were used
for comparison only, and thus did not include any chicanes (Figure 1h,i).

The analysis of the main features of the transition zones under study showed that on the basis of
the general traffic management scheme trends, as described in [1,2,5,19,43,53], two configurations of
positioning vertical signs can be identified: basic, classic (Figure 2) and the one used in the test sections
(Figure 3). The first traffic management scheme, presented in Figure 3 relates to the transition zones
where the greatest speed reductions were noted, with the chicanes placed between the traffic signs
E-17 and D-42 (Figure 3a). Smaller speed reductions were recorded where a central island horizontally
deflecting one lane was located before the traffic signs No. E-17 ‘city’ and No. D-42 ‘built-up area’
(Figure 3b).
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(a) 

 
(b) 

 
(c) 

 
(d) 

 
(e) 

 
(f) 

 
(g) 

 
(h) 

Figure 1. Cont.
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(i) 

Figure 1. View ahead seen by the driver approaching the village on the respective test sections in the
order of reduction of the 85th percentile speed Δv85: (a) No. 1, open rural area, very good visibility of
the village skyline and of nearby buildings; (b) No. 2, open rural area, view of distant village buildings
located along the opposite lane of travel; (c) No. 3, open rural area, poor visibility of the village skyline
and of nearby buildings; (d) No. 4, forest terrain, limited visibility of dispersed buildings; (e) No. 5,
rural area, along a row of trees, poor visibility of the village skyline; (f) No. 6, forest area, village skyline
and buildings not visible; (g) No. 7, open rural area, good visibility of the village skyline in the distance;
(h) No. 8, open rural area, village skyline not visible; (i) No. 9, open rural area, poorly visible village
skyline (source of images in Figure 1b,h,i: Google Earth–Street View [52]).

 
Figure 2. Traffic management scheme with 70 km/h speed limit on test sections with installed on-road
chicanes (based on the analysis of the recommendations of [1,2,5,19,42,53]).

 

(a) 
 

(b) 

Figure 3. Example layout of the E-17 and D-42 traffic signs: (a) on sections where a considerable speed
reduction was recorded; (b) on the remaining test sections.

2.3. Adopted Measurement Methodology

The first step of the assessment of the effectiveness of chicanes in the transition zones to villages
involved an analysis of the speeds measured on the test section before and after the chicane. In this part
of the research, momentary free-flow and stable-flow speeds were measured with a special device [54]
which simultaneously measured the traffic volume and vehicle speeds in both directions of traffic.
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This device can identify free-flow conditions in either direction of traffic, which enables selection of
values needed for the purpose of the performed analysis. Due to small hourly volumes, comparable
on all the test sections (from 150 to 340 veh/h), the differences in the speed distribution parameters
between free-flow and stable-flow situations were also small. Taking the above into consideration,
further in the article the authors analyse the free-flow values only.

2.4. Choosing Appropriate Statistical Tests

Analysing the effect of various factors on the speed of travel and the amount of its reduction the
authors performed a number of statistical tests. In addition to the significance test, goodness-of-fit
test and the test for equality of variances, in relation to the measured speeds, i.e., the standard tests
(Appendices A and B), also performed were nonparametric tests, i.e., tests of independence and
median tests. The chi-square (χ2) test of independence was carried out first, to verify independence
of two tested features (not necessarily measurable). The null hypothesis of the chi-square test of
independence was to answer the question whether or not the speed distributions depend on the place
of measurement (i.e., before or after the chicane). The inequality χ2 > χα2 should lead to rejecting the
null hypothesis postulating independence of the analysed features, this meaning that the populations
of speeds measured before and after the chicane depended on the measurement point. Such results
were obtained for each of the analysed chicanes (Appendix C).

The median test was chosen as the second test for identification of determinants, which is suitable
for situations where one of the features is possibly non-measurable. It does not require confirmation of
the distribution of population, and thus can be used as an alternative to the two-sample means test. In
this test, the medians are calculated from all the results of the two compared samples. The result of
the median test χ2<χα2 is positive when the number of results of the tested feature above the median
equals the number of results below the median, i.e., both the compared samples come from the same
population and variation of the speed level is not confirmed (i.e., there were no grounds for rejecting
the null hypothesis of H0: F1(x) = F2(x)). If inequality χ2 > χα2 was obtained in the median test, the
null hypothesis H0 postulating the independence of the tested features should be rejected, because the
speed samples were found to depend on the measurement point and a difference in their value was
noted (H1: F1(x) � F2(x)). Also in this test positive results were obtained, confirming the relevance of
the measurement point, meaning change of speed through the chicane (Appendix D).

2.5. Fundamental Assumptions Taken in the Qualitative Analysis Concerning Determination of the Speed
Reduction Determinants

All the obtained speed results were estimated in the ranges, as shown in Figure 4. On two sections,
section No. 8 and section No. 9, which did not include chicanes, speeds were measured before and
after the road sign communicating the boundary of the village and the built-up area. Considering
that in the transition zone traffic calming schemes are applied primarily to reduce the speed at which
the vehicles enter the village, Figure 4 gives also the value of 85th percentile speed measured after
the chicane v85

after. The analysis of the data presented in Figure 4 showed a considerable variation of
the speed values despite comparable amounts of lateral shift on all the test sections. The noted speed
variations were particularly scattered at chicane No. 6, which is approached through a long straight
section (over 2 km long), surrounded by farm fields and rows of trees which largely hide the village
skyline (Figure 1f). Straight approach sections of a similar length surrounded by farm fields lead also
to the chicanes No. 1 (1.5 km) and No. 4 (2 km) (Figure 1a,d). Also chicanes No. 5 and No. 7 are
approached through straight sections of a similar length (Figure 1e,g). In these cases, however, the
Approach Sections go through a patch of forest.
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Figure 4. Distribution of free-flow speed ranges on the test section according to the speed reduction
value Δv85.

The analysis of the scattering of speed variations on the above-mentioned sections showed that they
are much smaller, except for the chicane No. 1, which indicates an existence of some other determinants
that affect the drivers’ perception and, as consequence, also the village inbound speeds. The two
analysed additional cases, i.e., approaches No. 8 and No. 9 (Figure 1h,i) also had opposite inbound
speed values, and therefore, in this case we can also assume existence of additional determinants in the
transition zone, which influence the drivers’ perception, and thus the vehicle speeds.

The data presented in Figure 4 show that the large variation of the 85th percentile speed reductions
can be associated with various factors influencing the speed values before vbefore and after vafter the
chicane. And these determinants can influence the vehicle speeds and the obtained reductions Δv
to a varying degree. Also the results compiled in Figure 4 do not confirm the thesis put forward
in [43] (Table 1—position 6) that central islands shifting one lane by up to 3 m, situated on the village
inbound lane influence the speed and the amount of its reduction to a similar extent in all the situations.
On all the analysed sections, except for the section No. 3, the horizontal deflection of the travel
lane was a = 2 m, and yet both the village entry speeds and the amounts of speed reduction varied
considerably. Also the results speed after the chicane vafter and speed reduction Δv (Figure 4) do not
confirm the thesis put forward in study [28] (Table 1—position 7), that Δv = f (lv/tv), because in all
sections tested, except No. 3, lv/tv = const, the results speed after the chicane vafter and speed reduction
Δv are very diverse. Similarly, the results presented in Figure 4 do not confirm theses formulated in the
publications [18,39,43,49–51] (Table 1—position 8, 9, 10), because the road class, lane width, chicanes
shape, angles, curb heights were the same in all tested sections, except No. 3, and the obtained vafter

and speed reduction Δv were very diverse (vafter = 64.7–87.4 km/h and Δv = 0.6–22.8 km/h). Based on
these observations, the authors analysed different factors noted in the transition zones selected in three
criteria concerning: Traffic management scheme, road design parameters, surrounding landscape and
visibility conditions.

2.6. Genesis of the Aggregate Parameter z and ts Combined Effect on the Traffic Parameters

The analysis of the diversity and variation of the factors noted in the transition zones of the
analysed test sections in relation to the traffic control, road design parameters, surrounding landscape
and visibility conditions indicated a need for detailed analysis of the effect of the respective factors on
the vehicle speeds and on their reduction. The authors in the publication [53] presented preliminary
considerations of factors likely to contribute to the speed reduction. However, further consideration of
possible determinants allowed for the developed an innovative analytical approach and introduced
an independent variable z to consider the criteria adopted in the analyses (Figure 5). The proposed
independent variable z is actually an aggregate parameter, introduced by the authors of this article,
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to quantify the overall impact of the surrounding landscape on the driver’s perception, leading to the
reduction of the village inbound speed (Figure 6).

z i = Σ(zo i, zd i, zzw i) = Σzo i,j + Σzd i,j + Σzzw i,j. (1)

The analyses assume that the qualitative indirect factors chosen in a given criterion will be
assigned the assumed ‘quantitative measures’ in the binary system, which are directly related to the
confirmation of existence of a given factor, i.e., confirmed logical tautology. For instance, if a given
factor is confirmed in field, it is assigned the value 1 (i.e., logical tautology is confirmed). If, on the
other hand, a given factor is not observed, then it is assigned the value 0 (i.e., logical tautology is not
confirmed). In some cases, especially related to quantitative-qualitative information, such as clearance
distance to buildings or visual obstruction, it was necessary to introduce an intermediate quantitative
measure and then the assignment of the value 0.5 is proposed. If, for example, the village skyline
is visible while passing through the chicane at a distance smaller than 100 m, then logical tautology
is confirmed and when it is not visible the logical tautology is rejected. There was a need for an
intermediate measure when the village skyline was visible from other distance, for example 300–500 m.

Figure 5. Proposed scheme for determining the aggregate parameter z with a division to the three
adopted criteria.

Figure 6. Aggregate parameter zi on the i-th test section. Designations: zo i—total value of the score
for the traffic management scheme, zd i—total score for the road design parameters, zzw i—total score
for the surrounding landscape and visibility conditions, zo i,j—score of a given factor j for the traffic
management scheme, zd i,j – score of the given factor j for road design parameters, zzw i,j—score of the
given factor j for the surrounding landscape and visibility conditions.

The intermediate factors related to the traffic management scheme criterion, preliminarily chosen
for the analyses, included the distance to the nearest residential buildings located close to the road
edge measured along the road from the D-42 traffic sign designating the built-up area limit, location of
pedestrian pavements or other road infrastructure elements in relation to the D-42 traffic sign and the
location of the B-33 speed limit sign in relation to the chicane axis (Figure 7).

In the criterion concerning the road design parameters also hourly traffic volume on both lanes
and on the inbound lane alone were considered. The analysis demonstrated that the speeds measured
before the chicane did not depend on the hourly traffic volume which, on the analysed roads, did not
vary much (correlation factor of only R = 0.4). Whereas, the correlation factor between the speeds
measured after the chicane and hourly volume of traffic was R = 0.6. The above facts indicate the
existence of some other determinants influencing reduction of speed after the chicane, and therefore,
the effect of the hourly traffic volume on the amount of speed reduction by the chicane was disregarded
in the further analyses in the road design criterion. One of the main factors in the criterion relating to
the road design parameters, in accordance with the conclusions given in [19,43] was the amount of
the lateral deflection of the inbound lane. On the basis of site visits and Google Earth imagery [52]
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the qualitative factors were expanded with elementary road data related to curved sections, road
infrastructure, accesses and junctions. Selected road design factors and the adopted engineering
interpretation of their qualification measure are presented in Figure 8.

 

Figure 7. Factors related to the traffic management scheme chosen for the analyses (blue font designates
qualitative factors and the black font–the adopted interpretation of the quantitative measure).

 

Figure 8. Factors related to the road design parameters chosen for the analyses (blue font designates
qualitative factors and the black font designates the adopted interpretation of the quantitative measure).

The last criterion concerning the surrounding landscape and visibility conditions, includes,
as independent variables, various qualitative/quantitative factors defining the space around chicanes
and elements determining the visibility conditions. In the selection and description of the visibility
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conditions the authors used the results of fixation points distribution analysis in different driving
conditions, as presented in [14] (Figure 9). Referring the fixation points to the more distant view of the
road on the test section with 70 km/h speed limit (Figure 9b) the authors found out that the driver tends
to focus the eyesight firstly on the road further ahead and on the existing chicane and only secondly on
the travel lane and on the upcoming lateral deflection of the lane.

 
(a) 

 
(b) 

Figure 9. Distribution of fixation points in different driving conditions: (a) using the data from [14]; (b)
with 70 km/h speed limit indicated by the B-33 sign).

Next, on the basis of the resulting visual attention area of the driver, described in [14], the authors
referred it on a likewise basis to the analysed test sections, as displayed in Figure 10. Taking the
above into consideration, the authors made a visualisation of the central and peripheral vision areas,
as described, for example in [17,55], the results of which are presented in Figure 11. The analysis of
the results of this visualisation enabled the authors to determine what are the elements on which car
drivers travelling at a speed of 70 km/h or 100 km/h focus their attention, as presented in Figure 11c,d
and Figure 12.

Based on the analysis of the central field of vision area and the road infrastructure elements present
within its limits, of the view of the road further ahead and the elements of the landscape surrounding
the road at the chicane the authors proposed appropriate factors and assigned quantitative measures
to them, also with the application of logical tautology, as presented in Figure 12.

Summing up the above considerations, in relation to the above-described three criteria (Figure 5),
the authors chose to perform statistical inference associated with the determination of the strength of a
correlation between the above-described qualitative variables (zo, zd, zzw), the parameters representing
the speed (v, Δv, w) and also the general aggregate parameter z. To this end, they decided that the
numerical value of the aggregate parameter z should be determined using the scheme presented in
Figures 5 and 6. In the statistical analyses regarding parameters characterising speeds the authors
decided to analyse all the estimated speed distribution parameters, measured before and after the
chicanes and the corresponding speed reductions.

 

(a) 

 

(b) 

Figure 10. Driver’s visual attention area: (a) using the data from [15]; (b) with a 70 km/h speed limit
indicated on the B-33 sign.
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(a) (b) 

(c) (d) 

Figure 11. Central and peripheral vision area of a driver: (a) on the basis of the data from [55];
(b) at speeds up to 50 km/h: (c) at the speed of 70 km/h; (d) at the speed of 100 km/h.

 

Figure 12. Factors related to the surrounding landscape and visibility chosen for the analyses
(blue font designates qualitative factors and the black font designates the adopted interpretation of the
quantitative measure).

Furthermore, they decided to analyse the speed reduction index in relation to the 85th percentile
speed w (v85) (Equation (2)) and the mean free-flow speed w (vav) (Equation (3)), calculated with the
following standard equations:

w (v85) = (v85
before − v85

after) / v85
before, (2)

w (vav) = (vav
before − vav

after) / vav
before. (3)
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3. Results

3.1. Outcomes of the Assessment of the Factors Associated with the Traffic Management Criterion

For the sake of clarity, the adopted quantification measures, in accordance with the logical
tautology, i.e., confirmation or lack of confirmation of a given factor (Figure 7), initially expressed in the
binary numeral system were represented by colours (Figure 13), with the dark blue colour designating
the measure of location equal to 1, confirming the presence of a given factor or the corresponding
small distance, etc. The light blue colour designates the quantification measure equal to 0, i.e., lack of
the presence of a given factor, for example a large distance, etc. The intermediate shade designates,
for example, location of E-17 and D-42 signs after the chicane at a distance exceeding 100 m. In the
case of the additional test sections, No. 8 and No. 9, which did not include chicanes, no weights were
assigned to the traffic management related factors conditioned by the presence of a chicane (and hence
the lack of colour in the chart).

 

Figure 13. Outcomes of the assessment of the factors associated with the traffic management criterion.
Designations: oj—a subsequent factor in consideration, Σoj—the sum of confirmed logical tautologies
on the test sections in relation to the considered j-th factor, zo i—the sum of quantitative measures in all
factors on the i-th test section.

The analysis of the values of the quantitative measures represented in Figure 13 demonstrated
consistency of a number of selected factors with the speed reduction values. To be specific,
such consistency was obtained between speed reduction and the factor representing: location of the
B-33 sign in relation to the chicane axis, confirmation of the presence of buildings after the sign location
and confirmation of the presence of buildings in close proximity to the road edge. A consistency
between the greatest reduction of the 85th percentile speed Δv85 with the visibility of the nearby village
skyline or road infrastructure after the D-42 sign (Figure 13) was confirmed in only one case.

For factors associated with the location of the E-17 and D-42 signs the authors noted lack of
consistency with speed reduction. It is likely that the view of the nearby village buildings seen after
the E-17 and D-42 signs affects the driver’s perception, resulting, in consequence, in the reduction
of driving speed (Figure 1a). If after the E-17 and D-42 signs located at different distances after the
chicane the village skyline or adjacent buildings are not visible, especially on the inbound lane side
(Figure 1b,d,e), the traffic signs indicating the beginning of the built-up area do not have any mobilising
effect on motorists’ behaviour who continue driving without slowing down.

Taking the above into account, in relation to the four factors concerning location of the E-17
and D-42 signs the logical tautology was represented by colours, however no numerical values were
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assigned to them, since the distances dE-17 of the E-17 sign location from the chicane ranged from 5 m
before the chicane up to 120 m after the chicane, and the distance dD-42 of the D-42 sign ranged from
29 m to 290 m after the chicane. Such a high data dispersion prompted the authors to determine the
coefficient of correlation between the above-mentioned distances and the speed reductions on the
sections under analysis. The values of the correlation coefficient were respectively R= 0.4 (f (dE-17, Δv85))
and R = 0.2 (f (dD-42, Δv85)), which indicated a lack of statistically significant relationship between the
amount of speed reduction and the distance of the sign location from the chicane.

Taking the above into consideration we can conclude that the distance at which the E-17 and D-42
signs are located from the chicane, if it is not related to the visibility of buildings, has no significant
effect on the actual vehicle speeds measured after the chicane. However, if the chicane is preceded by
the B-33 sign denoting a speed limit of 70 km/h then consideration of logical tautology related to the
close vicinity of the village buildings (located along the street) would not be in compliance with the
Polish highway code [56] and the guidelines [57] and, moreover, it would pose problems with defining
logical tautology related to assignment of a value to a given distance. Therefore, in the outcomes of the
assessment of the factors related with the traffic management criterion no quantitative measures are
assigned to the above-mentioned four factors (Figure 12).

Summing up the above considerations we can conclude that in the case of chicanes located in
the transition zones with the posted speed limit of 70 km/h the determinants effectively reducing the
speed include: placement of the B-33 sign before the chicane at a distance of up to 100 m and visible
close village buildings situated after the D-42 sign at a distance less than 100 m.

3.2. Outcomes of the Assessment of the Factors Associated with the Road Design Parameters Criterion

The second criterion considered in identification of the determinants of the effectiveness of
chicanes in the transition zones is associated with the factors defining the road design parameters.
In this criterion, various dependency relationships between road design parameters and reduction of
the 85th percentile speed Δv85 were confirmed. A representative relationship of the analysed variables
was confirmed in relation to the amount of lateral deflection of the lane. However, the selected test
sections included primarily central islands of rectangular shape horizontally deflecting one lane with
the deflection of a = 2 m (Figure 14a). A central island horizontally deflecting both lanes with the
deflection of a = 1 m (Figure 14b) was located on only one test section.

 

(a) 

 

(b) 

Figure 14. Types of road chicanes provided in village entry transition zones and the resulting horizontal
deflection of the travel lane from the straight line a: (a) central island providing horizontal deflection of
one lane – a = 2 m; (b) central island providing horizontal deflection of both lanes – a = 1 m.

Another factor with a varying effect on traffic speed reduction was also a visible access. When
an access led to a cluster of buildings then a greater speed reduction was noted. Still the scale of the
reduction varied considerably, ranging from 3.5 km/h to 22.8 km/h (Figure 15). In the case of a private
accesses serving a single family building the speed reductions also varied but over a smaller range
(Figure 15–Δv85 = 1.9–3 km/h). A similar varied effect was noted for an intersection with a side road,
in which case the speed reduction was in the range of Δv85 = 1.9–9.5 km/h.

The analysis of the variation of the sum of quantitative measures representing the road design
parameters zd and of the speed reduction amount Δv85 revealed a probable consistency between the
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considered variables (Figure 15). The only exception in the analysed case is the test section No. 7
where a smaller number of significant road factors was noted, as compared to the other sections.

 

Figure 15. Outcomes of the assessment of the factors associated with the road design parameters
criterion. Designations: oj—a subsequent factor in consideration, Σoj—sum of confirmed logical
tautologies on the test sections in relation to the considered j-th factor, zd i—sum of quantitative
measures in all factors on the i-th test section.

3.3. Outcomes of the Assessment of the Factors Associated with the Landscape and Visibility Criterion

The last criterion considered in the identification of the determinants of the effectiveness of
chicanes in the transition zones are the factors related to the landscape features in the immediate
vicinity of the entry section of the road and to visibility conditions. In this criterion very important
dependencies were confirmed between the speed reduction Δv85 and the sum of quantitative measures
zzw in particular in relation to the first three test sections (Figure 16). Figure 1a,b show the village
skyline seen from a distance of 300 m by a driver approaching the chicane located on each of the first
two test sections, i.e., section No. 1 and section No. 2.

 

Figure 16. Outcomes of the assessment of the factors associated with the landscape and visibility
criterion. Designations: oj—a subsequent factor in consideration, Σoj—the sum of confirmed logical
tautologies on the test sections in relation to the considered j-th factor, zzw i—the sum of quantitative
measures in all factors on the i-th test section.

Figure 17a,b depict the village skyline as seen by a driver passing through the chicane. In the
case of section No. 1, the driver sees nearby buildings after the sign D-42 and a horizontal curve
limiting the view of the road further ahead (Figure 17a) and this is probably the main cause of the
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considerable reduction of the free flow speed noted at this section, equal to Δv85 = 22.8 km/h. In the
second case presented in Figure 17b the driver on the approach to the chicane sees the distant village
skyline and remote buildings situated at a distance of ca. 300 m at the other side of the road. In this
case the E-17 & D-42 signs are located after the chicane, which results in a much smaller reduction
of the free-flow traffic speed (Δv85 = 9.5 km/h). Figure 17c,d, show the approach to the chicane on
section No. 3 and the view of the road ahead the driver sees when going through the chicane. In this
case, the free-flow speed reduction is Δv85 = 7 km/h. This can be attributed to the lack of visibility of
the village skyline and of nearby buildings and to the fact that the lateral deflection a of the lane is
only 1 m. Furthermore, the traffic management infrastructure, namely the sign No. D-42 denoting the
beginning of the built-up area is placed as far as 300 m after the chicane.

 
(a) 

 
(b) 

 
(c) 

 
(d) 

Figure 17. View of the village skyline of village as seen by a driver approaching the chicane: (a) View
of nearby buildings at chicane No. 1, sign E-17 located 5 m before the chicane and sign D-42 located 30
m after the chicane; (b) Distant view of the village skyline near the chicane No. 2, sign E-17 located 100
m after the chicane and sign D-42 located 150 m after the chicane; (c) Lack of the village skyline view
on the approach to the chicane No. 3, being a central island deflecting both lanes; (d) Lack of the view
of village buildings from the chicane No. 3 location, sign E-17 located 150 m after the chicane and sign
D-42 located 300 m after the chicane.

On the remaining test sections (No. 4, No. 5, No. 6 and No. 7) the authors noted high variability
between the assigned quantitative measures and speed reduction values. The partial sums of the four
primary factors, represented in Figure 16 have similar values, yet their distribution in the analysed
sections is very diverse, just as diverse are the speed reduction values. A very wide variation in the
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respective quantitative measures is also observed in the case of the two last factors represented in
Figure 16, where visual obstructions or buildings situated close to the chicane were confirmed only in
one case, while in the remaining three cases visible buildings were noted however they were situated
at a further distance from the chicane. Still, comparing the sums of quantitative measures zzw with the
speed reduction values Δv85 on the respective test sections, we can detect a certain consistency in the
succession of changes, as represented in the radar charts.

3.4. Outcomes of the Assessment of the Aggregate Parameter z and Its Overall Effect on the Traffic Parameters

Summing up the above analyses, Figure 18 below represents the probable consistency between the
qualitative variable z, i.e., the aggregate overall effect of the factors related to traffic management (zo),
road design parameters (zd) and landscape and visibility conditions (zzw), and the calculated free-flow
speed reductions Δv85 and Δvav on the analysed test sections with the applied horizontal deflection
of the lane(s). Figure 18b represents the consistency of the aggregate parameter z with the values of
speed reduction indices.

 
(a) (b) 

Figure 18. Compilation of changes in the analysed variables: (a) consistency of the speed reduction
variations Δv85 and Δvav and aggregate parameter z (R = 0.76 and R = 0.93 respectively); (b) consistency
of variation of the speed reduction index w (v85) and w (vav) and aggregate parameter z (R = 0.80 and
R = 0.94, respectively).

The analysis of variations of the analysed values exhibits the greatest consistency between the
free-flow speed vav and the speed reduction index w (vav) and the proposed aggregate parameter z
representing a combination of factors, including traffic management, road design parameters and the
surrounding landscape elements and visibility conditions.

3.5. Regression Analysis of the Outcomes of Assessment of the Combined Effect of the Selected Factors and
Speed Distribution Parameters

In the next step, the authors carried out appropriate regression analyses in relation to the
investigated parameters. In the regression analyses, whether confirming or failing to confirm the
effectiveness of the applied chicanes, the authors considered both the aggregate values of the respective
components of qualitative variables (zzw, zd and zo) and the qualitative variable z representing the
combined effect of the respective factors in the transition zone. In relation to the speed distribution
parameters before and after the chicane the analysis considered both the free-flow 85th percentile
speed v85, the average free-flow speed vav and the stable-flow speed vav

pp, and also the corresponding
speed reduction values Δv. Along with the speed distribution parameters the authors considered also
the speed reduction index w, often taken into account in traffic calming analyses and representing the
percentage speed reduction in relation to the initial value (w = Δv/vbefore). The correlation coefficient
values are given in Tables 2 and 3. In Tables 2 and 3 bold numerals denote cases when the correlation
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coefficient R was greater than 0.9, which according to the statistical principles given in [58,59] indicates
a statistically significant relationship between the analysed variables.

Table 2. Coefficients of correlation R between the quantitative measures and the chosen speed
distribution parameters (including additional sections where chicanes were not installed).

v85
before vav

before vav
pp before v85

after vav
after vav

pp after Δv85 Δvav Δvav
pp w (v85) w (vav)

zzw −0.14 −0.21 −0.12 −0.63 −0.68 −0.61 0.76 0.93 0.93 0.80 0.94

zd −0.38 −0.36 −0.29 −0.77 −0.78 −0.67 0.68 0.89 0.75 0.71 0.90

zo −0.18 −0.31 −0.24 −0.67 −0.69 −0.71 0.76 0.81 0.90 0.79 0.82

z −0.24 −0.31 −0.23 −0.73 −0.76 −0.69 0.77 0.94 0.90 0.81 0.95

Table 3. Coefficients of correlation R between the quantitative measures and the chosen speed
distribution parameters (excluding additional sections where chicanes were not installed).

v85
before vav

before vav
pp before v85

after vav
after vav

pp after Δv85 Δvav Δvav
pp w (v85) w (vav)

zzw 0.39 0.42 0.64 −0.49 −0.74 −0.74 0.81 0.93 0.93 0.82 0.94

zd 0.18 0.26 0.53 −0.64 −0.83 −0.48 0.77 0.92 0.71 0.78 0.92

zo 0.62 0.52 0.73 −0.40 −0.56 −0.61 0.90 0.82 0.96 0.90 0.82

z 0.40 0.42 0.68 −0.57 −0.79 −0.64 0.89 0.98 0.94 0.90 0.99

Appropriate regression analyses were carried out considering the obtained positive results of the
correlation coefficients in relation to the searched-for relationship between the speed reduction Δv or
the speed reduction index w and the magnitude of the effect of the qualitative variable z. The results
of the regression analysis in relation to the dependent variables v85 and w (v85) are represented in
Figure 19.

 
(a) (b) 

Figure 19. The linear regression function defining the relationships between: (a) free-flow speed
reduction Δv85 and the aggregate parameter z, (R = 0.89); (b) free-flow speed reduction index w (v85)
and the aggregate parameter z (R = 0.90).

The relationships represented in Figure 19 prove the hypotheses previously put forward by the
authors that the reduction of speed through the chicane depends on a number of factors characterizing
the spatial features of the surrounding area, which jointly influence the drivers’ behaviour and their
decision to slow down in the transition zone section. Referring to both foreign guidelines (Denmark [1],
Great Britain [2,19,31,39,41], USA [27,36,37]) and Polish publications [5,21,42] which, depending on
the country, give various data regarding the percentage reduction of speed of vehicles passing through
chicanes, it can be concluded that the theses proposed in these materials have been confirmed by
the results obtained by the authors in this research. Still, it must be noted that the amount of speed
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reduction depends on several external factors which were for the first time identified and estimated in
this article.

Figure 20 represents the same regression analyses carried out in relation to the free-flow average
speed vav. The analysis of the data shown in Figure 20 indicates that the average free-flow speed vav

statistically significantly depends on the combined magnitude of the effect of the landscape elements
present within the transition zone, which is confirmed by the high values of the correlation coefficients
(Tables 2 and 3). The more of various landscape elements are present within the transition zone to the
village in the vicinity of the on-road chicane, the greater speed reduction Δv can be expected. The above
observations can indicate to land planners and designers the most suitable locations in which to design
and install chicanes effectively reducing traffic speeds, subject to considering the maximum number of
relevant factors.

 
(a) (b) 

Figure 20. Linear regression function defining the relationship between: (a) the free-flow speed
reduction Δvav and the aggregate parameter z, (R = 0.98); (b) the free-flow speed reduction index w (vav)
and the aggregate parameter z (R = 0.99).

If there are buildings or elements of highway structures (i.e., visual obstructions) within the
transition zone and they are situated close to the road edge, then the chicane should be designed
at a location as close as possible to these elements. Furthermore, in order to obtain effective speed
reduction, horizontal deflection of the lane by min. 2 m should be considered, located at a distance
of up to 100 m from the visible nearby buildings of the village. If the transition zone is approached
through a long straight section running through an open area, then for effective speed reduction, the
amount of the horizontal deflection of the lane, should be designed taking into account the view of the
village skyline and the distance of the chicane from the village buildings in view, measured along the
road. The best results in terms of traffic speed reduction can be achieved at locations where the village
buildings are situated close to the inbound lane.

4. Discussion

This article analyses seven sections of roads leading through villages with chicanes installed
in the transition zones. The analysis of the performed speed survey data represented in Figure 4
demonstrated a very wide and varied dispersion of speeds despite the fact that in almost all of the
cases the analysed chicanes provided the same amount of the horizontal deflection of the carriageway
lane. The comparison of the results obtained with speed survey data for two other sections, No. 8 and
No. 9, without any chicanes installed, demonstrates that speed reductions were noted also on these
sections. In view of the above, it is clear there must have been some other determinants resulting in
speed reduction in these locations.

In the course of the analysis the authors formulated ten-odd such determinants which could have
an effect on the obtained speed reduction. Based on comprehensive analysis of factor assessment
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values obtained in the individual criteria proposed and of the final values of the aggregate parameters z
on the test sections, in recapitulation we can identify the main determinants. For instance, in the traffic
management criterion these will be the factors directly related to the view seen by the driver after
the D-42 sign (Figure 13) and in the road design criterion, the factors related to horizontal curvature
and its parameters (Figure 15). The greatest number of factors which obtained confirmation of logical
tautology in the landscape and visibility criterion were related to the surrounding conditions in the
vicinity of the road on the approach to the village and in the transition zone (Figure 17). On the test
sections with the greatest speed reductions confirmed also other factors with positive logical tautology
were confirmed, relating to the visibility conditions and the elements that can be visible to the driver
when approaching and passing through the chicane, namely the village skyline, a view of single
buildings situated close to the road or a clear view of some road infrastructure elements associated with
the built-up area. Summing up the above considerations, in the opinion of the authors the obtained
results confirm the postulated hypotheses and proposals regarding the introduction of the aggregate
parameter z, which evidently has an effect on the magnitude of speed reduction of vehicles which enter
the village (Tables 2 and 3 and Figures 19 and 20).

Limiting the analysis to only the test sections located in open rural areas, we can confirm that
visibility conditions have a major effect on drivers’ decision to reduce speed. These include the view of
the village skyline on the approach to the transition zone, of nearby buildings and road infrastructure
elements such as pedestrian pavements, accesses, junctions, visual obstructions e.g., bridge railings,
and also the presence of horizontal curvature and the resulting limited view of the road ahead and
its direct vicinity. Therefore, in choosing the location for a chicane to be provided as part of a traffic
calming scheme, designers and landscape planners should, in the first place, consider the logical
tautologies of the above given factors. The precise location of the chicane should also take into account
the logical tautologies relating to the view of the village skyline, nearby buildings or visible elements
of the road infrastructure in relation to the existing D-42 sign denoting the beginning of built-up area
(Figure 21). If a confirmation of logical tautologies was obtained for all the above-mentioned elements,
then the chicane should be located as close as practicable to the D-42 sign. With these conditions met,
one can expect that the desired speed reduction Δv85 = ca. 1020 km/h will be achieved within the
transition zone with the 70 km/h speed limit signalled on the B-33 sign (Figure 4, Sections No. 1, No. 2
and No. 3).

The analytical approach proposed by the authors for application by land planners and designers
of traffic calming schemes in transition zones to villages is presented in Figure 21. In the first step
(Figure 21–Step 1, background) consideration should be given to the type of terrain and landscape
elements present in the area surrounding the road in the transition zone to the village. In this study
the authors proposed the three following types of road surroundings: open rural area, rural area
with groves or a tree row and a forest terrain. The above-mentioned landscape conditions in the
surroundings of the road have a determining effect on the vehicle’s speed of approach to the transition
zone, driver’s perception and, as a consequence, on the amount of speed reduction on the way through
the chicane. Next, based of the logical tautologies confirmed during the site visits or when reviewing
the available Google Earth or Street View imagery [52], the land planners should determine the value
of the aggregate parameter z (Figure 21—Step 2—the analytical process regarding the conditions on
the approach to the village’s transition zone). Further, a similar analysis should be carried out for
the landscape elements present in the surroundings of the road in the vicinity of the planned chicane
location (Figure 21—Step 3—preliminary location of chicane). This should involve an analysis of
the road alignment along a straight section or horizontal curvature, assessment of the visibility of
the road ahead and of existing locations of the vertical signs E-17 and D-42, etc. Having initially
assessed the landscape conditions in the surroundings of the approach to the transition zone and the
planned chicane location, the next step should involve estimation of the individual factors in the three
above-mentioned criteria and the value of the aggregate parameter z (Figure 21–Step 4–the assessment
of the aggregate parameter z). After determining the aggregate parameter z we can move to the
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final step in designing a traffic calming scheme in a village transition zone with 70 km/h speed limit,
namely to final determination of the chicane location and adoption of its parameters (Figure 21—Step
5—chicane design).

Figure 21. Proposed design process–i.e., selection of the chicane location within the transition zone to
the village, with 70 km/h posted speed limit.

If in an open rural area there is no village skyline or nearby buildings in view, then a small speed
reduction can also be expected even without a chicane on sections with horizontal curvature hiding the
view of the road ahead, as confirmed by the measured vehicle speeds on the section No. 9 (Figures 4 and 1i).

With a greater number of confirmed logical tautologies (i.e., when the value of the aggregate
parameter z is higher than 10), according to the authors, chicanes resulting in horizontal deflection
of one lane only can be considered for installation in the transition zones if the deflection of the lane
from the straight line is at least 2 m. With a smaller value of aggregate parameter z, in order to achieve
satisfactory speed reduction, the chicane location should be planned closer to the existing buildings and
road infrastructure elements and the applied lane deflection should be considerably larger (Figure 22).
In cases when satisfactory speed reduction has not been achieved with chicanes already in place in
transition zones, an additional traffic calming measure should be planned for installation in the vicinity
of nearby village buildings.

 

Figure 22. Semi-circular chicane horizontally deflecting one lane proposed for village transition zones
approached through a patch of forest (based on the guidelines [21,24,25]).

If installation of a chicane deflecting one lane only is planned in the transition zone to the village
situated on road section going through a patch of forest where the driver can see neither the village
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skyline nor nearby buildings, the authors propose to locate the chicane as close as possible to the D-42
sign and use semi-circular chicanes providing deflection of the lane considerably greater than 2 m,
i.e., according to the recommendations given in the guidelines [21,24,25] (Figure 22). Guidelines [25]
give also detailed recommendations regarding the size of the radius. For example, for the speed of
70 km/h the entry radius R1 should not be smaller than 100 m and the subsequent radii (R2, R3) should
be either equal or greater than the entry radius R1. The corners of the chicane should be rounded and
the accompanying hatched road markings area should end with a pointy tip. The other dimensions of
the chicane should be accommodated within the road design parameters, i.e., available right-of-way
width (conditioning the size of desired horizontal lane deflection) and national regulations concerning
road surface markings.

An example of semi-circular chicane deflecting one lane, installed in a village transition zone in
a partly forested area is shown in Figure 23. The effectiveness of semi-circular chicanes installed in
transition zones to villages and the resultant further applications of supplementary traffic calming
measures provided on the passage of the regional road through the village area was described by the
authors in [60].

 
(a) 

 
(b) 

Figure 23. Example of semi-circular chicane horizontally deflecting one carriageway lane: (a) overview;
(b) visible details of the semi-circular chicane island.

However, in the opinion of the authors, the process of designing chicanes in village transition
zones should not be limited to the selection of the chicane location and its geometrical parameters
but it should include proposing application of the latest technologies which are gaining increasingly
wide use in the field of traffic engineering. This concerns traffic controls, including both upright
signs and pavement markings, where solar technology is being introduced, resulting in considerable
energy conservation in built-up areas and in significant improvement in traffic safety. The problem of
the effect of LED lighting and its relationship with the speed and improved view of the road ahead
has been tackled in a number of publications. For instance in [61] the authors described the results
of studies on the use of an active system for delineating the road ahead in order to enhance the
ability of drivers to control their vehicle safely on winding roads. A simulator experiment compared
night-time driving on a country road under the three following conditions: on an unlit road, on a
road illuminated on curves by typical road lighting luminaires, and on a road with an active lane
delineation application, where self-luminous road studs are turned on to outline the lane and road
edges as the driver approaches and passes the curves. It was concluded that the tested LED application
enhanced the ability of drivers to control the virtual car, as compared to an unlit road or road lighting.
Considering that transition zones to villages on roads carrying through traffic usually are not provided
with road lighting the authors have analysed the results of the research described in the publication [62].
Light conditions are essential factors in traffic safety, but the relationship between light conditions
and vehicle speed is not fully understood and has rarely been examined. In the course of the study,
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the authors of [62] investigated three questions: (a) if vehicle speed between brighter and darker
conditions in clear weather will be different; (b) if vehicle speeds are lower during rain and snow
than in clear weather conditions and if so; (c) if the speed reduction in rainy and snowy weather
conditions is more substantial on roads without road lighting in darkness. The results of the study [62]
demonstrated no evidence of consistent patterns of speed differences with respect to lighting conditions
(darkness, daylight, twilight or road lighting) under clear weather conditions and no effect of road
lighting on speed reduction in rainy and snowy weather. Another study described in publication [63]
examined the effect of the light emitting diode (LED) road lighting of a residential road section with
speed humps on speed reduction. The study results indicated that the LED road lighting that was
placed directly above or in front of the hump achieved the highest luminance. Still, the study did not
reveal any significant differences in vehicle speed attributable to light conditions per se.

In the recent years solar components are increasingly being used in solar powered traffic signs
(Figure 24). The conditions prevailing on the test sections described in this article indicated that
it might turn out to be important to use upright signs equipped with light emitting diodes (LED),
which according to the results of the research described in [64] score a better detection ratio than
conventional upright signs. Solar LED lights are high capacity light sources powered with batteries
self-charging during the day. Depending on the weather conditions during the day, solar energy is
converted to electricity by means of photovoltaic cells and stored in ultracapacitors capable of supplying
impulse power according to an established program, both overnight and during the day. These devices
are wireless, switched on automatically, low maintenance and eliminate the need to extend the lighting
system serving the village centre, i.e., they allow to considerably lower the consumption of energy.
All the materials used to manufacture the presented solar devices are recyclable, so they do not create
any environmental burden and hence require no extra energy input. The operating temperature range
of these devices ranges from –40 ◦C to +70 ◦C. Their usual warranty period is around 10–12 years,
depending on the manufacturer. Also according to the conclusions formulated in guidelines [4] the
D-6a sign (Figure 24b) on the approach nose of the central island horizontally deflecting one lane is a
better option than using the U-5 bollard in this location (Figure 24a) since the D-6a sign forms a kind of
a visual obstruction having an effect on drivers’ perception and increasing the reduction in vehicle
speeds by additional 1–3 km/h. Still the amount of speed reduction depends mainly on the width of
the deflected travel lane and the size of horizontal deflection applied.

Additional solar elements installed in the face of the entrance island, on the outer edge of the
carriageway and on the guide posts (Figure 25) are another element related to energy conservation in
village environments evidently contributing to the reduction of vehicle speeds in village transition
zones. They are recommended by the authors for use in particular in transition zones situated in
forest terrain. These are SolarCAP elements, i.e., self-contained LED lighting devices. They are not
equipped with additional batteries, which makes them less expensive, and apart from contributing to
conservation of energy they also reduce construction and maintenance costs and improve traffic safety
owing to their better visibility, and hence a greater impact on drivers’ perception. They are produced
from environmentally friendly materials and are suitable for recycling. Furthermore, SolarCAP devices
are maintenance free for at least 10 years from installation. They are resistant to mechanical damage
and frost and water resistant.

Their principle of operation is similar to that described above, i.e., during the day solar energy is
converted to electricity by means of photovoltaic cells which is subsequently stored in EnergyCache
ultracapacitors capable of providing impulse power according to an established program, both at night
and at day time. At dusk, a Solar CAP device switches on automatically and emits directional light
produced in LEDs. The charging time to full charge is ca. 1 h in harsh sun or 6–8 h under cloudy
weather. A fully charged SolarCAP can operate continuously for over 12 h.
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(a) 

 
(b) 

  
(c) (d) 

Figure 24. Application of the latest solar technology: (a) solar panel powering the LED arrow on bollards
U-5 and C-9; (b) solar panel illuminating LED lines on the striped bollards D-6a and C-9; (c) view of
unilluminated signs D-6a and C-9; (d) view of signs D-6a and C-9 illuminated with LED lights.

 
(a) 

 
(b) 

 
(c) 

 
(d) 

 
(e)  

(f) 

Figure 25. Recommended use of the latest solar technology: (a) SolarCAP mounted in the face of the
island kerb–white; (b) SolarCAP Road installed in the outer edge of the road–yellow; (c) red LED lights
used in exceptional cases on guide posts placed behind the outer edge of the road; (d) recommended
yellow LED lights mounted on guide posts placed behind the outer edge of the road in a forest terrain;
(e) proposed layout of Solar CAP and SolarCAP Road elements placed on a rectangular central island
horizontally deflecting one lane; (f) proposed layout of Solar CAP and SolarCAP Road elements
installed on a semi-circular central island horizontally deflecting one lane.

Based on the conclusions from the tests carried out on the TRL track [24], in locations with poorer
visibility conditions, for instance in forest terrains or in rural areas with local groves, the authors can
recommend placement of guide posts behind the outer edge of the road, spaced by maximum 0.5 m
from the edge of the road (Figure 25c,d). Such arrangements are particularly recommended in the
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case of varied topography around the chicane (i.e., presence of embankments or drainage ditches).
That said, in line with the recommendations of [3], in rural areas, where oversize farm equipment
(such as combine-harvesters) traffic was recorded in traffic surveys, the road shoulder should be
additionally strengthened over up to 1 m width over the whole length of the lateral deflection of
the lane. Such strengthening can be made of (irregular) cobblestones. This measure will prevent
deterioration of the dirt shoulder, as shown in Figure 26a. Surfacing the shoulder with asphalt millings
is not recommended, as car drivers may mistakenly take such surface for paved shoulder and try and
use it for normal travel (Figure 26b).

 
(a) 

 
(b) 

Figure 26. Examples of design errors over the length of the deflected lane section: (a) deterioration
of the dirt shoulder over the length of lateral deflection due to the lack of strengthening; (b) asphalt
millings placed on the dirt shoulder as an overrun area for oversize agricultural equipment along the
horizontal carriageway deflection.

Summing up the discussion conducted in reference to the obtained research results, the authors
postulate that there is a need for further analyses and for confirmation of the proposed hypothesis on
the identification of determinants of the effectiveness of chicanes on other roads, for example on roads
subject to a 50 km/h speed limit, or for use differently designed road chicanes in the transition zones
to villages.

5. Conclusions

Recapitulating the analyses carried out under this research, it can be concluded that the authors
have obtained a confirmation of the existence of the identified determinants and of their effect on speed
reduction in the transition zones to villages on roads with a 70 km/h speed limit indicated by the B-33
traffic signs. The important determinants identified in this research, which have a considerable effect
on speed reduction are associated primarily with the view available to the driver on the approach to
the village and directly in the transition zone, including: the village skyline, nearby clustered buildings
or clearly visible elements of road infrastructure related to the built-up area. The size of provided
horizontal deflection of the travel lane is another important factor, particularly significant with regard
to rectangular chicanes horizontally deflecting one travel lane, installed on inbound lanes to villages.
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Appendix A

Table A1. Results of standard statistical tests on test sections.

Test
Sections

Goodness-of-Fit Test
H0: F(v) = F0(v)
H1: F(v) � F0(v)

Significance
Test u

H0: vbefore = vafter

H1: vbefore � vafter

Significance
Test t

H0: vbefore = vafter

H1: vbefore > vafter

Test for Equality of
Variances F

H0: sbefore
2= safter

2

H1: sbefore
2>safter

2

λ(v before) λ(v after) λα, α= 0.05 u uα, α= 0.05 t tα, α= 0.05 F Fα, α= 0.05

No. 1 0.37 0.58 1.36 5.85 1.96 5.85 1.6 3.03 1.61
No. 2 0.45 0.48 1.36 6.33 1.96 6.33 1.6 1.75 1.54
No. 3 0.63 0.70 1.36 3.62 1.96 3.62 1.6 1.72 1.63
No. 4 0.49 0.24 1.36 1.63 1.96 1.63 1.6 1.02 1.62
No. 5 1.24 0.68 1.36 0.73 1.96 0.73 1.6 1.31 1.61
No. 6 0.72 0.15 1.36 1.92 1.96 1.92 1.6 2.38 1.64
No. 7 0.63 0.71 1.36 3.76 1.96 3.76 1.6 1.68 1.54
No. 8 1.17 0.78 1.36 1.22 1.96 1.22 1.6 2.29 1.55
No. 9 0.73 0.58 1.36 0.88 1.96 0.88 1.6 1.39 1.55

Appendix B

Table A2. Results of goodness-of-fit test on test sections (free speed v and vehicle flow speed v pp).

Test Sections
v before and v after v pp before and v pp after

λ λα, α = 0.05 λ λα, α = 0.05

No. 1 3.04 1.36 4.25 1.36
No. 2 2.55 1.36 2.61 1.36
No. 3 2.20 1.36 2.23 1.36
No. 4 0.98 1.36 0.96 1.36
No. 5 0.50 1.36 1.25 1.36
No. 6 0.89 1.36 0.37 1.36
No. 7 2.12 1.36 2.46 1.36
No. 8 0.42 1.36 0.37 1.36
No. 9 0.61 1.36 0.55 1.36

Designations colour in the table results of goodness-of-fit test (free speed): H0: F(vbefore) = F(vafter) →λ < λα
H1: F (vbefore) � F(vafter)→λ ≥ λα. Designations colour in the table results of goodness-of-fit test (vehicle flow speed):
H0: F(v pp before) = F(v pp after)→ λ < λα ;H1: F(v pp before) � F(v pp after)→ λ ≥ λα.

Table A3. Results of goodness-of-fit test on subsequent test sections (free speed vafter and vehicle flow
speed v pp after).

Test Section i and i+1
vafter

i and vafter
i+1 v pp after

i and v pp after
i+1

λ λα, α = 0.05 λ λα, α = 0.05

No.1 and No. 2 1.04 1.36 2.76 1.36
No. 2 and No. 3 0.99 1.36 1.19 1.36
No. 3 and No. 4 1.46 1.36 1.66 1.36
No. 4 and No. 5 1.32 1.36 1.02 1.36
No. 5 and No. 6 1.49 1.36 0.90 1.36
No. 6 and No. 7 1.05 1.36 1.19 1.36
No. 7 and No. 8 4.48 1.36 4.86 1.36
No. 8 and No. 9 3.72 1.36 3.61 1.36

Designations colour in the table results of goodness-of-fit test (free speed): H0: F(vafter
i) = F(vafter

i+1) →λ < λα;
H1 : F(vafter

i) � F(vafter
i+1)→λ ≥ λα. Designations colour in the table results of goodness-of-fit test (vehicle flow

speed): H0: F(v pp after
i) = F(v pp after

i+1)→λ < λα; H1: F(v pp after
i) � F(v pp after

i+1)→λ ≥ λα.
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Appendix C

Table A4. Results of test of independence on test sections (free speed v and vehicle flow speed v pp).

Test Section
v before and v after v pp before and v pp after

χ2 χα2, α= 0.05 χ2 χα2, α= 0.05

No. 1 25.7 3.84 28.5 3.84
No. 2 15.6 3.84 16.8 3.84
No. 3 9.7 3.84 14.3 3.84
No. 4 4.3 3.84 4.2 3.84
No. 5 1.00 3.84 7.6 3.84
No. 6 0.98 3.84 0.8 3.84
No. 7 3.80 3.84 6.1 3.84
No. 8 0.04 3.84 1.1 3.84
No. 9 0.03 3.84 0.08 3.84

Designations colour in the table results of test of independence (free speed): H0: P{X = vbefore
i, Y = vafter

i} = P{X = vbefore
i},

P{Y = vafter
i}→ χ2 < χα2; H1: P{X = vbefore

i, Y = vafter
i} � P{X = vbefore

i}, P{Y = vafter
i}→ χ2 ≥ χα2. Designations colour

in the table results of test of independence (vehicle flow speed): H0: P{X = v pp before
i, Y = v pp after

i} = P{X = v pp before
i},

P{Y = v pp after
i}→ χ2 < χα2; H1: P{X = v pp before

i, Y = v pp after
i} � P{X = v pp before

i}, P{Y = v pp after
i}→ χ2 ≥ χα2.

Table A5. Results of test of independence on subsequent test sections (free speed v after and vehicle
flow speed v pp after).

Test Section i and i+1
vafter

i and v after
i+1 v pp after

i and v pp after
i+1

χ2 χα2, α= 0.05 χ2 χα2, α= 0.05

No.1 and No. 2 4.64 3.84 17.8 3.84
No. 2 and No. 3 7.23 3.84 12.3 3.84
No. 3 and No. 4 7.87 3.84 12.9 3.84
No. 4 and No. 5 2.66 3.84 0.34 3.84
No. 5 and No. 6 3.39 3.84 1.19 3.84
No. 6 and No. 7 0.11 3.84 0.00 3.84
No. 7 and No. 8 76.44 3.84 84.0 3.84
No. 8 and No. 9 52.46 3.84 37.4 3.84

Designations colour in the table results of test of independence (free speed): H0: P{X = vafter
i, Y = vafter

i+1} = P{X = vafter
i},

P{Y = vafteryi+1}→ χ2 < χα2; H1: P{X = vafter
i, Y = vafter

i+1} � P{X = vafter
i}, P{Y = vafter

i+1}→ χ2 ≥ χα2. Designations colour
in the table results of test of independence (vehicle flow speed): H0: P{X = v pp after

i, Y = v pp after
i+1} = P{X = v pp after

i},
P{Y = v pp afteryi+1}→ χ2 < χα2;H1: P{X = v pp after

i, Y = v pp after
i+1} � P{X = v pp after

i}, P{Y = v pp after
i+1}→ χ2 ≥ χα2.

Appendix D

Table A6. Results of median tests on test sections (free speed v and vehicle flow speed v pp).

Test Section
v before and v after v pp before and v pp after

χ2 χα2 , α = 0.05 χ2 χα2 , α = 0.05

No. 1 21.6 3.84 178.2 3.84
No. 2 15.9 3.84 17.7 3.84
No. 3 12.8 3.84 16.3 3.84
No. 4 3.53 3.84 1.4 3.84
No. 5 7.95 3.84 5.1 3.84
No. 6 4.82 3.84 2.0 3.84
No. 7 16.06 3.84 24.0 3.84
No. 8 0.20 3.84 1.2 3.84
No. 9 0.36 3.84 0.3 3.84

Designations colour in the table results of median tests: H0: F1(x) = F2(x)→ χ2 < χα2; H1: F1(x) � F2(x)→ χ2 ≥ χα2.
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Table A7. Results of median tests on subsequent test sections (free speed vafter and vehicle flow speed v
pp after).

Test Section i and i+1
v after

i and v after
i+1 v pp after

i and v pp after
i+1

χ2 χα2, α = 0.05 χ2 χα2 , α = 0.05

No.1 and No. 2 4.95 3.84 31.8 3.84
No. 2 and No. 3 6.31 3.84 3.5 3.84
No. 3 and No. 4 15.98 3.84 9.5 3.84
No. 4 and No. 5 16.58 3.84 0.97 3.84
No. 5 and No. 6 5.63 3.84 4.0 3.84
No. 6 and No. 7 4.90 3.84 13.4 3.84
No. 7 and No. 8 67.33 3.84 90.6 3.84
No. 8 and No. 9 41.10 3.84 37.4 3.84

Designations colour in the table results of median tests: H0: F1(x) = F2(x)→ χ2 < χα2; H1: F1(x) � F2(x)→ χ2 ≥ χα2.
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Abstract: This paper focuses on effects of implementing zero-emission buses in public transport
fleets in urban areas in the context of electromobility assumptions. It fills the literature gap in the
area of research on the impact of the energy mix of a given country on the issues raised in this
article. The main purpose of this paper is to identify and analyse economic effects of implementing
zero-emission buses in public transport in cities. The research area was the city of Szczecin, Poland.
The research study was completed using the following research methods: literature review, document
analysis (legal acts and internal documents), case study, ratio analysis, and comparative analysis of
selected variants (investment variant and base variant). The conducted research study has shown
that economic benefits resulting from implementing zero-emission buses in an urban transport fleet
are limited by the current energy mix structure of the given country. An unfavourable energy mix
may lead to increased emissions of SO2 and CO2 resulting from operation of this kind of vehicle.
Therefore, achieving full effects in the field of electromobility in the given country depends on taking
concurrent actions in order to diversify the power generation sources, and in particular on increasing
the share of Renewable Energy Sources (RES).

Keywords: electromobility; emission costs; electric vehicles; zero-emission buses; air pollution;
public transport; sustainable transport; transport management; renewable energy sources

1. Introduction

Electromobility is a vital area addressed in the economic and environmental context by
individual countries worldwide. In recent years, it has gradually been gaining importance
also in the area of transport, in particular road transport. The issues addressed in relation
to road transport pertain to climate change mitigation, local air pollution reduction, and
decreasing the dependence on foreign oil [1]. This results from the fact that the transport
system is one of the biggest sources of global greenhouse gas (GHG) emissions [2,3] as well
as ensuing climate changes and illnesses [4]. Transport stands for nearly 25% of Europe’s
GHG emissions and is the main source of air pollution in urban areas [5]. What is important
is that, out of all modes of transport, road carriage is the biggest emitter of pollutants,
accounting for over 70% of all GHG emissions generated by transportation systems in
Europe [6].

In connection with the negative impacts of air pollution on human life and health
as well as the whole ecosystem, emissions of air pollutants from transport need to be
drastically reduced without delay [5]. In answer to the challenge, Europe has proposed
a shift to low-emission mobility. Pursuant to “A European Strategy for Low-Emission
Mobility” (ESLEM) of 2016, three areas of actions have been distinguished in relation to
transport: optimising and improving efficiency of the transportation system, increasing the
use of low-emission energy, and the share of zero-emission vehicles in the total number of
vehicles [5]. It should be noted that important elements of those measures include adoption
of zero-emission technologies in relation to city buses. The document also underlines
that public procurement undertaken by local authorities constitutes an important tool to
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create markets for innovative solutions, and it should be applied to create the demand for
zero-emission vehicles [5].

Cities are still the places of the increasing concentration of the global population [7],
rising numbers of road vehicles, and consequently increased air pollution and ensuing neg-
ative impacts on inhabitants’ health [8]. In view of such risks, urban public transport—in
particular urban public bus transport—constitutes an important area for implementing
and developing electromobility in transport. According to the data provided in the litera-
ture, an electric bus reduces petroleum consumption by 85–87% compared to a diesel bus
and achieves a 32–46% reduction in fossil fuel use as well as a 19–35% reduction in CO2
emissions, from a life-cycle perspective. A cleaner power grid and an increase in system
charging efficiency would enhance the future benefits resulting from implementation of
electric buses [9] in urban fleets. It is also important that urban buses are identified as a
prioritised group of vehicles for electrification, as they have regular routes, so they can
utilise smaller batteries and it is easier to plan charging infrastructures for them [10].

In order to promote a wider use of electric vehicles, not only by private, but to a large
extent also by public users, various kinds of programmes and legal regulations are adopted
on both international and national level. In Poland, the key legal act in that respect is the
Electromobility Development Program [11] and the resulting Act of 11 January 2018 on
Electromobility and Alternative Fuels (AEAF) [12]. The main goal of the Act is to set up a
legal framework for development of electromobility and making use of other alternative
fuels in national transport systems. Moreover, and particularly important for the purpose
of this paper, AEAF identifies the detailed obligations of local governments and conditions
(type, time horizon, quantity) for implementing zero-emission buses to any urban public
transport fleet.

In view of the above, the topic addressed in this paper is both current and important.
The main purpose assumed for this paper was to identify and analyse economic effects
of implementing zero-emission buses in urban public transport, based on the example of
the city of Szczecin, Poland. The study assumed the number and type of zero-emission
vehicles in accordance with the provisions specified in AEAF [12]. The area of research was
the city of Szczecin, Poland. The research was conducted based on the source data as of the
end of 2018, projected up to 2035.

In view of the purpose of the study, three research hypotheses were adopted:

Hypothesis 1 (H1). Implementation of zero-emission buses is an important tool to reduce external
costs generated by urban public transport fleets.

Hypothesis 2 (H2). Economic benefits resulting from implementing zero-emission buses in urban
public transport in Szczecin are limited by the current energy mix structure in Poland.

Hypothesis 3 (H3). Achieving full effects of electromobility in Poland as a result of implementing
zero-emission buses in urban transport fleets depends on taking concurrent actions aimed at
diversifying the sources of power generation in Poland (changing the energy mix), including in
particular a wider use of Renewable Energy Sources (RES).

The rest of this article is divided in a specific order. Section 2 focuses on the literature
review, addressing issues of sustainable urban transport, pollution, electromobility in
transport, and transport solutions aimed at shifting to low-emission mobility. Section 3
presents the individual stages of the research process; it also specifies the applied methods
and data sources. Section 4 contains characteristics of the research area—the city of Szczecin,
with a particular focus on its public transport system. Section 5 presents the research results
regarding the financial and economic effects of implementing zero-emission vehicles in
the public bus fleet in Szczecin. The calculations were made taking into account the legal
requirements imposed on Polish cities by AEAF, assumptions presented in “Blue Book.
Public transport sector in cities, agglomerations and regions” of 2015 (BB2015) [13], the
current energy mix in Poland, the data regarding the public bus fleet structure in Szczecin,
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and the results of research studies completed by Pietrzak and Pietrzak [14] regarding
volumes of pollutant emissions generated by the public transport in Szczecin. Section 6
presents a discussion of the findings obtained in the research process. The last section
contains conclusions that summarise the findings.

The research results presented in this paper are part of a wider scope of research
studies carried out by the authors with regard to effects of implementing electromobility
in urban public transport in Polish cities. The calculations of the projected emissions of
NHMC/NMVOC, NOx, PM, SO2, and CO2 in Szczecin in the years 2021–2035, being
relevant information for the research process carried out for the purposes of this paper,
were made by Pietrzak and Pietrzak [14].

2. Literature Review

Urbanisation is one of the most significant global change processes [15]. The number
of people living in urban areas has been rising, and the urban population is forecast to
continue growing. It is estimated that in 2018 over 55% of the world population lived in
cities, and the percentage is expected to rise to 60% by 2030 [16]. The phenomenon results
in increased traffic flows in urban areas, generated by both passenger and freight transport.
The increase in the number of vehicles in urban areas leads to negatives impacts for both
people and the environment.

According to Tang et al. [17], traffic is one of the most important air pollution sources
in urban areas. Traffic congestion, along with its harmful impacts on people’s health,
the economy, and the environment, constitutes a major problem faced by metropolitan
areas [18]. Provision of transport services is connected with considerable emissions of
harmful substances which include NOx, CO, CO2, PM10, PM2.5, SO2 [19–23]. Numerous
studies point to a relationship between traffic air pollution and various diseases, such as
asthma, COPD/chronic bronchitis, cardiovascular disease, and acute changes in blood
pressure [24–27].

Moreover, the fast growth of demand for transport services, in terms of both pas-
senger and cargo flows, has a direct effect on the number of road accidents and their
outcomes [28–30], increased noise and vibrations [31,32], uncontrolled land consump-
tion [33,34], and residents’ life quality. A major problem in that respect is that internal
combustion engine vehicles (ICEVs) still dominate the transport services market, and
transport remains very dependent on oil—oil-derived fuels account for 95% of energy
consumption in transport [35].

Therefore, policy makers must develop feasible strategies to reduce GHG emissions [2],
and it is not surprising that development of electromobility is a priority in transport
policies of many European countries [36]. Electromobility, as a viable alternative for
conventional vehicles, has been gaining importance throughout the EU [37]. According
to Sarigiannis et al. [38] promoting “green transport” in cities via, inter alia, making use
of electric vehicles, may provide considerable monetary savings resulting from decreased
exposure to pollutants such as PM10, PM2.5, NO2. In its broad sense, electromobility
becomes an important element in building sustainable transport systems in urban areas. It
may be considered one of the vital tools to be used in measures taken in order to reduce the
negative impacts of transport on the environment [39]. The significance of electromobility
is shown by the EU documents. These include: ESLEM, the White Paper 2011 “Roadmap to
a Single European Transport Area—Towards a competitive and resource efficient transport
system” (WP2011), and the Green Paper—Towards a new culture for urban mobility of
2007 (GP2007).

The document that specifies the principles of implementing electromobility in Poland
is AEAF. AEAF is a national legislative instrument regulating the area of changes proposed
by the EU, aimed at reducing the negative environmental impacts of road transport. It is
aimed at stimulating the development of electromobility and wider use of alternative fuels
in the Polish transport sector. AEAF specifies, inter alia, the principles of development and
functioning of the infrastructure for making use of alternative fuels in transport, indicates
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the duties of public entities with regard to developing alternative fuel infrastructures or
clean transport area functioning.

AEAF specifically addresses services connected with public transport. The document
stipulates that Local Government Units (LGUs) are obliged to provide public transport
services or outsource them to an entity with a fleet where the share of zero-emission
buses operated within the given LGU is at least 30%. As the process of purchasing zero-
emission vehicles may be costly and time-consuming, the provisions of AEAF stipulate that
increasing the share of zero-emission vehicles in the fleet will be phased. The percentage of
such vehicles in the fleet of individual LGUs should be [12]:

• 5% from the beginning of the year 2021,
• 10% from the beginning of the year 2023,
• 20% from the beginning of the year 2025,
• 30% from the beginning of the year 2028.

In the context of the studies completed as part of the research project, it is important
that AEAF explicitly defines the concept of “zero-emission bus”. Pursuant to its provisions,
a zero-emission bus is a vehicle powered exclusively by electric power produced in hydro-
gen fuel cells installed in the vehicle or exclusively by an engine whose operating cycle
does not lead to emissions of any greenhouse gases or any other substances covered by the
GHG emissions management system. Pursuant to AEAF, the definition of “zero-emission
bus” excludes CNG/LNG and hybrid vehicles.

According to Melkonyan et al. [40], urbanisation trends and the increasing demands
of urban mobility create new challenges for urban planners. Therefore, it is necessary to
develop integrated and sustainable urban mobility policies. Transportation management
strategies aimed at reduction of air pollution, according to Pinto et al. [41], may contribute
to building sustainable cities in the future.

Environmental sustainability is a requirement for modern urban freight transport
systems [42], as well as modern urban public transport systems. In view of the above, in
urban areas it is possible to notice that numerous, innovative solutions are introduced
successively, which are aimed at providing mobility while accounting for the economy,
environment, and human life. The solutions may also pertain to vehicles, infrastructure, or
changes in habits of transport system users.

In the case of Sustainable Urban Freight Transport (SUFT), the main idea is to reduce
freight traffic in the city centre. A popular solution in that respect is organising local
Urban Consolidation Centres (UCCs) [43–45], located outside city centres, from which
deliveries may be made via, among other things: Electric Freight Vehicles (EFVs), Light
Electric Freight Vehicles (LEFVs) [46–50], Small Sized Electric Vehicles (SEVs) [51], or
e-cargo bikes [52]. The tasks completed by these vehicles may also be supported by a
vehicle category called Non-Motorised Transport (NMT), including cargo bikes/cargo
cycles [53,54], cycle rickshaws, or handcarts [55]. Even though in the literature there are
studies analysing the possibility of using rail transport to handle cargo flows [56–58], in
practice its use is still significantly limited. This results mainly from the specific features of
this mode of transport. The use of trams in serving urban cargo flows is also limited [59,60].

As for Sustainable Urban Public Transport (SUPT), it is also necessary to mention
all the organisational and infrastructural measures aimed at limiting individual mobility
in favour of public transport. Such solutions include, e.g., Park&Ride car parks [61–65]
or Bike&Ride facilities [66–68]. The Bike&Ride solution is very often supported by mu-
nicipalities that set up a public system of bike rentals as part of a Bike-Sharing System
(BSS) [69–72]; it is more and more often also supplemented by an Electric Scooter Sharing
system [73,74]. Municipalities also actively engage in promoting public transport, e.g., via
providing Free Fare Public Transport (FFPT) [75,76] and taking organisational measures to
favour public transport, such as e.g., dedicated lanes for buses, trams, or light rail [77,78]
or designating Low Emission Zones (LEZs) [79,80] and Zero Emission Zones (ZEZs) in city
centres [81]. Research studies show that significant positive changes regarding environ-
mental protection in urbanised areas may also be provided by ecodriving [82–85] as well
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as appropriate organisation and multimodal integration of passenger transport, including
the special role to be played by rail transport [86,87].

The European transport policy assumes that transport systems that are organised
should respect the sustainability principles. Shifting to a more sustainable mobility system
is perceived as the main challenge for the decades to come, if we want to avoid or at least
mitigate the harm done by transport [88]. According to Dyr et al. [89], applying alternative
fuels on a wider scale may be the fundamental instrument of that policy.

In the case of passenger transport, an important measure aimed at mitigating negative
effects of transport and reducing the consumption of fossil fuels is replacing the currently
used public transport diesel buses with alternative vehicles. These include hybrid buses,
Compressed Natural Gas (CNG) and Liquefied Natural Gas (LNG) buses, Fuel Cell Vehicles
(FCV), and electric buses.

Hybrid vehicles may be classified as ICEVs which in order to reduce pollutant emis-
sions are additionally equipped with a supporting electric engine. As shown in the studies
carried out by Tzeng et al. [90], vehicles of this type may constitute a significant alter-
native to conventional buses, particularly for the time of improving the electric vehicle
technologies. It is worth noting some research studies regarding the potential possibilities
of reducing harmful substances emissions via providing fleets with this type of vehi-
cles. The results of such studies are presented, e.g., in Xu et al. [91], Lijewski et al. [92],
Hallmark et al. [93], and Pawełczyk & Szumska [94].

Other types of vehicles that form an alternative to diesel buses are CNG and LNG ve-
hicles. The benefits and limitations of using CNG buses are shown in the studies completed
by, inter alia, Milojevic et al. [95], Ivković et al. [96], Merkisz et al. [97], Yue et al. [98], and
Tica et al. [99]. The study done by Dyr et al. [100] shows interesting results of the analysis
of costs and benefits of using CNG buses in public transport, whereas Jurkovič et al. [101]
analysed the possibility of decreasing the chosen environmental indicators by introducing
LNG buses into bus transport.

Promising results with regard to reducing negative effects of transport may also be
provided by using FCVs. In this case, it is worth consulting the studies performed by
Zhang et al. [102], Hua et al. [103], Lee et al. [104], or Langford & Cherry [105]. Relevant
data for studying this issue may also be found in the results of technical reports published
by Eudy and Post [106–108].

From the point of view of the main subject of this paper, its goals and the variants being
the object of detailed analysis, it is electric buses that may be an exceptionally important
solution and a viable alternative to diesel buses. The literature provides a number of studies
related to application of electric buses to handle passenger transport in cities. The issues
related to electric vehicle operation were addressed by, inter alia, Mahmoud et al. [109],
Quarles et al. [110], Kivekas et al. [111], or Logan et al. [112].

Based on the studies completed in several Swedish cities, Borén [113] estimated the
social costs savings resulting from operating electric buses in the cities. In view of the
limited driving range of electric buses, Kunith et al. [114] analysed various ways of battery
charging, indicating advantages and disadvantages of each of the described solutions.
In relation to the problem, Csiszár et al. [115] pointed out that convenient locations for
EV charging were P&R areas, whereas Chao and Xiaohong [116] presented a model to
optimise the electric bus scheduling. Problems related to optimal charging of bus batteries
were also studied by Czerepicki et al. [117]. With regard to electric buses operation, it is
also important to analyse battery longevity and battery use optimisation. The ones worth
mentioning include papers published by Astaneh et al. [118] or Logan et al. [119].

In the context of analysing how zero-emission buses operate, it is also worth consid-
ering trolleybuses which have long been functioning in urban areas. Studies focusing on
this type of buses were completed by, inter alia, Zavada et al. [120], Wołek et al. [121,122],
or Bartłomiejczyk & Połom [123]. Interesting research results pertaining to operation of
this type of vehicle were also obtained by Dziubinski et al. [124], Grygar et al. [125], and
Jakubas et al. [126].
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Other valuable studies include comparative analyses of effects of operating various
types of buses. These include studies carried out by Correa et al. [127,128], Stempien and
Chan [129], Misanovic et al. [130], Imam et al. [131], and Tzeng et al. [90]. The last of the
studies is also a very valuable, concise description of each type of city bus available on
the market.

Even though there are numerous studies regarding operation of buses being an
alternative to diesel buses, they often ignore the impact of the current energy mix of a given
country on the assumed financial and economic results of implementing the alternative
solution. The studies completed as part of the research project described in this paper have
shown that the energy mix of a given country may significantly limit the economic benefits
resulting from purchasing and operation of electric buses. Moreover, full achievement
of assumed electromobility goals depends on taking concurrent actions to diversify the
sources of power generation in Poland (changing the current energy mix), including in
particular increasing the share of Renewable Energy Sources (RES). Therefore, this article
fills the existing literature gap.

3. Methods and Study Stages

The research process was carried out in several subsequent stages, where each of
them took into account the results of the previous ones. The graphical presentation of the
research process completed for the purposes of this paper is presented in Figure 1.

 

Figure 1. Stages of the research study.

Stage 1 consisted in analysing the literature and legal acts specifying the research
background in the electromobility area and the assumptions of the electromobility policy
implemented on the international and national level. On completion of this stage, we
specified the goals and assumptions of the electromobility policy in relation to the public
transport in Poland.

Stage 2 included the analysis of the public transport system in the city of Szczecin,
and the analysis of alternative solutions available on the market, which could be used
instead of diesel buses: hybrid buses, CNG/LPG buses, hydrogen buses, electric buses.
The outcome of this stage was defining the fleet renewing variant (V0) and investment
variant (V1), as well as a partial urban bus fleet replacement schedule in Szczecin.

Taking into account the outcomes of stages 1 and 2 as well as the study results
obtained by Pietrzak and Pietrzak [14] with regard to the forecast pollution and noise levels
in Szczecin for the years 2020–2035, Stage 3 focused on the financial and economic study of
the effects of replacing the urban bus fleet with electric vehicles in the research area—the
city of Szczecin. The analysis was completed in two steps. First, based on the costs of
purchase and operation of urban buses in Szczecin calculated for variant V0 and variant
V1 respectively as well as the difference (V1 − V0), we computed the financial flows and
then the Financial Net Present Value (FNPV) ratio. Next, based on the costs of pollution
and noise emissions generated by urban buses in Szczecin calculated for variant V0 and
variant V1 respectively as well as the difference (V1 − V0), we calculated the economic
flows and then the Economic Net Present Value (ENPV) ratio. The last part of the research
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carried out as part of Stage 3 covered the discussion of the results and the formulation of
the conclusions.

The case study, for the purposes of the research carried out to prepare this paper,
covered the city of Szczecin, Poland. The materials obtained from the following sources
constituted the source data for the study:

• Szczecin City Hall (SCH),
• Roads and Public Transport Authority in Szczecin (RPTAS),
• Bus transport operators providing public transport in Szczecin: Szczecińskie Przed-

siębiorstwo Autobusowe “Klonowica” Sp. z o.o. (SPAK), Szczecińskie Przedsiębiorstwo
Autobusowe ”Dąbie” Sp. z o.o. (SPAD), Szczecińsko-Polickie Przedsiębiorstwo Ko-
munikacyjne Sp. z o.o. (SPPK) and Przedsiębiorstwo Komunikacji Samochodowej w
Szczecinie Sp. z o.o. (PKS)

• Tram transport operator providing public transport in Szczecin Tramwaje Szczecińskie
Sp. z o.o. (TS).

The study was conducted based on the source data as of the end of 2018, projected up
to the year 2035.

Moreover, conducting the research for the purposes of this paper required some
knowledge about the EU electromobility policy and legal regulations on implementing
electromobility in Poland. The legal regulations pertain in particular to: the kind of zero-
emission vehicles, the share of zero-emission vehicles in the public transport fleet, and
deadlines for meeting the individual objectives of electromobility. The sources of data in
this respect were: AEAF, Electromobility Development Plan for Poland: “Energy for the
Future” of 2017, BB2015, ESLEM, WP2011, and GP2007.

In view of the provisions of AEAF, in Section 5 of this paper we specify the number
(prescribed by the law) of zero-emission buses that must be purchased by a LGU (i.e.,
the city of Szczecin), the time limits for purchasing the specific number of zero-emission
vehicles by the city of Szczecin, and we select the purchase options.

Moreover, it should be noted that AEAF also stipulates how any LGU should justify
the need for replacing a part of the public transport fleet with zero-emission vehicles. AEAF
indicates the need for LGUs to carry out a financial analysis, estimation of environmental
effects in connection with emissions harmful for the natural environment and human
health, and an economic analysis that includes estimation of costs related to harmful
substances emissions [12]. The computations made by the Authors for the research area in
Section 5 of this paper comply with the AEAF requirements in that respect. Additionally,
the volumes of pollutants emitted by internal combustion and zero-emission buses were
calculated using the tool “Calculator of pollutant emissions and climate costs for public
means of transport—Excel spreadsheet”, unified for transport projects, developed and
made available by the Centre for EU Transport Projects (CEUTP). The detailed results were
published by Pietrzak and Pietrzak [14]. The results also constituted the source of data for
the purposes of the financial and economic study of the effects of replacing the urban bus
fleet with electric vehicles in the city of Szczecin, performed as part of this research project.

4. Characteristics of the Research Area

The area of research for the purposes of this paper was the city of Szczecin, Poland.
Szczecin is located in the north-west of Poland. It is the biggest city in the West Pomerania
region both in terms of the surface area and the population size. Szczecin is also the capital
city of the West Pomerania Voivodeship and the centre of the Szczecin Metropolitan Area
(SMA). According to the statistical data as at 31 December 2019, Szczecin took up a surface
area of 301 km2, and its population amounted to 401,907 [132].

In the context of the issues addressed in this paper, the object of the analysis was
the urban public transport system in Szczecin, with a particular focus on bus transport.
Public transport service within the city area (which falls within the municipality’s scope of
duties) is provided on the basis of the provisions of the Act of 16 December 2010 on Public
Collective Transport (APCT) [133] and of the Act of 8 March 1990 on Local Self-Government
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(ALSG) [134]. Pursuant to APCT, a municipality is responsible for organising its public
collective transport and to this end it performs the three basic tasks: planning the transport
development, organising the public collective transport, and managing the public collective
transport [133]. On behalf of the Municipality of Szczecin, RPTAS (as an entity established
for this purpose) acts in the capacity of the public transport organiser. Within the area of
the city of Szczecin, public transport uses two kinds of vehicles: trams and buses. Public
transport services within the city of Szczecin are provided on the basis of agreements
concluded with RPTAS by the following five operators: TS, SPAK, SPAD, SPPK and PKS.

Moreover, rail connections are planned to be commissioned in 2022 as part of the
Szczecin Metropolitan Railway (SMR) system [135]. Due to the well-developed rail network
infrastructure within the city of Szczecin, in addition to connections between Szczecin
and the adjacent localities being part of the SMA, SMR will also be used as an urban rail
service that makes it possible for the city residents to move between individual districts of
Szczecin. Thus, the public transport services in the SMA and the city of Szczecin itself will
be extended to offer passengers the possibility of using rail to move about the city.

In view of the purpose of this paper, the public bus fleet operated in Szczecin was
analysed. According to the 2018 data, the total number of vehicles operated by bus
operators within the city of Szczecin was 296, of which 104 buses were used by SPAD,
102—by SPAK, 58—by SPPK and 32—by PKS. All the vehicles were internal combustion,
compression-ignition engine vehicles using diesel fuel. An important aspect in the context
of obtaining the research purpose was the analysis of the bus fleet structure in terms of the
EURO pollution standards which define the permissible exhaust emissions limits for new
vehicles. The detailed data in this respect are presented in Figure 2.

Figure 2. Breakdown of the public bus fleet in Szczecin in 2018 by European exhaust emission
standard [%].

As shown by the data presented in Figure 2, the breakdown of public transport bus
fleet operated in Szczecin is unfavourable in view of the EURO pollution standard. The
analysed fleet consists of vehicles of all emission standard groups: from EURO 1 to EURO
6. Whereas the vehicles with the highest standard (i.e., EURO 6) accounted for merely
ca. 16.5% of the fleet, the ones with the lowest emission standards (EURO 1, 2 and 3)
constituted nearly 33% of all the bus fleet.

In the context of the purpose of this paper, it is also important to analyse the age
structure of the bus fleet used in the public transport in Szczecin. The detailed data in this
respect are presented in Figure 3. Based on the obtained data, the most numerous group
(more than 32%) was the one where the buses were manufactured in the years 2009–2011, so
they were aged 7–9 years in 2018. The buses from the two youngest groups—manufactured
in the years 2012–2018, and thus aged 0–6 in 2018—constituted 24% of the fleet, the buses
produced in 2003–2008 (aged 10–15 in 2018) accounted for slightly over 30% of the fleet, the
buses dating back to 2000–2002 (16–18 years old)—ca. 10.5%, whereas the oldest vehicles
which in 2018 were 19 and more years old accounted for 2.70% of the total fleet. The mean
age of the buses used in public transport in Szczecin in 2018 was 10.11 years.
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Figure 3. Breakdown of the public bus fleet in Szczecin in 2018 by year of manufacture [%].

Taking into account the assumptions of the BB2015 [13] that the expected opera-
tion period of diesel buses is 10 years, the Szczecin bus fleet age structure indicates that
it will be necessary to gradually replace some of the vehicles used in the city’s public
transport system.

The structure of the bus fleet in question has a direct impact on the volume of pollutant
emissions generated by the vehicles. Based on the data regarding the structure of the
analysed bus fleet (type, EURO standard, age, size) and also the actual kilometrage data of
each of the buses, the amount of pollutant emissions generated by the buses used in the
public transport in Szczecin in 2018 was computed. The calculations were made using the
tool “Calculator of pollutant emissions and climate costs for public means of transport—
Excel spreadsheet”, unified for transport projects, developed, and made available by the
CEUTP. The results are presented in Table 1.

Table 1. Amounts of pollutant emissions generated by public bus fleet in Szczecin in 2018.

Number of
Vehicles (pcs.)

Transport Activity in 2018
(Vehicle Kilometres Travelled)

Amounts of Pollutant Emissions in 2018 (Tonnes)

NMHC/NMVOC NOx PM SO2 CO2

296 17,420,335 37.76 215.19 3.269 0 21,214.37

5. Financial and Economic Study of the Effects of Replacing the Bus Fleet with Electric
Vehicles in the City of Szczecin—Research Results

In view of the characteristics of the bus fleet operated in Szczecin (age and EURO
standard), described in Section 4 of this paper, implementation of the investment process
must be completed in stages so as to replace some of the vehicles with new ones. The
need for partial replacement of the bus fleet in Szczecin is therefore compliant with the
assumptions of AEAF which imposes an obligation to phase in zero-emission buses in
public transport fleets.

In view of the purpose of this paper, the comparative analysis method was applied in
order to compare effects of implementing two variants. The base (fleet renewing) variant of
fleet replacement consisted in purchasing new diesel buses meeting the EURO 6 standard.
For the purposes of the comparative analysis, the second variant was the investment
variant which assumed making investments pursuant to the AEAF requirements. The
application of the difference-based method made it possible to compare the financial
and economic effects of both (fleet renewing and investment) variants. According to the
Authors, comparing the two variants makes it possible to properly evaluate the economic
effects resulting from implementing zero-emission buses in urban public transport in the
research area.

When choosing the investment variant, four alternative solutions to diesel buses were
considered: hybrid buses, CNG/LPG buses, hydrogen buses, electric buses. The choice
was made based on the features of the particular solution (Table 2):

• technology—market experience (presence and prevalence of the technology on the
national market),
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• meeting the AEAF requirements (a particularly important feature as the legal act
defines which vehicles are considered zero-emission vehicles in Poland).

Table 2. Selection of the investment variant.

Prevalence of the Technology Meeting AEAF Requirements Recommendations—Variant

Hydrogen buses in development + rejected

CNG/LPG buses present on the market − rejected

Hybrid buses present on the market − rejected

Electric buses present on the market + investment (V1)

When choosing the investment variant (V1), the following options were rejected:

• Hydrogen buses—as this technology is still not very wide-spread, this is connected
with a risk that the fleet replacement will not be completed by the time limits specified
in AEAF,

• CNG/LPG buses—as AEAF does not list this type of vehicles in the zero-emission
vehicle group,

• Hybrid buses—as AEAF does not list this type of vehicles in the zero-emission vehi-
cle group.

• In view of the above, the following two variants were the objects of further compara-
tive studies:

• fleet renewing variant (V0)—it assumed that some of the diesel buses operated in
the city would be replaced with new diesel buses meeting the strictest standards for
ICEVs, namely EURO 6,

• investment variant (V1)—it assumed that some of the diesel buses operated in the city
would be replaced with new zero-emission buses.

Pursuant to the provisions of AEAF, the authors computed the required share of
zero-emission buses in the public transport fleet in Szczecin. Based on the quantity of
vehicles (296 as at the end of 2018) it was assumed that the target share of the zero-emission
vehicles (in 2028) should be no less than 30% of that quantity, i.e., minimum 89 vehicles.
As already described in Section 3 of this paper, pursuant to the schedule specified in AEAF,
the zero-emission vehicles may be phased in. For the purposes of the study, it was therefore
assumed that the 89 vehicles would be purchased in tranches as described below, so that in
each of the years specified by AEAF the city of Szczecin could put into operation a specific
number of zero-emission vehicles:

• in 2021: 15 zero-emission buses will be commissioned,
• in 2023: 15 zero-emission buses will be commissioned,
• in 2025: 30 zero-emission buses will be commissioned,
• in 2028: 29 zero-emission buses will be commissioned.

Moreover, for the purposes of the research study it was assumed that the purchase
of the buses as well as any indispensable supporting infrastructure (plug-in chargers
and pantograph chargers) would each time be completed in the years directly preceding
the years of commissioning the respective tranches of buses. Thus, the purchase items:
“purchase of vehicles” and “purchase of supporting infrastructure” were planned for 2020,
2022, 2024 and 2027.

The other assumptions made for the purposes of the research study were:

• The vehicles to be replaced will come from only two bus operators: SPAK and SPAD.
This is mainly connected with the routes of the specific bus lines. The point was to
enable zero-emission buses to serve the routes that run through the city centre and
districts characterised by considerable population density and building coverage ratio.

• The two categories of vehicles will be subject to replacement: MAXI buses—which are
10.5–13 m long and MEGA buses—exceeding 13 m in length.
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• Based on the actual mean annual kilometrage of buses operated by the two bus
operators: SPAK and SPAD (as at 2018), the estimated annual kilometrage for each
new bus was: 59,994 km for SPAK and 69,491 km for SPAD.

• Based on the declarations made by manufacturers of the vehicles and infrastructure,
data and experience of the operators, governmental, scientific and advisory bodies,
as well as based on the observations of tender proceedings results in Poland, the
estimated costs of purchasing new vehicles and infrastructure were as follows:

◦ diesel bus MAXI (12 m)—PLN 1100 k,
◦ diesel bus MEGA (18 m)—PLN 1400 k,
◦ electric bus MAXI (12 m)—PLN 2200 k,
◦ electric bus MEGA (18 m)—PLN 3000 k,
◦ plug-in charger—PLN 100 k,
◦ pantograph charger—PLN 500 k,
◦ battery—PLN 500 k.

• Based on the declarations made by the vehicle manufacturers, the operators’ data
and experience, also with regard to Polish cities already operating zero-emission
buses (Warsaw, Krakow, Jaworzyna, Tarnów), the demand for energy was estimated
as follows:

◦ diesel bus MAXI (12 m)—37.5 L/100 km,
◦ diesel bus MEGA (18 m)—47.2 L/100 km,
◦ electric bus MAXI (12 m)—125 kWh/100 km,
◦ electric bus MEGA (18 m)—150 kWh/100 km.

• The costs of purchase were estimated as follows: 1 litre of diesel fuel: PLN 4.24 net,
1 kWh of electric power: PLN 0.40 net.

As the research study was carried out for a selected Polish city, the calculations were
made in the local currency, i.e., the Polish zloty (PLN). In the context of applying the
research results to other European countries, it can be assumed that 1 PLN ≈ 0.22 euro.

Additionally, for the purposes of performing the financial and economic analysis, the
following assumptions were made to account for the provisions of the BB2015 [13]:

• the analysis covers the 2020–2035 period,
• the analysis was based on fixed prices, without taking into account any inflation,
• the analysis was made in net prices, without taking into account any VAT,
• the analysis was carried out using the difference-based method, whereby the difference

between the variant required pursuant to AEAF (V1—investment variant) and the
base variant (V0—fleet renewing variant) was calculated.

As for the variable items of the operation costs, the differentiating costs were the costs
of diesel fuel (for variant V0) and of electric power (for variant V1), whereas any other costs
including tyre exchange, insurance or after-sale service were considered as ceteris paribus.

5.1. Financial Analysis

The first step taken as part of the financial study of effects of replacing the bus fleet
with electric vehicles in the city of Szczecin was a comparative analysis of vehicle and
supporting infrastructure purchase costs for variants V0 and V1 (Table 3). Based on the
long-standing experience of bus operators as well as the assumptions resulting from the
BB2015, it was assumed that the mean operation period of diesel buses was 10 years.
Therefore, the analysis made for the years 2020–2035 for variant V0 also took into account
the subsequent replacement purchases, namely in the years: 2030, 2032 and 2034. Due
to lack of analogous data regarding the operation period of electric buses, the study was
based on the data provided by the electric buses manufacturers and assumptions provided
in the BB2015. It was assumed that the operation period of electric buses would be longer
than in the case of diesel buses, and it may be similar to the assumed operation period for
trolleybuses, i.e., up to 20 years. Therefore, in the analysis made for the years 2020–2035, in
the case of variant V1 it was not necessary to take into account any subsequent replacement
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purchases of electric vehicles. However, other costs had to be taken into account; namely, it
was necessary to consider the cost of plug-in and pantograph chargers. In the course of the
operation period of the electric buses (after ca. 10 years) it is also necessary to purchase new
batteries, which was included in the computations. This assumption was made on the basis
of the first tender proceedings held in Poland with regard to a delivery of electric buses,
where manufacturers offered a maximum 10-year guarantee for this piece of equipment.

Table 3. Comparing the costs of purchasing the vehicles and supporting infrastructure for variants V0 and V1.

V0 V1

V1 − V0
(k PLN)

BUSES Total
Purchase

Costs (k PLN)

BUSES INFRASTRUCTURE Total
Purchase

Costs (k PLN)
MAXI
(pc)

MEGA
(pc)

MAXI
(pc)

MEGA
(pc)

Batteries
(pc)

Plug-in
Chargers (pc)

Pantograph
Chargers (pc)

2020 15 0 16,500 15 0 8 3 35,300 18,800
2021 0 0 0
2022 5 10 19,500 5 10 7 3 43,200 23,700
2023 0 0 0
2024 21 9 35,700 21 9 15 5 77,200 41,500
2025 0 0 0
2026 0 0 0
2027 19 10 34,900 19 10 15 4 75,300 40,400
2028 0 0 0
2029 0 0 0
2030 15 0 16,500 15 7500 −9000
2031 0 0 0
2032 5 10 19,500 15 7500 −12,000
2033 0 0 0
2034 21 9 35,700 30 15,000 −20,700
2035 0 0 0

While interpreting the results presented in the last column in Table 3, marked “V1 −
V0”, it must be noted that a negative value in a given year means that the investment costs
incurred for variant V1 were lower than the costs incurred for variant V0. A positive value,
in turn, means that the investment costs incurred for variant V1 exceeded the analogous
costs incurred for variant V0.

The second step taken as part of the financial study of effects of replacing the bus fleet
with electric vehicles in the city of Szczecin was a comparative analysis of the new vehicles
operation costs for variants V0 and V1 (Table 4).

Table 4. Comparing the vehicle operation costs for variants V0 and V1.

q-ty of Vehicle Kilometres (vkm) V0 V1
V1 − V0
(k PLN)MAXI Buses

(vkm)
MEGA Buses

(vkm)
Operation Costs—Purchase

of Fuel (k PLN)
Operation Costs—Purchase
of Electric Power (k PLN)

2020 0 0 0.00 0.00 0.00
2021 899,910 0 1430.86 449.96 −980.90
2022 899,910 0 1430.86 449.96 −980.90
2023 1,199,880 599,940 3108.46 959.90 −2148.55
2024 1,199,880 599,940 3108.46 959.90 −2148.55
2025 2,573,718 1,139,886 6373.44 1970.79 −4402.65
2026 2,573,718 1,139,886 6373.44 1970.79 −4402.65
2027 2,573,718 1,139,886 6373.44 1970.79 −4402.65
2028 3,837,065 1,834,796 9772.87 3019.41 −6753.46
2029 3,837,065 1,834,796 9772.87 3019.41 −6753.46
2030 3,837,065 1,834,796 9772.87 3019.41 −6753.46
2031 3,837,065 1,834,796 9772.87 3019.41 −6753.46
2032 3,837,065 1,834,796 9772.87 3019.41 −6753.46
2033 3,837,065 1,834,796 9772.87 3019.41 −6753.46
2034 3,837,065 1,834,796 9772.87 3019.41 −6753.46
2035 3,837,065 1,834,796 9772.87 3019.41 −6753.46
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As per the adopted time schedule resulting from the AEAF provisions, operation
of the vehicles would start in 2021 (following the purchase of the first tranche in 2020).
The planned phased commissioning of subsequent vehicles in the following years was
accounted for in the accruing amount of vehicle kilometres covered by the new vehicles.
The computations also accounted for the different amounts of vehicle-kilometres for the
bus operators: SPAK and SPAD.

While interpreting the results presented in the last column in Table 4, marked “V1
− V0”, it must be noted that a negative value in a given year means that the vehicles
operation costs incurred for variant V1 were lower than the costs incurred for variant V0.
There was no instance of a positive value.

The comparative analysis of the purchase costs of the vehicles and the supporting
infrastructure (Table 3) has shown that variant V1 requires more expenditure than the V0
(fleet renewing) variant. Should the city of Szczecin decide to implement variant V1, apart
from purchasing the electric buses (whose market prices are much higher than those of
diesel buses) it would also be required to purchase the infrastructure which is necessary
for their operation. A different situation takes place in the case of the vehicle operation
costs (Table 4); where variant V1 may bring specific financial benefits.

Comparing the rationale for purchasing the vehicles by the city of Szczecin as per the
individual variants (V0 and V1), financial flows were calculated, which took into account
the indicated investment costs (Table 3) and operation costs (Table 4) related to the vehicles.
The annual financial flows for the years 2020–2035 are presented in Table 5.

Table 5. Annual financial flows for the years 2020–2035.

Investment Costs V1 − V0
(k PLN)

Operation Costs V1 − V0
(k PLN)

Financial Flows
(k PLN)

2020 18,800 0.00 −18,800.00
2021 0 −980.90 980.90
2022 23,700 −980.90 −22,719.10
2023 0 −2148.55 2148.55
2024 41,500 −2148.55 −39,351.45
2025 0 −4402.65 4402.65
2026 0 −4402.65 4402.65
2027 40,400 −4402.65 −35,997.35
2028 0 −6753.46 6753.46
2029 0 −6753.46 6753.46
2030 −9000 −6753.46 15,753.46
2031 0 −6753.46 6753.46
2032 −12,000 −6753.46 18,753.46
2033 0 −6753.46 6753.46
2034 −20,700 −6753.46 27,453.46
2035 0 −6753.46 6753.46

While interpreting the results shown in the last column of Table 5, marked “financial
flows”, it should be noted that the result for each year was computed on the basis of the cost
difference (V1 − V0). A negative value in a given year means that the costs (investment +
operation) incurred for variant V1 exceeded the analogous costs for variant V0. A positive
value, in turn, means that the costs (investment + operation) incurred for variant V1 were
lower than the costs incurred for variant V0.

The results presented in Table 5 show that in the analysed period the annual financial
flows in most years are more favourable for the V1 investment variant. This is due to the
considerably lower operation costs of electric vehicles compared to diesel buses. However,
from the perspective of the full analysed period (2020–2035), it is possible to notice that
variant V1 is less cost-effective compared to variant V0. This is due to the need to incur
considerable investment costs connected with the higher unit prices of electric buses and
the need to purchase the supporting infrastructure.
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Based on the financial flows shown in Table 5, the Financial Net Present Value (FNPV)
was calculated. Pursuant to the assumptions of the BB2015 [13], the discount rate of 4%
was adopted in the calculations. The calculations were made using the following formula:

FNPV =
N

∑
t=1

Ct

(1 + r)t − C0 (1)

where:

• Ct—cash flow in period t;
• r—discount rate;
• C0—initial outlay.

FNPV = −30, 764.58 [k PLN].

It should be noted that a negative value of the FNPV, computed with the difference-
based method using the financial flows, means that variant V1 is less cost-effective in
comparison with variant V0. In accordance with the adopted methodology, a positive value
of the FNPV means, in turn, that variant V1 is more cost-effective compared to variant V0.
Thus, when interpreting the obtained FNPV value (−30,764.58 k PLN), it is possible to
conclude that implementation of the investment according to variant V1, covering purchase
and operation of electric buses in the city of Szczecin, will be less favourable in financial
terms compared to variant V0 which covers purchase and operation of diesel buses meeting
the EURO 6 standard.

It is possible to notice that as a result of electromobility implementation, in the future
the difference in price between an electric bus and a diesel bus may decrease, which may
be reflected in FNPV values. Such a situation may arise as a result of reduced production
costs of electric buses as well as of increased diesel bus prices, due to e.g., the need to pay
environmental fees by manufacturers of diesel buses. In the future it may also be possible
that production of diesel buses will be limited or totally abandoned. Therefore, it would be
necessary to conduct further studies in that respect.

Below, this article continues to describe an economic analysis which was performed
to additionally take into account the social cost and benefit resulting from implementation
of the analysed variants (V1 and V0).

5.2. Economic Analysis

Preparing an economic analysis as well as a financial analysis is required under AEAF.
Economic effects of an investment in practice are not connected with any cash flows for the
investor; they pertain to expected effects of the investment, which have not been accounted
for in the financial analysis but may have an impact on the society, economy, and natural
environment. The monetised nonmarket effects included in the analysis took into account
emissions of: NHMC/NMVOC, NOx, PM, SO2, and CO2 and also noise.

The calculation of the pollutant emissions costs (PEC) generated by the individual
substances (NHMC/NMVOC, NOx, PM, SO2 and CO2) for each of the analysed years was
carried out as per the formula:

PEC = UC ∗ E (2)
where:

• UC—unit cost (PLN/tonne);
• E—emissions volume (tonne).

The following data were used in the computations:

• unit costs of individual substances (NHMC/NMVOC, NOx, PM, SO2, and CO2) for
each examined year were calculated according to CEUTP [136];

• volumes of emissions of the individual substances (NHMC/NMVOC, NOx, PM, SO2,
and CO2) for each examined year were based on Pietrzak and Pietrzak [14], where
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the volumes of the individual substances’ emissions were estimated for the analysed
variants V0 and V1.

The noise emissions costs (NEC) for each of the examined years were computed as
per the following formula:

NEC = UC ∗ QVK (3)
where:

• UC—unit cost (PLN/vkm);
• QVK—quantity of vehicle kilometres (vkm).

The following data were used in the computations:

• The noise-generated unit costs for each of the examined years were calculated accord-
ing to CEUTP [136]

• The quantity of vehicle kilometres for each of the examined years was adopted on the
basis of the results presented in Table 4.

The calculation results regarding the projected emissions costs of NHMC/NMVOC,
NOx, PM, SO2, CO2, and noise for the two variants (V1 and V0) are presented in Table 6
and Figures 4–9. The calculations have accounted for the commissioning of subsequent
buses as required by AEAF, and thus for the rising quantity of vehicle kilometres in the
subsequent years.

While interpreting the results presented in Table 6 in columns marked “V1 − V0”, it
must be noted that a negative value in a given year means that the costs of emissions of
individual substances incurred for variant V1 were lower than the costs incurred in the
case of variant V0. A positive value, in turn, means that the costs of emissions of individual
substances incurred for variant V1 exceeded the analogous costs incurred for variant V0.

 

Figure 4. Projected amounts of NHMC/NMVOC emissions costs of the public bus fleet in Szczecin
in the 2021–2035 period for variants V0 and V1.
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Figure 5. Projected amounts of NOx emissions costs of the public bus fleet in Szczecin in the 2021–2035
period for variants V0 and V1.

 
Figure 6. Projected amounts of PM emissions costs of the public bus fleet in Szczecin in the 2021–2035
period for variants V0 and V1.
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Figure 7. Projected amounts of SO2 emissions costs of the public bus fleet in Szczecin in the 2021–2035
period for variants V0 and V1.

 

Figure 8. Projected amounts of CO2 emissions costs of the public bus fleet in Szczecin in the 2021–2035
period for variants V0 and V1.
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Figure 9. Projected amounts of noise emissions costs of the public bus fleet in Szczecin in the
2021–2035 period for variants V0 and V1.

In view of the obtained results, it should be stressed that choosing the V1 investment
variant may bring measurable benefits—namely reduction of NMHC/NMVOC, NOx,
PM, and noise emissions—and thus decrease the costs of emissions generated by the said
substances, which confirms Hypothesis H1. Importantly, choosing variant V1 for the city
of Szczecin may concurrently lead to increased emissions of other harmful substances, i.e.,
CO2 and SO2, and consequently to increased costs of emissions of the said substances.
According to the results of the research carried out for the city of Szczecin by Pietrzak and
Pietrzak [14], purchase and operation of electric buses (variant V1) may be connected with:

• Increased emissions of CO2 in variant V1 by more than 200 tonnes a year compared to
variant V0 (starting from 2028, when—pursuant to the AEAF assumptions—the last
tranche of zero-emission buses is to be phased in),

• Appearance of SO2 emissions in variant V1, estimated to amount to nearly 20 tonnes
a year (as from 2028).

• Increased emissions of CO2 and appearance of SO2 as a new harmful substance
considerably decrease the assumed economic effects expected for investments in the
area of electromobility. The reason for this phenomenon, which is unexpected in the
context of a shift to zero-emission vehicles, may be the current balance of the energy
mix in Poland, where electric power generation is dominated by coal-fired power
stations. The structure of electric power generation in Poland in the years 2018 and
2019 is presented in Figure 10.

As shown in Figure 10, the share of coal in electric power generation in Poland was
respectively: 78.2% in 2018 and 73.6% in 2019. In the same period, the share of RES in
electric power production was as small as 12.70% and 15.40% respectively. These data
unambiguously show that the energy mix in Poland is unfavourable.

In order to compute the ENPV for the analysed case study, the economic flows were
calculated—the results are presented in Table 7. Similarly as in the case of the previous
computations, the difference-based method was applied. The economic analysis was based
on the data resulting from the financial analysis and the economic costs generated by
NMHC/ NMVOC, NOx, PM, SO2, CO2 and noise emissions. As for the financial analysis,
market prices constitute an appropriate frame of reference for the purposes of evaluating
the project financial results for both private and public investors. However, they are not
appropriate when the goal is evaluation of the project’s contribution to the benefit of the
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society. To that end, all market prices should be converted into shadow prices, which better
reflect the benefit for the society. Market prices are converted into shadow prices by using
Conversion Factors (CF). Pursuant to the BB2015 recommendations, adjustments were
made and the following CFs were applied [13]:

• 0.83 for investment costs connected with purchasing the infrastructure,
• 0.87 for investment costs connected with purchasing the vehicles,
• 0.78 for investment costs connected with the vehicles’ operation.

While interpreting the results shown in the last column of Table 7, marked “economic
flows”, it should be noted that the result for each year was calculated on the basis of the
costs computed with the difference-based method (V1 − V0). A negative value in a given
year means that the economic costs incurred for variant V1 exceeded the analogous costs
incurred for variant V0. A positive value, in turn, means that the economic costs incurred
for variant V1 were lower than the costs incurred for variant V0.

Table 6. Costs of NHMC/NMVOC, NOx, PM, SO2, CO2 and noise emissions for: V0, V1 and V1 − V0.

NMHC/NMVOC NOx PM

Costs of Emissions (k PLN) Costs of Emissions (k PLN) Costs of Emissions (k PLN)

V0 V1 V1 − V0 V0 V1 V1 − V0 V0 V1 V1 − V0

2020 0.00 0.00 0.00 0.00 0.00 0.00 0.00 0.00 0.00
2021 4.36 0.09 −4.28 107.22 96.90 −10.32 47.13 47.13 0.00
2022 4.49 0.09 −4.40 110.39 99.76 −10.63 48.53 48.53 0.00
2023 10.07 0.19 −9.88 245.95 219.08 −26.86 107.93 99.63 −8.30
2024 10.33 0.19 −10.13 252.31 224.75 −27.56 110.72 102.20 −8.52
2025 21.52 0.41 −21.11 530.99 474.44 −56.54 233.03 217.01 −16.02
2026 22.06 0.42 −21.65 544.45 486.47 −57.98 238.94 222.51 −16.43
2027 22.61 0.43 −22.18 557.90 498.49 −59.41 244.84 228.01 −16.83
2028 35.65 0.67 −34.98 877.14 782.96 −94.18 384.22 354.43 −29.80
2029 36.51 0.68 −35.83 898.36 801.90 −96.46 393.52 363.00 −30.52
2030 37.40 0.70 −36.70 920.22 821.41 −98.81 403.10 371.83 −31.26
2031 38.29 0.71 −37.57 942.02 840.87 −101.15 412.64 380.64 −32.00
2032 39.17 0.73 −38.44 963.72 860.24 −103.48 422.15 389.41 −32.74
2033 40.04 0.75 −39.30 985.28 879.48 −105.79 431.59 398.12 −33.47
2034 40.91 0.76 −40.15 1006.65 898.56 −108.09 440.96 406.76 −34.20
2035 41.77 0.78 −40.99 1027.79 917.43 −110.36 450.21 415.30 −34.91

SO2 CO2 Noise

Costs of Emissions (k PLN) Costs of Emissions (k PLN) Costs of Emissions (k PLN)

V0 V1 V1 − V0 V0 V1 V1 − V0 V0 V1 V1 − V0

2020 0.00 0.00 0.00 0.00 0.00 0.00 0.00 0.00 0.00
2021 0.00 246.63 246.63 163.18 170.72 7.54 321.27 0.00 −321.27
2022 0.00 253.93 253.93 167.72 175.47 7.75 330.27 0.00 −330.27
2023 0.00 568.23 568.23 372.94 384.69 11.75 678.53 0.00 −678.53
2024 0.00 582.92 582.92 382.74 394.79 12.06 696.53 0.00 −696.53
2025 0.00 1227.49 1227.49 804.86 831.39 26.53 1474.30 0.00 −1474.30
2026 0.00 1258.61 1258.61 825.00 852.19 27.19 1511.44 0.00 −1511.44
2027 0.00 1289.70 1289.70 845.13 872.99 27.86 1548.57 0.00 −1548.57
2028 0.00 2025.04 2025.04 1326.68 1369.14 42.46 2421.88 0.00 −2421.88
2029 0.00 2074.03 2074.03 1357.55 1401.00 43.45 2478.60 0.00 −2478.60
2030 0.00 2124.50 2124.50 1388.42 1432.86 44.43 2540.99 0.00 −2540.99
2031 0.00 2174.83 2174.83 1419.24 1464.66 45.42 2603.38 0.00 −2603.38
2032 0.00 2224.93 2224.93 1450.11 1496.52 46.41 2660.10 0.00 −2660.10
2033 0.00 2274.70 2274.70 1480.98 1528.38 47.40 2722.49 0.00 −2722.49
2034 0.00 2324.04 2324.04 1511.79 1560.17 48.38 2779.21 0.00 −2779.21
2035 0.00 2372.84 2372.84 1542.67 1592.04 49.37 2835.93 0.00 −2835.93
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Figure 10. Breakdown of electricity production in Poland in the years 2018–2019 [%] (data from references [137,138]).

Table 7. Annual economic flows for the years 2020–2035.

Adjusted Financial Costs
(V1 − V0) (k PLN)

Costs of Emissions (V1 − V0) (k PLN) Economic
Flows (k PLN)NHMC NOx PM SO2 CO2 Noise

2020 16,264.00 0.00 0.00 0.00 0.00 0.00 0.00 −16,264.00
2021 −765.10 −4.28 −10.32 0.00 246.63 7.81 −321.27 846.53
2022 19,765.90 −4.40 −10.63 0.00 253.93 8.86 −330.27 −19,683.38
2023 −1675.87 −9.88 −26.86 −8.30 568.23 11.75 −678.53 1819.47
2024 34,269.13 −10.13 −27.56 −8.52 582.92 12.06 −696.53 −34,121.37
2025 −3434.07 −21.11 −56.54 −16.02 1227.49 26.53 −1474.30 3748.03
2026 −3434.07 −21.65 −57.98 −16.43 1258.61 27.19 −1511.44 3755.75
2027 31,573.93 −22.18 −59.41 −16.83 1289.70 27.86 −1548.57 −31,244.49
2028 −5267.70 −34.98 −94.18 −29.80 2025.04 42.46 −2421.88 5781.05
2029 −5267.70 −35.83 −96.46 −30.52 2074.03 43.45 −2478.60 5791.63
2030 −13,397.70 −36.70 −98.81 −31.26 2124.50 44.43 −2540.99 13,936.53
2031 −5267.70 −37.57 −101.15 −32.00 2174.83 45.42 −2603.38 5821.56
2032 −16,007.70 −38.44 −103.48 −32.74 2224.93 46.41 −2660.10 16,571.12
2033 −5267.70 −39.30 −105.79 −33.47 2274.70 47.40 −2722.49 5846.66
2034 −23,876.70 −40.15 −108.09 −34.20 2324.04 48.38 −2779.21 24,465.92
2035 −5267.70 −40.99 −110.36 −34.91 2372.84 49.37 −2835.93 5867.69

Based on the economic flows shown in Table 7, the Economic Net Present Value
(ENPV) was calculated. Pursuant to the assumptions of the BB2015 [13], the social discount
rate (SDR) of 4.5% was adopted in the calculations. The calculations were made using the
following formula:

ENPV = ∑ N
t=1

Ct

(1 + r)t − C0 (4)

where:

• Ct—economic cash flow in period t;
• r—social discount rate;
• C0—initial outlay.

ENPV = −27, 727.67 [k PLN]

It should be noted that a negative value of the ENPV, computed with the difference-
based method using the economic flows, means that variant V1 is economically less
cost-effective in comparison with variant V0. In accordance with the adopted methodology,
a positive value of the ENPV means, in turn, that variant V1 in economic terms is more
cost-effective compared to variant V0. Thus, when interpreting the obtained ENPV value
(−27,727.67 k PLN), it is possible to conclude that implementation of the investment
according to variant V1, covering purchase and operation of electric buses in the city of

60



Energies 2021, 14, 878

Szczecin, will be less favourable in economic terms compared to variant V0 which covers
purchase and operation of diesel buses meeting the EURO 6 standard.

However, it should be noted that ENPV > FNPV, which means that the economic costs
included in the calculations and resulting from NHMC/NMVOC, NOx, PM, SO2, CO2 as
well as noise emissions have improved the cost-effectiveness of variant V1 in comparison
with variant V0.

Putting electric buses into operation in a given city may reduce NMHC, NOx, PM,
and noise emissions, so it may have a positive impact on the society, economy, and natural
environment. However, due to the unfavourable energy mix in Poland (Figure 10) and
the prevailing share of coal, the assumed full effects of variant V1 implementation are
in fact difficult to achieve. The computed higher economic costs resulting directly from
increased emissions of SO2 and CO2 may decrease the effectiveness of implementing
electromobility in the transport sector. This in turn may have a negative impact on the
decarbonisation process defined as reduction in (total and transport) carbon intensity of
the whole economy [139]. The results have confirmed Hypothesis H2.

The results of the studies completed for the purposes of this research paper have
shown that purchasing electric buses in specific conditions (the current energy mix in
Poland) may be insufficient for full and effective achievement of electromobility objectives.
The authors’ observations in this respect are compliant with the results of the studies
completed by Dillman et al. [140], where it was shown that the probability that EVs will
lead to lower life-cycle GHG emissions compared to a diesel vehicle is much lower in
Poland than in most other European countries. Therefore, it must be concluded that it
is necessary for the process of replacing the bus fleet with electric buses to be combined
with other supplementary measures, in particular with diversification of energy sources
in Poland and increasing the share of RES, which confirms Hypothesis H3. Without such
supplementary measures, the “zero-emission” feature of electric buses commissioned
and operated in public transport systems in Polish cities may be deemed a substantial
simplification. Even though operation of such vehicles may bring measurable benefits on
a local scale (local zero emission mobility in a given city), in terms of the whole country
this may merely be called “geographical shift of emission”, which is not the main goal of
electromobility.

6. Discussion

The main purpose of this paper was to identify and analyse economic effects derived
from implementing zero-emission buses in urban public transport, based on the example
of the city of Szczecin, Poland. In view of the purpose of this paper, the authors carried out
a comparative analysis of effects of implementing the two variants:

• Fleet renewing variant (V0) which assumed that some of the diesel buses operated in
Szczecin would be replaced with new diesel buses meeting the strictest standards for
ICEVs, namely EURO 6,

• Investment variant (V1) which assumed that some of the diesel buses operated in
Szczecin would be replaced with new, zero-emission buses.

In addition, FNPV and ENPV ratios were calculated. In order to compare the financial
and economic effects of both variants, the difference-based method was applied. The
computed ratios made it possible to conclude that investment implementation according
to variant V1, covering purchase and operation of electric buses in the city of Szczecin,
would be less cost-effective than variant V0 covering purchase and operation of diesel
buses meeting the EURO 6 standard. The obtained result is substantially due to the two
phenomena attributable to the current energy mix in Poland (Figure 10): the increased
emissions of CO2 in relation to electric buses (Figure 8) and appearance of SO2 emission
(Figure 7).

The research study focusing on estimation of economic effects of electromobility in
sustainable urban public transport in Polish cities made it possible to demonstrate that:
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• Implementation of zero-emission buses is an important tool to reduce external costs
generated by urban public transport fleets.

• Economic benefits resulting from implementing zero-emission buses in urban public
transport in Szczecin are limited by the current energy mix structure in Poland.

• Achieving full effects of electromobility in Poland as a result of implementing zero-
emission buses in urban transport fleets depends on taking concurrent actions aimed
at diversifying the sources of power generation in Poland (changing the energy mix),
including in particular a wider use of Renewable Energy Sources (RES).

However, it is worth discussing the results in the aspect of the impact of the energy
mix in a given country (in this case in Poland) on economic effects resulting from im-
plementation of zero-emission buses in urban public transport (in this case in the city of
Szczecin). As already mentioned, when calculating the emissions costs for each of the
environmental pollutants (NHMC/NMVOC, NOx, PM, SO2 and CO2) and noise, unit costs
were applied, which were calculated according to CEUTP. In order to demonstrate the role
of the energy mix in effective achievement of electromobility goals, further, alternative
computations of ENPV were made for the analysed case study. Similarly as in the case
of the previous computations, the difference-based method was applied for this purpose.
Taking into account the fact that it is CO2 and SO2 that are responsible for the result that is
unfavourable for electric buses, the subsequent calculations took into account reductions
in the costs of the two substances (CO2 and SO2) emissions. ENPV was calculated based
on the assumption that the current unit costs of CO2 and SO2 emissions would be reduced
by, respectively: 25%, 50%, 75% up to a hypothetical situation when the costs are totally
reduced. The results were as follows:

• a decrease in unit costs of CO2 and SO2 emissions by 25%:

ENPV = −21, 462.73 [k PLN]

• a decrease in unit costs of CO2 and SO2 emissions by 50%:

ENPV = −15, 199.07 [k PLN]

• a decrease in unit costs of CO2 and SO2 emissions by 75%:

ENPV = −8935.41 [k PLN]

• a decrease in unit costs of CO2 and SO2 emissions by 100%:

ENPV = −2671.75 [k PLN]

As shown by the ENPV calculation results for the analysed situations, the reduction
of unit costs of CO2 and SO2 emissions may effectively level out the difference between
variant V1 and variant V0. Thus, it may have a significant impact on the increased cost-
effectiveness of variant V1, and thus the possibility of achieving the full assumed effects of
electromobility in transport.

7. Conclusions

In the context of the research problem handled in this paper, it is important to point
out that the condition for success of electromobility development is not only providing
the basis for the electromobility ecosystem but also coordination of activities in the area of
electromobility industry development and stimulation of demand for electric vehicles. The
analyses completed in the course of the research project made it possible to formulate the
following conclusions:

• An important role in the process of electromobility development in urban transport
is played by the government and the local authorities. The former is responsible for
an appropriate energy policy (striving for a large share of RES in the energy mix)
and fiscal policy (a system of subsidies and incentives for purchase and operation of
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zero-emission vehicles). The latter may create appropriate local infrastructural and
organisational conditions to support and privilege zero-emission vehicle users, e.g.,
via: organisation of an EV charging system, providing free-of-charge car parks in
the city centre, or designating LEZs and ZEZs. The task for local authorities is also
propagation of using zero-emission buses as a vital element of Sustainable Urban
Public Transport.

• Achieving the assumed electromobility effects is predicated not only on purchasing
appropriate vehicles or organising a charging system for them but also on a big share
of RES in the country’s energy mix. A small share of RES may result in limited benefits
of zero-emission vehicle operation.

• Purchase and operation of electric buses in urban public transport may contribute to
improving life quality in cities via reduction of local emissions of pollutants to the
environment. Thus, as opposed to diesel buses, vehicles of this type contribute to
meeting the electromobility goals in local terms.

• Purchase and operation of electric buses in urban public transport may also contribute
to meeting the electromobility goals and transport decarbonisation in supralocal terms;
however, this depends on an appropriate share of RES in the country’s energy mix.
Failure to provide electric power derived from renewable energy sources may only
result in a geographical shift of emissions.

Analysing the world trends in the area of production and operation of zero-emission
vehicles, we can conclude that over the next years the demand for electric power will be
rising intensively. This trend may have an adverse effect on economies characterised by
a big share of fossil fuels in the energy mix (this may also be the case in Poland). If the
power engineering industry in any given country is unable to quickly adapt to the growing
demand (via diversification of energy generation sources), this may lead to insufficiency
of the given country’s system or the need to meet the demand via increased electric
power production in the existing coal-fired power plants. This situation may paradoxically
lead to further growth of the share of fossil fuels in the country’s energy mix, and thus
further growth of unit costs of emissions of substances that are harmful to people and the
environment. The research study described in this paper is of practical value, as it indicates
the need to adapt the energy market to the changes resulting from electromobility.

The changes observed on the transport market, which result from the electromobility
policy assumptions, require further studies, in particular with regard to external effects of
zero-emission vehicles operation.
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3. Ivković, I.; Čokorilo, O.; Kaplanović, S. The Estimation of GHG Emission Costs in Road and Air Transport Sector: Case Study of
Serbia. Transport 2016, 33, 260–267. [CrossRef]

4. Liimatainen, H. Measures for Energy Efficient and Low Emission Private Mobility. In Encyclopedia of the UN Sustainable Development
Goals; Springer International Publishing: Cham, Switzerland, 2020; pp. 1–12. [CrossRef]

63



Energies 2021, 14, 878

5. European Commission. A European Strategy for Low-Emission Mobility; European Commission: Brussels, Belgium, 2016.
6. European Commission. Available online: https://ec.europa.eu/clima/policies/transport_en (accessed on 30 November 2020).
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Abstract: In smart cities, it is expected that transport, communication as well as the movement of
people and goods will take place in the shortest possible time while maintaining a high level of
safety. In recent years, due to the significant increase in the number of passengers and vehicles
on the road and the capacity limitations of transport networks, it has become necessary to use
new technologies for intelligent control and traffic management. Intelligent transport systems use
advanced technologies in the field of data gathering, information processing, and traffic control
to meet current transport needs. To be able to effectively control and manage road traffic, it is
necessary to have reliable mathematical models that allow for a faithful representation of the real
traffic conditions. Models of this type are usually the basis of complex algorithms used in practice
in road traffic control. The application of appropriate models reflecting the behavior of road users
contributes to the reduction of congestion, the vehicles travel time on the transport network, fuel
consumption and the emissions, which in turn support broadly understood energy savings. The
article proposes a model that allows for the estimation of the maximum queue size at the signal-
controlled intersection approach (so-called: maximum back-of-queue). This model takes into account
the most important traffic characteristics of the vehicles forming this queue. The verification allowed
for the conclusion that the proposed model is characterized by high compliance with the actual traffic
and road conditions at the intersections with signal controllers located in built-up areas in Poland.
The obtained compliance confirms the possibility of using the model for practical applications in
calculating the maximum back-of-queue at signal-controlled intersections located in built-up areas
in Poland.

Keywords: signal-controlled intersections; back-of-queue model; traffic monitoring; video analysis;
drivers behaviours; traffic engineering; road transport

1. Introduction

The main measures of assessing traffic conditions at signal-controlled intersections
include delays incurred by vehicle drivers and the queue lengths at the approach. In
the oldest models, the delays and queue lengths were determined using the theory of
mass service (also known as the queue theory). Queue theory models belong to the
group of traffic micromodels and, like meso- and macromodels, they can be divided into
deterministic and stochastic (with or without elements of randomness). The models of the
mass service theory use the Kendall’s designation scheme, written as A/B/m, where A is the
distribution of a random variable in the access process, B is the distribution of a random
variable according to which the service process takes place, and m is the total number of
positions for handling in the process [1–4]. The queuing process is stochastic, both for the
time headways to the system and the times of service by the system [3,5,6].

Energies 2021, 14, 1204. https://doi.org/10.3390/en14041204 https://www.mdpi.com/journal/energies69



Energies 2021, 14, 1204

The idea of the modeling process of delays and the queues at signal-controlled intersec-
tions is presented in Figure 1. As the process of servicing vehicles begins, the queue length
begins to decrease. It can be concluded that the queue length is completely dependent on
the number of arrivals at the approach. It should also be noted that in the cycle presented
in Figure 1, there is a period of free inflow of vehicles to the intersection approach while
transmitting the effective green signal. In the existing models, the impact of this type of
vehicles on the queue formed at the intersection approach is usually not taken into account.

Figure 1. The idea of the modeling of delays and the back-of-queues at signal-controlled intersection approach in a typical
period of vehicle service (in the period of no traffic overload). Source: Own research based on [3,4].

The use of queue theory models to describe the road traffic process usually requires
the introduction of certain simplifications resulting from an ambiguous interpretation of
some phenomena that occur in road traffic along a road section or at an intersection. As an
example, you can provide the process of arrivals for servicing in the system, e.g., vehicle
access to the intersection. As the model does not represent the road section leading to the
intersection approach, service is assumed to be at the stop line. This has its consequences
in the access process, where the moments of access by vehicles are replaced by moments of
theoretical arrivals at the approach [1–3,7,8].

A certain drawback of mass service models, due to the very high randomness of the
road traffic process on the street network, is their reference only to the so-called steady-state
(queue in a stochastic equilibrium state), Both the IN and OUT process are constant over
time, and therefore the parameters describing the distribution of random variables of these
processes are constant. Hence, mass service models cannot be used to describe the road
traffic process in situations of the high variability of traffic volumes, which often occur
during peak periods in large- and medium-sized cities. Nevertheless, the most popular
model that allows estimating the value of delays incurred by vehicle drivers and the
average queue lengths at the intersections approach with signal controllers is the Webster
model [9]. This model and its subsequent updates [10], until now constitute the canon of
the methodology for estimating the capacity and measures for assessing traffic conditions
at signal-controlled intersections. The undoubted disadvantage of these models was their
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use only when the intersection was loaded with traffic volumes not exceeding its capacity,
which, however, did not have a significant impact on those years.

The development of models based on the queue theory was dealt with, inter alia,
in [11–13]. The mathematical functions used in these works were indirectly based on
the method of estimating delays with the use of waiting queues. The subsequent evo-
lution of mathematical models allowed these models to be classified into the group of
time-dependent models. In this case, the technique of coordinate transformation was
used concerning the delay curve derived for the steady-state [4,11,14]. This modeling
approach assumes that for small values of load levels for a given lane, in unsaturated traffic
conditions, the queue length is approximately equal to the product of the constant intensity
of reports and the time of arrival. On the other hand, in the conditions of high traffic
load, i.e., in the conditions of saturated and oversaturated demand flow rate, the maxi-
mum back-of-queue can be approximated with the use of a linear model, which assumes
proportionality to the analysis time and the amount of overload. The use of a coordinate
transformation “shifts” the asymptotic of the estimated delay curve (queue length), from
the equilibrium point between the inflow and outflow intensity (volume-to-capacity ratio
X = 1) for the steady-state towards the deterministic overload loss line. The algorithm of
this solution was included, inter alia, in the works [11,15].

Further effects of work on the improvement time-dependent models of delays and
queues are presented, inter alia, in the works [16–28]. The result of this work was the
penultimate significant update of the HCM guidelines [29], considered one of the most
reliable studies on road infrastructure design guidelines in the world. The mathematical
model developed as part of this update for estimating the average delays and the average
back-of-queues at signal-controlled intersections is still used in practice by most countries
around the world. Only some countries have developed their calculation methods based
on the guidelines presented in HCM.

The models for estimating the maximum queue length usually consist of two sepa-
rate estimators:

• the length of the queue formed during the red signal (kZ),
• the length of the queue remaining after the end of green signal (kP).

It is worth emphasizing that from the aforementioned design guidelines, only the
American HCM model from 2010 [30] includes an estimator taking into account the con-
dition of the queue from the period preceding the analysis period. This is the so-called
initial queue (k0). Other models do not have such an estimator in their formula or take this
queue into account indirectly (e.g., in the HCM 2000 guidelines [30] in the estimator of the
remaining queue length).

Based on the analysis of the form of mathematical models concerning the queue length
at signal-controlled intersections from Australia [31,32], Canada [33], Germany [34,35],
Poland [36], Denmark, France, Ireland and Sweden, Great Britain [10,15] and USA [29,30,37]
the following conclusions were made:

• calculations of the average back-of-queues for a given computational group of traffic
lanes consist in determining the queue length that may form in the analyzed period of
analysis in an average signaling cycle,

• for the given initial conditions, the results of calculating the maximum queue lengths
using various methods applied in the world do not differ significantly from each other
(except for the Canadian [33] and American [29,30,37] methods),

• most of the calculation models of the average queue length are based mainly on the
simplified description of vehicle operation in the “system”, which takes place in the
analyzed period of the analysis, without taking into account the earlier periods and
significant fluctuations in the value of the inflow intensity in short periods (equal
to or less than 15 min); the only exception are US models [29,30,37]; however, the
specificity of the process of forming the queue of vehicles by such maneuvers as
starting, stopping and moving in a column of vehicles during the signaling cycle is
not taken into account at all, which may affect the length of the maximum queue in
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a completely different way than in the case of data only about demand and supply
(traffic volume/arrival flow rate/of vehicles moving to the intersection approach and
the capacity/saturation flow rate/of the computational group of lanes),

• the existing calculation methods do not take into account with sufficient accuracy
the process of shifting vehicle queues between individual signaling cycles and their
accumulation, which is of significant importance, in particular, for cases of saturation
or oversaturation traffic for a long time; hence, in this respect—to the best of the
authors’ knowledge—none of the analyzed guidelines for calculating traffic conditions
at traffic light intersections do not include a sufficiently precise method for calculating
the initial lengths of vehicle queues [38–40],

• the calculation models do not take into account the phenomenon of interaction be-
tween vehicle streams of different computational groups of traffic lanes (operated
at the same or different times) before intersection approach, which has a significant
impact on the actual degree of traffic load for individual lanes (so-called: volume-to-
capacity ratio).

The article presents a model that allows for the estimation of the maximum back-of-
queues at signal-controlled intersections in a single cycle. This model takes into account
the most important traffic characteristics of vehicles forming the queue. For this purpose,
the process of starting vehicles in the maximum queue in the states of saturation and
oversaturation with the traffic of the signal-controlled intersection approach was subjected
to a detailed analysis. The conducted analyzes allowed for the conclusion that the intensity
of starting has a direct impact on the final result of the process of forming the maximum
queue range, taking into account the remaining queue lengths and the initial queue lengths.

The article consists of seven sections. After the introduction, the second section
presents a literature review on the subject in the field of modeling the queue length at the
signal-controlled intersections. The third section defines in detail the subject of research, the
testing ground, and the measurement method used, which by definition had to enable the
simultaneous measurement of all phases of the vehicle queue formation, synchronized with
all traffic light signals in individual signaling cycles. The next, fourth section presents the
analysis of the research results. Section five presents the developed model of the maximum
back-of-queue at the signal-controlled intersection approach. In turn, the verification and
calibration of the proposed model is presented in section six. The paper ends with the
discussion and conclusions section.

2. Literature Review

The problem of modeling the back-of-queue size at signal-controlled intersections
is mainly related to the improvement of calculation methods and their adaptation to the
needs of adaptive traffic control at city intersections. Models used to estimate the queue
lengths are most often developed based on the following mathematical formulas:

• Markov chain—used, among others in Alfa [41], Chen et al. [42], Viti et al. [43],
• time series methods—used, among others in Gasz [44],
• fuzzy logic—used, among others in Shou et al. [45], Kafash et al. [46], Musci et al. [47],
• probability distribution—used, among others in von Zuylen et al. [48], Viti et al. [49],
• shockwave analysis—used, among others in Cao et al. [50], Ng et al. [51],
• cell transmission model—used, among others in Srivastawa et al. [52].

The mathematical models are often theoretical and suitable for practical implementa-
tion as part of the traffic control program algorithm using signal heads. So far, a significant
group of works has been devoted to researching the process of forming queues of ve-
hicles at the approach of insulated signal-controlled intersections, e.g., Hao et al. [53],
Anokye et al. [54], as well as elements of main streets in the city, e.g., Bie et al. [55] and
Fu et al. [56]. A frequently discussed research issue is also the search for a more precise
than before method of traffic control using adaptive light signaling, e.g., Kafash et al. [46],
Viti et al. [57], Yu et al. [58] or network analyses, dealing with the problem of selection of
the optimal vehicle speed trajectory on a signalized arterial with consideration of vehicle
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queue, e.g., He et al. [59], Zhang et al. [60], Cao et al. [61], Zhao et al. [62] as well as works
on microscopic simulation for signal-controlled intersections, e.g., Naghawi et al. [63],
Ma et al. [64], or Li et al. [65].

Verifications of models used to estimate the queue length at signal-controlled inter-
sections together with proposals for updates are presented, among others in the works of
Anantharam [66], Chaudhry et al. [67], Szczuraszek et al. [39], and Viti [68]. Often, models
of the queue lengths at intersections with signal controllers are a component of complex
virtual reality models of the simulated road traffic process, e.g., Liu et al. [69], Xu et al. [70]
and Vigos et al. [71].

Nowadays, the emerging advanced intelligent transportation systems, such as con-
nected vehicles and cooperative vehicle-to-infrastructure systems, attract much research
attentions. Scientific descriptions on the improvement of automated driving systems and
the dynamic development of autonomous vehicle technology have resulted in the need to
research the impact of autonomous vehicles on the process of queuing at signal-controlled
intersections. In this group of works, we can distinguish works in the field of microscopic
analyzes taking into account key operational parameters like vehicles speed, acceleration,
inter-vehicle headway, and key performance metrics like degrees of load and delay, e.g.,
Le Vine et al. [72], Ramezani et al. [73], Yang et al. [74]. One can also distinguish works
on macroscopic analyses aimed at optimizing the speed of connected autonomous ve-
hicles and coordinating traffic light programs in transport networks by minimizing the
queue lengths at intersections with signal controls, e.g., Wang et al. [75], Kong et al. [76],
Iwasaki [77] and Liu et al. [78].

Moreover, in order to improving traffic control at intersections, it is necessary to have
a reliable information collection system and apply modern effective methods of processing
the collected information. Remote sensing tools are an effective way to detect vehicles
and traffic conditions on the transport network. Digital camera images it is well suited to
derive various traffic parameters such as average vehicle speed, vehicle density, beginning
and end of congestion, length of congestion or for other traffic monitoring applications
e.g., Anusha et al. [79,80], or Cai et al. [81]. This method is based on the vehicle detection
on the road segment by change detection between two images with a short time lag, the
usage of a priori information such as road data base, vehicle sizes and road parameters
and a simple linear traffic model based on the spacing between vehicles. The studies
are also used standalone video processing algorithms and based on this information is
stored in databases, for example, trajectories of traffic streams of vehicles, lengths of queues
of vehicles, etc. Data from passive remote sensing methods were used to describe the
process of forming queues of vehicles at signal-controlled intersections, e.g., in the works
of Cetin et al. [82], Chang et al. [83], Hao et al. [84], Mukhopadhyay et al. [85], Iwanowicz
et al. [86], while the data from active remote sensing methods were used e.g., in the
works of Liu et al. [87], Milla et al. [88], Khan et al. [89], Sun et al. [90], and Xie et al. [91].
Most often, the result of these works were proposals for the methodology of testing road
traffic characteristics or proposals for improving the existing methods of estimating traffic
conditions at signal-controlled intersections or improving traffic control programs.

In recent years, light unmanned aerial vehicles have also been willingly used to collect
data on vehicle queues at traffic light intersections, e.g., Zhou et al. [92], Wan et al. [93] or
Salvo et al. [94].

3. Materials and Methods

3.1. Subject of Study and Testing Ground

The subject of the research was the process of forming queues of vehicles on a single
traffic lane of the intersection approach with signal controllers. The examination of this
process must take place both at the approach and before the approach of a given intersection,
along the longest formed queue reach, so that it is possible to fully observe the individual
phases of the queue forming and discharging process in time. This means that the tests
should be conducted to select signal-controlled intersections, on which the section of
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the road leading to the approach has a relatively large accumulation zone of vehicles,
undisturbed by access points, i.e., additional traffic inflows and outlets (intersections
without traffic controllers), parkings or bus stops and of course crossing for pedestrians
or cyclists.

The traffic lane at the approach of the signal-controlled intersection was adopted as the
model section for the tests, which is devoid of additional side on and off streets (switches),
on which vehicles of the same route through the intersection are accumulated, having
the same sequence of transmitted traffic light signals. The service of vehicles for all lanes
at the approach is collision-free. Only under such conditions is it possible to obtain an
undisturbed system of both inflow and outflow of the vehicle stream and it will be possible
to observe the actual changes formed in particular phases of vehicle queues in time. An
example of a measuring section adopted as a reference section for conducting research is
shown in Figure 2.

Figure 2. An example of a measuring section adopted as a model for research (Poland, Torun city, intersection approach
Czerwona Droga Street/west/): (a). measuring section location; (b). view of the queue of the vehicle on a measuring
section; (c). situational plan. Source: Own work based on Open Street map, Google Earth and WZDR System [95].

The testing ground consisted of a total of 20 signal-controlled intersections located in cities
in Poland with a large (>0.50 million inhabitants) or average population (0.20 ÷ 0.50 million
inhabitants). The test grounds were located in cities such as Bydgoszcz (TGa1 ÷ TGa8, TGb1
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÷ TGb8), Torun (TGb9, TGb10) and Warsaw (TGb11, TGb12). The collected data was divided
into two groups. Based on the data from 12 test sites, a model was developed to calculate the
numerical values of the maximum range of back-of-queue (TGb1 ÷ TGb12). However, this
model was verified on the basis of data from 8 research polygons (TGa1 ÷ TGa8). On these
proving grounds, only the throught movements were analyzed. The traffic control parameters
did not change during the measurements, i.e., the traffic at the intersections was controlled by
means of fixed-time signaling. Measurements were carried out in 2014–2019. The research
covered the following features of the process of forming queues of vehicles at intersections
with signal controllers in relation to a single signaling cycle as well as the features of the
traffic streams flow:

• arrival (demand) flow rate,
• departure flow rate,
• starting-up flow rate of vehicles from the maximum queue„
• stopping flow rate of vehicles from the remaining (initial) queue,

and:

• the fact of the formed range of the maximum back-of-queue in a given signaling cycle,
• generic groups of vehicles of a given traffic stream (arrival, departue, starting, stop-

ping).

The collected research material also made it possible to determine the basic charac-
teristics of the traffic signal program (start and change times of individual signals of the
analyzed period). During the processing of the collected research material, the starting
maneuvers that took place during the transmission of the green signal were also clearly
distinguished from those that were performed after the commencement of transmitting the
red signal in the next cycle.

Measurements were carried out in weather conditions favorable to traffic (no precipi-
tation, good visibility). The sample sizes for the analyzes were selected from the Lapunov
formula assuming a significance level of α = 0.05. Table 1 presents the characteristics of the
most important features of the studied intersection approaches and the collected data. In
further analyzes, data on only the group of passenger cars was used, without taking into
account the characteristics of other generic groups of vehicles (e.g., starting-up or slowing
down in the queues of heavy vehicles and buses), i.e., type structure of vehicles [96,97].
The number of vehicles in the queues takes into account all vehicle types.

Table 1. The summary of the characteristics of the examined intersections and the collected data.

Parameters Type Parameter Name The Scope of Data

General
Function of a road in spatial development Collective and distributing
Entry movements through the intersection Through, through and left, through and right

Geometric
Length of the accumulation zone [m] 250–620
Lane width [m] 3.0–3.5

Traffic control signals

Type of control Fixed-time
Signaling cycle time [s] 96.0–140.0
Green signal time [s] 18.0–34.0
Traffic movements while servicing There is no conflict movements

Traffic volumes

Arrival flow rate [Veh./s] 0.00–0.25
Departure flow rate [Veh./s] 0.32–0.61
Starting-up flow rate [Veh./s] 0.37.1.35
Stopping flow rate [Veh./s] 0.18–0.93
Remaining queue range [Veh./cycle] 0–49
Maximum back-of-queue range [Veh./cycle] 5–61

75



Energies 2021, 14, 1204

3.2. Measurement Method

The basic condition for selecting the measurement method was to ensure that all
phases of the vehicle queue formation process were measured simultaneously, synchro-
nized precisely with all traffic light signals in individual signaling cycles. Moreover, the
observations of the road traffic process had to take place practically simultaneously along
the entire length of the interstitial section between the established cross-section of the
inflow and outflow.

The characteristics of traffic signal programs and traffic characteristics were tested
with the use of digital cameras, which are classified as passive remote sensing tools. This
test method is characterized by very high measurement accuracy. Moreover, this method is
often used to study road traffic characteristics at various intersections, including signal-
controlled intersections [98]. The measurements were performed with first-generation
YI Action digital cameras, which enable recording images in Full HD 1920 × 1080 px
resolution with a recording speed of at least 24 fps. This resolution is sufficient to scale the
video image and add or arrange additional graphics on it. These cameras are connected
via a Wi-Fi network, enabling observe the image recorded by them, e.g., on the screen
of a smartphone or tablet. For 24-h continuous measurement, it was necessary to equip
the camera with an external battery with a capacity of 20,000 mAh with lithium-ion cells
(so-called power-bank).

At all test sites, digital cameras were installed on streetlights at a height of 5.5 ÷ 7.5 m
above the level of traffic lanes so that the image recorded with their help captures as wide
a fragment of the road section as possible (Figure 3). Such a location of digital cameras
ensured good visibility of each vehicle and the spaces between them (the vehicle was not
obstructed by the bodies of larger vehicles). For such a height, it was established that the
distance between the cameras should be within 40 ÷ 60 m from each other, due to the need
to overlay the images of frames from subsequent cameras. In most cases, this distance is
the distance between two or three consecutive street lamps. The first of the cameras was
installed as close as possible to the stop line cross-section. That was possible to correctly
read the sequence changes of the traffic signal times.

Figure 3. Arrangement of measurement kits along Kamienna Street in Bydgoszcz, Poland (where: 1—camera, 2—power
bank, 3—memory card, 4—power supply cable, 5—camera holder, 6—weatherproof enclosure, 7—support sections,
8—clamps).

After the measurements, the collected video material was compiled from film frames
from individual cameras into one main image. Thus, it was possible to observe the flow
of the vehicle streams along the entire research section, recorded on the frames from
individual cameras using one monitor. The collected measurement material was processed
using the DVideo Player. Details of the measurement method were developed in [86].
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4. Model of the Maximum Back-of-Queue

The following definitions were adopted to characterize the model of the process of
forming queues at intersection approach with signal controllers:

• The queue at the signal-controlled intersection approach on a single lane is a stream
of vehicles made up of vehicles arriving at the intersection, constituting a compact
column of vehicles in the impact space of this intersection, waiting to be able to pass
through the intersection (service). In the queue, vehicles may be:

� stopped—this applies to vehicles which, due to conditioned by red signal
duration on a signal heads, have stopped and their drivers are waiting for the
possibility of passing in green signal duration,

� partially in motion, (crawl speed)—this applies to vehicles moving at a very
low speed (≤8 km/h [37]) because they attach a standing column of vehicles in
front of the intersection approach or they are vehicles whose drivers alternately
start and stop maneuvers due to the oversaturation of the queue (only a change
of position in the queue without departure from the intersection after starting-
up maneuver),

� in motion—this applies to vehicles whose drivers have starting-up maneu-
vered to leave the intersection at the green signal duration, but are still in the
intersection approach area (not serviced yet); this also applies to those vehicles
which have failed to leave the intersection approach during the green signal
interval and which are moving towards the approach after the red signal has
started in order to come to a closer position in front of intersection in the queue
than before starting-up maneuver.

• A vehicle in the queue is understood as the one that reaches the intersection and leaves
it with a delays resulting from the process of servicing vehicles controlled by signal
heads. Thus, it is a vehicle that forms a stopped queue or is only under the influence
of the queue formed at the intersection approach (losing speed). A vehicle that crosses
the intersection on the green signal duration without being influenced by the queue of
vehicles (undisturbed flow) is not a queue-forming vehicle,

• Back-of-queue length—k—means the actual number of vehicles in the queue at the
intersection approach on a single lane [Veh.], [m],

• Back-of-queue range (size)—K—means the hypothetical length of the queue, measured
by the hypothetical number of vehicles between the stop line at the intersection
approach and the last stopped vehicle in the queue on a single lane [Veh.], [m],

• Maximum back-of-queue range (“maximum queue”)—KM—means the highest theo-
retical number of stopped vehicles that would line up in the lane from the stop line
to the last stopped vehicle in the queue on a given signaling cycle and on a single
lane. The maximum queue most often occurs after the start of the green signal du-
ration. The number of vehicles in the maximum queue is a theoretical value due to
the dispersion (inertia) of vehicles from the beginning of the queue that performs the
starting-up maneuver after a green signal duration, while the vehicles from the end of
the queue have not yet performed this maneuver (and can even only join the queue
as a arrivals in back-of-queue interaction). Hence, the range of the queue takes up a
space composed of hypothetically stopped vehicles [Veh.], [m].

The geometric dependencies of the physical process of forming the maximum queue
at the signal-controlled intersection approach are shown schematically in Figure 4.

The meaning of the notations used in the description of the process of the volatility of
the back-queue size in time and the formation of the maximum back-queue size in a given
signaling cycle i and also used on the Figure 4 have been presented in Table 2.
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Figure 4. Diagram of the process of the volatility of the back-of-queue size in time and the formation of the maximum
back-of-queue size in a given signaling cycle i.

Table 2. The summary of the characteristics of the examined intersections and the collected data.

Parameter Parameter Description Unit

i Number of signaling cycle (interval of
analysis) [−]

Ti Cycle length of interval i [s]
Re,i Effective red time of interval i [s]
Ge,i Effective green time of interval i [s]
qD,i Arrival flow rate of interval i [Veh./s]

qO,i
Departure flow rate on interval i, (i.e.,
saturation flow rate) [Veh./s]

qR,i
Starting-up flow rate of vehicles in the
maximum queue of interval i [Veh./s]

qZ,i
Stopping flow rate of vehicles in the initial
queue of interval i [Veh./s]

qX,i

Decreasing flow of maximum queue range
during effective green time Ge,i due to
service time at intersection approach of
interval i

[Veh./s]
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Table 2. Cont.

Parameter Parameter Description Unit

qY,i

Decreasing flow of maximum queue range
after start effective red time Re,i including
vehicles arriving to queue qD,i on interval i

[Veh./s]

KZ,i

Back-of-queue size at the moment of
starting effective green time duration Ge,i
on interval i; generally the number of
vehicles in KZ,i is equal to maximum queue
length kmax,i,

[Veh.]

KC,i+1

Back-of-queue size at the moment of
starting effective red time duration Re,i on
next interval i+1; the number of vehicles in
KC,i+1 is equal to remaining queue length
(kP,i)

[Veh.]

KM,i Maximum back-of-queue size on interval i [Veh.]

tx,i
Formation time of the maximum queue
size on interval i [s]

k0,i Initial queue lenght on interval i [Veh.]

kmac,i
Maximum queue length (maximum
number of stopped vehicle) on interval i [Veh.]

kP,i

Remaining queue length on interval i,
equivalent with initial queue length on
interval i + 1

[Veh.]

ω

A hypothetical point in time defining the
end of the service process of vehicles from
the maximum queue, if the green signal
was still duration at the intersection
approach

[s]

ci Lane capacity of interval i [Veh./s]
λi Green effective period ratio [−]
ρi Arrivals-to-Starts ratio [−]
ηi Capacity-to-Starts ratio [−]
Xi Volume-to-Capacity ratio [−]

The maximum queue can be also formed when the duration of the next interval
(red or green effective signal time in i + 1 cycle), and even in subsequent cycles. In this
most likely scenario, the maximum queue size will be formed at the crossing of the two
functions below:

• starting-up of the stopped vehicles in the queue at the intersection approach after the
effective green time began,

• arriving of the inflow vehicles taking into account the initial queue length at the
intersection approach.

The assumption is that the course of these functions is approximately linear i.e., there
are constant time headways between vehicles in both of these processes. Hence, to obtain
the crossing of these two functions, one should solve the following system of equations:

{
K(t) = qR,i · (tx,i − Re,i)[Veh.]
K(t) = k0,i + qD,i · tx,i[Veh.]

(1)

Taking the above into account, we obtain a dependence that allows determining the
maximum queue formation time tx,i:
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qR,i · (tx,i − Re,i) = k0,i + qD,i · tx,i

qR,i · tx,i − qD,i · tx,i = k0,i + qR,i · Re,i

tx,i =
k0,i + qR,i · Re,i

qR,i − qD,i

tx,i =
k0,i

qR,i − qD,i
+

qR,i · Re,i

qR,i − qD,i
[s]

(2)

In Equation (2), two components were obtained. The first represents the extension
of the maximum queue formation time due to the presence of the initial queue k0. The
second component of Equation (2) represents the maximum queue formation time in a
given signaling cycle i. In this second component, the queue consists only of vehicles
arriving at the intersection approach during the analyzed signaling cycle.

Assuming the following variable designations:

ρi =
qD,i

qR,i
[−] (3)

Re,i = Ti − Ge,i[s] (4)

λi =
Ge,i

Ti
[−] (5)

Equation (2) can be written as follows:

tx,i =
k0,i

qR,i ·
(

1 − qD,i
qR,i

) +
qR,i · Ti · (1 − λi)

qR,i ·
(

1 − qD,i
qR,i

)
tx,i =

k0,i

qR,i · (1 − ρi)
+

Ti · (1 − λi)

1 − ρi

tx,i =
1

1 − ρi
·
[

k0,i

qR,i
+ Ti · (1 − λi)

]
[s]

(6)

Therefore, the maximum back-of-queue size on the cycle i will be equal:

KM,i = qR,i · (tx,i − Re,i)

KM,i = qR,i ·
[

k0,i + qR,i · Re,i

qR,i − qD,i
− Re,i

]

KM,i = qR,i ·
[

k0,i + qR,i · Re,i − qR,i · Re,i + qD,i · Re,i

qR,i − qD,i

]

KM,i = qR,i ·
[

k0,i + qD,i · Re,i

qR,i − qD,i

]

KM,i =
1

1 − ρi
· [k0,i + qD,i · Ti · (1 − λi)][Veh.]

(7)

However, assuming the following variable designations:

ηi =
ci

qR,i
[−] (8)

Xi =
qD,i

ci
[−] (9)

where:
ci—lane capacity on the cycle i, [Veh./s], hence the final form of the model takes

the form:
KM,i =

1
(1 − Xi · ηi)

· [k0,i + qD,i · Ti · (1 − λi)][Veh.] (10)
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Unlike the existing models, the proposed model of the maximum queue at the signal-
controlled intersection approach in a given lane in the i-th signaling cycle (10), additionally
takes into account:

• an initial queue length, which is usually omitted in most of the existing models (the
exception is the model [30,37], which takes into account k0 in the calculations—but in
a different way),

• an intensity of starting-up of stopped vehicles in the maximum queue qR on the cycle
i—after starting an effective green time using the relationship of a saturation flow rate.

To define a model that allows for the determination of numerical values of the initial
queue length for the i-th cycle, which is the remaining queue length for the i − 1 cycle,
the geometric dependencies of this process were used, presented in Figure 5 (where all
variables are as previously defined). Taking into account the data presented on Figure 5,
can be written:

k0,i = kP,i−1[Veh.] (11)

kP,i = max{0; [qD,i · Ti − qO,i · Ge,i + k0,i]}[Veh.] (12)

and because of:
qO,i =

ci
λi
[Veh./s] (13)

the form of the model can be determined:

kP,i = max
{

0;
[

qD,i · Ti − ci
λi

· λi · Ti + k0,i

]}
kP,i = max{0; [k0,i + qD,i · Ti − ci · Ti]}

kP,i = max{0; [k0,i + ci · Ti · (Xi − 1)]} = k0,i+1[Veh.]

(14)

Although it contains some common features and identical variables, the proposed
model (14) allows for the determination of numerical values of the initial queue length for
the i-th cycle, is a completely different estimate of the remaining queue length compared to
the models that can be found in various existing design guidelines (models based on of
work [11,15]). A similar mathematical formula to the model (14) can be found in [29]. It
is used to determine the initial queue length for a given analysis period (0.25 h or 1.00 h),
indirectly used in the calculation of the remaining queue length and the volume of lane
group inflow rate.

Figure 5. Diagram of the process of forming the remaining queue length in a given signaling cycle i (or a process of forming
the initial queue length for the next signaling cycle i + 1).
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5. Field Survey Data Analysis

The collected data made it possible to carry out detailed statistical analyzes of the
processes taking place at signal-controlled intersections, including in particular the process
of starting vehicles in the maximum queue, which hypothetically determines the final
range of the queue in a given signaling cycle. The analyzes used the values of the time
headways on the lanes at the signal-controlled intersections in the appropriate signaling
cycles. In the analyzes, using the 95% confidence interval, statistically uncertain results
i.e., gross errors. Additionally, to confirm the validity of rejection of gross errors, the D.
Dixon test was performed, assuming the significance level α = 0.05, which also allowed to
identify of outliers in the sample. In the end, 2.5% of the shortest and 2.5% of the longest
intervals between vehicles in the approach queue were rejected. In total, 1791 signaling
cycles were used to build the model, in which 18,377 vehicles reported for service at the
intersection approach. These vehicles performed a total of 24,641 starting maneuvers in
the given signaling cycles. From Figures 6–8, selected examples of the raw results of the
research on the process of forming queues of vehicles at the signal-controlled intersections
approach are presented.

Figure 6. Distribution of the number of vehicles from the arrival stream in signaling cycles in a given measurement period
taking into account the portion of heavy vehicles.

Figure 7. Distribution of the number of vehicles in the maximum back-of-queue for a given lane at the approach in
individual signaling cycles in a given measurement period (including vehicles Figure 8. Starting-up times for the vehicles
forming the maximum back-of-queues for a given lane controlled by traffic signal heads with the same signal control
parameters, i.e., green signal and cycle length.
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Figure 8. Starting-up times for the vehicles forming the maximum back-of-queues for a given lane
controlled by traffic signal heads with the same signal control parameters, i.e., green signal and
cycle length.

The average values of cumulative time intervals of the stream of vehicles starting from
the maximum queue after the start of transmitting a green signal were analyzed (Figure 9).
During the analysis of the research results, it was found that the intensity of starting may
depend on the level of service at the green signal duration. In connection with the above, it
was checked whether there is a correlation between the average values of the starting-up
flow rate during green signal and the average values of the maximum departure flow rate
(and so saturation flow rate) in the given traffic lanes (Figure 10).

Figure 9. Results of the analysis of average values of cumulative time headways in the stream of
starting-up vehicles from the maximum back-of-queue after turning on the green signal in a given
cycle for subsequent vehicles.
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Figure 10. Results of the correlation analysis of the average values of the intensity of starting vehicles
from the maximum queue as a function of the average values of the maximum intensity of the service.

The analysis of the dependence of the average values of the starting-up flow rate from
the maximum back-of-queue in green signal duration as a function of the average values
of the maximum departure flow rate in the given lanes was performed for the state of
saturation and oversaturation traffic conditions using the least-squares method. Due to
the small share of heavy vehicles in a modal split in cities, the analysis did not take into
account the impact of these types of vehicles. The time headways analysis of the starting
process concerned only passenger cars.

The form of the linear regression function was established without the intercept, which
corresponds to the situation where no vehicles are departing from the queue, both in real
traffic conditions and in the conducted analyzes. As a result of the analysis, the following
model describing the average value of the intensity of starting-up vehicles from the queue
was obtained:

qR = 1.45 · qO,MAX [Veh./s], R2 = 0.8027 (15)

where: qR—average value of starting-up flow rate [Veh./s] and qO,MAX—average value of
maximum departure flow rate during green signal in saturated and oversaturated traffic
condition at intersection approach [Veh./s].

The results of the regression and correlation analysis confirm the existence of a rela-
tionship between the average value of the intensity of starting vehicles from the maximum
queue and the average maximum value of the outflow intensity during green signal inter-
val. This relationship is reflected in reality and represents the behavior of vehicle drivers.
Each progressive vehicle from the queue takes part in the stream of maximum outflow,
i.e., in the conditions of the so-called saturation flow rate. Even if the driver is unable to
perceive the displayed signal on the signalization e.g., due to its distant position in the
queue or the possible obstruction of the field of view by a vehicle of larger dimensions,
when performing a starting-up maneuver, it does so under the influence of the vehicle in
front of it. It is related to the behavior of drivers in line with the model of the so-called
“Driving behind the leader”. In the case under consideration, the analysis of vehicles
starting-up from a stopped queue, the vehicle in front of it which has already performed
such a maneuver. From Figure 9 it can be seen that the approximation of the starting-up
flow rate function can be applied by a simple linear model. However, a slight decrease in
this intensity is noticeable along with the increase in the number of vehicles in a queue
(after about 20–25 position).
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6. Model Verification

The proposed model of the maximum queue size at signal-controlled intersection
approach on a given lane has been verified. The verification of the model consisted of a
comparative analysis of the empirical values of the maximum back-of-queue size (KM,i(emp))
with the theoretical values (KM,i) determined based on the model (10). The verification
was carried out on data obtained from remote sensing of the process of forming queues of
vehicles at eight signal-controlled intersections. Comparative analyzes were performed for
two states of traffic conditions at the intersection approach, i.e., in unsaturated inflow (ie
when the volume-to-capacity ratio X did not exceed one) and in saturated or oversaturated
inflow, when remaining queues formed at the approach (ie when the volume-to-capacity
ratio X was equal to or greater than one) and jointly for both states. In total, 1406 signaling
cycles were verified, including 655 in unsaturated traffic conditions and 751 in saturated or
oversaturated traffic conditions occurring at intersection approach. The values of errors in
estimating the maximum back-of-queues are presented in Table 3.

Table 3. Values of errors in estimating the maximum back-of-queue size at the signal-controlled
intersection approach [Veh.].

Testing Ground

Traffic Conditions at the Intersection Approach:

Unsaturated Inflow
[Veh.]

Saturated or
Oversaturated

Inflow
[Veh.]

All Together
[Veh.]

TGa1 2.50 3.28 2.95
TGa2 1.24 8.55 6.03
TGa3 1.74 3.09 2.75
TGa4 1.03 8,25 5.78
TGa5 1.97 4.67 4,19
TGa6 1.77 4.97 3.34
TGa7 1.22 5.74 4.51
TGa8 1.75 2.97 2.08

In all together 1.76 5.23 4.01

The results of the regression analysis for the maximum back-of-queue, determined
basis of the proposed model, and empirical data are in Figure 11. The mean value of the
starting-up flow rate determined from model (15) was used for each i-th signaling cycle. To
fully reflect the process of back-of-queue formation at the signal-controlled intersection
approach, the linear regression equation was determined without the expression of an
intercept function, which corresponds to the situation that there is no maximum queue in
reality and the theoretical maximum queue in the calculations.

At a later stage of the analysis, an error distribution graph was made (Figure 12).
Ideally, the relative error values should be distributed around the mean value of the
Gaussian curve. Thus, the errors should compensate each other.

Using the χ2 Pearson test (assuming the significance level α = 0.05), the proportion
of the error distribution with the normal distribution was tested. Statistical compliance
tests showed a positive result in all analyzed cases. It was also found that the values of the
maximum queue, calculated using the proposed model, are in most cases slightly lower
than the empirical values. Based on the analysis of the causes, it was found that the lower
values of the maximum queue size, calculated with the variables of the model, are not
affected by the traffic signals control parameters, the initial queue length, or the value of
the starting-up intensity.
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Figure 11. Results of regression and correlation analysis between empirical values of maximum
queue size and theoretical values determined by the proposed model.

Figure 12. Distribution of errors in estimating the maximum queue size at signal-controlled intersec-
tion approach obtained by the proposed model.

The values of the maximum back-of-queue size at signal-controlled intersection ap-
proach determined by the model were corrected by applying the appropriate coefficient
expressing the increase in the empirical value of the maximum queues compared to the
value determined based on the model. The primary value for determining the correction
coefficient was the maximum back-of-queue size at the signal-controlled intersection ap-
proach in the ideal road-traffic conditions. Hence, the correction factor fk was determined as
the quotient of the empirical maximum queue size to the value calculated using the model:

fk =
KM,i(emp)

KM,i
[−] (16)

where: fk—correction factor after model verification [−] and KM,i(emp)—empirical value of
the maximum back-of-queue size [Veh.].
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The value of correction factor fk was calculated as fk = 1.08 [−]. Hence, the value of the
maximum back-of-queue at signal-controlled intersection approach on a given lane was
finally determined from the relationship:

KM,i(emp) = 1.08 · KM,i[Veh./s], R2 = 0.769 (17)

The accuracy of the model was analyzed again for that corrected model. In Table 4, the
values of errors in estimating the maximum queues after model calibration are presented.
In Figure 13, the results of linear regression analysis for the maximum back-of-queue size at
signal-controlled intersection approach are presented, determined based on the corrected
model and empirical data. As a result of regression and correlation analysis, high values of
the correlation coefficient (R = 0.877) and determination (R2 = 0.769) were obtained. The
obtained value of the correlation coefficient shows a strong relationship between the values
estimated based on the model presented in the article and those observed in reality. This is
also confirmed by a regression coefficient equal to one.

Table 4. Values of errors in estimating the maximum back-of-queue size at the signal-controlled
intersection approach [Veh.] after calibration.

Testing Ground

Traffic Conditions at the Intersection Approach:

Unsaturated Inflow
[Veh.]

Saturated or
Oversaturated

Inflow
[Veh.]

Unsaturated Inflow
[Veh.]

TGa1 2.98 4.24 3.72
TGa2 1.28 7.65 5.42
TGa3 1.95 3.12 2.82
TGa4 1.10 7.49 5.27
TGa5 2.35 4.33 3.95
TGa6 1.73 4.11 2.86
TGa7 1.34 5.03 3.98
TGa8 1.89 2.64 2.08

In all together 1.95 4.91 3.83

Figure 13. Results of regression and correlation analysis between empirical values of maximum
queue size and calibrated theoretical values determined by the proposed model.
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The distribution of errors in estimating the maximum back-of-queue size at signal-
controlled intersection approach using a calibrated model is presented on the Figure 14.

Figure 14. Distribution of errors in estimating the maximum queue size at signal-controlled intersec-
tion approach obtained by the proposed model after calibration.

Based on the obtained results, it can be concluded that in most cases the relative error is
less than 10%. The low values of these errors prove that the maximum queue size at signal-
controlled intersection approach, estimated by the calibrated model, is very consistent with
the empirical results. An additional part that ensured the most accurate mapping of traffic
at signal-controlled intersections was performed with passive remote sensing tools, such as
digital cameras, which significantly increased the accuracy of recording and understanding
the measured values. The compliance of the error distribution with the normal distribution
was re-examined using the χ2 Pearson test (assuming the significance level α = 0.05). As
before, statistical compliance tests showed a positive result in all analyzed cases. After
the model calibration, the values of the χ2 test statistic had lower values than the values
previously. That proves the improvement of the quality of the model fit to empirical data.
Also, the descriptive parameters of the error distribution, such as the mean and standard
deviation, assume lower values in each case.

The results obtained from the verification prove the high compliance of the constructed
model with the real road and traffic conditions at the signal-controlled intersections located
in urban areas. It confirms a satisfactory level of model accuracy. The obtained compliance
proves the possibility of using the model for practical applications in the calculation of the
maximum back-of-queue size at signal-controlled intersection approach.

7. Discussion and Conclusions

The accuracy of estimating the maximum queue sizes at signal-controlled intersection
approach with the proposed model in the article proves its good adjustment to the empirical
values. It is confirmed by both the high value of the coefficient of determination ~0.8 and
the relatively small errors in calculations, amounting to ~4 vehicles per signaling cycle. The
use of digital cameras in measurements probably contributed to the construction of a model
that allows estimating the maximum back-of-queue size at signal-controlled intersections
with high accuracy, which ensured high accuracy of the research, including in particular
measurements parameters of the process of the starting-up flow rate of vehicles stopped
in the queue. The arrangement of cameras on the sections of the intersection approach
made it possible to study the analyzed process along the entire section of the road, which
was influenced by increasing and decreasing the queue size. The analysis presented in
the article concerned the so far unrecognized from the mathematical point of view of the
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process of starting progressive vehicles stopped in the queue at the intersection approach
in a given lane.

At a further stage of work on calculations of the maximum queue sizes at signal-
controlled intersection approach, the authors plan to take into account the influence of
subsequent factors on the course of the maximum queue formation process, as well as to
characterize the course of this process during a single cycle and a given analysis period,
e.g., 15 min. Moreover, further work will also concern the study of the configuration and
form of functions describing the relationships between the variables, i.e., the headways
between vehicles in streams of arriving, departure, starting-up of the maximum queue,
and stopping of the remaining (initial) queue. The analysis performed so far is based on
averaged values of both the intensity of starting-up and saturation flow rate after starting
the effective green time.

It is also recognized that this model may be useful for adaptive control at intersections
approach, which uses a green signal length adjustment in its traffic control algorithms.
It may be based on the prediction of road traffic characteristics in short time horizons
(e.g., 5–15 min), using the maximum back-of-queue size forecast for this purpose. Despite a
much smaller share of heavy vehicles in a modal split in urban traffic than commuter traffic,
conduct further detailed work in this area and taking into account the influence of heavy
vehicles and buses on the course of the analyzed queue formation process is also planned.

The results of the estimation are considered promising, despite the above-mentioned
simplifications applied at the stage of model construction. In particular, that is in the case
of the worst traffic conditions at urban streets, i.e., conditions of oversaturated vehicle flow
rates. Thence, the presented model can be the basis for further analysis. The purpose of
these analyzes will be a develop more precise relationships characterizing the process of
formation the back-of-queue size at signal-controlled intersections.
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Cham, Switzerland, 2020; Volume 1083, pp. 216–227.

9. Webster, F.V. Traffic Signal. Settings; Road Research Technical paper No 39; Department of Scientific and Industrial Research: New
Delhi, India, 1958. Available online: https://www.sinaldetransito.com.br/artigos/traffic_signals_webster.pdf (accessed on 21
November 2017).

10. Webster, F.V.; Cobbe, B.M. Traffic Signals; Road Research Technical paper No 56; Road Research Laboratory: London, UK; H.M.S.O.:
London, UK, 1966.

11. Kimber, R.M.; Hollis, E.M. Traffic Queues and Delays at Road Jucttions; TRRL Report. LR 909; Transport and Road Research
Laboratory (TRRL): Wokingham, UK, 1979.

12. Miller, A.J. Settings for fixed-cycle traffic signals. Oper. Res. Q. 1963, 14. [CrossRef]
13. Newell, G.F. Approximation methods for queues with application to the fixed-cycle traffic light. SIAM Rev. 1965, 7, 223–240.

[CrossRef]
14. Van Zuylen, H.J.; Taale, H. Dynamic and Stochastic Aspects of Queues at Signal Controlled Intersections. Available online:

https://citeseerx.ist.psu.edu/viewdoc/download?doi=10.1.1.541.7437&rep=rep1&type=pdf (accessed on 20 November 2018).
15. Kimber, R.M.; Daly, P.; Barton, J.; Giokas, C. Predicting time-dependent distributions of queues and delays for road traffic at

roundabouts and priority junctions. J. Oper. Res. Soc. 1986, 37. [CrossRef]
16. Akçelik, R.; Besley, M. Microsimulation and Analytical Methods for Modelling Urban Traffic; Conference papers from Advance

Modeling Techniques and Quality of Service in Highway Capacity Analysis; Sidra Solutions: Truckee, CA, USA, 2001.
17. Akçelik, R.; Besley, M. Queue discharge flow and speed models for signalized intersections. In Proceedings of the 15th

International Symposium on Transportation and Traffic Theory, Adelaide, Australia, 16–18 July 2002.
18. Akçelik, R.; Rouphail, N.M. Overflow queues and delays with random and platooned arrivals at signalized intersections.

J. Adv. Transp. 1994, 28, 227–251. [CrossRef]
19. Akçelik, R. Progression factor for queue length and other queue-related statistics. Transp. Res. 1996. [CrossRef]
20. Akçelik, R. Progression Factors in the HCM 2000 Queue and Delay Models for Traffic Signals; Technical note; Akcelik and Associates

Pty Ltd.: Greythorn, Australia, 2001.
21. Akçelik, R. Stops at traffic signals. In Proceedings of the 10th ARRB Conference, Sydney, Australia, 25–29 August 1980; Volume

10.
22. Akçelik, R. The Highway Capacity Manual delay formula for signalised intersections. ITE J. 1988, 56, 23–27.
23. Akçelik, R. Time-Depent Expressions for Delay, Stops Rate and Queue Length at Traffic Signals; Internal Report AIR 367-1; Australian

Road Research Board: Port Melbourne, Australia, 1980.
24. Olszewski, P. Modelling of queue probability distribution at traffic signals. In Proceedings of the 11th International Symposium

on Transportation and Traffic Theory, Yokohama, Japan, 18–20 July 1990.
25. Olszewski, P. Modelling probability distribution of delay at signalized intersections. J. Adv. Transp. 1994, 28. [CrossRef]
26. Olszewski, P. Overall delay, stopped delay, and stops at signalized intersections. J. Transp. Eng. 1993, 119. [CrossRef]
27. Wu, N. Estimation of queue lengths and their percentiles at signalized intersections. In Proceedings of the Third International

Symposium on Algorithmic Number Theory; Springer: Berlin/Heidelberg, Germany, 1998.
28. Wu, N. Wartezeit und Leistungsfähigkeit von Lichtsignalanlagen unter Berücksichtigung von Instationarität und Teilgebundenheit

des Verkehrs. Ph.D. Thesis, Schriftenreihe des Lehrstuhls. für Verkehrswesen der Ruhr-Universität Bochum, Bochum, Germany,
1990.

29. Highway Capacity Manual 2000 (HCM 2000); Transportation Research Board: Washington, DC, USA, 2000.
30. Highway Capacity Manual 2010 (HCM 2010); Transportation Research Board: Washington, DC, USA, 2010.
31. Akçelik, R. Traffic Signals: Capacity and Timing Analysis; 7th reprint; Australian Road Research Board: Port Melbourne, Australia,

1998.
32. Guide to Traffic Management Part 3: Traffic Studies and Analysis; Austroads: Sydney, Australia, 2020.
33. Canadian Capacity Guide for Signalized Intersections, 3rd ed.; The Institute of Transportation Engineers: Washington, DC, USA, 2008.
34. Handbuch für die Bemessung von Straßenverkehrsanlagen (HBS); Forschungsgesellschaft für Straßen- und Verkehrswesen e. V.: Berlin,

Germany, 2001.
35. Handbuch für die Bemessung von Straßenverkehrsanlagen (HBS 2015); Forschungsgesellschaft für Straßen- und Verkehrswesen e. V.:

Berlin, Germany, 2015.
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Abstract: Increasing traffic volumes in cities leads to common traffic congestions building up,
especially during peak hours. To protect city dwellers from excessive fuel exhaust and traffic noise
and to prevent drivers from time loss due to overloaded routes, it is important to inform them about
real-time traffic conditions and possible delays in advance. Effectively influencing drivers’ decisions
to divert from an original route choice in case of traffic hinderance is essential, and application of
dynamic travel information in the form of variable message signs (VMSs) is believed to be effective
in these terms. The paper examines drivers’ willingness to divert from an initial route choice due to
the information provided on VMS boards. Their behavior was analyzed in terms of their response
to everyday and artificially elongated travel times displayed on the VMSs. Maximum simulated
elongation reached 200% and 300% of the initial state, depending on the characteristics of the pre-peak
conditions. To assess the effectiveness of VMSs, the changes in traffic intensities were statistically
analyzed. In general, apart from few significant differences, the results revealed drivers’ ignorance of
the travel time information provided on the VMS, regardless of the extension of the original times.

Keywords: variable message signs; driver’s behavior; traffic diverting

1. Introduction

The main concepts of a smart city assume the broadly understood care for the residents’
quality of life in various areas of life. One of the basic ones is the improvement of living
surroundings and reliability of travelling. Actions taken in the field of road users’ safety
are mostly related to the implementation of effective speed management solutions from
a group of traffic-calming measures [1,2]. Improving the comfort and reliability of travel
is associated with the implementation of modern intelligent transportation systems (ITS)
technologies supporting the management of traffic flows. That is particularly important due
to the continuous dynamic development of motorization that contributes to the growing
communication problems in cities. To overcome increasing delays and total travel times
that drivers spend in a road network, city authorities invest lots of funds in advanced traffic
management systems. Modern systems are extensive and consist of several subsystems.
One of them is the dynamic travel information subsystem with the provision of actual
travel time information for drivers. Two types of dynamic systems are currently widely
used: variable message signs (VMSs) and graphical route information panel (GRIP), and
the main concern of this article is given to VMS signs.

Variable message signs are part of intelligent transportation systems. The directive
of the European Union 2010/40/EU defined ITS as systems in which information and
communication technologies are applied in the field of road transport, including infras-
tructure, vehicles and users, and in traffic management and mobility management, as well
as for interfaces with other modes of transport [3]. ITS contributes to the improvement
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of transport efficiency in a number of situations, i.e., road transport, traffic management,
mobility, etc. [4,5]. The goal of the development and application of ITS solutions is to
support, control, and manage transport processes.

To date, the effectiveness of ITS has been investigated and confirmed in many respects.
The studies of safety considerations [6,7] have shown high potential in accidents and
injuries reduction. Improvement of transportation systems performance has been exam-
ined [8–10], and essential improvements in average operating speed have been proved.
Several researchers investigated possible applications of ITS solutions in vehicles to im-
prove traffic conditions and traffic safety and to reduce transport impact on the environment
through better vehicle-to-vehicle communication and interaction [11–14] or by incorpora-
tion of speed cameras and section speed systems [15–17].

Weather condition information provided on VMS systems was found to be effective
in speed reduction in Sweden [18,19], but research results in terms of accidents reduction
were disputable [20,21], and it was argued that the net safety effects of such message
systems were not conclusive. They concluded that while messages for adverse weather
conditions significantly influenced speed reduction, drivers tended to compensate for the
speed reduction by increasing their speeds downstream where such adverse conditions
did not exist. Research conducted in Leeds, UK [7,22], employed vehicle simulators, but
the results were also inconclusive even though they showed the improvement of drivers
alertness to the context of the VMS, and consequently their response to a displayed message
became more timely under specific conditions.

Variable message signs, being an integral component of ITS, have an important impact
on a motorist’s travel behavior, and thus they are a key component in a comprehensive
traffic management system. Mostly they are placed at roadside or overhead on roadways
and are designed to deliver traffic information covering congestion and accident reports,
weather information, lane control, limit speed, etc. They have been widely used to pro-
vide information and advice to drivers to increase traffic fluency and reduce time losses.
Traffic congestion level and fluency of driving highly influence drivers’ behavior, which in
turn might affect their route-choice decisions. Typically, as traffic builds, average speed
decreases, and travel time and queue length increase, which in turn causes deterioration of
driving. To avoid such conditions, VMS are implemented to redirect traffic flows toward
less crowded routes. In these terms, scare literature can be found. Considering travel time
information Wang et al. [10] analyzed traffic flow on a given link in an urban road network
at a signalized intersection based on traffic stream directions. They showed that inclusion
of traffic streams, depending on their directional distribution into analyses, can produce
more accurate models of dynamic traffic assignment. Other works devoted to travel time
estimation models and techniques evaluated their usage in relation to characteristics such
as traffic lights parameters, queue length forming, types of vehicle detectors, or type of
measurement data [23–25]. Application of numerical simulations have been used to an-
alyze the impact of VMS on the changes of route flow and travel time under recurrent
and non-recurrent traffic conditions [26]. It was found that for recurrent congestion VMS
can positively influence travelers’ decisions, depending on the route length. In the case of
non-recurrent congestion, the influence is additionally related to increased traffic demand.
Chatterjee et al. [27] developed logistic regression models relating the probability of route
diversion to driver, journey, and message characteristics based on questionnaire data. They
found that the incident and the message content are important factors influencing the prob-
ability of diversion. However, a survey of drivers’ actual responses to a message activation
showed that only one-third of drivers saw the information presented to them, and few of
these drivers diverted. They also noticed that the opposite results of the survey data were
obtained for another UK city with a newly installed VMS system which showed that the
number of drivers diverting due to VMS information was very similar to that expected
from the results of the stated intention questionnaire. Quite similar results were obtained
by Erke et al. [26]. During their investigations at two sites on motorways, they found
that every fifth driver responded to the VMS information and changed their route choice.
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Even though they noticed a higher number of drivers reducing their speed, they explained
that as a chain reaction where one vehicle braked and forced the following vehicles to
brake or change lanes in order to avoid collisions. More recent articles investigate the
exploitation of vehicular ad-hoc network (VANET) architecture to overcome the problem
of congested metropolitan areas [28–30]. Conducted studies showed that such systems
can effectively reduce traffic level inside cities, exploiting inter-communication among
vehicles and supporting infrastructures. Based on vehicle position and speed, drivers using
dedicated smartphone applications achieve information on crowded lanes in a short time
in order to redirect traffic adequately to avoid overloaded routes.

Previous studies, mostly carried out in developed countries where modern technolo-
gies had been developed for many years, have focused on a wide range of ITS solutions,
proving their usefulness. In this scope, computer simulations are being increasingly used
in research nowadays, and together with questionnaire studies they bring significant con-
tribution to explaining transport problems. However, they cannot replace field research,
and there is a lack of investigations conducted in developing countries where ITS solutions
have been introduced on a smaller scale.

In this context, keeping in mind that several previous investigations have been con-
ducted into drivers attitudes toward and responses to expressway-based VMSs, we exam-
ined the potential and influence of VMSs at inducing motorists to divert during congestion
in urban area. For this purpose, research was conducted in Bialystok, a medium-size city in
Poland where traffic is managed by a traffic management system. VMSs displaying travel
time information are one of the base subsystems designed to divert traffic flows heading
for the city center in case of deteriorated traffic conditions. To evaluate effectiveness of this
system, we designed investigations in real and simulated on-road conditions.

The manuscript is organized as follows: Section 2 presents the research area where data
were collected. In Section 3, we present the research scenarios, while in Section 4 results
are presented and discussed. Finally, Section 5 summarizes the obtained conclusions.

2. Research Area and Data Acquisition

The tested area included intersections of city arterial streets being managed by the
traffic management system (TMS) and consisted of 5 intersections equipped with VMSs.
All intersections were located in a crucial part of the city of Bialystok, Poland. Currently,
Bialystok is the only city in Poland where operating TMS covers all intersections with
traffic lights, providing good driving conditions along alternative routes. VMSs are part
of a traffic management system that controls all signalized intersections in the city [31].
On-trip information for travelers is displayed in the form of on-board announcements
(Figure 1) and provides travel time information (TTI) to the center area depending on the
chosen direction.

 

Figure 1. Structure and travel time information (TTI) displayed on the investigated variable message
signs (VMS).
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The location of all operating VMSs in the city with the ones chosen to detail analyses,
marked in circles, is given in Figure 2.

 
Figure 2. Location of VMSs in Bialystok.

Each of the signs was located at the inlet of an intersection diverting main traffic
flows heading to the city center from highly populated residential districts and outskirts
regions. The choice of the specific VMSs was discussed with city traffic engineers. Provided
travel time information was actuated on the basis of real travel time measured between the
beginning and end point of the specific route with the use of ANPR (automatic number
plate recognition) cameras. Any disturbances on a primary route caused by excessive traffic
or an accident resulted in an extension of travel time displayed on the VMS. Information
on traffic volumes was collected during morning peak hours and further analyzed in
relation to the traffic directional distribution. The detailed rush hours range selected for
analysis was based on information obtained from the city traffic engineers. This allowed
specification of an hour range of two hours between 7:00 a.m. and 9:00 a.m. In general, the
posted speed limit within the city borders was 50 km/h, but some segments of main dual
carriageway arterials had an elevated speed limit of 70 km/h. The analyzed routes are
reflected in Table 1. The length of segments with elevated speed limits constituted around
25–30% of their total lengths, and specific segments with elevated speed limits stretched
between two consecutive signalized intersections.

Table 1. Description of investigated routes managed by VMSs.

Intersection
Travel Time Displayed for Main (M)

and Alternative Routes (A)
Speed Limit (km/h) Route Length (km)

1
Wiosenna (M) 7–9 50 3.5

Ciołkowskiego (A) 7–7 50/70 4.1

2
Baranowicka (M) 7–12 (20, 10 min) * 50 5.2

Sulika (A) 8–17 50/70 6.3

3
Sopoćki (M) 4–7 (9, 7 min) * 50 3.1

Antoniukowska (A) 4–9 (11, 3 min) * 50 2.4

4

Świętokrzyska (A) 4–9 (13, 1 min) * 50 3.1

Antoniukowska (M) 3–4 50 3.1

Wierzbowa (A) 4–7 (9, 4 min) 50 4.3

5
Kopernika (M) 8–10 50/70 4.7

Sikorskiego (A) 7–2 50/70 4.6

*—the values in the bracketa show the longest TTI displayed on the VMS and its duration time accordingly. (M)—main route. (A)—
alternative route.
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3. Methodology

The impact of VMSs on drivers’ behavior change was analyzed on the basis of changes
in traffic flow intensity caused by travel time information displayed on the VMS. Assuming
effective impact of the information displayed on the VMS and a positive reaction of drivers
as a result, a significant part of them should divert the original direction (marked as a
main route) into an alternative one, less crowded with shorter travel time (marked as an
alternative route). The logical consequence of that would be differences in traffic intensities.
Current TTI values during daily work change automatically upon the real travel time
measured between beginning–end points. Minimum and maximum displayed TTI values
recorded for everyday conditions are presented in Table 1, and they were gathered with
the use of existing ANPR cameras. Maximum elongations recorded during peak hours on
three consecutive days (Mon–Tue–Wed) varied distinctly depending on the localization,
but in each case noted values were very temporary and were not displayed longer than for
10 min (8% of studied period). For the purpose of the research, TTI values were artificially
imposed by the traffic operator at 7:00 a.m. and remained unchanged for the next 2 h.
Traffic intensity was measured in 15 min intervals. The evaluation procedure was carried
out in three steps:

– Everyday conditions. Getting information about traffic flow in three working days
(Mon–Tue–Wed) and analyses of the traffic characteristics (hourly volume traffic
intensity, quarterly volume traffic, and peak hour factor (PHF)). Verification of sig-
nificant differences in traffic volumes between those days in the period 7:00–8:00
(Mon–Tue–Wed) and the period 8:00–9:00 (Mon–Tue–Wed).

– Everyday conditions. Evaluation of hourly traffic volume fluctuations within a day
and determining the significance of differences between hourly volumes in two
consecutive peak hours (between 7:00–8:00 and 8:00–9:00) to establish the nature and
magnitude of traffic fluctuations.

– Artificial conditions of TTI. Determining the significance of changes in traffic volumes
after the implementation of elongated travel times to investigate the effect of the VMS
operation. Setting the length of travel time information displayed on the VMS board
at 7:00 was based on reviewed everyday conditions and was further assumed as a
phase “0”. Artificially elongated times were assumed to be distinctly longer from
the initial times but still should present reliable and reasonable values. In case of too
extended values, drivers could treat the information as a hardware/software error
instead of accepting the information on actual conditions. The maximum elongation
reached 200% (intersections 3 and 4) and 300% (intersections 1, 2, 5) and depended
on the initial time in phase “0”. The planned TTI values are presented in Figure 3.
Traffic volumes were measured in all set conditions accordingly. Traffic measures were
conducted between March and June during the same weather conditions. Weeks with
public holidays were excluded from the research to keep similar traffic conditions as
much as possible.

The research question on the basis of the null hypothesis claimed that the mean traffic
flow volumes were the same. The alternative hypothesis stated that the mean traffic flow
volumes were different, which entails that the changed conditions (TTI) have an impact
on the traffic intensity in a specific direction. To determine the statistical significance
of differences between means at each stage, analysis of variance was utilized and a 5%
significance level was applied. The significance was verified by Fischer–Snedecor test, and
Levene’s test was used to verify that assumption of the homogeneity of variances.
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Figure 3. Simulated travel times displayed on the VMSs.

4. Research Results and Discussion

4.1. Characteristic of Traffic Flow Volumes Measured in Weekdays in Everyday Conditions

For the purpose of the research, 2 h traffic volume measurements were conducted
during working days peak hours (Mon–Tue–Wed). The values reflecting one hour traffic
intensity in consecutive rush hours are presented in Figure 4. As can be seen traffic
volumes differ distinctly depending on the localization of the VMS, but do not show distinct
differences between consecutive days. The highest difference recorded in Kopernika and
Sopoćki streets at 8:00–9:00 reached 12%, but as the statistical analyses show (Table 2), the
differences were not statistically significant. In other cases the difference did not exceed 6%
and were also insignificant.

(a) (b) 

  

Figure 4. Hourly traffic intensity on main routes (a) 7:00–8:00 (b) 8:00–9:00.

Table 2. ANOVA results of daily traffic intensities changes.

Time
Wiosenna Baranowicka Sopoćki Antoniukowska Kopernika

p =

7:00–8:00 0.9438 0.8414 0.6926 0.9560 0.6538

p =

8:00–9:00 0.5487 0.7068 0.3518 0.7493 0.8911

Time
Ciołkowskiego Sulika Antoniukowska Świętokrzyska Wierzbowa Sikorskiego

p =

7:00–8:00 0.9896 0.7858 0.9619 0.6001 0.7108 0.7183

p =

8:00–9:00 0.9325 0.2265 0.5402 0.9273 0.8104 0.7092
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The lack of significant differences shows that traffic intensity stabilized on a similar and
stable level regardless the day of a week. The explanation for a lack of distinct differences
even when they reached 12% may be high fluctuations in traffic flow that can be observed
in shorter time intervals. This also indicates that in further analyses measurements could
be carried out on any of those days.

4.2. Hourly Traffic Volume Fluctuations Within Peak Hours in Everyday Conditions

It is believed that effective VMSs should redirect traffic flows from crowded directions
to less crowded alternatives. Before the artificial values of TTI were set one-hour traffic
flow variations in the period between 7:00–8:00 and 8:00–9:00 were checked to avoid
biased conclusions arising from natural traffic fluctuations. For this purpose, traffic flow
was analyzed in 15-min intervals (Figure 5) on the basis of peak hour factors (PHF) k15
(Figure 6) and average traffic volumes (Qavg). The peak hour factor compares the traffic
volume during the busiest 15 min of the peak hour with the total volume during the peak
hour. It indicates how consistent traffic volume is during the peak hour.

(a) (b) 

  
Figure 5. 15-min traffic intensity variations (a) main routes (b) alternative routes.

(a) (b) 

  
Figure 6. Peak hour factor (a) main routes (b) alternative routes.

Visible irregularity in main (Kopernika and Antoniukowska streets) and alternative
routes (Ciołkowskiego and Antoniukowska streets) correlated with higher upstream traffic
and is validated by k15 values. A large discrepancy of PHF values (Figure 6) along with
increasing and decreasing trend in traffic volumes in peak hours indicate the randomness of
the irregularity phenomena rather than its regularity caused by TTI information displayed
on the VMS. This also confirms that everyday traffic volumes are subjected to some natural
fluctuations which in most cases are statistically insignificant though (Table 3).
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Table 3. ANOVA results for main and alternative routes.

Main Routes

Wiosenna Baranowicka Sopoćki Antoniukowska Kopernika

Time 7:00–
8:00

8:00–
9:00 7:00–8:00 8:00–

9:00
7:00–
8:00 8:00–9:00 7:00–

8:00
8:00–
9:00

7:00–
8:00

8:00–
9:00

Q avg
(veh/15 min) 137 133 84 71 129 106 153 150 193 158

SD 14.3 22.8 15.7 5.1 14.4 18.2 45.6 24.7 21.7 11.7

F = 0.2025 4.4008 7.6645 0.0245 24.3532

p = 0.6570 0.0545 0.0151 0.8776 0.0001

Alternative Routes

Ciołkowskiego Sulika Antoniukowska Świętokrzyska Wierzbowa Sikorskiego

Time 7.00–
8.00

8.00–
9.00

7.00–
8.00

8.00–
9.00

7.00–
8.00

8.00–
9.00

7.00–
8.00

8.00–
9.00

7.00–
8.00

8.00–
9.00

7.00–
8.00

8.00–
9.00

Q avg
(veh/15 min) 223 182 103 82 205 156 98 88 65 57 74 64

SD 46.6 18.8 13.9 3.3 65.8 29.7 21.2 20.7 14.5 10.5 12.9 7.4

F = 7.7931 18.0642 3.8143 0.9874 1.4523 5.2518

p = 0.0106 0.0008 0.0711 0.3388 0.2481 0.0318

4.3. Determining the Significance of Traffic Intensities Changes Caused by Variations of TTI
Displayed on the VMS

Information on traffic flow intensity variations caused by artificially elongated travel
time displayed on the VMS boards present similar trends to those found during everyday
operation of the VMSs. In the case of main routes (Figure 7), in the first hour traffic intensity
volumes show smooth upward trends which in the second hour change into downward
ones. In the case of alternative routes (Figure 8), the pattern of traffic flow variations are in
line with those achieved in everyday operations.

 

Figure 7. Cont.
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Figure 7. Traffic flow changes in 15-min intervals on main directions.

(a) (b) 

  
Figure 8. Samples of traffic flow changes in 15 min intervals on alternative directions (a) Antoniukowska Str. (b) Sikorskiego Str.

To determine the significance of changes of traffic volumes as a result of artificial
time extension, the ANOVA analyses was applied. The first step of the analysis contained
a comparison of traffic intensities in the first hour of morning rush with different TTI
displayed. Then the same procedure was applied for the second hour of morning rush with
adequate travel times. Finally, the comparison included traffic flow differences recorded
in two consecutive rush hours. The results (Appendix A) show no significant differences
between traffic flows either in the first or the second rush hour, regardless of the TTI
value. In the group of main routes, the only significant difference was gained in Kopernika
route—TTI extended up to 200% and 300% of the initial state brought significant difference
between traffic flow intensity in the first and second hour. Box plots represent those
changes graphically (Figure 9). Even though the traffic intensities decreased, the reason for
that was not diversion of traffic flow into the alternative Sikorskiego route—in that case the
changes remain insignificant. It results from Figures 7 and 8 that along with the increase in
the traffic intensity in the first hour on Kopernika str, the intensity increases similarly on
Sikorskiego str. After the intensity reaches its peak in the third quarter of the first hour, it
decreases in both cases. Within alternative routes the differences in traffic flows showed
a significant level with the TTI values elongated to 10 min and 14 min (Ciołkowskiego),
yet further extension of TTI did not cause such influence. In the case of Sulika, route
traffic intensities differed significantly when the TTI was elongated up to 300%. In the
case of Ciolkowskiego and Sulika alternative routes, higher local speed limit constituted
around 30% of the route length. Hence, it could be expected that this facet should be
additional motivation to reroute for drivers facing deteriorated conditions on the main
routes. However, the results did not confirm that, and no significant differences in traffic
flows changes were stated on those routes. Admittedly, on Ciolkowskiego route we stated
a significant difference in the changed traffic intensity, but it is not supported by relevant
changes to the main direction (Wiosenna str) so it cannot be the result of the information
given of the VMS.
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Figure 9. Box plots for Kopernika route with different TTI values.

Considering achieved ANOVA analyses results, two observations are symptomatic
and essential in terms of VMS impact on drivers travel route choice. The first one shows
that significant difference for the Sulika route was also stated in phase “0”. This result
seems to be random because the significant difference between the first and second hour at
phase “0” becomes insignificant for TTI elongated up to 100%, becoming significant again
for TTI elongated to 300%. The second revelation is that significant differences are related
with the quite intensive traffic flow decreases in the second rush hour, and the decreasing
traffic is a natural process evolving from daily traffic flow changes. The results of this study
contradict Benson’s [32] and Zhong-Rens et al. [33] findings. Benson found that drivers
respond well to simple and reliable information on VMS, while Zhong-Ren stated that 66%
of drivers changed their route and their behaviour was correlated with the frequency that
a driver encounters an arterial VMS.

The authors’ observations suggest that recorded traffic fluctuations are the result of
natural traffic intensity fluctuations in traffic flow rather than changes caused by the impact
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of VMS information. This conclusion is also supported by the data presented in Figure 7. If
elongated TTI would effectively influence drivers’ route choice decisions, then we should
observe the decrease of traffic intensity in the first hour along with increase intensity on the
alternative route (i.e., Kopernika–Sikorskiego intersection). However, as it can be seen, this
does not happen. Traffic intensity increases smoothly to reach its maximum in the third
quarter (7:30–7:45) after which it decreases. This trend is equally present in Kopernika
(Figure 7) and Sikorskiego routes (Figure 8).

The lack of drivers’ response to the displayed TTI values in everyday conditions
cannot be explained by a short display time (it is the case for the longest exposure of TTI
in everyday conditions) because in this study each elongated TTI value was displayed
for 2 h. A possible explanation for that behavior can be sought in the fact that drivers
have no knowledge about the route of the alternative direction (the alternative route is
not displayed on the VMS board). Another justification could be that drivers have limited
confidence in the information provided, but that should be additionally confirmed in an
extended questionnaire survey.

5. Conclusions

Several investigations testing drivers attitudes toward VMS placed on motorways
have been conducted so far, but many of them were based on simulator surveys. This paper
is based on in situ surveys and focused on the effect of travel time information provided
on VMSs on drivers’ route choice in the urban area of a middle-size city. The achieved
outcomes are in contradiction to earlier research findings and showed a lack of drivers’
response to the information displayed on the VMSs, regardless of the length of expected
travel time. Drivers did not divert, even with the time elongated up to 200% or 300% of the
initial state.

The significant changes observed in traffic flow intensities between consecutive morn-
ing rush hours resulted from natural fluctuations in daily traffic, not from expected delays
on a given direction. Hence, the directing role of VMS investigated in this paper is very
questionable, and the use of VMS providing only simple information about expected travel
time is insufficient—drivers seem to ignore such a message. The reason for that may also
lie in limited drivers’ knowledge about the route of alternative directions. Better route
change could be achieved from boards displaying travel time information together with
a graphical display of the alternative route. However, recognition of drivers’ behavior
in this scope could be additionally confirmed through an extended questionnaire study.
Similarly, possible use of mobile applications and drivers’ preferences and attitudes toward
traffic information conveyed through VMSs and their propensity to divert under certain
situations could be verified.
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Abstract: Traffic calming is introduced to minimise the negative results of motor vehicle use, for
example, low safety level or quality of life, high noise and pollution. It can be implemented through
the introduction of road infrastructure reducing the velocity and the traffic volume. In this paper,
we studied how traffic-calming influences the traffic assignment. For the research, a traffic-calming
measure of speed cushions on the Stachiewicza street in Krakow was taken. A method of extracting
trajectories from aerial footage was shown, and it was used to build a model. For a given example,
through driving characteristics research and microscopic modelling, volume–delay BPR functions
were estimated—for a street with and without traffic calming. Later, a toy network of two roads of
the same length, connecting the same origin and destination, was simulated using an equilibrium
traffic assignment method. Simulations were conducted both with the use of PTV Vissim and Visum
software and through individual calculations. According to the results of this paper, there was a
difference in traffic volume according to the equilibrium traffic assignment in the aforementioned toy
network as a function of total network traffic volume.

Keywords: traffic calming; traffic modelling; volume–delay functions; traffic assignment

1. Introduction. Traffic Calming

Road planning, together with intelligent transport systems, helps to minimise the
negative impact of motorised traffic. Moreover, data acquired from traffic control, such as
traffic flow information or video footage of the road network, give a background for traffic
modelling. In this paper, we used the video detection of traffic-calmed roads to produce the
trajectories needed to build a microsimulation model. Later, we investigated the influence
of the traffic-calming measures on traffic assignment.

According to the definition by the Institute of Transportation Engineers [1], traffic
calming is the combination of mainly physical measures that reduce the negative effects of
motor vehicle use, alter driver behavior and improve conditions for nonmotorized street
users. The reduction in the negative effects comes with the reduction in the main factor
causing it—high traffic volume. This allows the reduction in the noise or air pollution and
improves the road safety and quality of life. The introduction of traffic calming historically
started in the 1960s and 1970s in the Netherlands, Great Britain, Germany and Denmark,
and it is connected with the idea to prioritise walking by closing the streets for motorised
traffic or to slow car speeds down to walking pace—pedestrianisation [2].

Traffic calming can be categorised by the scales of influences into three levels [3]:
Level I—actions restricted to local, residential areas with low traffic volumes and

capacities to restrain traffic velocities and to reduce negative traffic impacts;
Level II—actions dedicated to a corridor, which reduces traffic on that corridor, but

not on the network;
Level III—actions introduced in a greater area and having an influence at a macro-

level.
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Recent progress in extracting the trajectories from video footage and the low cost of
aerial videography thanks to the growing availability of unmanned aircraft has enabled
easy trajectory recording for a relatively large area. This has made it possible to undertake
the following research of the influence of the volume–delay function of a traffic-calmed
street in order to create a modelling background to answer the question: Is it possible to
model a situation where a traffic-calmed street attracts less traffic?

In this paper, the level III influence was discussed. Research on how traffic calming
influences the traffic assignment was undertaken. For a given example, through driving
characteristics research and microscopic modelling, BPR functions (volume–delay func-
tions in the shape researched by the Bureau of Public Roads [4]) were estimated—for a
street with and without traffic calming. Later, a toy network of two roads of the same
length, connecting the same origin and destination, was simulated using an equilibrium
traffic assignment method. Simulations were conducted both with the use of PTV Visum
software and through individual calculations. The result of this paper was the difference in
traffic volume according to the equilibrium traffic assignment in the aforementioned “toy
network” as a function of total network traffic volume.

2. Literature Review

2.1. Measurement Methods

The following research requires the fulfilment of two challenges to properly reproduce
driver behaviour. The first is the accurate reproduction of vehicle movement, needed
for proper calibration of the kinetic parameters of the traffic. The second is connected
with the interactions among other vehicles. Identifying leader–follower pairs would
allow the estimation of parameters of the car-following model. In the Wiedemann car-
following model, these parameters are, for example: distances between successive vehicles,
decceleration forces when noticing the approach to the car in front, and the velocity and
distance fluctuations when following.

Measurement of the vehicle movement can be divided into two categories: inside and
outside the vehicle. First, measurements inside the vehicle (known also as a floating car) are
undertaken with the help of the measurement vehicle, which is equipped with a movement
tracking device, recording distance and velocity, and possibly also measuring the press of
the acceleration and braking pedal. Alternatively, the floating car can be equipped with the
GPS device, which also makes it possible to record the complete trajectory (the positions of
the vehicle in the time interval). When using this method, the accuracy of the GPS (2–5 m)
should be noted [5], which can influence the results negatively. Measurements outside the
vehicle are able to record the trajectories of more than one vehicle. These measurements
include the velocity measurement on the street, such as radar control or pneumatic tubes
for speed measurement [2]; moreover, they can be: speed control, photographing or video
recording. Unfortunately, most of these methods collect the data in one specific point and
not continuously on the whole measured road link.

To ensure the continuity and recording of every vehicle in the traffic flow, a video
recording can be used. With the use of machine learning and computer vision, vehicles,
bicycles and pedestrians can be detected automatically without the need to go through the
time-consuming process of manual trajectory extraction.

Video recording requires a proper camera positioning to maintain the required angle
and an unobstructed view on the traffic. This can be solved with the positioning of a camera
vertically pointing down for simple trajectory calculation and to minimize the amount of
unwanted objects in the picture. This requires the installation of the camera high above the
street or to use aerial recording. In this research, an unmanned aircraft was used.

2.2. Microsimulation Model

The microsimulation model analyses every object (vehicle, pedestrian, etc.) separately,
representing the driver behaviour (speed, acceleration, etc.) in the current traffic situation in
every time stamp of the simulation [6]. The simulation model should be calibrated correctly,
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meaning it should reproduce the traffic as close to the measured trajectories as possible,
including unimpeded traffic speed, and interactions between vehicles. Based on these
parameters, the vehicle (traffic) moves along the simulated road network along the set path.
The microsimulation model usually does not produce a traffic assignment (choice of the
path in the network), because it has been previously inputted, for example, from the traffic
measurements or macrosimulation model. The microsimulation model delivers exact travel
times. Every vehicle can be described by the following basic parameters: position, velocity,
acceleration in time. Microsimulation models are dynamic models, meaning their product
is the traffic information as a function of time. Usually, the simulation time is over a dozen
minutes and the simulation time resolution is high (ex. 1 s). Due to the aforementioned
accuracy, microscopic models require a precise and complete network reproduction, which
comes with a lot of computing power, which makes it difficult or impossible to apply for
larger areas, such as cities or regions. Each simulation run represents one example of the
stochastic situation. The result of the simulation is both graphical and analytical, such
as animation, trajectories (spatial and movement data), average travel times or velocities,
unimpeded traffic speed or delay as an effect of growing density.

To simulate the interactions between vehicles in the microsimulation model, a car-
following model is used, which defines the leader–follower behaviour. The movement char-
acteristics can be based on the mathematical calculations dependent on the leader [7–10].
However, there have been models developed, which are based on the aforementioned
models but also adds the behaviour additional to the reaction to the leader’s activity. These
relate to the Wiedemann model [11], optimum velocity model [12], and Intelligent Driver
model [13].

In the article [14], the authors collected the trajectories, simulated various models, and
assessed which gave the best reproduction of the real behaviour. Based on this article, in
this research, Vissim software and the Wiedemann model were chosen.

Vissim’s traffic flow model is a stochastic, time-step-based, microscopic model that
treats driver-vehicle units as basic entities. The car-following model is based on the
Wiedemann model. Driving behaviour in this model is divided into four states: free
driving, approaching, following, and braking [6,15].

Figure 1 shows the driving behaviour reproduced in the model. The green colour is
the situation when no other vehicle is in the distance needed for the reaction (that distance
depends on the speed difference between two vehicles), the car is moving in the free flow
with the velocity of its choice. When approaching the vehicle in front, after reaching the
perception threshold (the moment when the driver notices the car in front), and the distance
is small enough according to the difference in velocity, the following car starts to decelerate
(light and dark orange colour). After reaching a similar speed and a proper distance, the
following car speed oscillates randomly near the vehicle velocity in front of them, trying to
adjust to a similar velocity and same distance (white colour) [15].

Detailed driving behaviour is described with Wiedemann model parameters: Wiede-
mann 74, such as safety distances, lack of attention duration or lack of attention probabil-
ity [11]. Additionally, in Wiedemann 99: time distribution of the speed-dependent part of
the desired safety distance, time of deceleration before reaching safe distance, influence of
distance on speed oscillation, desired acceleration when starting from standstill [15].
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Figure 1. States of PTV Vissim model, source: PTV Vissim 9 manual [15].

2.3. Relationship between Traffic Flow and Velocity

The relationship between traffic flow and velocity has been a research subject since
the beginning of mass motorisation. First, a meaningful study of that topic was presented
in the 13th Annual Meeting of the Highway Research Board in December 1933 by Green-
shields [16]. With the camera and chronometer in sight, the first measurements of density
and speed were conducted. One of the most important results of the research was a fun-
damental diagram showing the relation between traffic volume (named in the research as
“density”) and speed. That classic diagram is shown on Figure 2.

Figure 2. Greenshield’s fundamental diagram of traffic flow, source: [16].

On the diagram, there are two states of traffic visible. On the top is the state without
congestion. With the growth in the traffic volume (D), there is a moderate decrease in the
velocity, which continues to the point of reaching capacity. The other state, as seen on the
bottom of the chart, is a low velocity and low traffic volume caused by congestion.

Primarily, fundamental diagrams of traffic flow were researched not for the urban
streets but for highway traffic, establishing the relationship between traffic volume, velocity
and capacity, level of service, etc. More advanced diagrams to use in urban areas were
based on traffic density or a relationship with kinematic wave theory [17,18].
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An alternative form of describing the relation between traffic flow and velocity is
a volume–delay function. The volume–delay function (VDF) is an approximation of
fundamental traffic phenomena such as gridlocks and spillbacks occurring in dynamic
traffic models, for macroscopic, static models [6,19]. The VDF, unlike the fundamental
diagram, is a function, containing a hypocritical part (where the traffic volume is below the
capacity) and a hypercritical one.

One of the historically first and most popular formulations of VDFs are BPR functions,
published in 1964 by the Bureau of Public Roads in USA [4]. The other examples of VDFs
can be Conical [20] or Akcelik [21] functions. Those function formulas are commonly used
in macrosimulation models.

In the macroscopic model, the network is seen as a graph, where edges (links) (option-
ally nodes) are resistive. The resistance of the edges is described as a relationship between
saturation grade (traffic volume to capacity ratio) and travel time (multiplied travel time
of empty network), known as the volume–delay function. The volume–delay function is
a nondescending, continuous, differentiable (with exception to the point sat = 1, where
traffic volume is equal to capacity) function, usually calibrated based on assumptions or
observations of the observed travel time and the corresponding volume data. [22]. For
unimpeded traffic flow, the result of the volume–delay function equals 1, meaning that
vehicles travel with a free flow travel time. With the growth in traffic volume (vehicles per
hour), the function values grow. When the traffic volume reaches capacity, the saturation
grade equals 1. After crossing the capacity, the function starts to increase significantly. The
example of the volume-delay function is shown in Figure 3.

Figure 3. Example of volume–delay functions, source: [23].

2.4. Macrosimulation Model and Traffic Assignment

Among the types of macrosimulation models according to the methods on which they
were built, we considered a four-stage model. It consists of four steps: Trip generation, trip
distribution, mode choice and traffic assignment [24,25].

Trip generation is the first stage in which spatial analysis is undertaken to determine
the amount of trips going in and out of each homogenous area during the peak hour.

Trip distribution creates a matrix of trips between the origin and destination areas
based on the gravity function, which determines the probability of a trip existing based on
the distance or travel time.

Mode choice determines the amount of trips taken by every available means of
transport, such as car, public transport, and bike. It is determined by functions defining the
probability of choice of the specific means of transport according to distance, availability,
and motivation (home-work, home-school etc.)
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Traffic assignment sets the path for every trip generated, distributed and assigned to
the transport mode in the previous stage. For the traffic assignment, Wardrop’s principle of
user equilibrium is usually used [26]. Its assumptions are that every user chooses the path
with the lowest cost (cost is represented by travel time), and that the transport system aims
to achieve equilibrium—the state when no vehicle can change the path to the other one,
with a lower cost. However, for large networks, the simple user-equilibrium algorithm
is relatively slow. Therefore, more time-efficient algorithms are used, based on the user-
equilibrium rule, for example, the LUCE (Linear User Cost Equilibrium) algorithm, used in
PTV Visum, which aims to be 10–100 times faster than other methods [27]. The example of
the traffic assignment is shown on Figure 4.

Figure 4. Example of traffic assignment for the city of Kraków. Source: [28].

Equilibrium methods require the iteration of traffic assignments, because the travel
time on the link, the main factor to assign the trip to the path, depends on traffic flow,
and thus on the amount of trips through the link in the form of volume–delay functions.
Iterations are undertaken until the model reaches the equilibrium state.

In this research, only the last step of the four-step model is taken into the consideration,
precisely, the traffic assignment reaction on the volume–delay functions existing on traffic-
calmed roads.

3. Measurements and Building a Microsimulation Model

3.1. Methodology Overview

To produce the macrosimulation model, the vehicle movement was collected by
unmanned aircraft with a video camera. Later, using video detection, the trajectories were
produced with the help of machine learning. This allowed the extraction of the speed
distributions of the vehicles, acceleration and braking—necessary parameters for the Vissim
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model, and speed profiles necessary for evaluation of the model. The overview is presented
in Figure 5. A more detailed methodology is presented in Sections 3.2–3.5.

Figure 5. Methodology diagram. Source: own.

3.2. Location

The research area was Stachiewicza street in Kraków, Poland. There are speed cushions
installed, two in each direction, allowing vehicles with a larger wheel gauge (such as
buses) to pass them without slowdown. The street serves the role of one of the main
connectors between the north-western and other districts, therefore carrying numerous
and diversified traffic. Further, the direction “1” in this article means northbound, and “2”
means southbound.

3.3. Video Data Collection

To provide coverage of the whole measured area, where a high point to place a camera
was not present, an unmanned quadcopter (DJI Phantom IV) was used. Its coverage was
110 m of the street with an altitude of 80 m above ground level. The duration of the
flight was approximately 25 min, which, after substracting the ascend and descend, left
15–20 min of traffic recording. The video parameters were: 1920 × 1080 pixels resolution
and 40 frames per second.

The video footage was processed by the company DatafromSky [29] to obtain the
trajectories. The results of the processing delivered a graphical visualisation to watch in
the DatafromSky viewer (see Figure 6) and the csv file containing all trajectory data, such
as: timestamp, coordinates, object ID, and object type (car, heavy vehicle, bus, bicycle,
pedestrian).
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Figure 6. DatafromSky viewer software screenshot with car detection and trajectory data displayed
(source: own).

3.4. Trajectory Analysis

The processing of the data acquired from the recordings was made as follows. First,
the street visible in Figure 6 was divided into measurement sections of 10 cm in length.
Instantaneous velocities were identified in each section for every vehicle, with the division
to vehicle classes, such as cars (standard and van), busses and heavy vehicles. Then,
the sections were put together to create the speed charts showing the speed profiles
of the analysed road, considering the velocity change on the speed cushions. For this
measurement, 20 min of the recording was used, containing 192 vehicles: 165 cars, 18 vans,
3 heavy vehicles, and 6 busses. There were also 90 pedestrians detected, but these data were
not used in this research. Charts of speed profiles are presented below in Figures 7 and 8.

Figure 7. Speed profile for Stachiewicza street, direction northbound (source: own).
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Figure 8. Speed profile for Stachiewicza street, direction southbound (source: own).

On the charts, speed profiles for the studied 107 m length of Stachiewicza Street can
be seen. Speed cushions are indicated by violet dots on the top of the chart at 20 and 82 m
along this section northbound, whereas southbound—on the 26th and 88th meter of the
measured area. The minimum speed in each section is indicated with blue points. The
decrease in the minimal velocity between the speed cushions (between 40th and 60th metre)
shows the car stopping on the pedestrian crossing. The average velocity is represented
with the green points—its decrease in the area of speed cushions is clearly visible. The red
points marking the maximal speed show that there were vehicles which did not slow down
on speed cushions, especially on the first one in the northbound direction.

3.5. Microsimulation Model

Building the microsimulation model started from preparing the speed distributions.
Those were created according to the measured, cumulated frequencies for each vehicle
type. There are two kinds of the speed distributions, corresponding to the two situations:
near or away from the speed cushions. On the transfer between the speed distributions,
the accelerations and braking were identified. In this model, there are two traffic directions,
each on the separate link. There are two reduced speed areas in each link, representing the
speed cushions. For every direction and for every reduced speed area, a separate speed
distribution was inputted. Examples of the speed distributions are presented in Figure 9.

In the vissim microsimulation model, the speed distributions, acceleration and decel-
eration data were inputted. Later, the simulation was undertaken for the traffic volume
equal to that during the measurement, to check the calibration. To compare the simulated
trajectory data with the measured ones, average speed profiles for all vehicles from the
simulation were exported. The calibration was undertaken using the speed distributions
when the traffic volume allows unimpeded traffic to correspond with the simulated veloci-
ties. Velocities in the simulation were adjusted to comply with the measurements. For the
calibration of the speed profile shape, vehicles’ acceleration and braking were estimated.
For the first direction of the Stachiewicza street (northbound), the correlation coefficient
between the model and the measurement was equal to 0.79. The compared speed profiles
are presented in Figure 10.
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Figure 9. Car speed distributions for the link, direction southbound (orange) and its second speed
cushion (blue), source: own.

Figure 10. Comparison of speed profiles on the measured street section, heading northbound, source:
own.

For the second direction (southbound), the correlation coefficient was 0.71. Figure 11
shows this comparison.

A correlation between measured and simulated speed profiles was clearly visible
and acceptable. In case of needing correlation improvement and further calibration, the
car-following model (Wiedemann) parameters can be adjusted or the link can be divided
into more parts, with their own speed distributions, acceleration and breaking parameters.

118



Energies 2021, 14, 3726

Figure 11. Comparison of speed profiles on the measured street section, heading southbound, source:
own.

For the volume–delay function estimation, a variety of traffic volumes were simulated
for both traffic-calmed and not-traffic-calmed links. To research the travel time in the traffic
volumes exceeding the capacity, for the simulated link, another was added to accumulate
the queues. Travel time (later used for the velocity calculation) is the travel time of the link
with extensions (plus queue travel time if applicable) minus the travel time on extensions
on the free flow. The initial result of that experiment was a relation between traffic volume
[veh/h] and velocity [km/h]. This results in the chart shown in Figure 12.

Figure 12. Traffic volume–speed relation, source: own.

On Figure 12, a descent in the speed with the traffic volume can be seen. At the
point of reaching capacity, the velocity decreased with the maximal traffic volume, which
created a relation complying with a fundamental diagram of traffic flow, where there are
two results for velocity with the same traffic volume, depending on whether it is above or
below capacity. To create a relation as a function, the traffic volume [veh/h] was replaced
with the traffic density [veh/km] [30]. In that case, after reaching the capacity, the density
still increased with the decrease in the velocity. This is presented in Figure 13.
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Figure 13. Traffic density–speed relation, source: own.

The form of the travel times was calculated with the form corresponding to the
volume–delay function presentation available in PTV Visum, meaning that the relationship
between the saturation grade (density divided by the maximum traffic volume density)
and the travel time is the t_0 (free flow travel time) multiplied by the rest of the function.
In the macroscopic transport model of the city of Kraków, volume–delay functions were
estimated using the BPR2 volume–delay functions shape (see Formula (1)):

Formula (1). BPR volume–delay function, source: [4]

tcur (sat) =

⎧⎨
⎩

t0·
(

1 + a·satb
)

, 0 < sat < 1

t0·
(

1 + a·satb′
)

, sat ≥ 1
(1)

where:

• t0—free flow travel time (for the following speeds: with traffic calming: 28 km/h,
without traffic calming: 30 km/h);

• a, b, b′—parameters of the function;
• sat—saturation grade (q/qmax).

Estimating the function parameters for the best fit was made using the squared
difference minimisation. Parameters’ values are shown in Table 1.

Table 1. Function parameter values.

Number of Function
Direction 1 with
Traffic Calming

Direction 2 with
Traffic Calming

Direction 1 without
Traffic Calming

Direction 2 without
Traffic Calming

a= 0.641359 0.758637 0.527618 0.611864
b= 0.738809 0.643984 0.905478 0.646525
b′= 6.760153 5.292947 7.080322 2.591875

qmax 1068 1044 1308 1158

The fitting of the function had a high correlation coefficient, in every case above 0.9.
The comparison of the empirical relation with the function fitting can be seen in Figure 14.
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Figure 14. Fitting of the volume–delay functions, source: own.

4. Experiment

In this experiment, a “toy network” of two links of the same length was constructed,
connecting a common origin and a destination. The links differed in the volume–delay
function defined for them—one with, the other without traffic calming; thus, the travel
time is as seen in Formulas (2) and (3):

Formula (2). Travel time with traffic calming. Source: own, based on: [4]

twtc = t0(wtc) ·
(

1 + awtc ·
(

q
qmax,wtc

)bwtc
)

(2)

Formula (3). Travel time without traffic calming

twotc = t0(wotc) ·
(

1 + awotc ·
(

qtot − q
qmax,wotc

)bwotc
)

(3)

In the experiment, we researched a situation when our toy network is in the state
of equilibrium. That means, for every user, the travel time is the same twtc = twotc. In
that case, the traffic volume would be different for each link, which is written as qwtc:
traffic volume for a link with the traffic calming and the remaining traffic (on the link
without traffic calming): qtot − qwtc, where the total traffic flow is described by qtot. The
traffic assignment on this simple network was calculated by solving the equation given in
Formula (4): twtc = twotc.
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Formula (4): The equation of the model

twtc = twotc

t0(wtc) ·
(

1 + awtc ·
(

q
qmax,wtc

)bwtc
)
= t0(wotc) ·

(
1 + awotc ·

(
qtot−q

qmax,wotc

)bwotc
)

(4)

Calculations of the traffic assignment were made with the help of Microsoft Excel’s
Solver together with the use of macros to automate the process of simulating various traffic
volumes, and these were then confirmed with PTV Visum software (using the equilibrium
traffic assignment for the aforementioned model). A graphical description of the model
can be seen in Figure 15. There are two pictures with each of them containing different
total traffic (qtot): on the left: 500 veh/h, on the right—3000 veh/h. For this model, the BPR
function values of Direction 2 stated in Table 1 are used—the top with traffic calming (wtc)
and the bottom without traffic calming (wotc).

Figure 15. Example results of the traffic assignment, source: own.

5. Results

As a result of the experiment, a chart showing the relation between the total traffic
volume (qtot) and the traffic volume on each link was created. The results are shown in
Figure 16.

Figure 16. Traffic flow on both roads according to the total traffic volume, source: own.

For a better interpretation of the above chart, it was shown (on Figure 17) as a differ-
ence in traffic volume between each link.

The phenomena presented in the chart can be divided into three phases, depending
on the state of the network:

1. Both links are below capacity. On the empty street, the speed is lower on the traffic-
calmed road (because of the slowdown caused by speed cushions) than on the road
without traffic calming. No or a little slowdown is caused by a high traffic volume.
More vehicles choose the standard road. qtot ≤ 2200 veh/h.
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2. Because more vehicles choose the standard road, it reaches capacity earlier (despite
the capacity being higher than the other link) and causes congestion; thus, drivers
choose an alternative road through a traffic-calmed one, which is still under capacity.
2200 < qtot ≤ 2500 veh/h.

3. Traffic-calmed road exceeds capacity, as well as standard road; more vehicles choose
the standard road, with higher speeds during congestion. qtot > 2500 veh/h.

Figure 17. Difference in traffic flow on each link, source: own.

The difference between the traffic volumes on links with the aforementioned volume–
delay functions in relation to total traffic volume was modelled as a polynomial function
shown in Formula (4): di f f = c·qa

tot + b. Function parameters are presented in Table 2.
Formula (5). Estimation function formula

di f f (qtot) = c·qa
tot + b (5)

Table 2. Function parameters.

a b c

1. qtot ≤ 2200 veh/h 1.75075 44.77371 0.00049
2. 2200 < qtot ≤ 2500 veh/h 1.06087 1203.81532 −0.23048
3. qtot > 2500 veh/h 2.93892 0.141 × 10−12 0.259 × 10−8

The results of the function fitting have been presented in Figure 18.

Figure 18. Fitting of the function, source: own.
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Comparison with the Results of the Current Solutions

Currently, in existing macroscopic urban models, in most of the cases, there is no
modelling of the volume–delay functions for traffic-calmed roads. Either for roads with
small traffic (where traffic-calmed ones often belong) are no volume–delay functions
defined (meaning that the travel time is not dependent on the traffic volume) or a volume–
delay function is standard for the whole link type. It is considered that the traffic on the
toy network of two links would be simulated as the same for both types of links unless
there is no differentiation in the free flow velocity. However, when that v0 velocity is
different, in the case of a constant volume–delay function, there will be no traffic on the
traffic-calmed road, because it is always slower than the other one. In the case of using
the same volume–delay function, together with a different v0 velocity, which is a proper
solution in existing models, the result will be as in the Figure 19.

Figure 19. Traffic flow on both roads with the same volume–delay function and different v0 velocities,
source: own.

The difference between traffic volumes is shown on Figure 20.

Figure 20. Difference in traffic volume between links with the same volume–delay function and
different v0 velocities, source: own.

Comparing the last two charts with Figures 19 and 20, we can see similarities such as
the aforementioned three stages of traffic and similar values below the capacity. This is a
result of a similar shape of the volume–delay functions for a standard and traffic-calmed
road below capacity. However, the difference in the shape of the volume–delay functions
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above the capacity corresponds with a different traffic assignment behaviour. When we
have different VDFs, the difference grows exponentially; otherwise, it grows linearly.

The described behaviour should occur in this specific case, but it is also the universal
reaction of the macroscopic model for the change in the volume–delay functions. The
experiment and comparison with the other possible methods show that applying volume–
delay functions dedicated for the traffic-calmed areas gives other, possibly more precise
traffic assignment results.

6. Summary

The aim of the article was to show the method of modelling a volume–delay function
through video-detecting trajectories and microscopic modelling, and to use those functions
to research traffic assignment. For the researched street, using this method, volume–delay
functions’ parameters were estimated. That led to the analysis of the traffic assignment on
the “toy network” using the aforementioned functions. It was shown that a traffic-calmed
road attracts less traffic compared with that without. Lastly, the article showed that using
different volume–delay functions for describing traffic calming for macroscopic modelling
makes a difference in a traffic assignment results. For the comparison and discussion with
the other research in this field, similar research using methodology used in this was not
found. The results of this paper can help in understanding a traffic assignment of traffic-
calmed roads. For further research, other traffic-calming measures than speed cushions
can be used. This would allow a comparison of various traffic-calming measures regarding
the influence of the traffic calming.
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Abstract: In recent years, in which a considerable increase in the road traffic volumes has been
witnessed, traffic calming has become one the key issues in the area of road engineering. This
concerns, in particular, trunk roads passing through small villages with a population of up to 500
and the road section length within the village limits of ca. 1400–1700 m. A successful traffic calming
scheme must involve primarily effective reduction in inbound traffic speed. A review of the data from
various countries revealed that chicanes installed in the transition zones may have a determining
effect on the success of the traffic calming project. The effectiveness of such chicanes depends
mainly on the type of chicane, its location on the carriageway, its shape and the size of the lateral
deflection imposed by the chicane on the inbound lane. The purpose of this study was to identify
the speed reduction determinants in traffic calming schemes in village transition zones, based on
a central island horizontally deflecting one lane of a two-lane two-way road with 50 km/h speed
restriction. As part of the study, vehicle speeds were measured just before and after the chicanes
under analysis. Furthermore, the inbound lane traffic volumes were measured in field and a number
of factors were identified, including the applied traffic management scheme, road parameters, view
of the road ahead and of the village skyline, isolated buildings, road infrastructure and adjacent
roadside developments. The obtained data were analysed with a method employing tautologies of
the selected 32 factors affecting the drivers’ perception. A single aggregate parameter was proposed
for assessing the coincidence of the influence of selected factors on speed reduction. The analysis
of the existing schemes and the results of statistical analyses carried out in this study confirmed
the authors’ hypothesis that the combined selected factors produce a desirable effect and that they
should be additionally enhanced by the application of solar powered devices.

Keywords: traffic calming; transition zone; chicane; speed restriction; speed reduction; solar cells

1. Introduction

An increase in the traffic volumes observed in the recent decades exacerbates transport-
related problems in small towns and villages lying on busy through roads. Taking the above
into account, in various countries, traffic calming schemes have started to be introduced
in design guidelines for both transition zones and for the entire sections of the through
roads within the village limits [1–4]. The ever-increasing volumes of traffic lead, in many
cases, to an increase in the number of road traffic incidents [4–7], higher noise levels [8–11]
and increased concentrations of exhaust fumes and pollutants [4,11,12] along the entire
section of the road’s passage through the village. In numerous instances, private plots of
the villagers and a high density of buildings do not allow unrestricted expansion of the
existing road system [13,14]. All these factors have an adverse effect on the acceptance and
perception of the road section passing through the village and on the local residents’ living
conditions [15–19]. Rapid accumulation of these factors can be encountered, especially
on the relatively short sections of roads carrying traffic through villages (according to
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data given in the Danish [1], British [2,19–21] and Polish design guidelines [22] and in
the article on the design requirements for the arterial roads in Iran [23]). In the literature,
this problem has been discussed for many years; however, the focus has mainly been
on design requirements for roads carrying through traffic in built-up areas [1–4,13,24]
while less attention has been paid, so far, to village transition zones [25–27]. The first
traffic safety analyses on through roads crossing rural areas were conducted in the 1990s
in Denmark [1] and the United Kingdom [2,19,20,23,28] and, later on, also in Canada [18],
Germany [3], Sweden [26], Spain [29,30] and in the USA [19,31]. To prevent similar incidents
from occurring on many through roads of lesser importance, the introduction of traffic
calming schemes has been recommended in many countries, for application both in the
transition zones and over the whole length of the road within the built-up area, e.g.,
in Austria [32], Denmark [1,33], France [34], the United Kingdom [2,35], Germany [3],
Italy [36], Iran [37], Poland [13,22], Sweden [26], Spain [29,30], Switzerland [38] and in the
USA [31,39–41]. These recommendations are confirmed in numerous publications (e.g.,
Danish [1,10], British [2,4,8,11], Belgian [9], American [12], and Italian [14] ones), in which
the authors argue that it is a stochastic process, making the adverse impact of the road on
the surrounding environment dependent on the actual traffic speeds. However, considering
the regional road classes one should differentiate the impacts of traffic-calming measures on
the reduction in speed depending on the speed limit applied on the approach to and within
the village limits [42–44]. Based on the analyses of available data and the described results
of experimental research projects conducted on the completed traffic calming schemes, it
has been concluded that the implementation of traffic calming measures and various speed
control schemes resulted in reducing the number of road traffic accidents by ca. 40–50% on
average (according to [4]—40%, [20]—10–15%, [28]—54%, [32]—45%, [41]—40–50%, [45]—
8–71%, [46]—40–50%).

The most frequently used traffic calming measures are based on horizontal or vertical
deflection, depending on the speed limit applicable on the road and the main design
parameters of the road in question [1,2,4]. Although horizontal deflections (due to use
of chicanes) may bring speed reduction without causing discomfort of passing through
vertical traffic calming measures, the design guidelines [1–3] recommend consideration of
many additional aspects in the design process, such as the applied traffic control measures,
lighting system, location along the approach section, etc. An important—in the authors’
opinion—problem regarding the location of the chicane in the transition zone to the village
has been more extensively described, for example in [42–44]. In [3,19,26], it is also stressed
that the fundamental problem with using horizontal traffic calming measures, especially in
rural areas, is the need to ensure the means of passage for oversized agricultural vehicles.
However, the analysis of the above problems presented in German [3,27], Swedish [26], and
American [19,21,28,47] publications showed that the suggested resultant speed reduction
data obtained mainly from research conducted on test tracks or from simulation research
fail to take into account a number of parameters related directly to the adjacent features in
the transition zone and that have an unquestionable influence on the drivers’ perception.
These problems were addressed in [42,44] in reference to roads with 70 km/h speed limit
or in publication [43], analysing the synergy of various traffic calming measures on the
passage through a village lying on regional roads with 70 km/h, 50 km/h and 40 km/h
speed limit zones. The current state of knowledge on the scale of speed reduction in the
transition zones into villages is discussed in various road engineering circles, but it is
still advisable to search for methods to describe the synergy of the numerous factors of
the road surroundings that have an effect on the drivers’ perception and to obtain more
efficient scores of the expected speed reduction. This research area still has a great analytical
potential and could be mandatorily implemented in many countries in village transition
zones on regional roads.

This article deals with the evaluation of the effectiveness of a specific traffic calming
measure, namely a chicane deflecting one lane, installed in the village transition zones on
two-lane single carriageway regional roads with the speed limit of 50 km/h posted on
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the B-33 sign. In this article, the authors implemented the methods and conclusions from
article [44] based on the data obtained on roads with 70 km/h speed limit, elaborating
on them considerably and supplementing them with new factors observed on roads with
a 50 km/h speed limit. The state of knowledge on the scale of speed reduction due to
on-road chicanes, against the existing body of scientific research, is presented in Section 2.
The relevant test sections and the assumptions adopted in the research conducted on roads
with a 50 km/h speed limit are characterised in great detail in Section 3. In Section 4,
the authors managed to demonstrate a high consistency between the analysed variables,
i.e., between the chosen parameters of speed distribution and the proposed aggregate
parameter representing the transition zone surroundings. This allowed them to state in
the final conclusions that the proposed method of selecting the type of chicane and its
placement in the transition zone to the village should be further developed and researched
on other roads, or with other design options of horizontal traffic calming measures.

2. Background

The recommended distances on which speed restriction should be implemented vary
between the currently applicable design guidelines and various scientific publications [1–3,27].
The lengths of the speed limit zones depend primarily on the hierarchy of the road and on
the total length of the road’s passage through the village. The process of designing a traffic
calming scheme over the length of the passage of a road through a village is a complex
task, involving experimental testing and analytical studies. Different options tend to be
chosen in different countries based on the local empirical studies on the drivers’ behaviour
and habits, and on the resultant speed restrictions applied in the village approach zones.
These options take into account the data on the achieved speed reductions, obtained from
studies conducted in test track conditions [19,21,28,47] or speed reductions achieved during
research conducted with the use of traffic simulators [12,24], and the results of research
projects employing speed radar devices installed on existing roads [14,19,46], but also the
results of research on the impact of the existing road lighting systems on drivers’ perception,
and on the use of solar technologies in road infrastructure components, conducted in the
natural environment [48–52] or in an “artificial” environment with traffic simulators [53,54].

Still, most of the above-mentioned experimental research results refer to “artificial” en-
vironments lacking the natural surroundings of the road, with the only variables being class
of the road, speed restriction, width of the traffic lane, size of horizontal deflection [1–3],
and also the location and size of lateral obstructions installed directly on the chicane or
on the edge of the bending lane [21,28,47]. The shape of the chicane, its physical length
and the length of its influence on drivers, as well as the resultant speed reduction were
additionally taken into account in [27,32]. However, a majority of scientific studies refer to
horizontal or vertical traffic calming measures situated on a through roads in the central
parts of the villages or on suburban streets in larger towns and cities. Studies addressing
directly the issue of speed reduction in the village transition zones were carried out in
several countries, including Germany [3,27], Austria [32], Italy [14] and the USA [19,55–57].

Summing up the above review of the results of the existing research, it can be stated
that the variation in the amount of speed reduction is stochastic in nature and the basic
qualitative and quantitative description thereof depends on many very diverse factors, as
described above. A comparison of the data from the above-mentioned studies demonstrates
the presence of fundamental differences between the respective results and numerous
deficiencies in repeatability of Δv results obtained in the respective countries. Considering
the above, it is advisable to search for the ways in which many other additional factors
acting in combination impact the speed reduction process, to understand it better and
thus make it more effective. In the authors’ opinion, the above-mentioned studies lack an
analysis of:

• existing traffic control devices (i.e., location of the upright signs related to the built-up
area and the view of the village skyline or individual buildings;
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• various road parameters and road infrastructure components related to the built-up
area, visible or not visible from the driver’s seat on the approach to the village;

• visibility of the road ahead and the village skyline or single buildings situated in the
vicinity of the road;

• adjacent roadside development (open rural area, rural area including a tree row or
small groves of trees or forest).

The analysis of the conclusions given in [42,44] showed that the design process should
also include the aspects associated with the actual features adjacent to the road in the
transition zone under analysis, i.e., the existing traffic management scheme, road design
parameters, adjacent roadside development and visibility conditions. The research conclu-
sions, due to demonstrated high consistency of the speed reduction data and the speed
change index with the aggregated parameter of the combined effect of various factors char-
acterising the road surroundings, as proposed by the authors have, in the author’s opinion,
a significant research potential, which can be utilised in subsequent studies. However,
publications [42,44] refer to transition zones with a 70 km/h speed limit, in which chicanes
horizontally deflecting one lane by 2 m were implemented. Still, no research results are
available for road sections with a 50 km/h speed limit and various types of chicanes
resulting in different amounts of horizontal deflection. These aspects were considered in
the current study.

Figure 1 illustrates the state of knowledge contained in previous publications.

Figure 1. Visualisation of the state of knowledge on the effect of various factors on the reduction in
speed based on the literature review.

3. Materials and Methods

3.1. Assumption of the Homogeneity of Parameters of the Road Sections under Comparison
Adopted in the Research

The main condition for obtaining robust relationships is the homogeneity of most of
the factors describing the studied stochastic object. To this end, purposeful sampling [58,59]
should be used, which allows to ensure obtaining a homogenous set of data, that is a set
of variables of one kind (i.e., binary and qualitative). This approach to statistical analyses
allows the researchers to determine the influence of the selected independent variables
on one dependent variable. In the studies described above, the factors characterising
the independent variables were the factors defining the surroundings of the road in the
transition zone, and the dependent variables were the speed distribution parameters. To
assess the influence of the road surroundings on the reduction in speed, from nearly
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100 analysed transition zones, the authors chose only regional road sections with 50 km/h
speed limits (posted on the B-33 sign placed before the transition zone or just before the
chicane). All the test sections were lit by lighting systems conventionally used in built-up
areas, covering also the surroundings of the chicane or the area behind it.

All the chosen test sections were situated on renewed regional roads with the pave-
ment in a very good condition, with drainage system in proper working order and traffic
control devices clearly visible to the motorists. The traffic controls included raised pave-
ment markers (RPM) or light emitting diode systems and solar powered upright signs.
The width of the traffic lane on most of the test sections was 3.5 m. Only on two test
sections with 2 m horizontal deflection, were the traffic lanes 3 m wide. Hard shoulders
were present only on four sections including, a semi-circular island chicane imposing 6 m
horizontal deflection.

On most of the test sections, comparable hourly traffic volumes ranging between 200
and 500 veh/h, and similar proportions of heavy vehicle traffic of 3.5–6% were recorded.
Only four test sections carried higher traffic volumes in the region of 850 veh/h. The
correlation coefficient of speed reduction for the noted hourly traffic volume level in both
directions was R = −0.29, and R = −0.18 for the traffic volume level on the inbound lane
alone. Taking this into account, the effect of traffic volumes on the extent of the speed
reduction noted was ignored in further analyses.

All speed surveys were conducted in summer (June, July and August), on working
days from 10:00 a.m. till 4:00 p.m. in sunny weather with dry road surfaces and under
good natural lighting conditions.

3.2. Description of the Test Sections

For the purpose of the survey of the actual vehicle speeds on two-lane two-way
through roads with a speed limit of 50 km/h posted on the B-33 traffic sign, the authors
identified twelve test sections located in village transition zones. The test sections were
situated in open rural areas or in rural areas including a row of trees lining the road or
small groves in the roadside area. The chicanes affecting one lane only installed on the test
sections differ considerably in terms of shape, length and width (Figure 2). On four sections
horizontal deflection a = 6 m was applied, on one section a = 2.5 m, on three sections
a = 2.15 m, and on two sections a = 2 m. On two sections, selected for comparison purposes,
no chicanes were installed. Conventional traffic signs U-5, U-6 and C-9 (Figure 2a) were
placed on the chicanes. Tapers on road markings before and after the chicane differed
depending on the size of horizontal deflection and on local conditions associated with the
presence of road structures or access points to agricultural fields. The taper ratios applied
before and after the chicane are represented in Figure 2a. To show the taking of the lane
and horizontal deflection of the vehicle paths, HGV envelopes a are presented in Figure 2b,
parallel to the chicane layout plans. An in-depth analysis of the HGV envelope (drawn
assuming that passage by the chicane kerb will be avoided) demonstrated that with “more
aggressive” taper ratios of 1:7 and 1:5, on curved sections of the traffic lane, the vehicle
envelope extended beyond the traffic lane, and the path of the outer wheels went beyond
the roadway edge into the dirt shoulder. Only with the 1:10 taper and 2.5 m horizontal
deflection did the envelope fit completely within the traffic lane width. When the lane
was deflected by 6 m and on roads with paved shoulders, both the outer wheels of the
tractor-trailer unit and the vehicle body envelope went beyond the traffic lane area into the
paved shoulder. An analysis of the vehicle envelopes demonstrated their dependence the
configuration of the following factors: shape of the chicane, traffic lane width, amount of
horizontal deflection and the applied taper ratio.
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Figure 2. The shape and the main dimensions of chicanes affecting one lane only, installed on the analysed test sections
imposing deflections of 6 m, 2.5 m, 2.15 m and 2 m: (a) basic layout and traffic control signs used; (b) HGV driving envelope
and path.

Layout of the vertical traffic signs E-17 “entry sign” and D-42 “built-up area” was an-
other important characteristic of the sections under analysis. In accordance with the vertical
traffic signs design trends given in the design guidelines [1,2,13] and in publications [25,42],
chicanes should be located after the upright sign E-17 placed at the administrative bound-
ary and the built-up area sign D-42. However, in reality, chicanes were located both past
these signs and also between them, and on approach to them. Furthermore, in a few cases
of villages sprawling over very large areas with dispersed settlement patterns, they were
not accompanied by these signs at all.

All the test sections were located in rural areas. Seven of them were situated in an open
area, five of them run through an area overgrown with small groves of trees or tree rows
lining the road. The test sections differed significantly in terms of: chicane parameters and
factors related to traffic management scheme, road design parameters, adjacent roadside
development in the transition zone and visibility conditions.

3.3. Adopted Measurement Methodology

The process of assessment of the effectiveness of chicanes located in the village transi-
tion zones with a 50 km/h speed limit, the same as on regional road sections with 70 km/h
speed limit, started with an analysis of the vehicle speeds measured before and after the
chicane. The measurement apparatus for simultaneous measurement of the traffic volume
and vehicle speeds in both directions of traffic [60] was used, as was the case in the study
reported in [44]. The measurements covered both traffic lanes in all cases. Using the
prescribed measuring procedures that make it possible to immediately assess the number
of free-flow vehicles, the surveys were stopped when the number of free-flow vehicles on
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the inbound lane exceeded 100. The speed survey duration was 2–3 h on average. Speed
measurements were correlated one with another and they were conducted simultaneously
at points located before and after the chicane, thus making it possible to determine the
actual speed reductions achieved for the respective vehicles. The test stations were always
located at the same distance from the taper end to avoiding measuring vehicle speeds on
curves. As the apparatus can distinguish free-flow situations in either direction of traffic,
values needed for the purpose of the performed analysis could be selected on completion
of the survey. As mentioned before (in Section 3.1), only small differences in hourly traf-
fic volumes were found on the sections under analysis, and the differences in the speed
distribution parameters between free-flow and stable-flow situations were also small as a
consequence. Taking this into account, only free-flow values were analysed in the further
part hereof.

3.4. Selection of Appropriate Statistical Tests

Analysing the effect of various factors on the traffic speed and the extent of the
reduction in the speed, the authors performed a number of statistical tests and adopted
the conventional statistical inference methodology. In addition to the significance test,
goodness-of-fit test and the test for homogeneity, i.e., the standard tests, the measured
speeds were subjected also to nonparametric tests, i.e., the test of independence and the
median test. Standard statistical tests used for speed results served, in the first instance,
to verify whether the speed populations had normal distributions. The Kolmogorov and
Pearson goodness-of-fit tests were used for this purpose. Considering that the speed
populations have, as a rule, a continuous probability distribution, more reliable results
were obtained in the Kolmogorov goodness-of-fit test. The Pearson goodness-of-fit test depends
on variance tests results and, in the cases under analysis, the results of the tests of variance
varied, hence the use of the Pearson goodness-of-fit test was considered questionable. Based
on the test results, it was assumed that all the populations with a continuous distribution
had a normal distribution.

Another Kolmogorov–Smirnov goodness-of-fit test was carried out in relation to the
“before” and “after” speed populations to examine whether these populations vary in
any way.

Since on a number of test sections a small difference in speeds Δv = vbefore − vafter was
noted and the results of Kolmogorov–Smirnov goodness-of-fit tests varied, nonparametric tests
were considered in further analyses. Similarly to the statistical inference methodology
described in articles [42,44], the nonparametric tests allowed the authors to determine
whether two analysed features (not necessarily measurable ones) were independent, i.e.,
whether the speed distributions depended on the test station location. The nonparametric
tests (of independence and median) were also carried out for the successive sections ordered
by the amount of reduction in the speed measured after the chicane. In both tests, positive
results were obtained on most of the test sections, confirming the relevance of the test
station location, meaning that a change in speed took place across the treatment.

3.5. Main Assumptions Taken in the Qualitative Analysis Concerning Determination of the Speed
Reduction Determinants

The estimated speed range data for all the test sections are given in Figure 3. On two
sections, No. 11 and No. 12, with no chicanes in place, test stations were located before and
after the road sign communicating the boundary of the village (E-17) and the built-up area
(D-42). Taking into consideration the fact that traffic calming schemes are implemented
in the transition zones primarily to achieve reduction in the village entry speed, Figure 3
shows also the value of v85

after (85th percentile speed after the chicane).
Since different types of the chicanes were analysed, Figure 3 also shows symbolic

representations of the chicanes, the amount of horizontal deflection a and the l/2a ratio,
taking into account the relationships given in the Austrian guidelines [32]. The shape of the
chicane is related directly to its length and the length-to-width ratio, since, according to the
conclusions from the research results published in [27,32], these parameters were critical to
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the extent of speed reduction Δv85. However, the data in Figure 3 show that, in the analysed
case, neither the lateral deflection of the traffic lane a, nor the l/2a above-mentioned ratio
was a factor critical to the extent of speed reduction and, what is more, no relationship
of these factors with the vehicle speed was confirmed. The analysis of the estimated
speed ranges data (Figure 3) showed a considerable variation in the speed values, which
is independent of the shape of the chicanes, amount of lateral shift and speed reduction.
Therefore, the coefficients of correlation of Δv85 and Δvav speed reductions related to the
amount of the horizontal shift of traffic lane a and the l/2a ratio were compared in Table 1.

Figure 3. Distribution of free-flow speed ranges on the test sections according to the speed reduction value Δv85.

Table 1. Coefficients of correlation between the vehicle speed after the chicane and reduction in speed Δv and the amount
of the horizontal shift of traffic lane a and the l/2a ratio in relation to the test section data.

Correlation Coefficients in Relation to Conclusions Given in [27] Correlation Coefficients in Relation to Conclusions Given in [32]

v85 = f (a) Δv85 = f (a) vav = f (a) Δvav = f (a) v85 = f (l/2a) Δv85 = f (l/2a) vav = f (l/2a) Δvav = f (l/2a)
0.18 −0.36 0.17 −0.27 0.5 −0.33 −0.07 −0.29

The speed variations were particularly scattered on sections No. 2, No. 5 and No. 11.
What is more, this dispersion is distinctive both before and after the chicane. When
analysing the results of similar studies described in articles [42,44], the authors exam-
ined the conditions on the approach and through the treatment to find the cause of the
demonstrated changes in the dispersion of speeds. Given the conclusions concerning the
effect the adjacent roadside development and the visibility conditions have on traffic speed
reduction and inbound speed to the village, visualisations of the relevant conditions on
the approach and across the treatment on section No. 2 are presented in Figure 4. The
visualisations presented below were developed on the basis of the resultant drivers’ field
of focal attention and based on the conclusions from earlier studies on drivers’ central and
peripheral vision field, as described in publications [16,18,61].

An analysis of the conditions on the approach and through the treatment shown in
Figure 4a demonstrates that the adjacent roadside development on the approach to the
chicane with various speeds fails to communicate the built-up area to drivers. They can see
only the B-33 signs posting the 40 km/h speed limit and the E-17 sign placed directly before
the chicane. A long straight section on the approach to the chicane also contributes to large
speed dispersion before the chicane (Figure 4a). On the other hand, visibility conditions
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across the treatment, which are depicted in Figure 4b, indicate that the visible road infras-
tructure components (bridge, pedestrian pavements, bridge parapet) and a visible D-42
sign placed on approach impact drivers’ perception and result in vehicle speed reduction.
However, it needs to be stressed that although the speed reduction Δv85 = 14.3 km/h is
achieved on this section, the village entry speed, despite the 40 km/h speed limit indicated
on the traffic sign placed before the chicane (Figure 3), still significantly exceeds even the
50 km/h country-wide built-up area speed limit.

Figure 4. A visualisation of the central and peripheral vision areas on section No. 2, speed reduction Δv85 = 14.3 km/h:
(a) 100 m before chicane at v of: 40, 50, 70 and 100 km/h; (b) in the axis of the chicane at v of: 40, 50, 70 and 100 km/h.
(Background photographs source: Google Earth [62]).

A similar analysis can be made for the two other sections, No. 5 and No. 11. The
visibility conditions of transition zone surroundings and of the road ahead on these sections
are presented in Figure 5 below.

Both on test section No. 5 and on test section No. 11, vehicles approach the village
through a straight road section running through an open agricultural land. It is probably
these very factors that are responsible for this large speed dispersion. Still, it needs to
be stressed that it is probably the presence of the chicane and the road infrastructure
components in view (pedestrian pavements, junctions, road curve further ahead) that
contributed to the smaller speed dispersion after the chicane.
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Figure 5. Visibility conditions on the approach to the village ca. 150 m before the chicane or E-17 sign and just at the chicane
or the E-17 sign: (a) on test section No. 5 with a speed reduction Δv85 = 11.1 km/h; (b) on a comparative test section No. 11
with a speed reduction Δv85 = 6.7 km/h without a chicane in place (Source: Google Earth Street View [62]).

The smallest dispersions of speeds measured after the chicane were recorded on
sections No. 1 and No. 3 (Figure 3), and the lowest speed values v85

after and vav
aftter were

noted on section No. 6. Therefore, similar visualisations of the central and peripheral vision
areas on sections No. 1 and No. 6 are presented in Figures 6 and 7. A comparative analysis
of the speed dispersion and the resultant drivers’ field of vision indicates an existence
of some determinants that impact drivers’ perception resulting in different village entry
speeds. An analysis of drivers’ field of vision shown in Figures 6 and 7 indicates that the
driver approaching the village centre area can focus his/her attention on various elements
of the road and its surroundings. In two sections, these are buildings, bridge parapets,
pedestrian pavements, road curvature, etc. It is probably these elements present in the
central vision field that, in combination, had an effect on the extent of the reduction in the
speed. The two additional cases analysed, i.e., test sections No. 11 and No. 12 also had
divergent inbound speed values (Figure 3), yet another piece of evidence supporting the
thesis of the probable existence of additional roadside determinants, which influence the
drivers’ perception and the vehicle speeds as a consequence.

A thorough analysis of the speed dispersion data represented in Figure 3 indicates
that the large variation in changes in the 85th percentile speed can be associated with
various factors influencing the approach and departure speeds. These determinants, acting
in combination, can influence, to a varying degree, the vehicle speeds and the extent of
speed reduction.

Furthermore, it needs to be stressed that the 85th percentile speed data compiled in
Figure 3 do not corroborate the thesis put forward in publication [27] that chicanes at the
road centreline imposing horizontal deflection of one lane by:

136



Energies 2021, 14, 4002

• up to 3 m have in every case the same effect on the speed v85
after ≈ 60 km/h and its

reduction Δv85 ≈ 10 km/h;
• more than 3 m have in every case the same effect on the speed v85

after ≈ 50 km/h and
its reduction Δv85 ≈ 20 km/h.

Figure 6. A visualisation of the drivers’ central and peripheral vision areas on section No. 1 with the greatest speed
reduction Δv85 = 22.5 km/h. (a) 100 m before chicane at v: 50, 70 and 100 km/h; (b) in the axis of the chicane at v: 50, 70 and
100 km/h. (Background photographs source: Google Earth [62]).

In all the sections under analysis, the shape of the chicanes and the amount of hor-
izontal deflection varied to a large extent, with the latter ranging from 2 to 6 m, and yet
neither the village entry speeds nor the extent of the reduction in speed were proportional
to the amount of deflection or to the shape of the chicane, as it was suggested in publi-
cations [27,32,47]. Based on these observations, the authors proposed to analyse various
factors noted in the transition zones with a 50 km/h speed limit “specified in three criteria
concerning: traffic management scheme, road design parameters and adjacent roadside
development and visibility conditions”, as they did on 70 km/h roads [44].

3.6. Genesis of the Aggregate Parameter z and Its Combined Effect on the Traffic Parameters

The analysis of the diversity and variation in the factors noted on the analysed test
sections in relation to the above-mentioned criteria indicated a need for detailed analyses
of the effect of the respective factors both on the vehicle speeds and the extent of the
reduction in speed. To this end, the authors implemented the “innovative analytical
approach” and introduced an “independent variable z to consider the criteria adopted in
the analyses” (Equation (1)) [44]. The proposed independent variable z is, in essence, “an
aggregate parameter, to quantify the overall impact of the adjacent roadside development
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on the drivers’ perception, leading as a result to a reduction in the village entry speeds”,
introduced initially by the authors of article [44].

zi = Σ(zo i, zd i, zzw i) = Σzo i,j + Σzd i,j + Σzzw i,j (1)

where: zo I is the total score for the traffic management scheme, zd I is the total score for the
road design parameters, zzw I is the total score for the adjacent roadside development and
visibility conditions, zo i,j is the score of factor j for the traffic management scheme, zd i,j
is the score of factor j for road design parameters, and zzw i,j is the score of factor j for the
surrounding landscape and visibility conditions [44].

Figure 7. A visualisation of the central and peripheral vision areas on section No. 6 with a speed reduction of
Δv85 = 9.4 km/h: (a) 100 m before chicane at v: 50, 70 and 100 km/h; (b) in the axis of the chicane at v: 50, 70 and
100 km/h. (Background photographs source: Google Earth [62]).

As in article [44], the authors assumed in further analyses that the assumed factors
will be characterised by binary “quantitative measures”, which simultaneously testify to
the presence of a given factor by logical tautology. For instance, as is the case in article [44],
if a given factor was confirmed in field, it received the value 1. If, on the other hand, a
given factor was not observed, then it received the value 0. Furthermore, the value of 0.5
was used in some specific cases. If, for example, “the village skyline was visible on the
way through the treatment at a distance smaller than 100 m, then logical tautology was
confirmed and when it was not visible the logical tautology was not confirmed. There was
a need for an intermediate measure for the cases when the village skyline was visible from
some other distance, for example 300–500 m” [44].

In a consistent manner, in the case of intermediate traffic management-related factors,
the authors chose the factors mentioned in article [44] (Figure 8). An analysis of the existing
traffic management scheme on the test sections located on roads with a 50 km/h speed
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limit demonstrated that two further auxiliary factors related to the additional B-33 signs
posting speed limits of 40 km/h and 70 km/h, respectively, should be considered in the
analyses. These two factors were not applied on roads subject to a 70 km/h speed limit,
as there was no need to do so due to lack of speed limit zoning there [44]. Taking the
above into consideration, the factors were supplemented with another factor related to the
locations of an additional B-33 sign (imposing a 70 km/h speed limit) on the approach to
the chicane and another B-33 sign after the chicane (denoting a 40 km/h or 50 km/h speed
limit). Thus, the traffic management scheme criterion on roads with a 50 km/h speed limit
covered ultimately a total of eleven factors.

Figure 8. Factors selected for the analyses, along with the assigned quantitative measures related to traffic management
scheme, against the background image of test section No. 2. Green font designates qualitative factors and black font
designates the adopted interpretation of the quantitative measure.

As mentioned before (in Section 3.1), due to the statistically insignificant effect of
the hourly traffic volumes on the reduction in speed on the sections under analysis, this
factor was ignored in the criterion referring to road design parameters. One of the major
factors in the criterion relating to the road design parameters, in accordance with the
conclusions formulated in studies [1–3,27,32,47], was the highly variable amount of the
lateral deflection of the inbound lane (2–6 m). However, taking into consideration the
varied amount of horizontal deflection of the inbound lane, in relation to the sections
considered in article [44], (with a uniform 2 m deflection), the quantitative measure records
were changed accordingly. On the basis of site visits and Google Earth imagery [62], the
qualitative and quantitative factors, as in article [44], were expanded with “elementary
road data relative to the curved road sections, road infrastructure, accesses and junctions”.
The selected road design factors and their associated quantitative measures are presented
in Figure 9. However, an analysis of the village transition zones on the road sections under
analysis demonstrated the need to include additional factors related to: combining the
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chicane with a pedestrian crossing; visible buildings or road structures present on the
inbound lane side, located on the horizontal curve after the chicane; and the presence of
safety barriers along the drainage ditches installed on both sides of the road along the
approach to the chicane, which had a significant effect on the approaching speeds. An
analysis of the road geometry in the transition zones on roads subject to a 50 km/h speed
limit made it possible to combine the two previously defined factors related to the curved
road section into a single factor with confirmed logical tautology of the curved section and
to the applied horizontal curvature radius. Summing up the above criterion relating to
road design parameters, 9 parameters were finally distinguished (including one parameter
combining the confirmation of the horizontal curvature and the size of its radius.

Figure 9. Factors selected for analyses, along with the assigned quantitative measures related to road design parameters.
against the background image of test section No. 7. Green font designates qualitative factors and black font designates the
adopted interpretation of the quantitative measure.

The last criterion concerning the adjacent roadside development and visibility condi-
tions includes, as independent variables, various qualitative-quantitative factors defining
the space in the close vicinity of the chicanes and various elements determining the vis-
ibility conditions (Figure 10), implemented based on the findings of article [44]. In the
selection and description of the visibility conditions, the authors used the results of visual
fixation points analysis in different driving conditions, as presented in publications [18,61].
In this case, it was appropriate to include five new factors related to the roadside develop-
ment on the sections with large speed reductions, which probably also contributed to the
obtained effect. These included, for instance, the factors related to various additional traffic
calming measures visible after the chicane (such as safety barriers, additional traffic signs,
traversable medians) or visible roadside obstructions having an impact on the perception of
drivers. Thus, a total of 5 new factors were added to the 7 factors previously implemented
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from article [44], which means the initial assumption encompassed 12 factors from which
the relevant quantitative measures were obtained, and logical tautology continued to be
applied (Figure 10).

Figure 10. Factors selected for analyses, along with the assigned quantitative measures, related to the adjacent roadside
development and visibility conditions, against the background image of test section No. 1. Green font designates qualitative
factors and black font designates the adopted interpretation of the quantitative measure in question.

Summing up the above considerations, the authors—as was the case in article [44],
in relation to the above-described three criteria—chose to perform statistical inference
to determine the strength of correlation between the analysed variables describing the
adjacent roadside development of the area and the speed-related parameters (v, Δv, w). The
numerical value of the aggregate parameter z was determined using Equation (1). Next,
the speed reduction indices w (v85) (Equation (2)) and w (vav) (Equation (3)), calculated
with the following standard traffic engineering equations [44], were also analysed:

w (v85) = (v85
before − v85

after) / v85
before (2)

w (vav) = (vav
before − vav

after)/vav
before (3)

4. Results

4.1. Outcomes of the Assessment of the Factors Associated with the Traffic Management Criterion

Similarly to article [44], quantitative measures were adopted in this study for the sake
of clarity, using the logical tautology (Figure 7). Figure 11 shows the evaluated results
recorded in a binary form, changing the colour of the quantitative measure equal to 1,
i.e., confirmation of the presence of a given factor or of a corresponding small distance,
to dark blue. The light blue colour was used to denote the quantification measure equal
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to 0, i.e., lack of a given factor, or a large distance to it. In the case of the additional test
sections, No. 11 and No. 12 “which did not include chicanes, no weights were assigned to
the traffic management related factors conditioned by the presence of a chicane (and hence
they displayed no colours in the chart)” [44].

Figure 11. Outcomes of the assessment of the factors associated with the traffic management criterion. Where: oj is a
subsequent factor under consideration, Σoj is the sum of confirmed logical tautologies on the test sections in relation to the
considered j-th factor, and zo i is the sum of quantitative measures in all factors on the i-th test section.

An analysis of the data in Figure 11 demonstrates the consistency of some factors
with the achieved speed reduction Δv85, just as it was the case on 70 km/h roads [44].
To be specific, such consistency was obtained between speed reduction and “the factor
describing the location of the B-33 sign in relation to the chicane axis, confirmation of the
presence of buildings after the sign and confirmation of the presence of buildings in close
proximity to the road edge after the D-42 sign”. A comparison of the assessment of the
traffic management related factors on 70 km/h roads [44] and a 50 km/h speed limit reveals
large discrepancies in logical tautologies. As far as the selected factors are concerned, two
or three logical tautologies were confirmed only on each of the sections with the speed
reduction Δv85 ≥ 10 km/h. As regards the factors related to the location of the E-17 and
D-42 signs, their influence on the speed reduction was confirmed to be insignificant.

To sum it up, we can conclude that on 50 km/h roads, visible components of the
road infrastructure, accompanied by the B-33 sign located immediately before the chicane,
provide effective speed reduction in village transition zones.

4.2. Outcomes of the Assessment of the Factors Associated with the Road Design
Parameters Criterion

The second criterion used for identification of speed reduction determinants is asso-
ciated with the factors defining the road design parameters (Figure 12). In this criterion,
various dependency relationships between the change in the 85th percentile speed Δv85
and the road design parameters were confirmed. However, it needs to be pointed out
that no significant relationship between speed reduction and the amount of horizontal
deflection and chicane shape, as formulated in the conclusions of publications [27,32] was
confirmed herein.
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Figure 12. Outcomes of the assessment of the factors associated with the road design parameters criterion. Where: oj is a
subsequent factor under consideration, Σoj is the sum of confirmed logical tautologies on the test sections in relation to the
considered j-th factor, and zd i is the sum of quantitative measures in all factors on the i-th test section.

The road layout, and especially a curvature along with its parameters, an upcoming
junction or exit in sight, buildings present by the inbound lane and limited visibility
of the road ahead also had a diverse impact on speed reduction on the analysed test
sections. However, a comparison of the assessment of the factors on the test sections under
analysis with the results obtained on the 70 km/h roads [44] demonstrated that not all the
factors selected in the road design parameters criterion have consistently confirmed logical
tautologies, and the two new added factors were confirmed on only two test sections with
different speed reductions. The adjacent roadside development on both of these sections
differs significantly. On section No. 1, where the largest speed reduction was achieved
(Figure 6a), there are no buildings on the approach to the chicane and it is primarily
these conditions that determined the approach speed as high as vbefore ≈ 76 km/h. When
approaching the chicane, the driver can see a built-up area and a large horizontal deflection
of the lane ahead, which considerably influences the village entry speed (vafter ≈ 53 km/h).
On section No. 6, on the other hand, on the approach section, the driver sees roadside
barriers along roadside ditches on both sides of the road over the length of 400 m and
ending 150 m before the chicane, which has a significant effect on the reduction in the
approach speed (v85

before = 58 km/h). At the chicane itself, the authors noted a few factors
relevant to the village entry speed v85

after = 49 km/h (Figure 7).
An analysis of the consistency of changes in the sums of the quantitative measures

representing the road design parameters zd and the specific values of Δv85 represented in
Figure 12 confirmed the earlier hypotheses that the identified factors jointly contribute to
reduction in village entry speeds, in line with the conclusions of the study reported in the
article [44].

4.3. Outcomes of the Assessment of the Factors Associated with the Adjacent Roadside
Development and Visibility Criterion

The last transition zone criterion, transferred from article [44] and related to visibility
and adjacent roadside development, was supplemented with a few factors, represented in
Figure 10. Additionally, in this case, significant dependency relationships of the analysed
variables were confirmed on nearly all the test sections (Figure 13). The above observations
are also consistent with the assessment results presented in article [44].
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Figure 13. Outcomes of the assessment of the factors associated with the adjacent roadside development and visibility
criterion. Where: oj is a subsequent factor in consideration, Σoj is the sum of confirmed logical tautologies on the test
sections in relation to the considered j-th factor, and zzw i is the sum of quantitative measures in all factors on the i-th
test section.

Nevertheless, it needs to be pointed out that confirmation of logical tautologies was
not obtained for all the factors on all test sections. The obtained scores showed that if
more than five logical tautologies were confirmed, a speed reduction by more than 5 km/h
was also noted. It is also characteristic that with ca. six logical tautologies noted, speed
reductions in the range of 10 to 14 km/h could be achieved. Moreover, it needs to be
stressed that the four additional factors related to the additional traffic calming measures or
road infrastructure proved to be of little significance. The above outcomes of the assessment
in the criterion concerning the adjacent roadside development and visibility demonstrate
consistency with an analogical assessment carried out on the 70 km/h roads [44].

4.4. Relationship between the Aggregated Parameter Z and the Speed Parameters

Summing up the above analyses, as in the case of the dependencies presented in
article [44], Figure 14 below represents the probable consistency between the analysed
parameters. The arrow used symbolically in Figure 14 indicates the direction of consistency
between the analysed parameters. An analysis of variations in the analysed values demon-
strates the greatest consistency between the speed reduction Δv85 and the speed reduction
index w (v85) on the one hand, and the proposed aggregate parameter z on the other.

4.5. Regression Analysis of the Outcomes of Assessment of the Combined Effect of the Selected
Factors and Speed Distribution Parameters

As a result of the revealed dependencies, as shown in Figure 14, the authors carried
out appropriate regression analyses, shown in Figures 15 and 16.

The detailed correlation coefficient data are given in Tables 2 and 3. In Tables 2 and 3,
bold numerals denote cases when the correlation coefficient R was greater than 0.9, indicat-
ing a statistically significant relationship between the analysed variables [58,59].
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Figure 14. Compilation of changes in the analysed variables: (a) consistency of variations in speed reduction Δv85 and Δvav,
and the aggregate parameter z (R = 0.94 and R = 0.96, respectively); (b) consistency of variations in speed reduction index w
(v85) and w (vav) and aggregate parameter z (R = 0.92 and R = 0.93, respectively).

Figure 15. Linear regression function defining the relationship between: (a) free-flow speed reduction Δv85 and the aggregate
parameter z, (R = 0.94); (b) free-flow speed reduction index w (v85) and the aggregate parameter z (R = 0.96).

Figure 16. Linear regression function defining the relationship between: (a) the free-flow speed reduction Δvav and the
aggregate parameter z, (R = 0.92); (b) the free-flow speed reduction index w (vav) and the aggregate parameter z (R = 0.93).

The regression analyses represented in Figures 15 and 16 corroborate the hypotheses
previously put forward by the authors that the reduction in speed in the village transition
zones depends on a combination of several factors characterising the adjacent roadside
development. Referring to Danish [1], British [2,4,8,35], German [3,27], Austrian [32],
Italian [14], American [19,31] and Polish publications [13,22,25] on the subject, which,
depending on the country, give various data regarding the percentage reduction in speed
across chicanes, the authors confirm the validity of the statements contained therein.
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However, there are also external factors related to the roadside development, which have
a bearing on the extent of speed reduction Δv and the percentage values of the speed
reduction index w on the analysed 50 km/h roads. The first studies identifying these
factors were carried out by the authors, and are reported in this article and in article [44].

Table 2. Coefficients of correlation R between the quantitative measures and the chosen speed distribution parameters
(including the additional sections No. 11 and No. 12).

v85
before vav

before vav
pp before v85

after vav
after vav

pp after Δv85 Δvav Δvav
pp w (v85) w (vav)

zzw −0.35 −0.27 −0.33 −0.78 −0.78 −0.80 0.81 0.92 0.89 0.84 0.92

zd −0.31 −0.29 −0.35 −0.72 −0.74 −0.79 0.77 0.83 0.85 0.81 0.85

zo −0.23 −0.20 −0.33 −0.56 0.66 0.71 0.61 0.66 0.71 0.63 0.67

z −0.35 −0.29 −0.37 −0.79 −0.80 −0.86 0.84 0.93 0.93 0.87 0.94

Table 3. Coefficients of correlation R between the quantitative measures and the chosen speed distribution parameters
(excluding the additional sections No. 11 and No. 12, which had no chicanes installed).

v85
before vav

before vav
pp before v85

after vav
after vav

pp after Δv85 Δvav Δvav
pp w (v85) w (vav)

zzw −0.10 −0.12 −0.10 −0.67 −0.67 −0.67 0.86 0.89 0.83 0.88 0.89

zd −0.06 −0.17 −0.16 −0.59 −0.62 −0.67 0.78 0.77 0.77 0.80 0.77

zo 0.05 −0.05 −0.13 −0.35 −0.37 −0.49 0.56 0.60 0.55 0.56 0.50

z −0.07 −0.15 −0.16 −0.70 −0.72 −0.77 0.94 0.92 0.92 0.96 0.93

5. Discussion

This article analyses 10 sections of roads passing through villages that include chicanes
installed in the transition zones. The analysis of the obtained dispersion of speed data
presented in Figure 3 showed that the obtained speed reductions are highly varied, and this
variation does not depend solely on the amount of horizontal deflection or the shape of the
chicane. A comparison of the speed reductions obtained in the sections including chicanes
with the data obtained on the sections No. 11 and No. 12 with no chicanes demonstrates
that also on the latter two, the speed reduction values did vary. Therefore, it is clear that
some other determinants must have been involved.

In the course of the analyses, the authors formulated the total number of thirty two
such determinants (Figures 11–13). Now, based on a detailed analysis of the variation in the
values of aggregate parameter z on the test sections, in recapitulation, we can identify the
main determinants, in a similar way to article [44]. For instance, in the traffic management
criterion, the speed reduction was influenced predominantly by the roadside development
past the D-42 sign (Figure 11), and in the road design criterion, the predominant influence
was the parameters of the horizontal curvature at the transition zone (Figure 11). However,
the greatest number of factors with confirmed logical tautology in the spatial surroundings
and visibility criterion were related to the physical surroundings along the approach to
the village and in the transition zone (Figure 12). On the test sections with the greatest
speed reductions measured, the authors confirmed numerous logical tautologies, relating
particularly to visibility conditions on the approach to and through the chicane, such as:
village skyline, nearby single buildings or clearly visible road infrastructure associated
with the built-up area (Figure 13). To recapitulate the above, we can say that the coin-
cidence of the proposed factors in three criteria combined does have an impact on the
anticipated speed reductions in the transition zone, and does corroborate the hypotheses
regarding the aggregate parameter z put forward by the authors, that the higher the value
of this parameter, the greater the reduction in village entry speed that can be expected
(Tables 2 and 3, and Figures 15 and 16).

An analysis of the speed reductions and assessments of the factors related to the
road design parameters criterion and the roadside development/visibility criterion demon-
strates that the greatest speed reductions were obtained on the test sections running through
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open agricultural land. On these sections, logical tautologies were confirmed, which were
related to a large extent to the view of: the village skyline on the approach to the transition
zone, nearby buildings and road infrastructure elements such as pedestrian pavements,
exits or private entries, junctions, visual obstructions such as bridge parapets, and also
horizontal curvature located near the chicane, limiting the view of the road ahead and its
immediate vicinity. Taking the above into consideration, in choosing the location for a
chicane to be provided as part of a traffic calming scheme, road planners and designers
should, in the first instance, consider the logical tautologies of the above given factors,
along with their coincidence to the expected speed reductions. This confirms that the design
process proposed in article [44] (Figure 21, p. 22) for chicanes located at the transition zones
to villages is also valid for 50 km/h roads. Therefore, whenever logical tautologies are
confirmed for several (more than eight) factors, the designers should position the chicane
near the D-42 sign. With these conditions met, it can be expected that the desired speed
reduction of ca. 10 km/h or more will be achieved within the transition zone on roads with
a 50 km/h speed limit.

However, in the opinion of the authors, the process of designing chicanes in village
transition zones involving mainly choosing the appropriate chicane location and shape
should also include the selection of the most adequate from among the technological
options which are currently gaining widespread application in the field of traffic engi-
neering [49,51]. These new technologies relate primarily to traffic control elements (i.e.,
traffic signs and road markings) and to the improvement of their visibility by application
of photovoltaic cells, which bring considerable energy savings. In recent years, we have
witnessed an increasing use of various reflective elements and traffic signs powered by
photovoltaic cells and solar batteries (Figure 17), as well as other technologies, such as
LED lighting [51–54]. An analysis of the visibility conditions of chicanes on the existing
roads (at night and in bad weather), revealed inadequacy of the conventional reflective
elements based on omnidirectional reflectors (Figure 17a–c). Solar powered LED lighting
systems—highly-efficient light sources, self-charging at daytime, even under low sun-
light conditions—perform much better and are a much safer option in road applications
(Figure 17d,e). LED elements offer long service life and reliability, do not require external
power supply and contribute to energy conservation. Last but not least, they are not toxic
or harmful to living organisms.

Taking into account the effect of the location of road edge marker posts installed 0.5 m
beyond the road edge on the reduction in speed, as described in publication [47], it can
be stated that they should be applied on road curves, both before and after the chicane
where there are no village buildings in sight or there is no road lighting system in the
village. Road edge marker posts or bollards should also be used when elements of the
existing road infrastructure (e.g., pedestrian refuges, cycle paths, etc.) can be seen, yet
with no buildings in view (Figure 18). Obligatory amounts of speed reduction recorded
in the above-mentioned cases were not given in publication [47], since the test sections
differed in terms of terrain and adjacent roadside development and speed data collection
method. These elements of terrain and roadside development characteristics were taken
into account by the authors in this study, in which a uniform speed data collection method
was used.

Furthermore, in compliance with the conclusions of articles [48–51,53], the road edge
marker posts should be fitted with reflective elements to enhance their visibility. If there
is a need to use an additional lighting system due to specific local road design parame-
ters associated with the surroundings of the road, then placement of edge marker posts
equipped with solar-powered lighting elements (Figure 17e), widely used in numerous
countries on roads running through agricultural land [50,51] should be considered. This
option brings considerable conservation of energy and cost savings, as these devices can
do without extension of the existing village road lighting system beyond the built-up area
limits. Depending on the local conditions, either road edge marker posts (Figure 18a)
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or bollards separating shared pedestrian and cycle paths from the road (Figure 18b) can
be used.

Figure 17. Example applications of auxiliary lighting elements: (a) conventional reflective PEO curb markers on the verge of
the island; (b) conventional reflective elements placed on various elements of the chicane; (c) conventional surface mounted
reflective road studs PEO; (d) SolarCAP Road LED lights mounted in the outer edge of the carriageway; (e) road edge
marker posts including LED elements.

Figure 18. A visualisation of improved chicane surroundings due to the use of: the B-33 sign (50 km/h speed limit) placed
close to the chicane, reflective road edge marker posts or chain fences, solar-powered vertical signs, additional kerb-mounted
omnidirectional or LED SolarCAP type elements: (a) using the example of test section No. 7; (b) using the example of the
test section No. 8.

The last problem refers to the application of cold plastic materials including retrore-
flective glass beads for road surface markings to ensure good visibility at night time and in
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bad weather [63]. Depending on the availability of land adjacent to the road and planned
horizontal deflection, the road markings can be designed over the chicane length in two
ways (Figure 19). As per the conclusions given in [47] regarding the application of road
edge marker posts, the more “aggressive” the taper on the hatched markings (e.g., 1:5 taper
ratio) with a solid line painted along the chicane and along the outer edge of the carriage-
way (Figure 19a), the greater the speed reduction that may be expected. In the opposite
case, when only the markings along the road edge are used and the taper ratio is smaller
(e.g., 1:7 or 1:10), considerably smaller speed reductions in the transition zone should be
expected, even with the road edge marker posts in place (Figure 19b).

Figure 19. A road cross section with different scheme of road surface markings P-7b “solid white line along the edge of the
carriageway”: (a) with two P-7b solid white lines (on both sides of the traffic lane) and 1:5 taper ratio; (b) with one P-7b
solid white line and 1:7 or 1:10 taper ratio.

Summing up the discussion, the authors would like to state that there is a need for
further analyses of data obtained on other roads or of the application of different chicane
designs used in village transition zones.

6. Conclusions

Summing up the analyses, it can be concluded that the authors have obtained a
confirmation of the influence of the identified factors characterising the adjacent roadside
development on the effective speed reduction in the transition zones to villages on roads
with a 50 km/h speed limit posted on the B-33 sign, which is consistent with the conclusions
presented in article [44]. The important determinants that have a considerable effect on
speed reduction are associated primarily with the view of the road surroundings on the
approach section to the village and directly in the transition zone, i.e., the view of the
village skyline or buildings or the elements of road infrastructure typical of built-up areas.

The amount of horizontal deflection and the shape of the chicane are other relevant
factors, particularly important in the case of chicanes affecting one travel lane only, in-
stalled on the inbound lanes of roads passing through villages. The research results also
indicate that it is more than one or two factors that have a bearing on the practicable speed
reduction. The greatest speed reductions were achieved on test sections with a coincidence
of many factors influencing drivers’ perception of the surrounding environment (i.e., many
confirmed logical tautologies of the identified determinants).
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Abstract: Efficient vehicle routing is a major concern for any supply chain, especially when dealing
with last-mile deliveries in highly urbanized areas. In this paper problems considering last-mile
delivery in areas with the restrictions of motorized traffic are described and different types of
cargo bikes are reviewed. The paper describes methods developed in order to solve a combination
of problems for cargo bicycle logistics, including efficient packing, routing and load-dependent
speed constraints. Proposed models apply mathematical descriptions of problems, including the
Knapsack Problem, Traveling Salesman Problem and Traveling Thief Problem. Based on synthetically
generated data, we study the efficiency of the proposed algorithms. Models described in this paper
are implemented in Python programming language and will be further developed and used for
solving the problems of electric cargo bikes’ routing under real-world conditions.

Keywords: cargo bicycles; last-mile logistics; MTSP; CVRP

1. Introduction

In 2018, over 50% of the world population lived in cities and produced around 80%
of global gross domestic product. This number is even higher in regions such as Europe,
Latin America, the Caribbean and Northern America, reaching values around 70%. It is
estimated, that by 2030 urban populations are going to increase all around the world to
values exceeding 60% [1] and to 85% by the year 2100 [2]. It is projected that Africa and
Asia that currently has around 40% of the population living in rural areas will increase to
60% by 2050 with mega-cities (with over 10 million inhabitants) will become more common.
Urban freight transportation is one of the key aspects of every city’s economics.

Freight transport creates problems in urban areas, due to high population density.
Modern cities need solutions to reduce external costs such as congestion, pollution and
others, which have increased in the last few years, especially due to the increase in the
supply of goods. Online sales and globalization are leading to new trends in freight
transport, and more goods are expected to be delivered in the near future. In this context,
most of the goods delivered go to city centers. Last-mile logistics is the least efficient stage
in the supply chain, accounting for up to 28% of the total cost of delivery [3]. Therefore,
improving last-mile logistics and significantly reducing externalities are very important
challenges for scientists. New technologies and means of transport, innovative techniques
and organizational strategies allow for more effective last-mile deliveries in urban areas.

Challenges described above led to formulating the concept of “green logistics”. This
idea intends to replace currently used combustion engine vehicles with zero-emissions
technologies such as electric vehicles, cargo bikes, hybrid vehicles, etc. The use of zero-
emission technologies leads to several benefits for logistics service providers and cities
involved such as lower maintenance and operational costs, reduced noise emissions, access
to pedestrian-only zones or access to historical city centers often inaccessible or accessible
in off-duty hours (off-hour delivery) by internal combustion vehicles [4,5]. Due to the high
total cost of ownership electric trucks with a payload of over one ton are not competitive

Energies 2021, 14, 4132. https://doi.org/10.3390/en14144132 https://www.mdpi.com/journal/energies153



Energies 2021, 14, 4132

over their diesel engine counterparts [6], due to the high purchase cost, lower range in
winter and battery degradation during vehicle lifetime. In consideration of all presented
advantages and limitations, the use of cargo bicycles and cargo e-bikes is very appealing
for last-mile delivery.

The last-mile logistics concept using cargo bikes have been described in [3,7–10].
Location and planning of micro hubs was addressed in [11–13]. Methods for routing cargo
bicycles have been described in [14,15]. Technical requirements for implementing cargo
bicycles were researched in [16]. Last-mile delivery using cargo bikes have been introduced
in many cities around the world including Seoul [15], Vienna, Budapest, Copenhagen [9]
and Rio the Janeiro [17]. Tools for improving bicycle safety, routing and user behavior was
studied in [18]. The difference in travel time between cargo bicycles and cars have been
studied in [19].

In this paper, we aim to develop a theoretical framework for the optimization of
deliveries by cargo bikes under real-world conditions: obtaining the solution that can be
treated as an answer to both the routing problem and packing problem is an extremely
challenging task, as far as two NP-hard (nondeterministic polynomial) problems must be
solved simultaneously.

Routing problem can be addressed by a Travelling Salesman Problem (TSP) [20]
approach, where we aim to create a route that visits all given nodes, minimizing distance.
Creating a feasible packing plan can be tackled by Knapsack Problem (KP) [21] approach.
In knapsack problem we aim to find a packing plan that does not exceed maximum cargo
bicycle payload. Two problems given above are connected by Travelling Thief Problem [22].
This benchmark problem tackles combination and interdependence of two sub problems
namely TSP and KP. In this problem there are n cities, ant the distance matrix between
them is given. There are m items, each with value and weight. There is also maximum
weight constraint, and the travel speed is related to the knapsack current weight.

The paper has the following structure in the next part we depict the categories of
cargo bikes as the means of sustainable transport; a brief review of publications related
to the research problem and the existing tools are presented in the third part; the fourth
part contains the problem description followed by the overview of the developed algo-
rithms; the fifth section introduces a synthetically generated case study of solving the
combined knapsack and traveling salesman problem; the last part offers brief conclusions
and directions of future research.

2. Cargo Bike Categories

The definition, categorization and commercial use cases such as postal, courier ser-
vices, package delivery and passenger transport have been described by Gruber et al. [7].
Cargo bikes can be divided into several categories, according to their frame build, cargo
distribution on the bike, number of wheels and maximum load. Different types of cargo
bikes and variations of them are described in Table 1. Additionally, every type of bike
presented below can be fitted with an electric motor to assist riders (e-cargo bike), espe-
cially when accelerating or going uphill, which will be very useful when servicing densely
populated areas with routes consisting of many short travels with many stops. Electric
variants of cargo bikes mostly have a quickly changeable battery and can go over 100 km
on a single charge [8]. This range is sufficient for servicing city centers.

There are multiple advantages to using cargo bikes instead of delivery trucks for
last-mile delivery, especially in congested city centers. Cargo bikes or e-cargo bikes are
considered no emission vehicles, as no greenhouse gases are emitted when operating this
type of bike. Operation of cargo bikes is mostly noiseless, except for geared motors, which
can produce a barely noticeable sound, but still quieter than combustion engines. E-Cargo
bikes can also be ridden on non-motorized vehicle zones and historical city centers. They
are treated as regular bicycles in the EU and numerous countries in the world. Due to
their small size, they cause less traffic congestion and use much less parking space. They
also do not require driver licenses in EU countries. Small size, being one of the biggest
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advantages of cargo bikes is also one of its biggest drawbacks. Cargo bike compartments
are limited, especially when comes to their cubic capacity. For example, Fiat Ducato L3H3,
being one of the most popular small delivery trucks in Europe has a payload of 1415 kg and
a cargo area cubic capacity of 14.1 m3 [9]. This gives around 100 kg/m3 of cargo density.
We will compare it to Yokler U [10], a cargo bike made especially for last-mile logistics with
a payload up to 150 kg and 1 m3 cubic capacity [10]. Yoklers cargo density is 150 kg/m3.
This comparison clearly states that optimizing cubic capacity is even more important for
cargo bikes, than for conventional small trucks. Another disadvantage of cargo e-bikes is
much lower range than trucks, so only a narrow area can be serviced on a single charge. In
addition, due to regulatory limited maximum motor power (250 W in EU), cargo e-bike
acceleration and top speed are highly dependent on vehicle load, so that also should be
considered when planning cargo bike routes.

Table 1. Categorization of cargo bikes [23].

Name Description Cargo Space Location

Post bike/bakers’ bike

Two wheeled bikes with a frame geometry similar to conventional
bicycle. Cargo can be located in front of the bike and/or behind the
saddle. Main disadvantage of this type of cargo bike is high center of
mass, which may cause stability issue, especially at low speeds with
heavy loads. The maximum transport weight is usually 50 to 70 kg

 

Longtail

Two wheeled bikes with longer rear frame triangle compared to
conventional bicycle. More stable than the post bike, but the cargo
space needs to be split to accommodate the wheel. The maximum

transport weight goes up to 50 kg

Front-loader/Long John

The cargo compartment is placed in front of the cyclist, between the
steering tube and the front wheel. This allows for lower center of
mass thus improving stability and maneuverability, even in low

speed and high load scenarios. This type of bikes can be equipped
with two wheels on front axle improving stability even further, but at

the cost of widening the vehicle and decreasing maneuverability.
This type of bikes can usually carry up to 120 kg of cargo  

Rear-loader/Trike

In this case of rear loaded cargo bike the payload is placed behind the
rider not to obstruct the view. This type of bike can accommodate 3
or 4 wheels and load cargos up to 500 kg in 4-wheel models. These

bikes have a high degree of stability, at the cost of lower
maneuverability than front loaders

 

Bike trailer
Cargo bikes can also be equipped with additional trailer. This type of

cargo compartment is easy to adapt to existing bicycles, although
according to EN 15918:2011 their gross weight cannot exceed 60 kg  

3. Overview about Related Problems and Corresponding Tools

As given in the introduction to this paper, solving the combined problem for packing
and routing is not trivial. The software needs to calculate travel routes for multiple bikes
with constraints according to maximum weight, cubic capacity and load-dependent speed
constraints.

As this problem consists of multiple connected sub-problems, it is reasonable to try to
inspect how different combination of solution algorithms affect the final outcomes. The
sub problems consist of Knapsack Problem for finding the feasible packing plan, and
the Travelling Salesman Problem for routing. These problems can also be combined by
use of multiple Capacitated Vehicle Problem (CVRP). All of the problems given above
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are NP-hard, so optimally solving large instances of this problems is not possible due to
computational complexity growing exponentially.

Routing problem can be addressed by a Travelling Salesman Problem approach. This
mathematical description of the problem was formulated in 1930s by Karl Menger is one of
the most studied combinatorial optimization problems. This problem and its generaliza-
tions and combinations such as Multiple Travelling Salesman Problem (MTSP) are widely
adopted in real-life situations such as transport and delivery planning, agriculture, PCB
drilling etc.

This problem can be formulated as follows: there are n cities and the distances between
them are given by a distance matrix D =

{
dij

}
, where dij is the distance between city i

and j. The salesman has to visit each city exactly once and minimize the distance of the
complete tour. The objective function is given in Equation (1):

f (x) = ∑n−1
i=1

(
dxi ,xi+1

)
, x = (x1, . . . , xn). (1)

where x represents a tour, containing all of the cities exactly once. The aim is to find x
which minimizes total tour distance f (x).

Generalization of this problem is Multiple Salesman Problem, where multiple sales-
men are needed to visit a given number of cities exactly once and return to the initial
position with the minimum travelling cost. MTSP is a simplified version of VRP, by means
of not considering the vehicle capacity or customer demands.

Recent approaches to solving the TSP and its generalizations include: Grey Wolf Opti-
mizer [24], Genetic Algorithms [25,26], Swarm Optimization [27], Simulated Annealing [28]
and hybrid approaches [29].

Knapsack Problem (KP) is a NP-hard optimization problem. The problem was first
formulated in 1957 by George Dantzig. In this problem there are m items I1, . . . , Im, which
have a profit pi and weight wi. The knapsack is constrained by maximum weight W it can
support. The aim of the problem is to pick items, maximizing total profit while their total
weight does not exceed the maximum weight.

The problem is modelled as shown on:

maximize g(y) = ∑m
i=1 piyi, y = (yi, . . . , ym), (2)

subject to ∑m
i=1 wi·yi ≤ W where y1 =

{
1 when item i is picked,
0 when it is not.

(3)

Vehicle Routing Problem was formulated by Danzig and Ramser in 1959 as a Truck
Dispatching Problem [30]. The problem is defined as follows:

“There is an undirected and complete graph of N locations (N − 1 customers
and a depot) and a fleet of m vehicles. Each edge connecting two locations has
a traverse cost (Euclidean distance). The goal is to visit each customer exactly
once by a vehicle while minimizing the total cost of the routes. Each route must
originate and terminate in the depot”. [30]

Vehicle routing problems define a set of combinatorial optimization problems that
allow optimizing planning for a fleet of vehicles, when vehicles operate trips that have
multiple stops along the route.

There are multiple combinations and generalizations of this problem, including 3L-
CVRP (Capacitated Vehicle Routing Problem with 3D Loading constraint) [31] consisting
of CVRP with mass constraint and 3D packing constraint, SDVRP–Split Delivery Vehicle
Routing Problem [32], 3L-SDVRP–3D Loading Split Delivery Vehicle Routing Problem [33],
3L-CVRPTWSDO–Split Delivery Vehicle Routing Problem with 3D Loading and Time
Windows constraints [34].

Travelling Thief Problem [22] is an approach to create a new benchmark problem, to
better approximate real-world problems. This benchmark problem tackles combination
and interdependence of two sub problems namely TSP and KP. In this problem there are n
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cities, ant the distance matrix between them is given. There are m items, each with value
and weight. There is also maximum weight constraint, and the travel speed is related to
the knapsack current weight. The aim of the problem is to find a tour that visits all of the
cities exactly once and heads back to the starting city, optimizing objective function while
the total weight of the knapsack is not exceeded.

4. Problem Description and Algorithms Overview

In comparison to conventional cargo trucks bikes have more restriction according to
cubic capacity than trucks, that is why it is important to focus on dimension constraints
and not only consider maximum weight as it is in classical Capacitated Vehicle Routing
Problem (CVRP) formulations. It is also important that the overall bike weight (consisting
of rider weight, bicycle weight and cargo weight) will affect acceleration times and top
speed. This is similar to Travelling Thief Problem, but instead of adding weight during trip
the vehicle leaves depot fully loaded, and then it reduces cargo weight at delivery locations
thus increasing its speed.

The problem can be formulated as follows: There are n homogenous cargo bicycles
with maximum cargo compartment dimensions and maximum cargo weight. There also
are m consignments each with its weight, length, width, height and destination coordinates.
Each bicycle must start and end its route in depot which coordinates are given. Bike
maximum speed depends on the bicycle load. The goal of this problem is to find a set
of routes, which allows for serving all consignments and minimizing total time needed
for delivery.

The problem is represented by the set of following interdependent and connected
parameters:

• Bin packing sub-problem:

◦ Parameters:

� Number of bicycles: n
� Maximum bicycle cargo weight: Wmax
� Cargo Bike compartment length: lmax
� Cargo Bike compartment width: wmax
� Cargo Bike compartment height: hmax
� Number of consignments: m
� Weight of each consignment: Wi
� Length of each consignment: li
� Width of each consignment: wi
� Height of each consignment: hi

◦ Solution:

� The solution is a matrix of binary values called packing plan (Xnm )
where: xij = 1 when consignment j is placed inside the bike i or 0 when
its not

• TSP sub-problem:

◦ Parameters:

� Number of consignments: m which corresponds to number of nodes/cities
for classical TSP formulation

� Number of bicycles n
� Coordinates’ vectors coordinatesXm+1 and coordinatesYm+1, where:

coordinatesX0, coordinatesY0 being depot coordinates and coordinatesXj,
coordinatesYj being target coordinates for consignment j. From these
vectors distance matrix can be calculated

� Velocity vc
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◦ Solution:

� The solution is called routes, where single route r consists of visited
nodes for each bicycle

In TSP sub-problem velocity is calculated depending on the current load of the bicycle.
Velocity calculation is carried out in a similar matter as in TTP approaches [22]:

vc = vcmax − load·vcmax − vcmin
Wmax

, (4)

where vcmax and vcmin are maximal and minimal cargo bike velocities.

4.1. Bin-Pack-3D Algorythm

First method used called bin pack 3D is used as benchmark, because it can determinis-
tically calculate routes, find all possible solutions and then choose the best one according
to service times or total distances. It consists of two sub-problems tackled independently,
with problem constraints distributed accordingly. First tackled problem is generating all
possible knapsack combinations as a constraint programming problem. This problem can
be formulated as:

There are n cargo bicycles with capacity ci and maximum cubic capacity voli. There
are also m packages, each having its weight wj, length li, width wi and height hi. The
objective of this algorithm is to find all feasible solutions xij, where:

xij =

{
1 when package j is placed in the bicycle i,
0 when package j is not placed in the bicycle i,

(5)

subject to constraints:
∑n

i=1 xij = 1, (6)

∑m
j=1 wj·xij ≤ ci, ∀i ∈ (1, . . . , n), (7)

∑m
j=1 vj·xij ≤ voli, ∀i ∈ (1, . . . , n). (8)

First constraint Equation (6) ensures that every package is packed on exactly one bike.
Second constraint Equation (7) checks that no bike have exceeded its maximum cargo
weight. Volume constraint Equation (8) is a simplification of 3D packing as this constraint
is computationally faster, than checking 3D packing feasibility for every single package
and bike. Routes fulfilling those constraints will be referenced to as 2D feasible.

After generating all feasible knapsack packing plans, all possible permutations of
routes are calculated for every single bike packing plan obtained from feasible knapsack
generator, with restriction that every route needs to start and end at the depot. In this case
depot is set to be node no. 0 and it is a beginning of the Cartesian coordinates system used
for routing. Every node coordinate is a X or Y distance from the depot. After calculating all
possible route permutations, the route with lowest travel time is taken. This brute force
approach is described in Algorithm 1.

In this deterministic approach all possible TSP routes are calculated. Each TSP route
starts and ends at depot. For each TSP route total transport time is calculated.

After calculating all route times, the results are searched for a minimal total time
solution. When solution is found it is checked for 3D feasibility according algorithm
(packer) described in [21,35]. This algorithm verifies 3D feasibility according to cargo space
and packages dimensions, not only volume. If the solution is found not 3D feasible, next
best solution is found and 3d feasibility check is conducted, until feasible solution is found.
Not every route is checked for 3d feasibility, because 3D packer algorithm is computationally
expensive and there is no need for it especially when best solution has been found.

This algorithm may not be suitable for large data instances due to its data capacity
and computation time. However, it is very helpful as a benchmark, as it checks all possible
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outcomes and can generate optimal solution. That is why it is used to compare CVRP and
TSP-first approaches.

Algorithm 1: Bin-Pack-3D

Input:

1. Consignments–vector consignment number used for indexing
2. Distance matrix–matrix containing distances between consignment target locations
3. Weight–vector, which holds weight of every package
4. Maximum bike load, maximum velocity vcmax and minimum velocity vcmin
5. Packing plan Xm is a vector containing Boolean values for a single bike obtained from

knapsack generator

Output:

Vector containing route with lowest service time, total service time, total distance
Procedure:

1. Create temporary vector nodes used for storing
2. For every xj 
= 0 in packing plan: append temporary vector nodesn with Consignment

number for xj

3. Acquire all permutations of nodes and store it in the permutations matrix
4. For each permutation in permutations:

i. Create variables time = 0, distance = 0 and vector route
ii. Create dataset containing routes, total times and total distances
iii. Calculate initial load for vehicle in route by summing weights of all nodes in nodes
iv. Append route with (0, nodes[0], . . . nodes[n], 0) as every route starts and ends at depot
v. For every node in permutation:

• Calculate vc = vcmax − load· vcmax−vcmin
Wmax

• Acquire Distance matrix[node][previous node] (if no previous node, use depot instead)
• Increase time by distance/vc
• Decrease load by Weight[node]

vi. Append dataset with route, time and distance

5. Search dataset for lowest route time

Return route, distances and time for a route with lowest time

4.2. MTSP-First Algorithm

In this approach at first MTSP routes for all vehicles are calculated without any
restrictions considering weight or cubic capacity using Cheapest Arc method as a first
solution strategy and Guided Local Search as local search metaheuristic. The algorithm of
this experimental approach is described in Algorithm 2.

After calculating possible MTSP routes, every route for every vehicle is verified for
mass and cubic capacity feasibility and rejecting solutions that are not feasible.

Later remaining solutions are verified for 3D feasibility using packer algorithm. When
all solutions are deemed feasible total distances and times for all vehicles in all routes is
calculated. Next, the results are searched for a feasible solution with lowest time. For sake
of documentation and result analysis, all routes were saved instead of removing them from
the memory, which would improve algorithm memory usage for large datasets.

4.3. CVRP-First Algorithm

In this approach at first CVRP routes for all vehicles are calculated with restrictions
considering weight or cubic capacity using Cheapest Arc method as a first solution strategy
and Guided Local Search as local search metaheuristic. Next the 3D feasibility is checked
the same way as in MTSP and Bin Pack approaches. The algorithm for this approach is
shown on Algorithm 3. As in previous approaches non feasible data was not removed for
research documentation purposes.
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Algorithm 2: MTSP-First

Input:

1. Consignments–dataset containing consignment ID, target locations, weights, lengths, widths,
heights and calculated volumes

2. Data model–dataset containing depot location, number of bikes, bike maximum capacity, cargo
compartment length, width, height, maximum and minimum velocity

Output: Feasible route with best travel time
Procedure:

a. Create DistanceMatrix containing Euclidean distances between every node
b. Solve MTSP with time limit of 2 s and save every generated route
c. Check feasibility of generated routes according to weight and cubic capacity constraints and save KP

feasible routes
d. For every KP feasible route check feasibility using packer() function and save 3D feasible routes
e. For every 3D feasible route:

i. Create variables time = 0, distance = 0 and vector route
ii. Calculate initial load for vehicle in route by summing weights of all nodes in the route from

Consignments
iii. For every node in 3D feasible route:

1. Calculate vc = vcmax − load· vcmax−vcmin
Wmax

2. Acquire DistanceMatrix[node][previous node] (if no previous node, use depot instead)
3. Increase time by Distance/vc
4. Decrease load by Weight[node]

iv. Append dataset for 3D feasible routes with route, times and distances

f. Search dataset for lowest route time

Return route, distances for every vehicle, total distance, delivery time for a single vehicle and total time for a
route with lowest time

Algorithm 3: CVRP-First

Input:

1. Consignments–dataset containing consignment ID, target locations, weights, lengths, widths,
heights and calculated volumes

2. Data model–dataset containing depot location, number of bikes, bike maximum capacity, cargo
compartment length, width, height, maximum and minimum velocity

Output: Feasible route with lowest travel time
Procedure:

a. Create Distance matrix containing Euclidean distances between every node
b. Solve CVRP with time limit of 2 s with constraints according to maximum cargo weight and volume.

Save every generated route
c. For every CVRP feasible route check feasibility using packer () function and save 3D feasible routes
d. For every 3D feasible route:

i. Create variables time = 0, distance = 0 and vector route
ii. Calculate initial load for vehicle in route by summing weights of all nodes in the route from

Consignments
iii. For every node in 3D feasible route:

1. Calculate vc = vcmax − load· vcmax−vcmin
Wmax

2. Acquire Distance matrix[node][previous node](if no previous node, use depot instead)
3. Increase time by Distance/vc
4. Decrease load by Weight[node]

iv. Append dataset for 3D feasible routes with route, times and distances

e. Search dataset for lowest route time

Return route, distances for every vehicle, total distance, delivery time for a single vehicle and total time for a
route with lowest time

5. Numerical Results and Discussion

In this chapter we will compare three approaches to the problem formulated in
Section 4. These approaches were chosen to check the impact of interdependence between
sub-problems. First one called Bin-Pack-3D is deterministic method used for generating
all feasible solutions to the given problem, and it is used as a benchmark for comparing
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other combinations of sub-problems. Other two namely: MTSP-First and CVRP are using
metaheuristic algorithms to find feasible solutions.

For experiments a simple dataset was created consisting of 4 bicycles and 7 consign-
ments. Vehicle capacity was set to 100 kg, cargo compartment length is 800 mm, width
was 500 mm and height was 400 mm. The depot was set as point of origin of Cartesian
coordinates system with coordinates x = 0 and y = 0. Bicycle maximum velocity was set
to 25 km/h as it is a legal maximum assisted speed for e-bike in the EU. Minimum velocity
was set to 5 km/h.

Consignment data was set that the total weight and cubic capacity does not ex-
ceed maximum values for all cargo bikes, so that all the consignments can be deliv-
ered. The consignment coordinates x and y were selected randomly in the following
range: {distance ε Z|−1000 ≤ distance ≤ 1000}. Cargo dimension was generated semi-
randomly so that they fit the normal distribution with mean value 320 mm and standard
deviation of 100 mm. Cargo weight was generated in a similar manner but with mean
value of 15.0 kg and standard deviation of 5.0 kg. The generated data is presented in
Table 2. Graphical representation of node locations and best route according to delivery
time is shown on Figure 1.

Table 2. Experiment data.

Consignment 1 2 3 4 5 6 7 8 9 10

X coordinate [m] 322 −348 835 53 346 −340 −482 −696 956 −168
Y coordinate [m] −524 −517 751 −425 529 35 −988 537 535 −602

Cargo weight [kg] 33.257 21.254 25.058 5.188 18.634 7.416 21.037 7.568 26.254 23.697
Cargo length [mm] 103 155 167 252 354 236 384 290 36 219
Cargo width [mm] 484 298 443 280 309 278 194 384 197 164
Cargo height [mm] 204 343 152 521 306 403 778 327 703 328

Figure 1. Node location and route with lowest total time.

For constraint programing solver and all metaheuristic approaches Google OR-Tools [36]
libraries were used. The programming was carried out in Jupyter Lab using Python 3.9.4
as a kernel.

5.1. Bin-Pack-3D Results

Using this approach all feasible solutions were achieved. Due to large number of
permutations, only best routes according to time were taken into consideration. The
histograms for all 2D feasible, time-optimal routes are shown on Figure 2.

All TSP-optimal routes for all knapsacks have a mean time of 2780 s, maximum spread
is 855 s and standard deviation of population is 164 s.
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All 2D feasible solutions count was 827,772. They were calculated in 565 s. There were
41,253,456 route permutations, which were calculated in 298 s. Total algorithm runtime
was 864 s. Average time of all 2D feasible routes was 2168 s with population standard
deviation of 168 s and range of 1105 s. Mean distance of all 2D feasible routes was 11,325 m
with population standard deviation of 991 m and range of 6290 m.

 
(a) (b) 

Figure 2. Histograms for all Bin Pack routes according to (a) time and (b) distance.

This algorithm managed to find optimal route [[0, 0, 3, 5, 9], [0, 0, 6, 8], [0, 0, 2, 7, 10],
[0, 0, 1, 4]] with total travel time of 1525 s and total travel distance of 7914 m. Distance of
optimal solution was also the minimum of all feasible distances.

5.2. MTSP-First Results

After calculating possible MTSP routes, every route for every vehicle is verified for
mass and cubic capacity feasibility and rejecting solutions that are not feasible.

Histograms of total times and distances for all generated routes is presented on
Figure 3.

 
(a) (b) 

Figure 3. Histograms for all MTSP routes according to time (a) and distance (b).

With MTSP solver being time-limited to 2 s total of 239 TSP solutions was found,
231 solutions were deemed feasible according to the weight and volume constraint. Total
of 15 solutions were feasible according to packer algorithm thus being 3D feasible. 3D
feasible routes histogram is shown on Figure 4.
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(a) (b) 

Figure 4. Histograms for 3D feasible MTSP routes according to time (a) and distance (b).

Mean total time for all 3D feasible solutions was 1652 s, with population standard
deviation of 88 s and spread between maximum and minimum time was 305 s. Mean
distance for all those routes was 8376 m with population standard deviation of 392 m and
spread between maximum and minimum distances was 1416 m. All given values were
rounded to a full second or meter accordingly.

Best found route, according to total travel time using MTSP-First algorithm was [[0, 5,
3, 9, 0], [0, 6, 8, 0], [0, 10, 7, 2, 0], [0, 1, 4, 0]] with total time of 1526 s and total distance of
7913 m. This route is shown on Figure 5.

Figure 5. Route with best total travel time achieved from MTSP approach.

5.3. CVRP Approach Results

With CVRP solver runtime limited to 2 s it was able to generate 211 solutions, which
were 2D feasible. Histograms of those values according to total travel time and distance
are shown on Figure 6. 28 of those solutions were deemed 3D feasible.

Best found route according to total travel time was [[0, 10, 7, 2, 0], [0, 6, 8, 0], [0, 5, 3,
9, 0], [0, 1, 4, 0]], with travel time of 1525 s and distance of 7 914 m. Average total travel
time of all 3D feasible solutions was 1705 s with population standard deviation of 70 s
and range of 411 s. Mean distance of all 3D feasible routes was 8817 m with population
standard deviation of 398 m and difference between maximum and minimum values of
2095 m. Histograms representing those data are shown on Figure 7.
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(a) (b) 

Figure 6. Histograms for all CVRP routes according to time (a) and distance (b).

 
(a) (b) 

Figure 7. Histograms for all 3D feasible CVRP routes according to time (a) and distance (b).

As can be seen on Figure 8 the bicycle routes with best total travel time had the same
nodes as the route with minimum total travel distance, but the sequence of node visits was
different.

5.4. Result Comparison

Results, achieved by metaheuristic methods (MTSP and CVRP) were similar to values
calculated deterministically. The results are presented in Table 3.

Table 3. Experiment results.

Parameters
Used Algorithm

Bin Pack 3D MTSP CVRP

Total route time [s] 1525 1526 1525
Total route distance [m] 7914 7913 7914

As can be seen from the numbers in Table 3, for the synthetic dataset used in this
research, the route parameters for the best solution generated by the corresponding algo-
rithms are almost identical, although the shapes of the obtained routes differ insignificantly.
Thus, the main criterion to choose the heuristic method is the time needed to achieve
the result by running the corresponding algorithm: both proposed metaheuristics are
characterized by the calculation time feasible under real-world conditions. However, the
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CVRP approach in contrast with the MSTP heuristics was able to find an optimal solution,
which is why it will be used for further research under real-life applications.

 
(a) 

 
(b) 

Figure 8. Diagram representing route for calculated routes with lowest time (a) and distance (b).

6. Conclusions

In this work, we deal with a combination vehicle routing problem with 3D loading
constraints and load-dependent time. This approach is similar to CVRP formulated by
Dantzig and Ramser except for additional constraints, namely, speed being dependent
on the load carried by a vehicle as into traveling thief problem. This research is given
by the problem of last-mile delivery with the use of cargo bicycles, which are powered
by the strength of human muscles thus low power so they cannot achieve high speeds
and those speeds will be even lower when the bicycle is fully loaded. Two wheeled cargo
bicycles have capacity lower to their three or four wheeled counterparts, but with the
lighter load it would allow for faster deliveries, due to being less cumbersome to ride in
densely populated urban areas and being less susceptible to traffic congestions.

We have achieved an optimal solution for a given dataset by deterministically calcu-
lating all possible knapsack combinations and calculating the best route according to the
total travel time for each knapsack combination. This deterministic approach was used
as a benchmark for comparing two metaheuristic approaches, the first being CVRP with
total load and cubic capacity and 3D packing feasibility restrictions. The second approach
was made as an MTSP approach with a check for feasibility according to mass, volume and
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3D packing constraints. Testing of algorithms proved that the CVRP approach was able
to produce optimal solutions in 2 s for 4 bicycles and 10 consignments, which concludes
that this approach is better suited for real-life applications with dynamically appearing
consignments and will be further investigated. MTSP approach was not able to produce an
optimal solution.

Future work should enable implementing efficient 3D packing plans with LIFO con-
straints so that packages can be removed without moving other consignments. In addition,
a constraint programming approach to the whole problem will be attempted with various
metaheuristic approaches.
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Abstract: Public transport (PT) service disruptions are common and unexpected events which often
result in major impediment to passengers’ typical travel routines. However, attitudes and behavioural
responses to unexpected PT disruptions are still not fully understood in state-of-the-art research.
The objective of this study is to examine how PT users adapt their travel choices and what travel
information sources they utilize once they encounter sudden PT service disruptions. To this end,
we conduct a passenger survey among PT users in the city of Kraków (Poland), consisting of a
series of stated- and revealed-preference questions. Results show that passengers’ reported choices
during past PT disruptions mostly involve adjusting the current PT travel routine, exposing a certain
bias with their stated choices (which tend to overestimate the probability of modal shifts). Factors
influencing travel behaviour shifts include frequency and recency of PT disruption experience, as
well as propensity to arrive on-time. With regards to travel information sources, staff announcement
and personal experience play an important role in recognizing the emerging disruption, but real-time
information (RTI) sources are the most useful in planning the onward journey afterwards. Based on
these, we highlight the implications for future RTI policy during PT service disruptions; in particular,
the provision of a reliable time estimate until normal service conditions are resumed. Such RTI
content could foster passengers’ tendency to use PT services in uncertain conditions, especially as
their stated wait time tolerance often matches the actual duration of PT disruptions.

Keywords: public transport; travel behaviour; service disruption; real-time information; RTI

1. Introduction

Reliability (robustness) of public transport (PT) services is an important factor, shaping
general passenger attitudes towards PT systems, and consequently affecting passengers’
travel choices. Disruptions in PT services may cause various shift patterns in passengers’
travelling strategies, depending on a wide range of aspects. This is especially the case for
sudden (unexpected) service disruptions, which pose great journey disturbance and incon-
venience. These invoke instantaneous shifts in the passengers’ current travelling strategies
and lead them to undertake much less-familiar travel options. Under such circumstances,
availability of reliable travel information becomes even more crucial to the decision-making
process, with the increasingly ubiquitous real-time information (RTI) sources offering a
greater chance to minimise the resultant disturbance. Moreover, repeated experience of
recurrent service disruptions may induce long-term shifts in typical trip patterns, including
the risk of permanent modal shifts from PT systems. Understanding passengers’ attitudes
and responses to sudden PT disruptions is thus of paramount importance for defining such
information and management strategies that will ultimately improve travel experience in
uncertain PT service conditions.
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1.1. Literature Review

Behavioural responses to both private and public transport travel disruptions are
commonly acknowledged in research sources [1–3]. These comprise: adjusting the usual
travel routine (i.e., route shifts or temporal shifts), switching to alternative transport
modes, satisfying trip purposes at other destinations, consolidating trips (e.g., trip-chaining
routines), changing the trip frequency, and cancelling the trip activity. The most common
reactions comprise spatial and temporal shifts in existing trip patterns (i.e., change of travel
route and travel time) [4], with remaining types of responses typically much smaller in
magnitude, and depending on each individual case. As noted by monitoring studies [5],
the majority of PT users regularly experience travel service disruptions and develop
counteracting strategies. A summary of six city-wide surveys [2] reveals that ca. 10% of
travellers encounter disruptions each week as part of their usual travel routine; ca. 50% are
affected at least once a month. Experience of travel disruptions induces both short-term
and long-term shifts in travel behaviour, which can be difficult to distinguish in practical
observations [1] but might be substantially different from each other. Initial reactions tend
to be exaggerated, especially in the event of sudden and unplanned service disruptions,
after which the scale of trip pattern shifts decreases—a so-called settle-down effect [6].
Meanwhile, accumulated travel experience might facilitate other, permanent (and perhaps
initially unforeseen) changes in travel behaviour.

Evidence summarised from multiple case studies [1] reveals the causes of various
sudden, unplanned disruption causes and their impact on travel choices. Following a 1966
New York City public transport strike, 50% of travellers cancelled their trips on the first
day—a figure which went down to 10% in following weeks, but in the longer run, the PT
patronage only decreased by ca. 3%. However, for the 1986 Orange County strike, this
figure was almost equal to 20%. After the 1994 earthquake in the Los Angeles area—another
type of sudden disruption—31% of commuters changed their travel route and 30% of them
adjusted their travel time. In comparison, other reactions were observed in much smaller
magnitude, such as only a 6% rate of mode shift. Notably, the long-term propensity to
change travel modes can be inhibited by the tolerable margin of increased travel time due
to disruption—even as much as 10–20 min of extra delay before eventually switching from
private to public transport. The scale of trip destination and trip cancelation changes is
usually found to be lower, especially for more resilient commuting and business trips,
affecting no more than 2–6% of total trips (excluding exceptional circumstances—explained
below). For non-work trips, these rates are more variable, depending on trip motivation
(e.g., shopping, leisure, health) and may reach up to 10–30% [2].

These behavioural responses induced by travel disruptions differ in type and magni-
tude depending on a wide range of factors, related to trip characteristics, travel experience,
individual (socio-demographic) characteristics, local conditions, etc. In principle, changes
in travel behaviour occur once a stimulus caused by service disruption exceeds a sufficient
threshold—i.e., a certain tipping point of travel behaviour stability is achieved [7]. This
stimulus can relate either to an isolated, high-impact disruption, or a series of low-impact
disruptions which becomes frequent enough to spur changes in individual’s travel pat-
terns [8]. Travel shifts are more likely to occur with increased trip length [2] or time [9],
as travellers are initially reluctant to rearrange their shorter-range trips. Among factors
shaping individual’s strategies, past travel experience is of seemingly high relevance [1], as
it influences the traveller’s perceptions and the resultant choice context. In this context,
it should be noted that attitudes towards public transport are biased by negative travel
experience and past worst-case situations [10]. Consequently, prior experience of service
reliability in PT is relatively more important than in the case of private transport.

The importance of travel habits plays out especially in conjunction with another vital
aspect, namely, familiarity with transport network [1]. Travellers who feel more familiar
with their environment tend to remain more stable in their travel choices, or as formulated
by [11]—reluctant to ‘upset an ordered and well-understood routine’. Additionally, dif-
ferent underlying causes of travel disruptions lead to substantially variable adjustments
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in trip patterns, e.g., when comparing between the impact of natural catastrophes, mass
events and technical failures [1]. Data provided by [2] indicates a cancelation rate for
business and commuting trips of 6% for flooding-induced disruptions, but a rate of ca. 40%
due to adverse winter weather conditions. These responses of PT users vary depending on
the PT mode which they use: rail passengers tend to be more ‘forgiving’ towards service
disruptions than bus passengers [12].

Finally, access to travel information is an important factor shaping passengers’ deci-
sions —especially in the event of sudden, unplanned service disruptions. Accurate, timely
and relevant information allows travellers to tackle the feeling of being somewhat discon-
nected in first place and make more informed choices. UK surveys of bus passengers [5]
outline the contents of information which are desirable during travel disruptions: cause
(reason) of the on-going disruption, estimated impact on journey time, an idea of the
scale of the problem, and possible travel alternatives. In terms of dissemination sources,
a wide range of available sources are utilised to consult travel information. According to
passenger surveys, the most popular source of information is electronic RTI displays at
stops [5,13]—since they provide information relevant for current choice context, and their
recurrently-updating nature is in itself reassuring [14]. Traditional sources of information
(printed schedules), as well as interaction with staff (or the driver), with other travellers,
or even relatives are also popular among travellers. Other modern-day sources, such
as mobile apps and on-line planners are also increasingly widespread, though they are
sometimes biased by unsatisfactory experience of past reliability and incur higher cognitive
costs [9].

RTI provision is of vital importance; even though it does not always improve journey
experience, it does reinforce the travellers’ confidence (reassurance) in unusual circum-
stances [15]. Even under regular service conditions, passengers can experience certain
frustration [16] associated with travel uncertainty, which will be even more important
during disruptions. The consulted information may not therefore induce travel shifts in
case of minor and short-lived service disruptions, as the propensity to change travel choices
will only emerge beyond a certain disruption delay threshold. A survey in London [9]
found that the majority of PT travellers would change their travel plans in the case of a
20-min disruption delay. Acquisition of RTI during disruptions was found to be influenced
by issues such as prior travel experience, travel choice context, past experience of RTI
reliability, and trip purpose [9,15]. It is also observable that on-time travel information is
especially crucial in the recovery phase of disruption, once travellers seek for preventive
measures to mitigate the disruption effects and recover their journey [8]. In general, RTI
access induces different decision-making strategies among PT users [17] and increases the
responsiveness in their choices to actual travel conditions. This has been demonstrated
in simulation models [18,19] which observe additional passengers’ travel benefits with
access to RTI (as compared to “non-RTI” passengers), especially once disruptions occur.
Experience of relevant and purposeful travel information thus contributes to an improved
perception of the RTI system, and higher compliance with RTI content in future travel
decisions [13].

1.2. Objectives and Contribution

Despite substantial advancements in recent works, certain gaps have not yet been
thoroughly addressed in state-of-the-art research. We argue that further investigation
is required to achieve a complete understanding of travel behaviour shifts and travel
information usage during sudden PT service disruptions. This pertains to, among others,
influence of travel experience upon ensuing strategies, consistency between passengers’
attitudes and responses (i.e., stated vs. actual choices), as well as potentially different
shifts in instantaneous vs. long-term travel patterns. Another aspect not yet fully explored
concerns the utility of available travel information sources, either for recognizing the PT
disruption itself and/or planning the onward PT journey afterwards. A further research
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question relates to whether passengers’ decision-making processes in the face of sudden
PT disruptions can be supported with an improved RTI provision policy.

With this study, we aim to address these gaps and contribute with comparable and
enriching results to the state-of-the-art research. To this end, we conduct a series of stated-
and revealed-preference surveys (SP/RP) among urban PT users in the city of Krakow
(Poland). Its objective is to inspect the impact of sudden service disruptions—defined
as short, unexpected service suspensions due to service failures, vehicle incidents, track
obstructions, etc.—on passengers’ ensuing travel strategies. We investigate the passengers’
past (historical) experience of service disruptions, their output travel choices and shift
patterns in travel choices with respect to relevant factors—such as: prior travel experience,
trip purpose (i.e., time-criticality) and general socio-demographic characteristics. Moreover,
we analyse the utilization of various travel information sources and their relevance for
ensuing travel decisions, as well as preferences towards RTI content in the event of sudden
service disruptions.

Our objective is to provide a valuable contribution to the developing stream of re-
search on travel behaviour in public transport systems. The results of this study provide
an evidence-based insight into stated and reported travel decisions due to sudden PT
service disruptions. In particular, we observe the influence of passengers’ recency of ‘travel
memory’ and highlight potential discrepancies between their stated attitudes vs. actual
behaviour. Moreover, our research investigation aims to underline how the RTI provision
policy can be enhanced to mitigate the negative impacts of PT disruptions, by providing in-
formation that could meet passengers’ expectations, and thus improve PT travel experience
in such circumstances.

The remainder of this paper is organized as follows. Section 2 presents the methodol-
ogy of our research investigation, including passenger survey design and data collection.
Section 3 reports detailed results from the combined SP/RP passenger survey. We conclude
with Section 4, which summarises the main findings of our study, discusses their research
and practical implications and indicates fields for follow-up research.

2. Materials and Methods

2.1. Case Study—Public Transport (PT) System in Krakow

Surveys were conducted in the city of Krakow, the second-largest Polish city with ca.
750,000 inhabitants. The city PT system consists primarily of bus and tram services with
ca. 130 permanent bus and tram routes operating on a typical weekday. As of March 2017,
the RTI system was in operation in the form of electronic display signs (i.e., platform-level
RTI) mounted at ca. 99% of tram stops in the city, providing passengers with information
on estimated waiting times until the next tram departures. At the time, the RTI system in
Krakow city was in its early development stages, and so far, its coverage has been extended
only to the tram network; bus services are not yet included. Nevertheless, electronic RTI
displays at tram stops are a popular source of real-time travel information for city PT users,
and apart from remaining waiting times they also display notifications in case of both
sudden service disruptions, as well as planned (long-term) line suspensions. However, the
content of the displayed information is usually confined to a mere notification (report) of
the on-going disruption, its location, and current diversion routes of affected tram services,
without any time estimations or advisory travel information.

2.2. Data on Registered PT Service Disruptions

Although the city PT system has undergone substantial improvements in recent years,
it still remains vulnerable to sudden service disruptions. As part of this study, we analysed
data records obtained from the city transport management authority (ZIKiT Kraków),
which covered all the notified service suspensions in the core part of the PT system in
Krakow city (i.e., coverage of the full tram network and the majority of bus networks).
The datasets were collected over a 6-month period between August 2015 and January
2016. It should be noted that such a time horizon was chosen on the grounds of data
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availability and representability. (Soon afterwards, a series of major investment works in
the Krakow tram network has started, which significantly influenced the 2016–2017 data on
PT disruptions’ and thus undermined the overall data representativeness.) The obtained
sample was carefully inspected to ensure that it yields a valid and characteristic picture of
typical PT disruption events in the case-study PT system:

• A total of 577 unplanned service suspension events were registered for the 6-month
analysis period, which gives a monthly average of 97 suspension events.

• The vast majority of service suspension events were short-term in their duration
(Figure 1): 52% of suspensions took no longer than 15 min, and just 22% of them were
longer than 30 min. Note that this only includes the time duration of suspension itself,
excluding the subsequent service recovery period.

• No significant differences were observed in terms of temporal distribution. Disruption
events tend to occur at fairly similar frequencies both throughout the daytime (with
78% of them taking place between 6 a.m. and 6 p.m.) and across the consecutive
months (82 to 108 events registered per month).

Figure 1. Share of registered service disruption events, depending on the suspension duration, in the
PT system in Krakow (source: ZIKiT Kraków).

Importantly, the above-presented data includes only those disruption events which
were registered by the city PT management authorities. It does not account for a vast
number of short-term disruptions which quite often go unnotified, yet often cause enough
disturbance to the passengers. The exact scale of these unregistered (and often recurrent)
disruptions events remains unknown; as anecdotal evidence shows, in many cases it can
be at least as high as the number of officially registered events.

2.3. SP/RP Survey Setup and Design

To investigate the impact of recurrent PT service disruptions on passengers’ travel be-
haviour in the city of Krakow, a combined stated- and revealed-preference (SP/RP) survey
was designed. The survey questionnaire consists of 15 questions in total, and its average
completion time ranged between 3 to 4 min. It was carried out on electronic portable
devices at (randomly selected) main bus and tram stops in the central area of Krakow
city. Final passenger surveys took place over a 3-month period. i.e., April–June 2017 and
additionally in September 2017. A total sample of ca. 450 fully completed questionnaires
was collected, which was then further analysed, and the main findings are reported in the
sections below. Before the main passenger survey was designed, focus-group discussions
and pilot surveys were carried out. Their purpose was to avoid confirmation bias [20], ob-
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serve the passengers’ understandability of general survey purpose, gather their ideas and
observations, and reformulate the questionnaire content. The final survey questionnaire
can be subdivided into a few general sections as follows:

• The first (RP-based) part of the questionnaire focuses on their historical experience
of travel disruptions, trip circumstances, information sources and reported travel
choices in the event of the most recent disruption. In the case when a passenger did
not experience any disruption at all, this survey part is omitted.

• In the second (SP-based) part, passengers are asked to state their maximum (tolerable)
time thresholds and ensuing travel decisions for two hypothetical situations, i.e.,
service suspension for two distinct trip purposes: a time-critical journey and a non-
time critical journey (i.e., depending on the propensity to arrive on-time).

• The final part contains questions on the judgement of the existing RTI system quality
in the city of Krakow and desirable future RTI content during service suspensions.

Survey data collection was carried out with the prior consent of each respondent, en-
suring their full anonymity and privacy protection. No personal data was stored thereafter,
and all ethical standards were duly observed during this investigation.

3. Results

In the following section, we summarise the results of our survey investigation and
elaborate on findings from each part of the survey.

3.1. General Experience of PT Disruptions

Overall results show that majority of respondents do indeed experience sudden, un-
planned disruptions in their PT trips in Krakow city. In total, 68% of the interviewed
passengers recall having encountered sudden disruptions, and 23% report a frequent ex-
perience of service disruptions (i.e., once a week or more often). Interestingly, a closer
inspection reveals a valid discrepancy in obtained answers, depending on the data collec-
tion period (Table 1). For surveys carried out in May and June, about 9% of travellers recall
not having experienced the PT disruption at all; for September surveys, this rate surges up
to 56%; meanwhile, the shares of those who encounter frequent disruptions are 39% and
7% respectively. This indicates that, although the question objective refers to the travellers’
past, long-term record travel experience, their travel memory seems to be in particular
influenced by the most recent events and travel incidents. Consequently, travellers inter-
viewed in September exhibit much lower service disruptions right after summer holiday
period, compared to those questioned in the midst of typical commuting season. It should
be noted that share of PT commuters is constant in both samples, comprising over 90% of
all respondents (Table 1). In addition to that, city PT system returns to its typical service
pattern in September, and (as reported earlier from the city registry data) the incidence rate
of PT disruptions is rather constant over consecutive months.

Table 1. Frequency of encountered PT service disruptions. Results distinguished depending on
survey period.

Total Sample
Survey Period

May/June ‘17 September ‘17

More than once a week 10% 21% 2%
Ca. once a week 13% 18% 5%

Less than once a week 45% 53% 37%
Never experienced yet 32% 9% 56%

Share of regular PT users
(i.e., 2 + PT trips per week) 92% 91% 91%
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3.2. Revealed Impact of Past PT Disruptions

We investigated travel choices revealed (reported) by travellers for their most recent
experience of journey disruption (Table 2). The most typical shifts in trip patterns once PT
disruptions had been encountered either involved changing the initial PT trip route (i.e.,
using an alternative bus or tram connection—39%), waiting until the PT service has arrived
(29%), and completing the rest of trip by walking to the destination (27%). Otherwise,
remaining options such as mode shifts (4%) and trip cancelations (2%) are much less
popular. The Chi-Square tests yield statistical significance of reported travel choices with a
number of travellers’ sociodemographic factors. Notably, this pertains to the propensity
among elderly PT users (aged 60 and over) to remain and wait at their stop (63%) in the
event of disruption; they were much less likely to consider other re-routing options. We
also observe a certain increase in modal shift probability towards walking among students
(32%) and respondents aged 18–35 (31%), as well as towards private transport (i.e., car,
taxi, ride-sharing) among those employed (7%) and aged 26–45 (7%). Moreover, choice
patterns are seemingly correlated with the stated frequency of past disruption experience.
Frequent exposure to travel disruptions leads to a smaller likelihood of changing current
trip itinerary, with 45% of travellers likely to wait further at the stop. Regardless of that,
hardly anyone considers shifting to private transport.

Table 2. Revealed travel choice response during the most recent PT service disruption.

Total
Sample

Frequency of Experienced PT Disruptions

More Often Ca. Once a Week Less Often

Wait at the stop 29% 45% 29% 26%
Use an alternative PT route 39% 26% 39% 41%
Walk down to destination 27% 25% 20% 29%
Shift to private transport 4% 1% 8% 4%

Resign from travelling 2% 2% 3% 1%

Chi-square results: x2 = 21.74, p = 0.041.

3.3. Long-Term Travel Behaviour Shifts Due to PT Disruptions

In the next stage of our survey, we ask travellers to report the long-term changes they
made in trip patterns as a consequence of PT disruptions’ experience, using a 1-to-5 Likert
scale (where: 1—never, 5—always). The results presented in Figure 2 indicate that 77% of
travellers acknowledge having made such long-term travel routine adjustments. Similar to
previous questions, shifting to private transport seems to be the least likely option: 17%
did so at least sometimes and only 4% did so on a regular basis (i.e., often or always).
The remaining alternatives—changes in current PT route (different origin departure time,
different alighting stop) or choosing an alternative PT route—exhibit much higher popular-
ity, with respective figures ranging around 40–50% (at least sometimes) and 15–20% (on
regular basis). Statistical tests reveal that travellers who frequently experience disruptions
are more inclined towards changing their alighting stop (43%—at least sometimes) and
especially towards adjusting their departure time from origin (52%—at least sometimes,
30%—on regular basis). Concurrently, shifting to an alternative PT route on a long-term
basis is a popular option regardless of disruptions’ experience frequency.
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Figure 2. Reported long-term travel behaviour changes due to PT disruptions.

3.4. Stated Travel Choices during PT Disruptions

We then move to the next stage of our survey, where we ask travellers to report their
preferred (stated) travel action in two hypothetical cases, assuming they have an exact
information on remaining time of disruption duration. We distinguish here two scenarios
depending on propensity to arrive on time: time-critical trips—e.g., to work or study place
(need to arrive on-time), vs. non-time-critical trips—e.g., shopping or leisure purposes
(need not be in a hurry). Respondents are asked to provide maximum acceptable waiting
times and ensuing travel actions beyond this time limit for their typical PT trip context (to
the workplace, shopping mall, etc.). As expected, resultant time tolerance thresholds are
much lower for time-critical trips, with the vast majority of respondents (80%) reluctant to
wait longer than 10 min (Figure 3). In contrast, for non-time-critical trips, results show that
for a 10-min disruption just 35% of travellers would already consider taking alternative
travel action.

Figure 3. Stated max. acceptable waiting time before considering alternative travel action. Results
are distinguished with respect to the propensity to arrive on-time (i.e., trip time-criticality).

In terms of ensuing travel action afterwards, choosing an alternative PT route is the
most favourable option, with a rather uniform popularity rate in both scenarios (57–58%).
Variability in results is exposed for other travel options, as shown in Table 3—with higher
probability of potentially shifting to private transport for time-critical trips, walking down
to destination for non-time-critical trips, and additionally—a potential 7% trip cancelation
rate in the latter case. It should be emphasised though that these figures refer to passengers’
stated-preference (SP) travel actions for hypothetical disruption scenarios. Validating these
results against the revealed-preference (RP) choices for previous (past) disruption cases,
reported also in Table 3, underlines an interesting discrepancy arising between SP vs. RP
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results. The most popular travel behaviour pattern pertains to using an alternative PT
route, regardless of the time-criticality of trip. Its share is revealed to be similar to that
of passengers’ stated preferences (54% in RP choices vs. 58% in SP choices). However,
important differences are traceable for remaining travel options: in contrast to stated
results, walking is revealed to be much more popular (37% in RP choices). Likewise, the
actual tendency to use private transport (i.e., car, taxi, ride-sharing) is over-exaggerated
(6% in SP choices), as is the trip cancelation rate (ca. 2% in SP choices). These findings
thus underpin a certain bias in passengers’ answers to hypothetical stated-choice scenarios
when contrasted with the actual choices that they reported for recent disruption.

Table 3. SP vs. RP travel choices due to PT disruption. Comparison between stated (potential
scenario) vs. revealed (past experience) choices.

Stated Choices
Potential Trips

Revealed Choices
Past Trips

Need to arrive on-time? yes no yes no yes no

Wait at the stop (n/a) (excl. waiting): 25% 35%

Use an alternative PT route 58% 57% 54% 54% 40% 35%
Walk down to destination 22% 34% 38% 36% 29% 23%
Shift to private transport 19% 2% 5% 7% 3% 5%

Resign from travelling ~0% 7% 3% 1% 2% 1%

3.5. Travel Information during PT Disruptions

In the final part of our survey, we investigate impact of travel information sources
and content during sudden PT disruptions. Firstly, we analyse which information sources
are helpful in recognising past PT service disruptions. The results in Table 4 show that the
highest (34%) share of respondents admit to having recognised the on-going disruption by
themselves (i.e., without the need to consult other information sources). This is followed by
26% of travellers who became aware of the disruption by observing electronic RTI displays
at stops. Traditional information sources are also found helpful in recognising service
disruptions, i.e., driver or PT staff announcement (20%), and reactions of other passengers
(13%). Moreover, a relevant correlation with the experienced disruption frequency (Table 4)
is observable. Those who are used to frequent PT disruptions (more than once a week) are
more likely to recognise them by themselves (52%), and less reliant on other sources such
as RTI displays or passengers’ reactions (i.e., collective behaviour).

Table 4. Revealed recognition source of the most recent PT service disruption.

Total
Sample

Frequency of Experienced PT Disruptions

More Often Ca. Once a Week Less Often

Driver or PT staff 20% 15% 12% 24%
Other passengers 13% 4% 17% 13%

Internet, social media 7% 9% 10% 6%
RTI displays at stops 26% 20% 20% 30%

Just notice them myself 34% 52% 41% 27%

Chi-square results: x2 = 20.25, p = 0.027.

However, it is the dynamic and RTI devices which are the most frequently consulted
travel information sources once service disruptions occur (Figure 4). Initially of little use in
recognising of PT disruptions, smartphone apps (and on-line resources) become a popular
means for the ensuing trip planning purposes—having been consulted at least sometimes
by 75% of travellers, and by ca. 50% of them on regular basis (i.e., often or always). Similar
figures are reported for electronic RTI displays at stops, which are the second most popular
travel information source. On the other hand, social media alerts and feeds (e.g., local PT
Facebook page) were yet utilised by a limited share of travellers (just 15% did so regularly).
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This can be attributed to low awareness of social media travel alerts at the time of this
research.

Figure 4. Consulted travel information sources during the PT service disruptions.

Finally, we turn our attention to the RTI system in the city of Krakow and expectations
towards the future information provision policy during disruptions. In general, when
asked to provide an assessment on a 1-to-5 Likert scale (1—poor, 5—excellent), current
RTI reliability is reported on average equal to 3.9, and the RTI usefulness—equal to 4.5.
Such results indicate a potential field for improving the perceived RTI accuracy and users’
preference to obtain a more reliable (and extended) RTI content, especially during variable
and disrupted travel conditions. This can be complemented by our next findings, i.e.,
future desirable RTI content during PT disruptions (Figure 5). Travellers are in particular
interested in obtaining an accurate estimate of remaining time until normal conditions
are resumed. Other information options, including real-time advice on alternative travel
routes and cause of the on-going disruption, are also positively viewed, albeit evidently
less important for survey respondents.

Figure 5. Preference towards future RTI content in the event of disruptions.

4. Discussion

The study presents results from combined stated- and revealed-preference (SP/RP)
survey conducted among urban public transport (PT) users in the city of Krakow (Poland).
The main objective was to investigate the impact of sudden PT disruptions upon resultant
changes in passengers’ travel behaviour. The secondary objective was to establish travel
information sources and content relevant during sudden service disruptions.

The principal contribution of this study lies within an improved, evidence-based
understanding of how passengers’ travel behaviour is affected by experience of sudden PT
service disruptions. Detailed results of our investigation (described in the previous section)
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shed more light on what adjustments in travel decisions may occur either in case of a
single, sudden PT disruption, as well as a long-term consequence of repeated PT disruption
experience. We examine the passengers’ stated attitudes and waiting time tolerance and
indicate how they match the actual (real-world) travel behaviour and duration of PT
suspension events. As a secondary contribution, we investigate the popularity of travel
information sources during the PT disruptions. Finally, as shown in the subsection below,
we utilize our findings to indicate what travel information content should be particularly
provided in real time to passengers in the event of such PT service disruptions.

The main findings of our study can be summarised as follows:

• Majority of surveyed PT users (68%) recall having experienced sudden, unplanned
service disruptions in their PT trips and 23% of them report such experience on
a frequent basis (at least once a week). Importantly, we observe that recency of
experienced PT disruptions has significant influence upon passengers’ travel memory.
Only 9% of passengers interviewed in the midst of a typical commuting season (May–
June), recall not having experienced any disruption before. However, the same survey
conducted just after holiday break (September) yields a corresponding rate of 56%
respondents. This is all the more remarkable, given that registered PT disruptions
exhibit similar characteristics (frequency and duration) across consecutive months,
and both samples are controlled against the steady share of regular PT users.

• Travel choices revealed by passengers during the latest (most recent) PT disruption pri-
marily involve using an alternative PT (bus or tram) route (39% of travellers), followed
by waiting at the stop (29%), walking towards the destination (27%), shifting to private
transport (4%) and resigning from travelling (2%). Passengers more accustomed to
frequent experience of PT disruptions are less likely to change their current PT travel
routine and instead tend to wait further at the current stop.

• Furthermore, 77% of respondents admit to having made long-term adjustments in
their travel behaviour as a consequence of recurrent disruption experience. These
mostly involve using an alternative PT route or adjusting current PT trip itinerary,
by changing the origin departure time or an alighting stop (40–50% of travellers). In
contrast, increased frequency of car usage is reported only by ca. 20% of respondents.

• In the hypothetical (SP) disruption scenarios, trip time-criticality stands out as a major
factor, influencing the stated choices and maximum acceptable wait time at the current
PT stop before taking further action. For time-critical trips (e.g., work, study), only
7% of travellers would accept a max. waiting time longer than 15 min—whereas for
non-time-critical trips (e.g., shopping, leisure) this rate increases to 37%.

• Our findings also expose relevant differences between passengers’ preferred vs. actual
choices during PT disruptions. Stated preferences (SP) vary with time-criticality, with
higher propensity to use private transport for time-critical trips (19%), and to resign
from travelling for non-time-critical trips (7%). Corresponding rates in the revealed
preferences (RP), meanwhile, are equal to ca. 6% and 2% respectively, suggesting
that SP answers overestimate the probability of modal shifts and trip cancellations.
In contrast, RP answers exhibit uniform patterns regardless of trip time-criticality.
Revealed travel choices primarily involve taking an alternative PT route (55%) or
walking to a destination (38%—remarkably, also for time-critical trips).

• The main information sources which help travellers to recognise the emerging PT
service disruptions are travellers’ own observations (34%), and electronic RTI displays
at stops (20%), followed by PT staff announcements or observations of other passen-
gers. At the time of this research, on-line and internet resources were the least popular
means of recognising the PT disruption. However, smartphone apps and RTI displays
are the principal (most consulted) travel information sources for planning an onward
journey once the PT disruption takes place, even despite limited information content
utility.

The aim of our study is to deliver valuable insights that can enrich the state-of-the-art
research on travel behaviour in modern-day PT networks. The findings of this study can

179



Energies 2021, 14, 4889

help better understand the attitudes, factors and outcomes in passengers’ decision-making
process in uncertain, disrupted PT travel conditions. In addition to research implications,
the outputs of our investigation can be of practical relevance for PT policymakers, planners
and operators. As such, they can support the design and implementation of new analytical
models, travel information and management strategies, aimed at mitigating the negative
effects of sudden PT service disruptions.

Implications and Recommendations for RTI Policy in Krakow

Conclusions from our study indicate a few possible means of improving the current
RTI provision policy in Krakow during sudden service disruptions. Firstly, in terms of
desirable future RTI content, there is a clear passenger preference towards obtaining an
accurate time estimation of disruption duration. Such a feature is found to be rated as most
important (useful) among other travel advice options. This can be further supported by the
fact that, based on PT operator data, over 50% of recorded disruptions tend to last no longer
than 10–15 min. Once compared against the SP results, this is a time threshold that can
match the stated waiting time tolerance, especially for the vast majority of non-time-critical
trips (Figure 6). Providing a reliable disruption time estimation could therefore reinforce
passengers’ tendency to stay on their current PT route, particularly for the vast majority
of trips which are not time critical (i.e., leisure trips, trips with arrival time flexibility).
This will also help them make more informed choices and substantially decrease the
travel disutility associated with service uncertainty and unreliability, improving the overall
perception of PT service quality.

Figure 6. Results—revealed distribution of waiting time tolerance in the event of PT disruptions (acc.
to surveyed passengers), plotted against the distribution of actual duration of PT suspension events
(acc. to the PT operator’s registry).

Secondly, another possible development relates to providing personalised RTI travel
advice during disruptions, which would better match the individual travel preferences.
Availability of the prescriptive O-D travel advice has prospective benefits for the majority
of PT users, who exhibit constant travel (commuting) patterns even despite recurrent
experience of service disruptions (Table 1). In this respect, customized, real-time O-D
travel advice could decrease the uncertainty and cognitive effort associated with the urgent,
unexpected trip re-planning process [9]. It should be noted that the awareness of RTI travel
alerts and feeds was still relatively low among passengers (Figure 4) at the time of this
research. Although RTI sources are already popular for en-route trip planning purposes—
i.e., once the PT trip has already been disrupted—they are of more limited usefulness either
in making pre-trip arrangements or recognising the on-going disruptions beforehand.

Thirdly, and as a final remark, passengers in general express a positive perception
of present-state electronic RTI system in Krakow. RTI content is rated higher in terms
of its usefulness than its reliability, which indicates a certain field for improving the RTI
accuracy—especially crucial in terms of PT service irregularities and disruptions.
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A certain limitation of this study can be attributed to the relative uniformity of the
obtained sample: over 90% of respondents are regular PT users (commuters). Although
surveys were conducted across multiple bus and tram stops in Krakow, on different
weekdays and throughout the daytime, future surveys should take place also outside
the central PT network and cover regional (suburban) trips as well. Additionally, follow-
up surveys should be conducted in different urban and metropolitan areas to verify the
potential influence of a wider range of aspects upon passengers’ response to sudden
PT disruptions such as transport network topology, demand levels, tariff policy, local
specifications, etc. Further research will thus allow us to obtain more universal and
transferable conclusions.
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Abstract: The increasing use of road vehicles has caused a number of transport and environmental
issues throughout the world. To cope with them, traffic calming schemes are being increasingly
implemented in built-up areas. An example of such schemes are Tempo-30 zones. The traffic calming
measures applied as part of this scheme must be carefully planned in terms of location and design
details in order to obtain the desired reduction in speed, traffic volume and exhaust emissions and,
last but foremost, to increase the safety and facilitate the movement of vulnerable road users. The
coexistence and combined effect of these measures and their design details must also be taken into
account. The purpose of this study was to investigate whether the applied traffic calming measures
had a considerable bearing on the reduction in speed to the desired level, as assumed in the traffic
calming plan. Three street sections starting and ending with different intersection types were chosen
to examine the synergy of the applied traffic calming measures. The numbers and speeds of vehicles
were measured in three day-long continuous surveys. As it was expected, the amount of speed
reduction depended on the hourly traffic volume on a one-way street and various other traffic
engineering aspects. The obtained results may be used to modify the existing speed profile models
and can guide traffic engineers in choosing the most effective traffic calming measures.

Keywords: calming of traffic; Tempo-30 zone; speed reduction; traffic calming measures; choker;
speed tables; raised pedestrian crossing

1. Introduction

The increasing use of road vehicles and the resulting high volumes of traffic bring
about ever-increasing transport-related problems in urban areas. The first attempts to calm
the street traffic in urban areas were made already in the 20th century. The problem of
calming the traffic in downtown and uptown locations of cities has been dealt with by
many researchers, urban planners, traffic modelling specialists and road engineers. The
implementation of Tempo-30 zones in specific streets or whole urban blocks of congested
uptown and downtown areas is one of the commonly applied solutions. Increased safety
of traffic, volume and speed reduction (resulting in lower exhaust and noise emissions and
fuel savings) and making the street more of a true public space rather than purely a trans-
port route are the primary objectives of Tempo-30 zones. On the other hand, a reduction in
speed may extend the time of travel and contribute to traffic jams at intersections. Thus, it is
extremely important to apply appropriate design guidelines and be aware of the coincident
effect of different traffic calming measures. One can look for such guidelines in the basic
design manuals [1–3] and guidelines [4,5] published in the U.S. and in the U.K. [6–9] and
German [10] guidelines, which describe the proposed applications of: raised intersections,
small raised intersections between one-way streets, small raised intersections coupled
with a neighbourhood gateway, gateways, traffic circles and the different traffic calming
measures typically applied in Tempo-30 zones, i.e., curb extensions (so-called pinchpoints
or chokers), curb extensions combined with pedestrian crossings or raised pedestrian cross-
ings at corners of intersections, raised mid-block pedestrian crossings (speed tables) and
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traffic undulations: speed humps and bumps. This diversity in traffic calming measures
is justified by a variety of local conditions, i.e., the traffic control system applied in the
street, the route geometry, mid-block section length and different levels of pedestrian and
vehicular traffic. The U.S. [4,5], U.K. [6–9] and German [10] guidelines and handbooks [2,3]
provide different amounts of the 85th percentile speed reduction across the treatment,
depending on the obtained results of studies and analyses. Additionally, the speed re-
duction ratio, i.e., the speed reduction divided by the initial speed (w = Δv85/v85

before),
varies between these documents. With different parameters representing the effectiveness
of traffic calming measures, designers can decide which of the available traffic calming
measures will be the most appropriate for a given street or intersection. This is because
this effectiveness depends, to a large extent, on the importance category of the street (2,3,6)
and the applicable traffic calming speed reduction category [7,8]. The second parameter,
which characterises the effectiveness of a given traffic calming measure, is the reduction in
road incidents [4,6–8,11].

Based on the above-mentioned analyses and using the expertise developed during
field studies, researchers have developed the principles of modelling traffic calming in
traffic-calmed neighbourhoods. The method of modelling the speed profile for streets in-
cluding traffic calming measures was first proposed in 1966 by Davidson [12] and modified
in 1978 also by Davidson [13]. In 1991, Tisato [14] and Akçelik [15] introduced corrections
to Davidson’s traffic modelling function. In 1995, a further step was made by Barbosa [16],
who added a number of new factors characterising the analysed road system to the previ-
ously applied ones (i.e., initial speed, amount of speed reduction, geometry of the street,
length of mid-block sections and traffic volume). He carried out his research in the city of
York on streets where various traffic calming measures had been installed, and the main
outcome was a very comprehensive speed profile model. However, in [16], Barbosa con-
cluded that “ . . . the final effect depends on a number of design details applied in a given
road system . . . ”. This conclusion was confirmed in subsequent research projects, and new
factors were added, such as information on the applied traffic management system [17],
behaviour of drivers waiting in queues before traffic lights [18], parameters of different
behaviour patterns [19,20] and parameters of bike-sharing systems [21].

Many researchers have also analysed speed reductions, driving paths, decelerations
and accelerations imposed by different traffic calming measures, for example, speed humps
and speed bumps (Abdulmawjoud [22] and Baltrènas [23]), different configurations and
sequences of bulb-outs and chicanes (Akgol [24]) or speed tables, chicanes and road nar-
rowings (Distefano [25,26]). The effects of speed humps and speed tables on the reduction
in speed, exhaust emissions and fuel consumption were reported by Obregón-Biosca [27]
and Lav [28]. Similar results concerning exhaust emissions and fuel consumption on a few
Tempo-30-zoned streets were published by Int Panis [29] and Da Silva [30]. Additionally,
the relationships between the reduction in pollution and fuel consumption and other factors
were investigated and discussed for a wide range of speed changes: taking into account
the behaviour of drivers and the resulting traffic jams (De Vlieger [31]), shifting gears on
the way through the different traffic calming measures (Beckx [32]), speed control schemes,
etc. [33–35]. Directly related to the reduction in speed in traffic-calmed neighbourhoods
is the issue of noise reduction [36,37]. The speed reduction aspects directly related to air
pollution, fuel consumption and traffic noise for different posted speed limits are regulated
by an international code of practice [38].

Summing up the above literature review, we can state that the problems of traffic
calming in cities and their outskirts have been extensively analysed and investigated.
However, the detailed speed reduction data provided in the guidelines [4–10] for different
traffic calming measures installed on selected streets do not cover the situations with a few
measures installed at the same location or at a close distance from each other, as the case
may be. This problem has not been dealt with in the articles published thus far, and this
gap was noted already in 1995 by Barbosa [16].
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Based on what has been noted in several articles [16–20], in the first place, we see a
need for speed reduction analyses in Tempo-30 zones with a few traffic calming measures
acting in combination, for example, curb extensions (further called chokers) combined with
raised pedestrian crossings and raised intersections connected by short mid-block sections
combined with a neighbourhood gateway. Since, as mentioned earlier, the reduction in
pollution, fuel consumption and noise is strictly related to the amount of speed reduction,
this article presents the results of a study on three different testing grounds at different
traffic levels. Section 2 presents the subject of study and provides a detailed description
of the testing grounds, taking into account different aspects of the chosen road system.
Section 3 presents the data obtained in the traffic surveys and their analyses. This article
ends with the discussion in Section 4 and final conclusions presented in Section 5.

2. Materials and Methods

2.1. Subject of Study and Testing Ground

The subject of study was an urban block located in downtown Szczecin, Poland,
between two-way streets, in which Tempo-30 zones are being implemented (Figure 1).

Figure 1. Analysed urban block and testing grounds. Legend: (1) testing ground No. 1; (2) testing ground No. 2; (3) testing
ground No. 3. Source: own work of the author using Google Earth satellite imagery [39].

Figure 1 shows testing ground Nos. 1, 2 and 3, reconstructed in 2019 (marked yellow)
and the two-way street reconstructed in 2016 (marked blue), i.e., streets with an imple-
mented Tempo-30 zone. The arrows show the direction of traffic. Additionally, shown
are the streets where reconstruction is currently taking place (marked green) or has been
scheduled (marked red). Before reconstruction, the volume of traffic during peak hours
was ca. 200–250 veh/h in both directions. Each of the above-mentioned streets had a
14 m-wide carriageway before reconstruction and carried traffic in both directions. Angled
parking was allowed on the carriageway and footway on all these streets. The analysed
urban block is bounded by main traffic arterials of Szczecin used by 2500–5500 veh/h
during peak hours, including one dual carriageway with a tramway track running in the
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wide median between the two carriageways and three single-carriageway streets with four
traffic lanes.

Each of the respective testing grounds included various traffic calming measures,
i.e., mid-block chokers, speed tables, bulb-outs on raised intersections and also bollards
blocking access or limiting the parking areas and trees planted on the carriageway between
parking stalls (Figure 2).

Figure 2. Bollards limiting the parking spaces and greens planted on the carriageway between the parking spaces: (a) on
on-street perpendicular parking lanes; (b) on on-street parallel parking lanes. Source: own work of the author.

The testing grounds were three one-way streets under reconstruction in which a
Tempo-30 zone was implemented (Figure 3). The street selected for investigation of the
combined effect of different traffic calming measures contained raised intersections at both
ends and mid-block chokers combined with a raised pedestrian crossing (speed table). The
main design data of the analysed streets were obtained from the plans developed by Maciej
Sochanowski Design&Engineering company [40]. The primary difference between the
testing grounds chosen to investigate the speed-reducing effect was the different types of
intersections at the beginning and end of the mid-block sections. Common to all the testing
grounds were raised pavements, chokers and bulb-outs.

There is a signalised intersection with a multilane main street located at the entry to
testing ground No. 1. Testing ground No. 1 is a one-way street. Only bicycles may travel
both ways. Testing ground No. 1 is left through a small raised intersection (Figure 3a).

Testing ground No. 2 is entered through a raised intersection with a dual carriageway
featuring a neighbourhood gateway and ends with a small raised intersection (Figure 3b).
As with testing ground No. 1, testing ground No. 2 is also a one-way street.

Testing ground No. 3 has raised intersections at both the entry and exit (Figure 3c).
The exit intersection is with a two-way street, and traffic is controlled by signals in both
directions (Figure 1). Being a staggered junction, at the outlet of testing ground No. 3,
drivers can only turn right or left into the main two-way street (Figure 3c). These turning
movements are, to a large extent, governed by the volume of traffic on the two-way street
and by the lengths of queues before signals on both sides of the two-way transverse street
(Figure 4).

186



Energies 2021, 14, 5838

Figure 3. Analysed testing grounds: (a) testing ground No. 1; (b) testing ground No. 2; (c) testing ground No. 3. Arrows
show the directions of traffic during the surveys. Source: own work of the author based on [40].

Figure 4. Queue of vehicles in testing ground No. 3, and two-way queue of vehicles on the transverse two-way street.
Source: own work of the author.
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Figure 5 shows test sections on the approach to and after chokers with raised pedes-
trian crossings in the respective testing grounds. Figure 6 shows the design details of the
chokers and raised pedestrian crossings. After reconstruction, the carriageways in all the
testing grounds are 5 m wide, narrowing down to 3 m at the chokers. The chokers are 10 m
long. In testing ground No. 1, there is a planter on the footway extending towards the
carriageway, spaced from the first kerb of the raised crossing by 5.5 m, while in the other
testing grounds, there is a constant distance of 0.5 m between these elements. The planters
are ca. 0.5 m high and are made of architectural concrete (Figures 5 and 6).

Figure 5. Test sections before and after chokers with raised pedestrian crossings in testing ground No. 1, No. 2 and No. 3:
(a) test section before choker; (b) test section after choker. Source: own work of the author.
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Figure 6. Treatments of chokers/raised pedestrian crossings: (a) testing ground No. 1; (b) testing ground No. 2; (c) testing
ground No. 3; (d) design details of the sinusoidal approach ramp to the raised crossing and a view of a concrete planter.
Source: own work of the author based on the design documentation [40].

The selected testing grounds differ in terms of the test section lengths on the approach
to and after passing the choker (Figure 3), architecture (tenement houses with or without
courtyard access), layout of on-street parallel and perpendicular parking stalls and a
considerable fluctuation in demand for parking, related to the operation of street-level
businesses. The main data characterising the public space in the analysed testing grounds
are presented in Table 1 below.

Table 1. Public space features in the respective testing grounds.

Analysed Feature No. 1 No. 2 No. 3

Length of approach to choker, m 41 72 75
Length of approach to intersection, m 41 69 75

Number of street-level businesses
on the left-hand side before choker

7 5 3
Number of access points 2 No. 2 No. 1 No.

Number of street-level businesses on the right-hand side before choker 5 5 3
Number of access points – 3 No. –

Number of street-level businesses
on the left-hand side after choker

2 1 2
Number of access points – – 3 No.

Number of street-level businesses on the right-hand side after choker 3 5 1
Number of access points – 1 No. 1 No.

Number of trees within the carriageway on the left-hand side before choker 1 3 3
Number of trees within the carriageway on the right-hand side before choker 1 3 3

Number of trees within the carriageway on the left-hand side after choker 1 3 3
Number of trees within the carriageway on the right-hand side after choker 1 3 3
Location of the planter with tree on the choker from the approach edge, m 5.5 0.5 0.5
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2.2. Measurement Method

In order to investigate the combined effect of different traffic calming measures in-
stalled in the Tempo-30 zone, 24 h vehicle speed and traffic count surveys were carried out
for three days on selected streets, both before and after reconstruction. All measurements
were performed during dry weather and with a dry pavement surface on Thursday, Friday
and Saturday. Both free-flow and steady-flow speeds were measured simultaneously. For
simultaneous measurement of driving speed and counting of traffic on the subsequent test
sections, synchronised SR4 [41] electronic measuring devices were used. The devices were
mounted on the posts of existing traffic signs. The siting of measurement points was based
on the requirement of the study, i.e., on the inlets to and outlets from the testing grounds
and on the approaches to and after the chokers. Nevertheless, only the data measured at
the mid-block chokers were used for the purposes of this article.

The data were grouped in ranges at 25 veh/h intervals. This was conducted to be able
to investigate the impact of the traffic volume on the effect of traffic calming. Interestingly
enough, as it was established in the study, before reconstruction of streets in testing ground
No. 1 and No. 2, the volume of traffic on one lane of a dual-lane carriageway was close to
the traffic recorded on the one-way carriageway after implementation of the traffic calming
scheme. The traffic volumes recorded after conversion to a one-way street testified to the
attainment of one of the primary objectives of the Tempo-30 zone in question, namely, a
substantial reduction in the traffic volume. Less traffic and lower speeds bring a reduction
in noise and air pollution, i.e., the next objectives of the analysed Tempo-30 zone.

Conversely, in testing ground No. 3, the traffic recorded after reconstruction on
the one-way carriageway was much greater than the traffic in both directions before the
reconstruction. This was due to the traffic management system applied in the design [40]
in which traffic flows from three one-way streets were collected along testing ground No. 3
(Figures 1 and 3c). Thus, a reduction in traffic was not achieved in testing ground No. 3.

We can therefore conclude that the implementation of Tempo-30 zones resulted in
a considerable reduction in traffic, which is one of the traffic calming objectives, only in
testing ground No. 1 and No. 2. In this way, the former arteries have become part of
the public space, enhancing community activities, which is the second objective of traffic
calming.

Due to a large variation of factors including traffic volumes, test section lengths
(Figure 3) and public space features (Table 1), in order to ensure the consistency of the
analysed data, each testing ground was analysed separately, and the effect of the volume of
traffic on the recorded speed reductions was investigated. Considering a large proportion
of vehicles travelling in linked small traffic flows, the next step of the analysis was to select
the vehicles travelling in free-flow conditions, which was due to the following:

- Signalised intersection in testing ground No. 1 (Figure 1);
- Queue of cars waiting at the outlet of testing ground No. 3 (Figure 1) to enter the

two-way transverse street with signalised intersections at both ends;
- High fluctuation of parked vehicles in all the testing grounds.

To this end, the functionality of the measuring system software [39] was employed
which allowed the use of special procedures. These procedures were set up by the author
after a detailed analysis of the initial speed measurements of vehicles parking into and
driving out of the parking stalls, synchronised with video recordings of the analysed traffic
conditions. Based on the analysis of traffic conditions obtained from three-day 24 h initial
measurements, it was decided that the speed of driving into or out of the stall, i.e., less
than 8 km/h, should be excluded from the continuous measurement database to be used
in further analyses.

The experimental data were used to estimate the 85th percentile speed in the free
movement condition at a given traffic volume. The share in free movement varied, as
shown by the example in Figure 7, and depended primarily on the hourly traffic volume.
Additionally, the road design and traffic conditions have a bearing on these variations.
There are a few outliers, shown in Figure 7, which clearly indicate the effect of momentary
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traffic conditions on the share in the free movement traffic. This was probably due to the
temporary impassability of the street section ahead (i.e., a number of cars waiting before
traffic signals on the two-way street bounding testing ground No. 3). In summary, we can
state that the obtained data validate the speed profile models of [14–19].

Since with the determination factor of 6%, the share in free movement in testing
ground No. 1 before the choker does not depend on the traffic volume, the equation
was not included in Figure 7a, in line with the principles of statistical analysis. The
obtained equations are valid for a specific street only, and thus they should not be used in
other analyses. The share in free movement also depends on the importance of the street
under analysis, length of the test section between the intersections, number of main street
businesses before and after the choker, architecture (multi-storey buildings located away
from the footway, row or detached houses, detached public buildings such as schools or
kindergartens), demand for parking before and after the choker, downtown or uptown
location, etc.

Figure 7. Cont.
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Figure 7. Variation in the share in free movement using the data obtained in the testing grounds:
(a) No. 1; (b) No. 2; (c) No. 3. Source: own work of the author.

2.3. Research Methods

All free movement traffic data were subjected to a standard statistical analysis. A
normal distribution of the measurement data was confirmed for all the cases under analysis
(Appendix A). In addition, a few statistical tests were carried out (namely, goodness-of-
fit, independence and median tests) to verify whether the driving speed depends on the
traffic volume, location of the test section and public space features in the testing ground
under analysis. The results of these statistical tests are presented in Appendix A. The
results of the goodness-of-fit and median tests show statistically significant differences in
speeds before and after the choker in all the testing grounds under analysis. The results
of the independence test vary strongly only in testing ground No. 1 and No. 2. In testing
ground No. 3, all values were positive, indicating a significant difference between the
compared speed datasets. The results may be interpreted to indicate the relevance of other
determinants in addition to the volume of traffic. These can include different public space
characteristics in the respective testing grounds. The differences in this respect between
the testing grounds are presented in Table 1. They include different numbers of access
points to courtyards of three-storey tenement houses and public premises before and after
the chokers, resulting in differing fluctuations in the parking demand. Most probably, the
vehicles driving in and out of the parking considerably influenced the measured speeds.
Summing up, the results of the statistical analyses performed as part of this study confirm
the validity of Barbosa’s conclusions [16] that speed profiles also depend on the traffic
handling system in place.

The last analysis was an estimation of speed ranges in the respective testing grounds,
supplemented with speed data before reconstruction. The obtained results are represented
in Figures 8–10.
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Figure 8. Summary of speed range analysis before and after upgrading, on the approach to and after the choker—data
obtained in testing ground No. 1 (BU—before upgrading, BC—before choker, AC—after choker). Source: own work of the
author.

Figure 9. Summary of speed range analysis before and after upgrading, on the approach to and after the choker—data
obtained in testing ground No. 2 (BU—before upgrading, BC—before choker, AC—after choker). Source: own work of the
author.

Figure 10. Summary of speed range analysis before and after upgrading, on the approach to and after the choker—data
obtained in testing ground No. 3 (BU—before upgrading, BC—before choker, AC—after choker). Source: own work of the
author.
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The speed range analysis shown in Figures 8 and 9 demonstrated that in testing
ground No. 1 and No. 2, the speeds measured before and after the choker/crossing
treatment were lower than 30 km/h for almost all traffic volumes. This can be attributed
to the short length of the test sections and a view on queues on the section after the small
raised intersections located at the ends of both testing grounds (Figure 11), i.e., over the
length of testing ground No. 3 (Figure 1). However, it must be clearly noted that isolated
cases of higher speeds, up to 40 km/h, were also noted. Nevertheless, compared to the
speeds before upgrading, a considerable speed reduction after implementation of the
Tempo-30 zone was confirmed. Worth noting is also a higher traffic volume on one lane of
the two-way street, as compared to the lower traffic volume on the reconstructed one-way
carriageway. This also confirms the effectiveness of the applied traffic calming measures
on the reduction in driving speeds and traffic volumes.

Figure 11. Traffic conditions and existing traffic management on the raised intersection at the end of: (a) testing ground No.
1; (b) testing ground No. 2. Source: own work of the author based on [40].

Higher speeds were noted much more frequently in testing ground No. 3 with
the longest test sections on the approach to and after the choker (Figure 10). This was
caused, most probably, by the view of the unoccupied road ahead (which was the case
with traffic volumes up to 100 veh/h) and no queues on the two-way transverse road
bounding testing ground No. 3. As a result, the drivers tended to drive faster. In this
case, the temporary traffic management implemented on the remaining streets in the
block resulted in a considerable increase in the traffic volume on the one-way street after
the implementation of the Tempo-30 zone in testing ground No. 3 up to 225 veh/h, as
compared to the previous volume of 125 veh/h on one traffic lane of the two-way street.
The traffic management and conditions on the raised intersection located at the end of
testing ground No. 3 and on the two-way transverse street are presented in Figure 12.
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Figure 12. Traffic conditions and existing traffic management at the end of testing ground No. 3. Source: own work of the
author based on [40].

3. Results

As the next step, the speed reductions obtained by the choker/crossing treatments
were estimated. To this end, speed reductions were calculated for all the recorded traffic
volumes. Next, average values were calculated for traffic volume ranges at 25 veh/h
intervals. The total duration of the three-day 24 h continuous surveys provides 10–18 h of
measurement per traffic volume range, which is considered a sufficient basis for further
analyses. Additionally, the number of individual speed data in free movement of 300–1300
per traffic volume range is considered sufficient.

The speed change ratio was also calculated in accordance with the design
guidelines [4–10] since the amount of speed reduction, the primary objective of the Tempo-
30 zones, depends primarily on the initial speed, before the implementation of a traffic
calming measure(s). The obtained results were subjected to regression analyses, separately
for each testing ground. This is in line with Barbosa’s suggestion [16] that the final speed
reduction depends on various details concerning a specific traffic system. Therefore, the
chosen testing grounds had different test section lengths, numbers of parking stalls, access
points and types of inlet and outlet intersections.

The results of the regression analysis of the results obtained in the respective testing
grounds and change in the 85th percentile speed, in accordance with the above assump-
tions, are presented in Figures 13–18. From the results of the regression analyses in
Figures 13, 15 and 17, we see that, only in one case, only one result falls beyond the regres-
sion area (Figure 17). The confidence interval upper and lower bounds are also presented
for a single observation, represented by dashed lines in Figures 13, 15 and 17. All the
data under analysis fall within the area limited by these lines. As Barbosa’s speed profile
modelling [16] takes into account traffic handling and spatial layout parameters (Table 1),
as well as traffic conditions, Figures 13, 15 and 17 also show regression equations for each
of the testing grounds in turn.

Table 2 below compiles the main parameters associated with the regression analysis,
i.e., coefficients of regression equations, correlation coefficient, coefficient of determination
and also Guildford’s and Pearson’s interpretations of the magnitude of correlation.
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Figure 13. Regression analyses (testing ground No. 1) for the following relationships: (a) average reduction in free-flow
speed Δv85 and average traffic volume (R = 0.72); (b) speed reduction ratio and average traffic volume (R = 0.74). Source:
own work of the author.

Figure 14. Summary of 85th percentile free-flow speed changes depending on hourly traffic (testing ground No. 1). Source:
own work of the author.

Figure 15. Regression analyses (testing ground No. 2) for the following relationships: (a) average reduction in free-flow
speed Δv85 and average traffic volume (R = −0.75); (b) speed reduction ratio and average traffic volume (R = −0.54). Source:
own work of the author.
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Figure 16. Summary of 85th percentile free-flow speed changes depending on hourly traffic (testing ground No. 2). Source:
own work of the author.

Figure 17. Regression analyses (testing ground No. 3) for the following relationships: (a) reduction in free-flow Δv85 and
average traffic volume (R = −0.94); (b) speed reduction ratio and average traffic volume (R = −0.93). Source: own work of
the author.

Figure 18. Summary of 85th percentile free-flow speed changes depending on hourly traffic (testing ground No. 3). Source:
own work of the author.

Table 2. Regression analysis parameters.

Testing
Ground

Relationship
Coefficients

R R2
Guilford’s Interpretation of

the Magnitude of Significant
Correlations

Pearson’s Interpretation of
the Magnitude of Significant

Correlationsa b

No. 1
Δavv85 = f (Nav)

0.0321 0.271 0.72 51% High correlation High degree
No. 2 −0.0009 1.076 −0.75 57% High correlation High degree
No. 3 −0.0375 12.155 −0.94 89% Very high correlation Perfect
No. 1

w = f (Nav)
0.0015 0.009 0.74 55% High correlation High degree

No. 2 –0.0006 0.036 −0.54 29% Moderate correlation High degree
No. 3 −0.0008 0.366 −0.93 86% Very high correlation Perfect
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4. Discussion

As mentioned above, following the suggestions of Barbosa [16] and the factors in-
cluded in the speed profile models found in [17,19], further analyses were carried out
separately for the respective testing grounds.

The results of the regression analysis for the results obtained in testing ground No. 1
are represented in Figure 13. The value of the correlation coefficient (R = 0.72) indicates
that speed reduction increases with the increase in the traffic volume, yet not exclusively.
This relationship is also confirmed by the correlation coefficient obtained in relation to
the speed change ratio (R = 0.74). It is worth noting that all the data considered in the
regression analysis fall within the bounds of the confidence interval. Considering the low
traffic volumes in the cases under analysis, only five ranges of traffic volume changes were
used, and the relevant speed reductions ranged from 0 to 5 km/h. Taking into account the
speeds recorded before upgrading, which are presented in Figure 8, we see a considerable
reduction in speed for all the traffic volumes under analysis, both for these speeds and for
the speeds measured on the chicane approach section.

The analysis of the obtained regression results also showed the relevance of the
relationship between speed changes before and after the choker and the volume of traffic,
as represented in Figure 14. From a simultaneous analysis of both results represented in
Figures 13 and 14, it transpires that for smaller traffic volumes, the speed reduction is small
and increases proportionally to the growth in traffic. The 85th percentile free-flow speeds
on the approach to the choker are higher than the values of the 85th percentile free-flow
speeds after the choker. The obtained increase in the speed reduction with the increase in
the traffic volume depends not only on the traffic volume but also on the complex road
system and traffic conditions noted in testing ground No. 1. Most probably, also relevant
are the following: only 41 m-long test sections on the approach to and after the choker; the
raised, signalised intersection at the entry to testing ground No. 1, splitting the traffic flow
into small portions; and the small raised intersection at the end of the testing ground with
a right turn being the only allowed movement (Figures 3a and 11). Additionally, worth
noting are numerous street-level businesses (including boutiques) located in the testing
ground, which increase the parking needs. In the free flow of traffic, on a short section after
the choker, the drivers take into account the traffic conditions on the road ahead but also
on the end intersection of testing ground No. 1 (Figure 5b).

The results of the analyses carried out as part of this study show the relevance, for
the case under analysis, of the driver behaviour parameters, as described in [19]. Taking
into account much smaller speeds and smaller traffic volumes, these results may be used
to supplement the description of the time of travel models for traffic-calmed streets, as
described in [19].

Figure 15 shows the regression analysis for the results obtained in testing ground No.
2. The value of the correlation coefficient (R = −0.75) indicates that speed reduction may
depend on the increase in the traffic volume. However, the speed reductions of only 1 km/h
are drastically different from the results obtained in testing ground No. 1. As regards the
speed change ratio, R = −0.54, the relationship with the traffic volume was not confirmed
with such small speed reduction values. Additionally, in testing ground No. 2, all the data
fall within the bounds of the confidence interval, thus validating the obtained relationships.
Setting the 0–1 km/h reductions next to the speed values presented in Figure 9, we see a
substantial reduction in speed, compared to the situation before upgrading. That said, a
statistically significant reduction in speed across the applied choker was not confirmed.
Thus, the most probable primary determinants of speed reduction in testing ground No.
2 include the number of access points, parking demand fluctuation caused by numerous
public premises located there and the fence along the school premises on the left-hand side
of the street after the choker, which discourages pedestrians from crossing the street at this
point.

The analysis of the obtained speed changes before and after the choker depending on
the traffic volume, as shown in Figure 14, indicates completely different traffic conditions
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in testing ground No. 2. The free-flow speed changes at traffic volumes exceeding 25 veh/h
indicate a 20–25 km/h stabilised speed both on the approach to and after the choker.
This indicates that in testing ground No. 2, there were other parameters relevant to the
obtained speed reductions. Most probably, much more important were the length of both
test sections of ca. 70 m (Figure 3b) and also the uncongested entry into the Tempo-30 zone
from the dual carriageway street through the raised intersection with a neighbourhood gate.
In this case, stabilised speed values were recorded already on the initial test section on the
approach to the choker. This can be attributed to the presence of street-level businesses and
courtyard access points, i.e., the public space features. These features are missing after the
choker, and the very stable speed, which is quite independent from the traffic volume, was
due to the location of a primary school on the right-hand side of the street, with a chain link
fence along the footway (Figures 1 and 3b). The above factors should also be introduced
into the above-mentioned speed models [16,17,19]. Summing up the above discussion, it
should be made clear that the Tempo-30 zone in testing ground No. 2 calmed the traffic,
which is the primary objective of this scheme. This conclusion is supported by the data in
Figure 9. Before the upgrading on one lane of the then two-way street, the traffic volumes
and speeds were greater than on the one-way street after the implementation of the Tempo-
30 zone. The variations in the 85th percentile free-flow speed were generally small in this
case, with only isolated cases of ca. 40 km/h. Despite the small speed reductions, the results
indicate a high effectiveness of the implemented traffic calming measures (choker, raised
pedestrian crossing, sinusoidal approach and exit ramp, planters on extended footways
discouraging drivers from making undesired manoeuvres to negotiate roadside obstacles
and bollards). The obtained primary results, namely, the stabilisation of the speed over the
whole length of testing ground No. 2, should be, most probably, attributed to the synergy
of the above-mentioned traffic calming measures influencing the behaviour of drivers.

The results of the regression analysis for the results obtained in testing ground No. 2
are represented in Figure 17. The value of the correlation coefficient (R = −0.94) indicates
that speed reduction depends primarily on the increase in the traffic volume. This relation-
ship is also confirmed by the correlation coefficient obtained in relation to the speed change
ratio (R = −0.93). In this case, all the data but one fall within the bounds of the confidence
intervals. Overall, the speed drops from 4 to 12 km/h proportionally to the increase in the
traffic volume. When the obtained relationships are paired with the speed values presented
in Figure 10, similar to the previous testing grounds, we see that upgrading brought a large
reduction in speed for all the traffic volumes in consideration. The relevant factors, besides
the already mentioned raised intersection at the end of testing ground No. 3, include, most
probably, the choker and reduced parking demand on this section.

However, attention is drawn to the specific nature of testing ground No. 3 in that
the one-way street collects traffic from three access streets (Figures 1 and 3c), and this
was, most probably, the primary factor that caused the increased volume of traffic on
the analysed street after upgrading. From the chart in Figure 10, it transpires that the
traffic volume on one traffic lane of the two-way street did not exceed 125 veh/h before
upgrading, and after upgrading, twice the traffic volume was noted on the one-way street,
i.e., up to 250 veh/h. It is also important to include this, in the future, in the speed profile
models of the free-flow speed (Figure 7), since the traffic management at the entry to
testing ground No. 3, represented in Figures 3c and 11, and at the end of testing ground
No. 3, represented in Figure 12, largely influenced the traffic conditions in this area and
the test results obtained in testing ground No. 3. A simultaneous analysis of the data in
Figures 17 and 18 indicates that the amount of speed reduction decreases with the increase
in traffic, i.e., it is inversely related to the growth in traffic. The changes in speed on the
approach to and after the choker, represented in Figure 18, both for each of the respective
traffic volumes separately and for the average values, point to the existence of a strong
relationship between speed reduction and the volume of traffic in testing ground No. 3.
However, it must be stressed that in this case, the strong relationship between speed
reduction and traffic volume (confirmed by the high correlation coefficients) was due to the
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applied road system and traffic conditions in testing ground No. 3. The traffic conditions,
i.e., combined movements from three streets and the queue of vehicles on the bounding
street (Figure 4), were the main determinants of the measured speeds on the approach to
and after the choker. Additionally, the test section lengths (75 m) most probably had a
bearing on the measurement data. Worth noting are a few street-level businesses located in
testing ground No. 3 on both sides of the one-way carriageway, which reduce the demand
for parking in their area.

The drivers’ behaviour, described in [19,20], had less effect on the final results in
testing ground No. 3, since in this case, the speed depended on the queues in the bounding
street or free carriageway without such queues visible to the driver, allowing turning
movements without waiting. The results of the analysis confirm the necessity to take into
account the traffic management parameters, as described in Cascetta’s model [17].

Based on the results of this study carried out on traffic-calmed streets, we see the
necessity to also include in the presently used speed profile models the above-mentioned
factors which concern not only the road system but also the traffic conditions, locations of
access points and street-level businesses and the applied traffic management.

Nevertheless, the results obtained in all the testing grounds clearly confirm the effec-
tiveness of the applied traffic calming and reduction in free-flow speed as compared to the
situation before upgrading. Since in the traffic-calmed neighbourhoods, the reductions in
noise [36–39], exhaust emissions [27–30,38,42,43] and fuel consumption depend primarily
on the actual speeds of vehicles, it is justified to state that the remaining objectives of the
Tempo-30 zones were also attained on the analysed streets.

5. Conclusions

The primary objectives of the Tempo-30 zones include an improvement in traffic safety,
reduction in speed and traffic volume and less noise, pollution and fuel consumption. Since
no serious road incidents were noted in the analysed block before the upgrading [40], we
can definitely declare that the remaining traffic calming objectives (reduction in speed,
traffic volume, noise and air pollution and consumption of fuel, all of which are related to
the driving speed) were attained on the upgraded streets.

The results of the Tempo-30 zone traffic calming measures show the effectiveness
of the chokers applied combined with the mid-block crosswalks, bollards and concrete
planters. The most impressive were the speed reductions obtained on streets featuring
less access points to courtyards and less public premises. An effective speed reduction can
also be obtained in streets featuring more access points and public premises. The amount
of this speed reduction is smaller though. Beside the traffic volume, the speed reduction
determinants include entry and exit intersections, the traffic management scheme and also
street furniture along the street.

It must be noted that after the trial period with temporary traffic management to
relieve testing ground No. 3 from excessive traffic, the responsible road engineer proposed
that testing ground No. 2 should remain a one-way street, yet with the opposite direction
of traffic. This change has actually relieved testing ground No. 3 from excessive traffic and
long queues of cars. It is therefore postulated to pay particular attention when designing the
directions of traffic on one-way streets in Tempo-30 zones, in order to avoid overcrowding
other streets. Barbosa’s modified traffic model can be used as a suitable tool.

In summary of the study results (elaborating on Barobosa’s hypothesis), we can
declare their suitability for the necessary modification of the existing speed profile models,
allowing for a detailed description of the road system and traffic conditions in traffic-
calmed neighbourhoods. The revisions that must be made to the existing Barbosa [16],
Davidson [12,13] and Tisato [14] traffic models should concern the description of the
parameters characterising different Tempo-30 zone sections, their lengths, number of access
points, number of public premises, parking spaces and intersections at both ends of the
analysed street section. Furthermore, the above-mentioned models should also consider
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speed reductions by chokers and mid-block crosswalks combined with safety barriers and
street furniture for different traffic volumes.

In the near future, i.e., after the completion of the upgrading of all the streets in
the analysed block, the author plans to repeat the traffic volume and speed reduction
measurements with the purpose of supplementing the existing Tempo-30 zone speed
profiles, if appropriate and required.

Funding: This research received no external funding.

Data Availability Statement: Not applicable.

Acknowledgments: The author would like to thank Maciej Sochanowski of Maciej Sochanowski
Design&Engineering of Szczecin for providing details of the upgrading of the analysed city district.

Conflicts of Interest: The author declares no conflict of interest.

Appendix A

Table A1. Results of standard statistical goodness-of-fit tests.

Traffic Volume,
veh/h

Goodness-of-Fit Test K-S λ
H0: F(v) = F0(v); H1: F(v) 
= F0(v), λα = 0.05 = 1.36

Testing Ground No. 1 Testing Ground No. 2 Testing Ground No. 3

λ (v before) λ (v after) λ (v before) λ (v after) λ (v before) λ (v after)

0–25 0.51 0.52 0.44 0.57 0.38 0.46
25–50 0.89 1.06 0.62 0.51 0.62 0.87
50–75 0.92 0.80 0.78 1.31 0.38 0.53

75–100 0.74 0.56 0.69 1.13 0.47 0.38
100–125 0.30 0.53 0.41 0.28 0.93 0.86
125–150 – – – – 0.69 0.54
150–175 – – – – 0.65 1.29
175–200 – – – – 0.91 0.80
200–225 – – – – 0.36 0.69

Appendix B

Table A2. Results of two-sample Kolmogorov–Smirnov test.

Traffic Volume,
veh/h

Two-Sample Kolmogorov–Smirnov Test λ
H0: F(vbefore) = F(vafter); H1: F(vbefore) 
= F(vafter)

Testing Ground No. 1 Testing Ground No. 2 Testing Ground No. 3
λ λα, α = 0.05 λ λα, α = 0.05 λ λα, α = 0.05

0–25 8.06 1.36 8.59 1.36 6.77 1.36
25–50 12.54 1.36 13.01 1.36 11.93 1.36
50–75 19.79 1.36 2.07 1.36 7.91 1.36

75–100 10.92 1.36 13.76 1.36 13.28 1.36
100–125 5.35 1.36 0.56 1.36 14.47 1.36
125–150 – – – – 14.72 1.36
150–175 – – – – 23.67 1.36
175–200 – – – – 14.96 1.36
200–225 – – – – 9.56 1.36
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Appendix C

Table A3. Results of the test of independence and median test.

Traffic Volume,
veh/h

Test of Independence
H0: P{X = vbefore

i, Y = vafter
i} = P{X = vbefore

i} P{Y = vafter
i}

H1: P{X = vbefore
i, Y = vafter

i} 
= P{X = vbefore
i} P{Y = vafter

i}
χα

2 = 3.84, α = 0.05

The Median Test
H0: F1(x) = F2(x)
H1: F1(x) 
= F2(x)

χα
2 = 3.84, α = 0.05

Testing Ground: Testing Ground:

No. 1 No. 2 No. 3 No. 1 No. 2 No. 3

0–25 1.01 1.46 27.43 11.94 22.72 69.04
25–50 1.87 2.52 51.40 379 273 962
50–75 0.50 0.02 11.57 3731 850 164

75–100 0.02 4.62 27.18 162 508 1482
100–125 0.57 0.04 23.96 7.32 4.28 1599
125–150 – – 25.87 – – 1643
150–175 – – 47.50 – – 12917
175–200 – – 19.77 – – 964
200–225 – – 4.86 – – 639
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krystian.birr@pg.edu.pl (K.B.); karol.zarski@pg.edu.pl (K.Ż.)
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Abstract: Modelling tools and transport models are required to assess the impact of measures for the
effective planning of cycling routes in cities. This paper presents the methodology for developing a
four-stage macroscopic model of bicycle traffic for the city of Gdynia, and its use in planning new
bicycle routes, considering a modal shift. The model presented in this paper allows for the evaluation
of the influence of the characteristics of the cycling infrastructure, along with the development of the
cycling network based on the choice of cycling as an alternative to other modes of transport, by taking
into account the modal shift. The model takes into account the influence of the longitudinal gradient,
link, and surface type of cycling routes on the distribution and demand for bicycle traffic. The
results of our research allow us to assess the impact of planned cycling routes on the reduction in the
volume of car traffic, which is crucial for reducing energy consumption and negative environmental
impacts. Experiences from the application of the model in Gdynia suggest that the model provides
a strong basis to support mobility planning and monitoring processes in cities worldwide. Cities
should take into account the methods proposed in this paper when planning the development of
their transport systems.

Keywords: sustainable urban mobility planning; macroscopic transport model; bicycle traffic model;
modal shift; modal split

1. Introduction

Many cities (especially in Central and Eastern Europe) have developed their road
transport networks with a focus on improving the efficiency of motor vehicle traffic and
minimising congestion. Such activities usually aim to increase the capacity of elements of
the road network. However, congestion—and the resulting increases in energy consump-
tion and greenhouse gas emissions—can also be reduced more rationally by introducing
measures to change the modal split and increase the share of cycling in daily trips. There-
fore, effective development of the transport system requires prediction of the effectiveness
of planned changes, and monitoring of the performance of implemented measures. Most
often, cities do not use tools that allow for the consideration of cycling in the transport
system and the possibility of changes in the modal split as a result of the implementation
of infrastructural or organisational measures. Transport demand and transport network
models can effectively support the process of mobility planning by taking into account
active modes of transport, including cycling. This paper aims to review the state of the
art in bicycle traffic modelling—taking into account both the modal shift, and measures
contributing to the reduction in travel demand and the increase in the share of cycling
trips—and to present the opportunities and benefits resulting from the application of such
solutions in the example of the city of Gdynia.

Urban transport systems face major challenges due to the growth in private vehicle
ownership and motorisation rates (number of private vehicles per number of inhabitants) [1,2].
There were more than 256 million passenger cars in EU countries in 2018 [3]. The World
Bank’s predictions indicate that by 2050 the number of vehicles on the road will double to
2 billion, and nearly 70% of the projected world population (approximately 5.4 billion people)
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will live in urban areas, tripling the number of urban trips [4,5]. According to recent estimates,
passenger transport (in kilometres) in the United States will increase by 30–50% by 2100 [6],
and in the EU by 42% by 2050 [7]. These estimates show that cities face a growing motorisation
rate that needs to be addressed. The share of urban trips using public transport is decreasing,
and the rate of cycling trips remains low, especially in Eastern European countries. Pedestrians
and cyclists make between 13 and 51% of all trips in Western European countries [8]. However,
in terms of kilometres travelled in the European Union, only 1% of passenger kilometres are
travelled by bicycle, while 73% are travelled by car [9].

Many cities around the world are experiencing urban sprawl, rapidly increasing
motorisation, inadequate public transport systems, a high share of car trips, high pollution,
and poor infrastructure for pedestrians and cyclists [10]. The unsustainable growth of
transport activities puts a strain on our planet’s ecosystems and resources. Greenhouse gas
emissions (GHGs) from energy production are one of the main causes of climate change.
The excessively slow transition to alternative fuel sources and propulsion systems has
led the transport sector to be increasingly blamed for the possible failure of individual
countries to meet their commitments in international climate change agreements [11].
For this reason, transport remains at the centre of any debate on energy savings, due to
its dependence on fossil fuels in car transport (passenger and freight), but also in rail,
air, and maritime transport. In Europe, GHGs decreased between 1990 and 2017, except
for the transport sector [12]. The transport sector is responsible for 30% of total energy
consumption and 20% of total GHGs in the European Union (with road transport having
the largest share, at 72%) [12–14]. The total external costs of transport (including accidents,
congestion, noise, CO2 emissions, and air quality) in urban areas of the EU amount to EUR
230 billion [15]. There are increasing indications that electrification in transport will not
be fast enough or sufficient to meet the energy efficiency and low-carbon targets of the
transport system [14,16–18]. These trends in the development of transport require actions
aimed at reducing motorised traffic. Evaluation of the effectiveness of such measures is
possible through the use of transport models that estimate changes in travel demand and
the modal split, taking into account active mobility modes (including cycling).

There are very few reliable, integrated, and comprehensive tools for modelling the
transport system that take into account bicycle traffic at the macroscopic level [19–22]. Most
existing urban transport modelling tools inaccurately or incompletely take into account
the influence of cycling on the functioning of the transport network. The tools used for
transport modelling most often focus only on the performance of road transport, either
excluding cyclists or treating them as a disruptive factor for motor vehicle traffic. Therefore,
it is necessary to develop tools and models that allow assessment of the impact of planned
actions for the implementation of cycling measures, taking into account the influence on
the modal shift. Such analyses allow us to look differently at the possibility of improving
the conditions of travel in the transport network through the reduction in car traffic. The
model proposed in this paper contributes to filling the indicated gap.

The bicycle traffic model was developed by the authors of this paper to support the
city of Gdynia in planning and decision making with regard to changes in the transport
network, as well as in the development, implementation, and monitoring of the Sustain-
able Urban Mobility Plan (SUMP). The SUMP is a document proposed by the European
Commission to establish a framework for urban mobility planning, and is the result of
the sustainable urban mobility planning process [21,23]. The application of the model to
planning the development of transport systems, monitoring the SUMP, consulting citizens
and, ultimately, making decisions is a strong innovation of the presented solution.

The structure of the bicycle traffic model is also innovative (especially on a national
scale). The data and variables used allow for a reliable representation of the existing cycling
traffic and its predictions. Another contribution to the research is the consideration in
the model of the influence of the longitudinal gradient on the speed of cyclists, and the
consideration of the types of sections of the cycling network, and their surface, in the choice
of transport mode and route. The research methodology includes both a survey of residents
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and direct measurements of bicycle and road traffic. The spatial approach to modelling
mobility behaviour opens new opportunities for evidence-based planning and decision
making in the broad area of cycling promotion and development, as well as for predicting
and monitoring the effects of planned or implemented measures. The methodology for
developing the model was tested and verified on the example of the city of Gdynia, but it
can be an example of good practice for other cities.

This paper attempts to answer the following questions:

• Why is it important to consider a modal shift in urban transport modelling, and how
can the experience from Gdynia help in the development of a bicycle traffic model
that takes into account the modal shift?

• What data can be used to develop a bicycle traffic model, and what are the elements
of the model to predict the choice of particular routes by cyclists?

Section 2 of this paper provides an overview of the solutions used in transport mod-
elling, with a particular emphasis on cycling. Measures and factors that influence the modal
split, the volume of bicycle traffic, cycling activity analysis techniques, and methods of
estimating and predicting the volume of bicycle traffic are characterised. Section 3 presents
the methodology for modelling bicycle traffic, with a particular emphasis on modelling
the demand for cycling and the route choice. Section 4 presents the use of the modelling
methodology in studies of the impact of cycling network development on transport de-
mand and bicycle traffic assignment. A discussion and conclusions of the research and its
results are included in Sections 5 and 6, respectively.

2. Modelling of Bicycle Traffic and Modal Shift in Cities: A Review

Transport models help to assess the effects of planned measures and decide on their
introduction. Transport modelling allows the mapping of transport systems using mathe-
matical tools that enable the simulation of transport processes that occur in reality [24–27].
The computer model is an abstract representation of the actual transport system, which
allows researchers to study processes without having to experiment in the actual system
environment. The transport model enables an analysis of the flow of people and goods
in a network within an area with specific land use and socioeconomic characteristics [28].
The EU requires that the comprehensive implementation of transport measures be based
on travel demand and transport network models in order to facilitate the calculation and
comparison of economic indicators resulting from this implementation. Models help to
supplement engineering knowledge with simulated results [29].

2.1. Measures Influencing Travel Demand and Modal Shift in Cycling

Motor vehicle congestion is considered one of the main problems in urban transport,
as it contributes to longer travel times [30–33], increased energy consumption, and pol-
lutant emissions [34,35] which, in turn, lead to a poorer quality of life in cities [36–38].
Therefore, it is necessary to promote infrastructure and technological development, regula-
tory instruments, and social change to reduce the impact of mobility demand on energy
consumption and the environment [39]. Research on energy consumption and emissions
in transport covers several areas of interest including, but not limited to, infrastructure
measures, environmental impacts, analysis of transport policy, urban travel patterns, and
lifestyles [30,40–42]. New alternative fuel technologies (e.g., electricity, natural gas, and
hydrogen) are ways to break the dependence on fossil fuels in order to reduce energy
consumption and traffic-related emissions. However, it is important to look for ways to
change transport behaviour in the short term, as long-term technological solutions have
not yet been fully realised [43–46]. Another way to reduce energy consumption and GHG
emissions is to reduce VKT (vehicle kilometres travelled) and vehicle ownership rates. Due
to the high level of energy consumption in the production phase, decreasing VKT alone is
not sufficient—the number of vehicles owned must also be reduced [47,48]. Overcoming
these negative trends is possible through the implementation of cycling, walking (active
mobility or active travel), and smart mobility solutions that support them (e.g., intelligent
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transportation systems services, the Internet of Things, or Mobility-as-a-Service (MaaS),
with active travel as one of the options) [39,49–52].

Walking and cycling can make a significant contributions to addressing urban chal-
lenges such as air pollution, health, and energy consumption [34,35,37,38,53–59]. Negative
consequences of energy production and consumption are observed for both car use and
cycling. The negative impact of motor vehicles arises from fuel consumption, the energy
used to manufacture and maintain the vehicle, and the production and distribution of fuel.
The energy consumed in the production and maintenance of a bicycle, and the increase
in food demand (energy consumed in the production and distribution of food) resulting
from the increased activity of a cyclist compared to a car driver, should also be taken
into account in the case of bicycles [59,60]. The greatest energy savings can be achieved
by reducing the fuel consumption of cars (non-renewable energy sources, dominating
in the automotive industry) and by reducing the number of cars produced, which can
be facilitated by increasing the demand for cycling [59]. Compared to private motorised
transport, bicycles are healthier, cheaper, and more environmentally friendly, and can be
more efficient in terms of travel time for short and medium distances in urban areas [33].
In recent years, we have seen an increase in the availability of electric bikes (e-bikes), which
can increase the number of bicycle trips [61]. The e-bike can replace the car for distances
that are considered too long for a conventional bicycle and, thus, can contribute to the
development of sustainable mobility, both at the local and regional levels [62]. Surveys of
commuters suggest that e-bikes can replace around 50% of car trips [63,64]. Furthermore,
research shows a decrease in VKT per e-bike user of 20–28% [65,66], and a decrease in the
distance travelled by car as a total modal share of around 10% [67]. Current developments
in urban cycling include the introduction of adaptive systems for electric bikes to increase
the number of users [68,69]. Such enhancements can improve cycling comfort through the
use of innovative technologies that are usually found in individual motorised transport.

The European Commission, in the Green Paper [70], identified the main challenges
in the field of urban transport development. The challenges of prioritising cycling are to
promote active mobility, to promote eco-driving, to reduce motorised traffic, and to change
transport behaviour and the ways in which urban communities perceive transport. Various
strategies to reduce congestion were analysed in the research conducted by the OECD
and the European Conference of Ministers of Transport [71]. The research identified the
need to strengthen public transport and non-motorised modes of transport (walking and
cycling), while implementing traffic management strategies to effectively reduce congestion.
Research on the effectiveness and cost of congestion reduction strategies shows which
types of measures are most successful in reducing congestion at the most cost-effective
level [72]. Research shows that multimodal transport options, including cycling, are the
most effective group of measures due to their lower implementation costs. Congestion,
and its negative impacts on the environment and energy consumption, can be reduced by
the modal shift from motor vehicle to bike. Cycling is widely considered an appropriate
alternative to motorised traffic. Therefore, policymakers and city authorities aim to improve
sustainable mobility by developing and promoting cycling [73,74]. State-of-the-art evidence
suggests a positive correlation between comprehensive cycling promotion/development
and a modal shift toward active mobility modes [75–79]. Changing transport behaviour is
time-consuming and particularly difficult. Mobility means, among other things, the ability
to move and make choices in transport; therefore, the role of mobility management in cities
is to stimulate informed choices [80]. Changing lifestyles to adapt to new services and
systems should aim to use alternative modes of transport instead of the car, and to reduce
demand for transport [23,81–83]. A change in transport behaviour can be achieved, for
example, by implementing the compact urban development concept, which aims to reduce
the use of urban space for transport and reduce the demand for transport—especially
motor vehicles [84–87]. There is also research showing that even the perception of “nice
architectural design of residential, civic buildings and/or street furniture” can be positively
related to cycling [88]. In addition to measures related to appropriate land use and urban
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road network planning, the following infrastructure and organisational measures should
be recommended to cities in order to encourage modal shift and improve conditions
for cycling:

• Development of bike lanes, paths, and bike highways [58,89–93];
• Development of traffic control strategies geared towards cyclists and pedestrians [94–97];
• Bike-sharing schemes [33,98–104];
• Improving cycling parking facilities [89];
• Traffic calming and introduction of lower speed areas [58,84];
• Mobility management measures that include educational campaigns, access restric-

tions (e.g., car-free areas), MaaS solutions, and congestion charges [84,105–109].

The most significant effects of changing the modal split can be achieved if infras-
tructural measures and those promoting active mobility are combined with measures
that discourage car traffic, such as parking fees, congestion charges, or the removal of
parking spaces.

2.2. Modelling of Transport in Cities

Models of transport demand and street networks can be developed at different levels of
detail, i.e., macroscopic, mesoscopic, or microscopic [110]. Macroscopic models [19–21,111]
are generally developed to analyse the flow of people and goods or vehicles over a larger
area and at a lower level of detail (mainly due to limitations in research tools and data
availability). Mesoscopic models allow us to simulate and study the movement of vehicle
groups in road sections and intersections [112]. The third group is microscopic models,
which are developed to take into account the behaviour of individual vehicle drivers [113].
Modelling of transport and traffic in heavily urbanised areas requires consideration of
several factors [114]. These factors include a high density of buildings and dynamic changes
in spatial development, a high density of the transport network, a high level of traffic
volume, and a significant number of transport modes. The high risk of the occurrence of
incidents that affect the level of reliability of the transport system should also be taken
into account.

A typical model consists of several basic layers. The first element is a network model.
The point (e.g., junctions, public transport stops) and linear (e.g., sections of streets, public
transport routes, bicycle routes, walking routes) elements of the transport network are
modelled using graph theory. The second element is the transport demand model. The
demand model characterises the transport needs of particular groups of travellers in
terms of the size of the needs, the origins and destinations of trips, and the motivation of
traffic users. The issues of modelling demand using the classic four-step transport model
are widely discussed in the literature, e.g., [115,116]. Further elements, such as transport
interaction models, make it possible to take into account the relationship between the model
parameters—for example, in the processes of traffic assignment or estimation of modal
split and modal shift. Much research has led to the development of software packages that
help to model transport demand and transport networks (supply) or their elements, and to
forecast traffic or passenger trips (e.g., EMME, INTEGTARION, PTV VISUM, SATURN,
TRIPS, AIMSUN, SUMO, etc.) [117,118].

Many cities in Europe, including some in Poland, have developed their models of
transport networks and travel demand [119,120], but do not make full use of them. One
reason for this is insufficient cooperation between the actors who use the models [29].
Many cities use models mainly at the macroscopic level, and even if they use models at the
mesoscopic and microscopic levels, they do not integrate them in terms of data exchange
between different models and transport authorities [121].

2.3. Modelling of Bicycle Traffic

Bicycle traffic models allow the resolution of problems related, among other things, to de-
mand and supply [116,122], route choice [123], lane change, and queueing behaviour [124–126].
The demand for cycling, the choice of bicycle routes, and the choice of cycling modes were
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found to be influenced by many factors, including the built environment [127–130]; so-
cioeconomic [131–134], psychological (habits, attitudes, norms, stress), and physical char-
acteristics [135–139]; policies that promote cycling [46,59,84,138,140–142]; infrastructure for
cyclists [39,143–145]; cost; effort; distance travelled; travel time; road safety; climate and
weather; and travel motivation [146–150]. The frequency of commute to work, the time to
cycle, and the length of the journey are important features of active commute behaviour.
For example, these variables can be used to estimate the degree of physical activity that
comes from commuting. The degree of physical activity was found to vary according to
sex, age, and type of activity [151,152].

Several techniques for analysing cycling activity have been developed. Overlay map-
ping techniques or sketch-plan methods are useful for planning and prioritising [153,154],
but are usually not calibrated based on actual bicycle counts. In the direct demand model,
regression analysis is used to predict cycling traffic in the network [155–157]. Other
methods use graph theory centrality estimates to distribute cycling volumes collected
throughout the network [158,159]. In a study conducted in Southern California, prediction
models of the number of bicycles were developed using linear regression, with the number
of trips as a dependent variable, and measures of demographic and spatial development
as independent variables. Four explanatory variables on land-use planning and transport
systems (bus frequency, land-use mix, population density of inhabitants under 18 years
of age, and proximity to the cycling network) were used to predict the number of bicycle
trips at the junctions in Santa Monica [160]. The San Diego model was limited to two
explanatory variables (employment density and length of nearby multifunctional paths) to
predict the number of bicycle trips [161]. The study of bike modelling was used to explore
the possibility of using space syntax in cycling modelling. A measure of space syntax
representing direct paths in the street network was combined with land-use variables to
predict the volume of cycling in the Cambridge network [132].

In [22,162], the results of agent-based modelling are presented to simulate cycling in
the city of Salzburg. The model mainly aimed to test the role of the surrounding Salzburg
area for inner-city cycle traffic. The results indicate that commuters from the surroundings
have a significant impact on the spatial distribution of traffic in the city. Agent-based
modelling proved to be a useful alternative to conventional transport modelling, as intuitive
parameterisation allows for exploratory system analysis. MATSim agent modelling has
been extended to include infrastructure attributes that influence cyclist route choice [163].
In the case of conventional (usually four-stage) models, most of the previous works on
modelling cycling activity use transport zones as an analytical unit.

Due to the growing popularity of cycling in obligatory trips, some cities have decided
to develop a model of cycling trips, which is a tool to support decisions at the stage of
planning the development of a cycling system, similarly to other macroscopic conventional
four-stage transport models. Some regional trip demand models have been adapted to
estimate the share of cycling in a defined area [164,165]. Models can include different
modes of transport with or without taking into account freight-related traffic. In both cases,
cycling is one of the modes of transport. Research on modelling guides the planning of
the development of cycling measures [166–168], and presents methods of bicycle traffic
modelling [121,142,169–171].

As the analysis of approaches in the literature shows, the bicycle traffic model can
be developed in two ways: by separating cycling at the stage of a modal split procedure,
or by beginning travel demand modelling based on the results of surveys (not included
in the modal split procedure). The second approach is used most frequently in Poland.
Bicycle traffic models are usually independent of traffic and public transport models. Such
a solution limits the possibility of analysing the impact of—for example—the development
of the public transport system on the transport behaviour of the inhabitants in terms
of changing the probability of choosing a bicycle to travel. The characteristics of the
infrastructure of the cycling system, which may determine the choice of this travel mode as
an alternative, are not taken into account.
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The transport system models are usually estimated at the level of the traffic analysis
zone (TAZ), and are not precise enough to capture the level of cycling activity at inter-
sections. Models that study behaviour at an individual level are useful in identifying
the factors that determine the choice of mode and route, but it is difficult to estimate the
volume of bicycles. Most of these models are based on detailed data from household
surveys, the collection of which can be expensive. Walking and cycling measures cannot
be assessed under the conventional modelling procedure because transport demand and
network forecasting models usually do not include walking and cycling trips. Furthermore,
variables of pedestrian and bicycle links are rarely developed, or the attention necessary to
accurately reflect walking and cycling routes is not given to them. Most demand models are
not detailed enough to reliably take short trips into account. Models of transport networks
usually do not include many local streets. Cycling routes are often located on local streets
and alongside other public areas (seashores, rivers, etc.) that are not important from the
traditional travel demand point of view.

It is very difficult to model infrastructure improvements that affect walking and cycling
when these routes and connections are not part of the modelling network. Therefore,
it is necessary to introduce local connections into the cycling network model, and to
parameterise the connections available to cyclists. One of the most developed cycling
models in Poland so far is the Warsaw Bicycle Traffic Model [172]. This model includes
dedicated generation and distribution travel models as elements of the four-stage model,
in which the modal shift is omitted due to the limitation of the model to one mode of
transport. The network model includes routes dedicated to cycling (e.g., cycle paths
and bicycle contraflow lanes), as well as road sections on which bicycle traffic is present
according to general principles and shared walking and cycling routes.

3. Methodology of the Model of Bicycle Traffic Development

The model was developed based on the Multilevel Transport System Model (referred
to by its Polish acronym, MST) for the city of Gdynia. The bicycle traffic model allows the
application of the MST in the planning of new bicycle connections, taking into account
modal shifts. The structure of the MST (including the macroscopic model that is the basis
for the development of the bicycle traffic model) is discussed in more detail in the article
describing its previous applications [23], and in the report by Oskarbski et al. [173]. The
bicycle traffic model was developed within the FLOW project (Furthering Less Congestion
by Creating Opportunities for More Walking and Cycling) [174] to extend the four-stage
macroscopic model of the MST with a cycling layer. Therefore, the condition for the
development of a bicycle traffic model, in this case, is the prior development of a four-stage
macroscopic model of motorised traffic and public transport. Cities that do not have a
macroscopic model should take into account the development of a comprehensive model
for public transport and private motorised traffic, including the cycling part of the model
in the planning stage. Figure 1 shows the main elements of the model, indicating which
elements come from the MST and which elements were developed within the scope of the
bicycle traffic model (elements within the scope of the cycling model are marked in blue).
In terms of input data, only the data for the modelling of bicycle traffic are presented in
Figure 1. Sociodemographic data and data used in the model calibration process (traffic
volumes) were also updated as part of the model’s development. The elements of the
introduced bicycle traffic model are characterised in detail in Sections 3.1–3.4 and 4, using
the example of the city of Gdynia. Speed models and stochastic impedance function
parameters have been developed based on data measured in the Gdynia road network.
Therefore, references to the example of Gdynia are presented in the description of the
methodology to better illustrate the individual elements of the model. If the model is
developed for another city, it will be necessary to verify the elements of the Gdynia model
in terms of speed and stochastic assignment parameters. The transport network, including
bicycles, was modelled with the use of PTV VISUM software [175], which is an additional
constraint for cities that do not have access to dedicated software.
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Figure 1. Integration of the bicycle traffic model into the MST.

3.1. Bicycle Network Model

The road network model in the macroscopic transport model was extended to include
the modelling of important cycling links. Different types of links were developed to
represent particular types of route in the bicycle network regarding the typical speed of
cyclists and their separation from other traffic users, including vehicles or pedestrians.
The types of links are also related to the technical class of the road along which they are
located. The model also includes parameters that characterise the surface and slope of the
bicycle routes. The following new attributes were developed for selected sections of the
transport network, and different values of the following parameters were assigned to them
(discussed in more detail later in this section):

• Longitudinal gradient;
• Available cycling infrastructure with a specification of link types: bicycle path, walking

and cycling route (pavement), asphalt road on which bicycle traffic is present, together
with motorised vehicles, according to general principles;

• The surface of the bicycle route, which is divided into the following types: asphalt,
concrete blocks, and flagstones.

Longitudinal gradients were calculated based on the data from a numeric map pro-
vided by the Geodesy Department of the Gdynia City Hall. Each link between two nodes
for which the altitude is known was assigned to one of the longitudinal slope classes.
The longitudinal gradients of the cycling routes in Gdynia are shown in Figure 2. The
longitudinal gradient is an important variable on which cycling speeds depend. Speeds
and associated travel times were used as input parameters both in the modal split model
and in the assignment of bicycle traffic presented later in this paper.
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Figure 2. Slopes of bicycle routes in Gdynia.

The longitudinal gradient data were correlated with the average speed of sections
with a given slope to determine the relationship between these variables. In addition,
variables that describe the type of bicycle route and the type of road surface were also
included (Section 4.2 shows the results of the survey). Based on the calculated speeds Veli
for each bicycle route section i of length Li (Equation (1)), the travel times TT0r along the
bicycle routes between the transport regions (Equation (2)) were calculated to be used to
determine the usefulness of bicycle transport. The estimated average speeds were mainly
related to cyclists who regularly participate in the European Cycling Challenge (ECC),
who represent a group of frequent cyclists. Similarly, bicycle speeds were studied using
the Global Positioning System (GPS) and ECC data in Bologna [176]. Additional studies
should be carried out shortly to make the results more reliable due to the possible influence
of occasional cyclists but, currently, the majority of bicycle users are regular cyclists who
influence the modal split on typical days of the week (these cyclists were taken into account
in the development of the models).

Veli = 31 − 25.5
1 + e0.22−0.4·Slopei−0.07·Typei−0.077·Sur fi

(1)

Veli—average speed of link i;
Slopei—slope of link i;
Typei—type of road of link i;
Sur fi—type of surface of link i.
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TT0r =
n

∑
i=1

Li
Veli

(2)

TT0r—travel time on bicycle routes between transport zones;
Li—length of bicycle route link i;
Veli—average speed at link i.

The function Veli (Equation (1)) was developed by the authors of this paper, and allows
the presentation of the dependence of the average speed of cycling on the longitudinal
slope and the selected types of cycling link (Figure 3). Before applying the Veli function to
the bicycle traffic model, the speed distribution functions were determined for the bicycle
sections at 5 km/h intervals (in the range of up to 40 km/h). In the validation process, the
sampling rate distributions in each speed interval were compared for the model dataset
and the control observation dataset. The mean absolute percentage error (MAPE) for the
mean speed calculated from the observation data from the control group and the model
results did not exceed 12% (values in the upper error range were observed for steeper
gradients for downhill cycling). The longitudinal gradient was the most decisive factor
in the value of the average speed. The results were found to be satisfactory for planning
purposes, as confirmed by a subsequent verification of the model presented in Section 4.5.

Figure 3. The relation between the average speed Veli of cycling on the longitudinal slope and the
characteristics of the route.

In future studies, the presented model should be further developed by taking into
account different user groups, e.g., by age or cycling experience.
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3.2. Modelling of Demand for Bicycle Trips

The data collected (in the surveys listed in Section 4.1) were processed to develop an
origin–destination matrix for bicycle traffic. All bicycle trips in the database are connected
with attributes that describe:

• The start time of the trip and trip duration time;
• Origin and destination transport zones (TAZs), connected to the network through

centroid connectors;
• Travel motivation;
• Modes of transport chosen by the respondents (who are also divided into groups,

e.g., by age).

Based on the above data, cycling matrices were developed for the day, and separately
for the peak hours of 7:00–8:00 (morning peak) and 15:00–16:00 (afternoon peak), in 2016
and 2017 (according to the biannual transport survey and traffic measurements, the hours
with the most trips and the highest traffic volumes in Gdynia). The matrices were used to
calibrate the MST model [173], which was developed with the use of PTV VISUM software.

The stages of generation and spatial distribution of trips in the MST presented in the
report by Oskarbski et al. [173] were left unchanged when the model was extended to
include cycling. Models of trip generation include explanatory variables (e.g., number
of inhabitants, total number of jobs, number of people over 6 years of age, number of
places of education in primary schools, junior high schools and secondary schools, area
of service and commercial buildings, number of jobs in the service sector) in particular
transport zones. The spatial distribution (trip matrices, including cycling mode) was
developed using a gravity model. The share of morning and afternoon peaks in cycling
traffic was determined based on traffic analyses for individual motivations. O–D (origin–
destination) matrices were calculated for all zones in the MST based on sociodemographic
data, compared and calibrated with O–D matrices estimated based on survey results. The
bicycle modal split was calculated based on the survey results in each zone. Then, the
modal split procedure was applied based on the travel times for each mode, as described
in Section 3.3.

3.3. Modelling of Modal Split

Development of the MST to include cycling was carried out in the field of changing
the modal split and shift models, changing the parameters, and extending the transport
network model by sections important in the assignment of cycling traffic to the network.

The basic model based on which dependencies were built is a logit model. A utility
function was defined for each of the transport modes. The utility of a given transport mode
should be understood as the degree of its attractiveness, defined by any number of variables.
This utility is determined for each alternative as a function whose variables are factors that
significantly affect the attractiveness of travel by a given mode of transport (e.g., travel
time). Due to the later assumptions of the logit model, utility is expressed as a component of
two elements: the measurable utility Vij, and the random part εij, according to the formula
given in Equation (4) [116]. This approach first allows us to grasp the different preferences
of users and their subjective, perceptible attraction to the alternative (e.g., not every change
from one mode of transport to another is as burdensome). Second, it allows users to take
into account user errors in utility assessment (underestimation, overestimation). Third, it
allows for the capture of all directly unmeasurable random factors influencing the choice
of modes of transport (e.g., comfort, habits). The utility functions described by the selected
variables were used in models with discrete selection. Discrete logit selection models
allow a utility to be determined for each alternative separately, and the probability of
selecting a particular mode of transport is determined by the difference between them.
Thus, according to the above, each of the transport modes m has been described by a utility
function Vm

ij for the travel relationship between the origin of the trip i and the destination
of the trip j. The logit model assumes that the user chooses the option with the highest
utility from the available alternatives. The utility functions characterised in this way were
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used in the discrete choice model, whose parameters were adjusted using the generalised
extreme value (GEV) model, which is consistent with the principle of maximisation of the
stochastically defined utility function. The logit model was used to estimate the probability
of choosing individual modes of transport (Equation (3)). The following available variables
were used in the model: travel distance between i and j, travel time by bicycle, travel time
by private transport, and perceived travel time by public transport [116,177,178]:

Pgn =
eμnUgn

∑g∈n eμnUgn
· eμg [

1
μn log(∑g∈n eμnUgn )]

∑m
n=1 eμg [

1
μn log(∑g∈n eμnUgn )]

(3)

Pgn—the probability of choosing the nth mode of transport belonging to the gth group of
transport modes;
Ugn—utility of the nth mode of transport belonging to the gth group of transport modes;
μn,μg—model scaling coefficients.

Uij = Vij + εij (4)

Vm
ij—measurable utility of transport modes m;

εm
ij —random variable with a logistical distribution reflecting values not included in the

utility Vm
ij.

For each mode of transport (p—walk trip; R—bicycle trip; TI—private transport trip;
TZ—public transport trip), the authors of this paper developed a nested logit model with
the following utility functions:

VP = β10 + β11·DIS
VR = β20 + β21·TT0r
VTI = β30 + β32· TTC

PJT
VTZ = 0

(5)

DIS—travel distance (km);
TT0r—calculated time of cycling trip (min);
TTC—calculated travel time by private transport (min);
PJT—perceived travel time by public transport (min);
βi—equation coefficients.

3.4. Bicycle Traffic Assignment

The calculation of the traffic flow was performed using stochastic assignment. Each
link was characterised by attributes that describe the type of surface and the slope class,
leading to a better representation of cyclist behaviour in the modal split and the route
choice in the Gdynia bicycle traffic model. Important elements determining the assignment
of bicycle traffic were to take into account factors that are random or not random. Random
factors were taken into account in the stochastic assignment to calibrate the model. Factors
that influence the choice of the route include the following characteristics and behaviours
of cyclists:

• Traffic participants do not have complete knowledge of the transport network, which means
that they do not always choose the route rationally according to their preferences [179,180];

• Different routes are sometimes chosen according to the need for variety [181,182];
• Cycling times on different routes can vary from day to day due to the influence of other

traffic participants, slope, traffic signals, congestion, weather conditions, etc. [127,182–187];
• Different cycling habits make certain routes more attractive to certain groups

of cyclists [135–139,186];
• Cyclists may have different preferences on the choice of more attractive routes, for

example, due to the quality of the surface or the surrounding landscape, and different
risk awareness [181,182,188,189];
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• Cyclists have different levels of tolerance to weather conditions [89,149,150].

Stochastic assignment is by far more appropriate for bicycle trips, since it reflects the
process of individual discrete choice. The variety of individual choices is more important
for cyclists than volume-dependent travel times. Stochastic assignment assumes that the
selection of the route is caused by changes in the subjective perception of the inconvenience
of cycling in a given sequence of sections of the transport network. Stochastic assignment
procedures assume that traffic participants, in principle, select the best route, but evaluate
individual routes differently due to incomplete and different information. It is assumed
that the resistance (impedance) of the route sections consists of two parts: deterministic,
and random. Each link in the transport network model is characterised by information
on the type of surface and the longitudinal slope (included in the Veli function, which
characterises the individual sections of the cycling network), which affect the comfort of
travel. Slopes directly influence the average cycling speed, which means greater resistance
to uphill sections with high slopes. These factors greatly determine the choice of the route,
and their application in the model aims to better represent the behaviour of cyclists in the
transport network.

The stochastic assignment was performed using PTV VISUM software. To define the
impedance of each section in the bicycle network, the authors of this paper calculated the
travel time for each section of the bicycle network based on the Veli function (i.e., taking
into account the type of section of the bicycle network, the longitudinal gradient, and the
type of surface). The impedance of the routes is due to the impedance of individual sections
of the cycling network. The results of the research, presented in Section 4.2, were used to
develop the Veli function (Section 3.1) and parameterise the impedance of the section in
the bicycle traffic model with travel time value.

According to the assignment procedure, not only is the shortest route found, but
many alternative (but similar) routes are also found using a multiple best path search and
a variation in the impedances of individual sections of the cycling network. The stochastic
assignment procedure involves 5 steps: (1) route search considering the entire cycling
network for the current impedance; (2) calculation of route independence (or commonality)
based on the overlap of all routes for an origin–destination pair; (3) distribution of demand
over the routes of each origin–destination pair, considering route independence (or com-
monality); (4) repeating the distribution of demand until demand for all origin–destination
pairs is in equilibrium; (5) repeating steps 1–4 until no new routes are found, or the change
in the number of connections between the two iteration steps is very small. The procedure
is divided into external and internal iterations. The external (global) iteration is used
to find routes. The internal iteration is used to assign the traffic volume to routes. This
loop is repeated until the impedance deviations on the network elements and the bicycle
traffic volume deviations on the routes between the two iteration steps are very small. The
enhanced stochastic assignment procedure used in PTV VISUM is described in more detail
by Szabo et al. [190].

The model was calibrated to achieve better goodness of fit between the model output
data and the observed data by adding time penalties at major intersections that cause delays
for cyclists (extensive intersections with traffic signals). The results of model verification
are presented in Section 4.5.

4. Testing the Model on the Gdynia Case Study

Gdynia is a young and dynamically developing city, founded in 1926 and located on
the Baltic Sea coast in the northern part of Poland; it has a population of almost 250,000,
and is mainly made up of people of working age (151,000). The increasing number of
motor vehicles is a potential threat to the attractiveness of the city centre, which is why the
city is currently taking measures to promote sustainable transport development. Public
spaces need to be designed efficiently and well. The number of inhabitants in Gdynia
is decreasing; many of them move to neighbouring communes, where the population is
rapidly increasing. At the same time, most people in these communities work or study
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in Gdynia. The average distance between home and work or study is steadily increasing
which, together with the higher affordability of private cars, results in a systematic increase
in the share of private car trips. The factors mentioned above (related to land use planning
and the growth of motorization) can cause increased traffic congestion, travel time, accident
costs, noise pollution, and exhaust emissions, as well as increasing the number of areas
designated for cars (roads and parking spaces).

Regular monitoring of the transport preferences and behaviour of the inhabitants
of Gdynia has been carried out for more than 20 years by the Gdynia Management of
Public Transport (ZKM). Research is conducted every 2–3 years through an individualised
interview survey, standardised on a representative sample of 1% of the population. The
survey conducted in 2018 allowed us to estimate the following modal split for urban trips:
11.4% of respondents declared a pedestrian trip, 48.9% by car, 37.1% by public transport,
2.1% by bicycle, and 0.6 % others, including motorcycles (surveys were not conducted
in 2020 due to COVID-19). The share of public transport in travel does not increase
significantly: in 2013, for non-pedestrian trips, it amounted to 45.7%; in 2015 this figure
decreased to 39.8%, and in 2018 it increased to 41.8%. We can also observe an increase in the
share of cycling in non-pedestrian trips (2013: 0.8%; 2015: 1.8%; 2018: 2.4%) [191,192]. The
development of cycling and walking could be a solution to the increase in trips made via
private motorised transport. Therefore, it is crucial to increase the attractiveness of public
transport and non-motorised modes of transport. The city has taken a series of actions
to meet this challenge. First, these actions are related to the improvement of pedestrian
and bicycle infrastructure (aiming at achieving continuity of bicycle routes, improving
accessibility). Second, traffic organisation aims to prioritise pedestrians and cyclists over
private motorised traffic within the city centre (traffic restrictions, traffic signal settings).
The city has also implemented measures aimed at creating attractive spaces for pedestrians
and cyclists, with facilities for them (including pilot shared-space projects).

The basis for informed and effective actions is the analysis of planned and imple-
mented measures in the transport system using tools such as integrated transport de-
mand and network models. The aim of Gdynia’s participation in the FLOW project-
(Furthering Less Congestion by Creating Opportunities for More Walking and Cycling)
(HORIZON 2020) was, among other things, to develop tools used in the analysis of bicycle
traffic. Gdynia uses a three-level transport model (MST) to model motorised private and
public transport. The MST was developed as part of the CIVITAS DYN@MO project—
“DYNamic citizens @ctive for sustainable mObility” (Seventh Framework Programme of
the European Commission). Participation in the FLOW project allowed the extension of
the transport model to include cycling, so that it could be used as a tool for planning,
making decisions, and analysing the impact of cycling on traffic conditions. The results of
the analyses carried out with the use of the MST updated with the bicycle traffic model
help the municipal services in public consultations and the selection of effective measures
to increase the share of cycling in daily trips. The transport network, including bicycles,
was modelled with the use of PTV VISUM software [175]. The cycling model has been
integrated into the existing macroscopic model, which is part of the MST. The model
includes the same transport zones, but the network has been extended with important
cycling parameters. The model includes the transport network of the city of Gdynia, with
173 TAZs. Each TAZ is characterised by variables that determine the generation of trips.
The transport network model includes more than 5500 links (characterised by technical
class, cross-section, capacity, and free-flow speed) and around 2100 nodes. The functions
developed based on comprehensive traffic surveys conducted in Gdańsk in 2009 and the
Gdynia study of the preferences and transport behaviour of the inhabitants in 2013 [191]
were used to calculate the demand for trips and determine the transport behaviour of the
inhabitants in a four-stage model [116,173].
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4.1. Data Sources

Due to the different availability of data and significant costs of their acquisition in
various cities, suggested data that may be used in the development of a bicycle traffic
model are presented in the example of the city of Gdynia. When planning the development
of a cycling model, it is advisable, in the first step, to diagnose the availability of data and
to plan additional field research or the acquisition of data from other sources (e.g., mobile
phone data, data from navigation systems, data from ITS services), taking into account the
costs of data acquisition. The macroscopic model of Gdynia’s bicycle traffic was developed
using the following data (cycling data were collected in May, June, and September):

• The biannual transport survey (conducted by the local public transport authority) was
used to calibrate and verify the sum of all trips and the modal split [191];

• Data collected during the European Cycling Challenge 2016 and 2017 (Global Position-
ing System track of 20,136 trips made within the competition, with speed estimation)
were used to verify the spatial distribution of bicycle trips and bicycle traffic assign-
ment, calibration, and speed verification;

• Data collected during the local cycling competition for companies in 2016 and 2017
(general information about all trips made within the competition)—necessary for the
selection of transport system improvement scenarios;

• Surveys conducted amongst participants in a local cycling competition for companies
in 2016 (1146 bicycle trips) were used to parameterise sections and select improvement
scenarios;

• Cyclist traffic research (bicycle traffic volumes) in key city locations (at bicycle route
sections and street intersections), along with surveys dedicated to FLOW in 2016
(1208 bicycle trips), were used for calibration and travel matrix verification, travel
motivation, bicycle traffic volumes, and parameterisation of sections;

• Public and private transport and MST traffic parameters (VISUM, VISSIM, SAT-
URN) [173], supported by data from intelligent transportation system services that
form the TRISTAR system in Gdynia) [193];

• Statistics for individual transport areas in 2016 (e.g., number of inhabitants in particu-
lar transport areas, total number of workplaces, number of people aged 6 and over,
number of study places in schools, area of service and commercial buildings, number
of workplaces in the service sector) were used to update the transport demand model.

4.2. Survey Results

Based on the surveys (conducted amongst participants of a local cycling competition
for companies in 2016—1146 bicycle trips and surveys dedicated to FLOW in 2016—1208
bicycle trips), it can be concluded that frequent cyclists travel not only for daily activi-
ties, but also for recreational purposes (obligatory trips with home–work or work–home
motivation—40%; with motivation to educational places—5%; recreation—38%; other trips
can be connected with shopping, for example). Modal split models do not take into account
recreational trips, which are likely to have little impact on the modal share of daily trips
during typical weekday peak hours.

Cycling surveys in key locations in the city showed that the largest group of cyclists
was between the ages of 35 and 50 (32%); the second-largest group was 25–34 years old
(25%). The joint share of the above age groups in cycling was more than half of the share of
all users combined. The group over 50 years of age amounted to 25%. The least numerous
group was children under 12 years of age, whose share in cycling did not reach 1%. In the
breakdown by gender, the cyclists were mostly men; women constituted a much smaller
group. The gender distribution in cycling can be expressed in a numerical ratio of 3:2.

The results of the research were used to develop the Veli function (Section 3.1), and
to parametrise the impedance of the section in the bicycle traffic model with travel time
value (according to the stochastic assignment procedure described in Section 3.4) in terms
of the section type (Figure 4) and surface type (Figure 5), in a possible range of evaluation
from 1 to 5.
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Figure 4. Attractiveness of the bicycle route to the user in terms of the route section type.

Figure 5. Attractiveness of the bicycle route to the user in terms of the route surface type.

The presented results of the surveys confirm previous findings that cyclists prefer
separated on-street infrastructure or off-street paths [127,182–185]. To a lesser extent,
cyclists indicated the attractiveness of mixed-traffic sections (marked walking and cycling
routes, and sidewalks mostly made of flagstones that cyclists share with pedestrians, as
well as road sections shared with motorised vehicles). According to the answers of the
respondents, the pavement that cyclists indicated as the most attractive is a smooth surface
without irregularities; these are made from asphalt and, to a lesser extent, smooth concrete
blocks. Cobblestones (regular stone pavement) and dirt roads (most often forest roads)
were indicated as the least attractive and most discouraging to cyclists.

4.3. Scenarios of the Development of the Bicycle Network in Gdynia

The bicycle traffic model was used to analyse various scenarios of the development
of the bicycle network in Gdynia. The macroscopic model was used to estimate the
effectiveness of the following six planning scenarios for the development of the urban
cycling network compared to the baseline scenario (Scenario 0—without implementation
of measures) (Figure 6):

• Scenario 1—bicycle overpass between Hutnicza and Wisniewskiego streets;
• Scenario 2—bicycle connection between the city centre and Oksywie across the

harbour channel;
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• Scenario 3—bicycle path along Wielkopolska and Zwyciestwa streets;
• Scenario 4—seaside bicycle path in Orlowo district;
• Scenario 5—17 December Avenue, a new path in the city centre;
• Scenario 6—completion of bicycle paths in the city centre.

Figure 6. Scenarios for the development of the Gdynia urban cycling network.

4.4. Results of Research Carried Out Using the Bicycle Traffic Model

The results of the simulation include data on bicycle traffic flow, travel time, speed,
and the share of bicycle traffic on particular streets. The selected results of the simulation
research are presented in Table 1. The results are also useful for assessing the travel
conditions for each mode of transport in the network.

The implementation of each of these scenarios leads to a reduction in the average
distance travelled, as well as the average and total travel time for cyclists, while at the same
time the demand for cycling increases (Table 1). Figures 7 and 8 show example results
for Scenario 2. The implementation of Scenarios 1, 2, and 5 has the greatest impact on
the increase in cycling utility, although the increase in the number of cycling trips is quite
small due to minor changes in the utility of other means of transport. These scenarios
assume the development of new cycling routes, which significantly shortens the distance
between important destinations in the city. In addition, they provide reliable and fast
bicycle connections that are competitive with congested traffic routes during peak hours.
These new cycling routes will reduce the average cycling time in the entire network by
only ~3%, but will save time between origins and destinations that will be connected by
the planned routes by up to 30%.
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Table 1. Results of simulations for different scenarios of bicycle network development–afternoon peak hour.

Scenario
Traffic Demand
(Cyclists/ Hour)

Bicycle Traffic
Demand Increase (%)

Bicycle Network Performance

Total Travel Time
(Pers-h)

Total Travelled Distance
(Pers-km)

0—base 1689 – 556.0 12,381.1

1 1710 1.24 549.6 12,370.6

2 1704 0.89 543.4 12,115.0

3 1700 0.65 554.6 12,395.3

4 1693 0.24 553.0 11,490.7

5 1703 0.83 543.6 11,910.2

6 1702 0.77 552.6 12,375.8

Figure 7. Bicycle traffic volumes in Scenario 2, and comparison of values with the baseline scenario.
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Figure 8. Change in bicycle traffic volumes in Scenario 2 compared to the baseline scenario.

The development of a section of a new bicycle path along the main arteries of the
city was planned in Scenario 3. There is a noticeable gap in the network of bicycle paths
along the main arteries in the south of the city today, which encourages cyclists to use the
surrounding secondary roads. The evaluation carried out using the model showed that the
completion of the main bicycle path network will attract cycling, and ~30% more cyclists
will use a slightly longer but more comfortable route despite the longer distance.

Although the implementation of Scenario 4 has less impact on the change in cycling
demand, the results show that cyclists would be more likely to use a comfortable bicycle
path near the sea coast. It is noticeable that when choosing a route, the cyclist prefers to be
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separated from the car traffic, and not to have to cross the road within the intersections.
A similar conclusion can be drawn from the results of Scenario 5, which includes the
transformation of a park path in the city centre into a bicycle path. The development of a
new high-speed bicycle connection through the city contributes to a significant reduction in
travel time, and improves the efficiency of the transport network by reducing the distance
travelled by bicycle.

The implementation of Scenario 6, including filling in gaps in the bicycle network in
the city centre, has little impact on the change in travel time. On the other hand, a coherent
and comfortable cycling network in the city centre encourages cycling.

4.5. Model Verification

The baseline scenario of the bicycle traffic model was verified, taking into account
the average speed (Equation (1)), characterised by the described variables, such as the
occurrence and type of separation of bicycle routes, slopes, and the type of road surface
(Figure 9). For a separate control sample of data from GPS traces not used earlier to develop
the model, a coefficient of determination of R2 = 0.94 was obtained.

Figure 9. Goodness of fit of the model output data to the observed data from another measurement
period for average bicycle speeds.

The model was also verified for the volume of bicycle traffic in particular sections
of the transport network. A good fit (R2 = 0.77) of the volume of bicycle traffic was
obtained (Figure 10).

The application of the described approach makes it possible to consider the cycling
mode of transport. The attractiveness of cycling is compared to the attractiveness of other
modes. This approach makes it possible to determine the impact of road, cycling, or public
transport investments or measures on the modal split.

The results show the need to improve the cycling network. The development and
completion of the cycling network give the potential to improve the competitiveness of
cycling with other modes of transport. The key factor that determines the modal split
is the travel time of the different modes of transport. The impact of educational and
promotional activities has not been directly analysed, but it may also affect the choice of
mode of transport. At present, there is little interest in cycling as a mode of transport in
Gdynia. As a result, the increase in the demand for cycling calculated based on the model
is also insignificant. Educational and promotional activities that encourage cycling, as well
as the introduction of the city bicycle system, can increase the number of cycling trips.
These issues will be the subject of separate research. However, the proposed analytical
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methodology is useful in the planning and decision-making process to select the most
effective solutions.

Figure 10. Goodness of fit of the bicycle traffic assignment to the Gdynia transport network.

5. Discussion

Many European cities implement their mobility planning processes following the
EC guidelines [21], with the participation of decision-makers, stakeholders, and residents.
Demand and transport network models can effectively support the mobility planning and
decision-making process, taking into account active travel modes. Demand and transport
network models can effectively support mobility planning and decision making. However,
the inclusion of active modes of travel (such as cycling) in mobility planning requires
knowledge about the impact of such measures on the performance of the transport system,
taking into account the modal shift.

5.1. Considering the Modal Shift towards Cycling in Mobility Planning in the Example of Gdynia

It is essential to answer the question of why the consideration of a modal shift in
urban transport modelling is important, and how the experience from Gdynia can help
in the development of a bicycle traffic model, taking into account modal shift. Transport
demand and transport network models have been key tools in shaping transport policy [29],
but cities do not use them to their full potential, especially with regard to cycling and
its impact on other modes of transport. The reasons for this may include insufficient
cooperation between urban planning and transport management authorities, or different
stakeholder perceptions of the importance of the models [29]. The perception of cycling in
reducing the demand for other modes of transport and reducing congestion in the transport
network is rather low. Thus far, cities use transport models to a very limited extent, and
very rarely—especially when modelling active travel and its influence on motor vehicle
trips and trips made via public transport. One of the reasons for this is the scarcity of
reliable, integrated, and comprehensive tools to model the transport system while taking
into account cycling traffic at the macroscopic level [19–22]. The tools used for transport
modelling most often include the functioning of motor vehicle road transport and public
transport, excluding cyclists or treating them as a factor disrupting traffic conditions.

Transport planning strategies consider the promotion and development of cycling
as an appropriate way to address the problems associated with increased car traffic, such
as energy reduction, pollution, congestion, and limited space. The modal shift towards
cycling contributes to reducing the above problems. Cycling influences the demand for
motor vehicles and public transport, as presented in the paper, and should be taken into
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account in feasibility studies of investments regarding the development of infrastructure
and organisational measures dedicated to all modes of transport, as well as in the decision-
making process. For this reason, it is necessary to develop and use tools and models that
allow the evaluation of the impact of planned actions concerning the modal shift.

The model used in the planning and decision-making process provides quantitative
results. As a result, an ex ante assessment of the effects of the decision-making process
can be made. Effectiveness evaluations of planned measures are based to a greater extent
on assumptions or subjective assessments if demand and transport network models are
not applied. If an evaluation can be justified by modelled results, the conclusions are
easier for residents to understand, and can significantly improve public participation as a
complement to other decision support tools and methods [194–196]. The use of integrated
models should be recommended for cities that are starting or participating in mobility
planning. Such tools must first be developed or adapted to take into account multiple
modes of transport, which requires planning and spending, but brings significant benefits
in the process of transport planning and management.

The model presented in this paper was developed to support the city of Gdynia in
developing and monitoring the Sustainable Urban Mobility Plan (SUMP), as well as in
planning and decision making regarding changes in the transport network. Lockdown
policies around the world—including travel bans, border closures, restrictions on public
activities, and the closure or restriction of businesses, offices, and schools [197]—have
changed transport behaviour and travel growth, with the fear of infection in public trans-
port also playing a role. The COVID-19 pandemic allowed the authorities to take several
measures to improve the sustainability and resilience of the transport system [198]. In Pol-
ish cities (including Gdynia), particular attention has been paid to investments in physical
infrastructure, including the expansion of the cycling network, along with traffic calming
and the introduction of lower speed areas to stimulate active travel. The application of the
model to planning for the development of transport systems, SUMP monitoring, citizen
consultation, and decision making is a strong innovation of the presented solution.

In the decision-making process of choosing the most effective solutions, it is justified
to take into account the impact of types of cycling sections on road traffic safety, energy
consumption, and the environment. The model presented in the paper can be used as a
basis for estimating energy consumption and exhaust emissions. This approach has been
used, for example, in research in which the transport model was applied to estimate exhaust
emissions in the Polish city of Bielsko-Biała [199]. The main barrier to the application of
such an approach is the difficulty of obtaining data on vehicle traffic at the local level (in
Polish cities). However, in future studies, these aspects will be developed using the model,
so an analysis of cycling network development scenarios resulting in a change in the modal
split will allow assessment of the impact of such measures on the reduction in emissions
and energy consumption.

An important element of the citizen consultation process, but also of improving the
work of municipal departments, is to enable the acquisition, geographical visualisation,
and analysis of data. In the case of the Gdynia model, the simulation results are presented
to the citizens during meetings or through a dedicated website [23]. However, the data cal-
culated using the model may in the future feed advanced solutions such as cyber–physical
platforms for real-time management of smart cities. Such platforms could use artificial
intelligence methods to manage data and replicate transport model databases [200,201].

5.2. Aspects of Bicycle Traffic Modelling

The method of analysis and the results give a different perspective on the possibility
of improving travel conditions in the transport network, taking into account the reduction
in car traffic and the change in demand for travel via public transport. The model and
the methodology of its development, as well as the manner of using the available data,
contribute to the filling of the indicated gap. However, in most cases, the evidence base for
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optimal cycling development, planning, and promotion are weak, and there is not enough
information about cycling patterns with sufficient resolution.

Therefore, the next part of the discussion concerns the questions of which data can
be used to develop a bicycle traffic model, and which elements of the model allow the
prediction of the choice of particular routes by cyclists.

5.2.1. Data

Data on where and when people cycle within the urban transport network are still
scarce [202]. Despite advances in measurement methods and sensor technology, cycling
mobility data are still difficult to obtain and process. This is often the reason for deficiencies
in data representativeness and integrability [203,204], which leads to the planning and
implementation of cycling infrastructure in the absence of reliable data while, at the same
time, the effects of infrastructural, organisational, and promotional measures of cycling
cannot be properly monitored. Due to the considerable costs of data collection, different
cities collect data useful in transport modelling at different scales. When planning the
development of a bicycle traffic model, it is advisable in the first step to diagnose the
availability of data and to plan additional field research or to collect data from other
sources (e.g., mobile phone data, data from navigation systems, data from ITS services,
MaaS solutions, or the Internet of Things), taking into account the costs of their collection.
This paper presents the use of data available in the city of Gdynia, which may be used
for the development of a bicycle traffic model. The methodology presented in this paper
includes the use of the survey of inhabitants, as well as direct measurements of cycling
(also using GPS tracking). This paper presents how to make full use of the data held by a
city, or data that can be obtained at no or low cost, to build a transport model, showing
that it is possible to use data from different sources to achieve the modelling objective. The
methodology and structure of the model are also innovative (especially on a national scale).
The data and variables used allow for a reliable representation of existing and predicted
bicycle traffic. Multimodal modelling of transport, including cycling, requires the use of a
very wide range of different data.

It is also very important to note that the surveys presented in this paper were con-
ducted before the COVID-19 pandemic. Due to changes in transport behaviour and travel
patterns, a study of bicycle use will be necessary in the post-COVID-19-pandemic period.
In times of social distance, people travel less, try to avoid crowded public transport, and
aim for more physical activity [205,206], which can be achieved through active modes
of transport.

In addition, a more complex analysis using econometric techniques would be required
in order to statistically identify the key variables that determine bicycle use. Finally, future
research is needed in order to quantify the carbon footprint and impact of electric bicycles
for certain components, such as batteries.

5.2.2. Method of Model Development

A four-stage macroscopic model was used to develop the bicycle traffic model [115,116].
The presented methodology of development of the model allows the analysis of the influ-
ence of the development of the public transport system, or individual motorised transport,
on the transport behaviour of inhabitants in terms of a change in the probability of choos-
ing bicycles for travel; it also takes into account the characteristics of the infrastructure
of the transport system, which can determine the choice of cycling as an alternative to
other modes of transport. An alternative approach to comprehensive modelling of travel
demand and transport networks could be agent-based modelling [22,162]; however, the
range of data available for modelling led the authors of this paper to use a four-stage
approach. The availability of data can determine the choice of the modelling method.
An additional constraint for cities is the availability of analytical tools and previously
developed models. In the case of the model presented in this paper, a prerequisite for its
development was the prior development of a four-stage macroscopic model of motorised
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traffic and public transport. Cities that do not have a four-stage macroscopic model should,
in the planning stage, take into account the development of a comprehensive model of
public transport and individual motorised traffic, including the cycling part of the model.
A better representation of cycling can be achieved by taking into account factors in trip
generation models related to facilities for pedestrians and cyclists, or land-use functions
that encourage cycling. The Urban Transport Modelling System (UTMS) uses additional
models to overcome the disadvantages described above [164]. In the case of the model
presented in this paper, additional models (described in Section 3) were also developed to
enable a more reliable representation of bicycle traffic.

The use of artificial intelligence (AI) methods, including machine learning, is worth
considering [207]. The use of machine learning models can be considered for estimat-
ing O–D matrices (especially using data from satellite navigation, mobile phones, or the
Internet of Things). However, such data are not widely available, or are expensive to
acquire. The use of such methods may also raise problems in identifying users or groups of
users travelling on the transport network. Identifying users is essential to predict changes
in demand and travel routes, taking into account future changes in land use, especially
over long time horizons. However, with the development of technology, mobile appli-
cations, and algorithms based on artificial intelligence, and the increasing availability of
open data, AI methods—especially in the field of machine learning—are worth consid-
ering for use in transport demand modelling and route choice modelling, especially for
short-term prediction.

The choice of a four-stage approach modelling method has met the expectations in
terms of modelling cycling traffic for planning purposes.

5.2.3. Bicycle Network

A model with an accurate representation of the cycling network (including the type of
pavement, the type of cycle path, the slope of the road, and the perceived attractiveness of
each section of the cycle route) can be useful to predict the modal split and route choice.
Relatively large transport zones limit the reliable replication of shorter routes for non-
motorised modes (e.g., walking, cycling). Moreover, the length of links in networks is
sometimes estimated manually by the modeller. Such methods often lead to imprecise
calculations. Geographic information system (GIS) mapping systems provide a more
accurate calculation of the length of links. These networks should also be improved with
digital height models to ensure that topographic effects are included in distance and speed
estimates (slope effects are essential in estimating link resistance for cycling travel mode).
Other network inaccuracies may also cause problems in the reliable replication of the
transport system. If links or intersection attributes (e.g., cycling speed) are inaccurate or
misrepresented, this affects the estimation of speed and travel time. These inaccuracies
can reduce the sensitivity to choosing a bike as a mode of transport to avoid congested
road sections.

Networks of regional or urban models usually do not describe in detail the layout of
local streets and the land-use mix. Such models cannot take into account street sections,
local travel speeds, and the facilities available to pedestrians and cyclists due to the
generalisation of local conditions. Large TAZs present a challenge to modelling local
conditions, including facilities available to pedestrians and cyclists.

The model presented in this paper reliably represents the cycling network, taking into
account longitudinal gradients, type of pavement, and type of cycling link by defining
speeds Veli on particular sections of the cycling network based on these variables. In future
studies, the presented model should be further developed by taking into account different
user groups, e.g., by age or cycling experience.

A further contribution of this research is the inclusion in the model of the influence of
longitudinal gradient on the speed of cyclists, using the GIS environment. The adopted
number of transport regions and the level of network mapping are sufficient to reliably
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represent trips in the primary transport network, as confirmed by the model verification
results presented in Section 4.5.

5.2.4. Modal Split

The basic model on which the relationships are based is the logit model. The choice of
the model was dictated primarily by a four-stage approach, but also by the possibility of
including the modal shift in the model results. The model takes into account the utility of
individual modes of transport, expressed as a component of two elements: the measurable
utility, and the random part. This approach allows us (1) to capture the different preferences
of the users and their subjective perceived attraction to the alternatives, (2) to take into
account user error in the evaluation of utility, and (3) to capture all directly non-measurable
random factors influencing the choice of means of transport (e.g., convenience, habits). The
logit model assumes that the user chooses the option with the highest utility among the
available alternatives. The model uses cycling journey times calculated based on cycling
speeds in particular sections of the cycle network.

The key factor that determines the modal split is the travel time of the different modes
of transport. However, it should be noted that delays (affecting travel times) affect not
only car drivers, but also other travellers, i.e., pedestrians, cyclists, and public transport
passengers. Most road users perceive delays as the most important effect of congestion.
Delay plays an important role in determining travel behaviour, but is only one factor of
interest to travellers [208]. Delay occurs when the actual travel time exceeds a threshold
acceptable to the traffic participant. Travellers who choose different modes of transport
perceive delays differently. The perception of delay also depends, for example, on the
motivation for the trip and the relationship between delay and total travel time, and is
not linear [209,210]. In future research, issues related to travel time perception and the
reliability of transport network performance should be developed.

More research and improvement of modal split (and traffic assignment) models are
required, which should take into account, for example, the impact of weather conditions
or the seasonality of cycling. Other factors to be considered in further research are the
impact of educational and promotional activities, and the impact of cycling’s accessibility
(e.g., implementation of a city bike-sharing scheme) as a mode of transport, on bicycle
traffic.

The Tri-City agglomeration (of which Gdynia is a part) is currently in the pro-
cess of implementing a bike-sharing scheme. This system will mainly include electric
bikes. This change will undoubtedly influence the modal split, as demonstrated by the
research conducted so far on both bicycle-sharing systems [33,98–103] and the use of
electric bikes [62–67]. Choosing an e-bike instead of a car for travel can reduce energy con-
sumption, but the positive impact on the health of users may be less than if a conventional
bicycle were used. Furthermore, a tool such as a bicycle traffic model can also be a data
source for the study of the feasibility of this type of project, and the analysis of the effects
of its development direction.

Another element that should be taken into account in further research is the integration
of MaaS solutions into the cycling model, together with shared mobility services (including
bicycle sharing, which is currently being implemented in the Tri-City agglomeration), and
the possibility of changing the mode during the journey, to encourage modal shift and
improve conditions for cycling. Shared mobility services, such as bike sharing, car sharing,
ride sourcing, etc., influence travel behaviour by changing mobility patterns and modes and,
thus, compete with more traditional modes of transport [4,33,46,51,101,105,106,108,211].
Shared mobility services have a positive impact on urban transport, as they can reduce the
use of private vehicles and, thus, alleviate the current problems of public space scarcity, con-
gestion, and negative environmental impacts. However, it is important to note that bicycles
(including bike-sharing schemes) can also capture the demand for public transport [212].
Therefore, shared mobility services, in their current form, have an unclear impact on ur-
ban sustainability [213]. This fact underscores the importance of integrating cycling with
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public transport to promote its complementary use (including through multimodal trips,
e.g., cycling to feed the public transport system in less accessible areas as a last-mile mode
of transport).

5.2.5. Traffic Assignment

The calculation of the cycling flow was carried out using a stochastic assignment.
Compared to deterministic distributions, the element that influences cycling assignment is
the inclusion of random factors. In the case of cycling, the randomness of the assignment is
influenced by incomplete knowledge of the transport network, which means that cyclists
do not always choose a route rationally according to their preferences [179,180], that the
choice of routes may be due to the need for a variety [181,182], and that cyclists may have
different preferences to choose more attractive routes due to the quality of the road surface,
sharing the route with other road users (cars or pedestrians), or different awareness of the
risk of being involved in a road accident [181,182,188,189].

With the stochastic assignment, compared to equilibrium deterministic assignment,
even in a less loaded network (such as the bicycle network), more routes are loaded, because
some demand is also assigned to alternative but similar routes. This property is closer to
reality than a strict application of Wardrop’s first principle (as found by Daganzo [179]).

Stochastic assignment is more appropriate for bicycle travel, as it reflects the process
of individual discrete choice. The variety of individual choices is more important to cyclists
than volume-dependent travel times. Factors that influence the choice of a route to a
large extent (information about the type of surface, type of section of the cycling network,
and longitudinal gradient is included in the function characterising individual sections
of the cycling network) influence the comfort of travel, and are particularly important for
cyclists. According to the stochastic procedure, not only the shortest route is found, but
also many alternative (but similar) routes, using multiple searches for the best path and the
impedance variability of the different sections of the cycle network, which allows a more
reliable distribution of cycling traffic, and the selection of routes to which cycling traffic
would not be allocated if strictly deterministic distribution methods were used.

It can be observed in the evidence from Gdynia that, when choosing a route, cyclists
preferred to be separated from motorised traffic, and to not need to cross the road at
junctions (using separated on-street infrastructure or off-street paths), confirming previous
research [127,182–185]. The model was calibrated by adding time penalties at major inter-
sections that cause cyclist delays, but more detailed research in this area will be required.

Cyclists also prefer flat longitudinal gradients on bicycle routes, as confirmed by previ-
ous research [181,188,214]. From the opinions of the respondents presented in Section 4.2,
it also appears that the pavement indicated by cyclists as the most attractive is a smooth,
even surface (asphalt and, to a lesser extent, smooth concrete blocks). Many previous
studies indicate that the type of surface is a factor that determines the choice of route by
a cyclist [22,129,130,163,215,216]; however, it is difficult to find direct research results on
cyclist preferences with regard to this issue [217,218]. One of the few works that unambigu-
ously states that the quality of the surface is an important decision factor for cyclists when
choosing a cycling route is the study by Landis et al. [219]. The results presented in this
paper are an additional contribution to the knowledge in this field.

The factor concerning traffic safety was indirectly taken into account when assessing
the attractiveness of particular types of bicycle routes. However, a more detailed approach
will be required in future research. To update and improve the quality of the bicycle traffic
model, it is necessary to conduct regular travel surveys with appropriate sample selection
in smaller transport areas. This would allow for increasing the accuracy of the estimation
of the origin–destination trip matrices. Cycling speed measurements must be carried out
more comprehensively, taking into account, among other things, the type of journey, the
experience of cyclists, and other personal characteristics, which will help to represent the
behaviour of travellers with greater precision. As the volume of cycling increases, it will
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also be necessary to consider the capacity of the elements of the cycling network to address
cycling bottlenecks.

5.2.6. Results of the Gdynia Case Study

The results of the calculations presented in Section 4 show that each planned element
of the development of the cycling network will improve the efficiency of the entire Gdynia
transport system. The development of the bicycle network leads to a reduction in the
average travelled distance and the average and total travel time for cyclists, while the
demand for cycling increases. Cycling has the potential to reduce car traffic, leading in
turn to reductions in congestion, energy consumption, and emissions. The model, with
a precise representation of the cycling route network that includes the type of pavement,
the separation from other types of traffic, and the slope of the sections of the route, can
be useful in predicting route selection and modal split due to the utility of each mode of
transport based on travel times.

The results show that the greatest benefits for cycling in Gdynia can be achieved by
filling in the gaps in the bicycle network—in particular, by connecting the city centre with
the northern parts of the city. The most efficient connections compete with congested
traffic routes during peak hours, and significantly shorten the distance and travel time
between important points in the city. The implementation of bicycle routes separated from
motorised traffic (bicycle paths), with flat longitudinal gradients and an asphalt surface,
also contributes to the attractiveness of these routes.

6. Conclusions

Transport demand and network models that take into account active modes of travel
can effectively support the mobility planning process, as demonstrated in this paper.
Models should be used to evaluate measures implemented in the transport system to
determine the impact of such measures on reducing traffic and congestion on the road
network, and the resulting reductions in energy consumption and pollutant emissions. The
models provide a better understanding of the changes in the functioning of the transport
system and the behaviour of travellers in different scenarios for the development of this
system. However, to allow for a reliable evaluation, it is necessary to use models that allow
for the estimation of a modal shift towards cycling.

The model presented in this paper allows the analysis of the influence of the develop-
ment of the public transport system or road infrastructure on the transport behaviour of
inhabitants in terms of the change in the probability of choosing bicycles for travel. The
model also allows us to assess the influence of the characteristics of the cycling infrastruc-
ture and the development of the cycling network on the choice of cycling as an alternative
to other modes of transport. The application of the presented methodology and tools for
transport planning provides a solid basis for the selection of the most effective solutions in
the planning process.

As data on cycling times and routes within the urban transport network are still
scarce, in addition to a survey of residents, direct measurements of cycling—including GPS
tracking and data from ITS services—were used in the modelling. It is important to use
data fusion from multiple available sources to reduce research costs.

A further contribution of this research is the inclusion in the model of the influence of
longitudinal gradient on the speed of cyclists, using the GIS environment, and taking into
account the types of cycling network sections and their surface in the choice of the mode of
transport and the route of travel.

The model presented in this paper reliably represents the cycling network, taking
into account longitudinal gradients, the type of pavement, and the type of cycling link by
defining speeds on particular sections of the cycling network, based on these variables.

The key factor that determines the modal split is the travel time of the different
transport modes. The logit model was applied to model modal split. The model takes
into account the utility of individual modes of transport, expressed as a component of two
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elements: the measurable utility, and the random part. The model uses cycling journey
times calculated based on cycling speeds in particular sections of the cycling network.
The proposed approach makes it possible to model and estimate modal shifts between
different modes of transport, taking into account random factors. This feature of the model
is important for analyses that aim to determine the degree of reduction in congestion,
emissions, and energy consumption.

The calculation of the cycling traffic flow was carried out using stochastic assignment,
taking into account random factors. Stochastic assignment is more appropriate for bicycle
trip assignment because it reflects the process of individual discrete choice. The variety
of individual choices is more important to cyclists than volume-dependent travel times.
When choosing a route, cyclists prefer separation from motorised traffic, flat longitudinal
gradients, and smooth surfaces without bumps (asphalt and, to a lesser extent, smooth
concrete blocks) in the cycle routes. The longitudinal gradient of a cycling route is the most
important factor in determining the choice of route.

The simulation analysis carried out using the macroscopic model showed that well-
thought-out and appropriate investments in the development of a network of bicycle
transport are the most favourable in terms of potential changes in the transportation
behaviour of the inhabitants. The results show that the greatest benefits for cycling in
Gdynia can be achieved by filling in the gaps in the bicycle network.

The verification of the model confirmed its usefulness in planning the bicycle network,
but some issues should be taken into account in future research related to modal split
and route choice: future development of transport systems (bicycle-sharing systems and
other MaaS solutions); travel time perception; and the reliability of transport network
performance, including cyclist behaviour at intersections, different user groups—e.g., by
age—cycling experience, and modelling of other personal characteristics, post-pandemic
transportation behaviour of travellers, the impact of weather conditions or the seasonality
of cycling, and the impact of educational and promotional activities on cycling travel
preferences and behaviour.

The spatial approach presented to modelling cycling behaviour opens new oppor-
tunities for planning and evidence-based decision making in the broad area of cycling
promotion and development, as well as for predicting and monitoring the effects of planned
or implemented measures.

The methods proposed in this paper are worthwhile, and cities that plan the develop-
ment of a bicycle traffic model should apply them in the mobility planning process. The
example of Gdynia shows that the development of the MST with a bicycle traffic model
can also be offered as a good practice for other cities. This may be important for cities with
emerging economies and dynamic motorisation development, which will soon face the
challenge of sustainable transport behaviour and transport needs.
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103. Żochowska, R.; Jacyna, M.; Kłos, M.J.; Soczówka, P. A GIS-based method of the assessment of spatial integration of bike-sharing

stations. Sustainability 2021, 13, 3894. [CrossRef]
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Abstract: The impact of the use of cargo bicycles for delivery processes on the environment is
undeniably positive: it leads to the reduction of pollutants, noise, and vibrations caused by traditional
vehicles; decreases traffic jams; causes more effective use of public space; and others. But how should
such an effect be measured? What tools should be used to justify the necessity for change to more
sustainable means of transport? How can we improve the state of the environment considering
the interests of logistics service providers? There is a large amount of scientific literature dedicated
to this problem: by using different modeling approaches, authors attempt to address the issue of
sustainable transport. This paper conducts a literature review in the field of green cargo deliveries,
investigates the benefits and drawbacks of integrating cargo bikes in urban logistics schemes, and
examines methodologies and techniques for evaluating the impact of using cargo bicycles on the
environment. By providing an opportunity to get acquainted with the situation in the sphere of green
deliveries, the authors aim to encourage a breakthrough in the field of sustainable transport that may
be achieved by using cargo bikes in modern cities. We review the existing approaches and tools for
modeling transport emissions and state the significant positive environmental consequences.

Keywords: environmental impact; cargo bikes; sustainable transport; transport modelling

1. Introduction

The constant, alarming, worsening state of the environment is an issue of major con-
cern to the European Union policy-making authorities for more than 50 years. The United
Nations Framework Convention on Climate Change developed in 1992 is considered as the
starting point of the international environmental-protection policymaking. This treaty was
a base for the following and more famous Kyoto Protocol and the Paris Convention, which
introduced the state parties’ regulations for limiting and reducing greenhouse gas (GHG)
emissions. Furthermore, the EU continues providing air-quality politics and ratifies with its
member states legislative acts (starting with the Council Directive 96/62/EC) that establish
the mechanism for acquiring and controlling ambient air quality. As well, all the European
Union member states (that adopt the directives) are obliged for its implementation to
conduct annual reports on the state of the air. Such reports are collected and inspected by
the European Environment Agency (EEA), the leading organization for managing the coop-
eration with the EU members states, which gathers, verifies, and presents the information
on Europe’s environment.

While the polluting sectors (such as agriculture, industry, and others), which undergo
the monitoring of EEA, show a steady downward trend in pollution emissions, the road
transport segment indicates the growth of global emissions since 1990 [1]. Moreover, the
EEA states that overall greenhouse gas emissions from transport reach up to a quarter
of all GHG emissions in the EU. Road transport is denoted as the main producer of such
emissions in 2018 (about 70%) [1]. Besides being responsible to a large extent for global
warming, transport is accountable for significant social and environmental harm: it causes
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health issues, noise pollution, congestion, loss of public space, and negatively affects the
overall livability of the city. On the other hand, transport plays the role of an engine in
economic progress and recovery: it contributes to investment growth, brings employment,
and widens markets. Therefore, the area of sustainable transportations is among the main
targets of EU policymaking. Furthermore, a positive result could only be achieved through
the collective interaction of global and local initiatives by mutual influence of bottom-up
and top-down approaches [2].

Along with the rapid increase of digital technologies and demand for city logistics,
the requirement for improvement of urban life quality also grows. As follows, the bottom-
up approach is gaining momentum due to the growing awareness of the population
about the threat of global warming and specifically about the impact of transport, one
of the main contributors to climate change [3,4]. Whereas more citizens are concerned
with the living condition of the neighborhood and appeal to city authorities for adequate
reaction, the question of introducing the new, environmentally friendly business models
and strategies arises. As a reaction to that prompt, many cities around the world introduced
urban transport policies that aim to support the use of city space for pedestrians and non-
motorized vehicles, limit speed, and restrict access of heavy diesel motor vehicles to the city
centers (e.g., Cracow [5], Paris [6], London [7], Sao Paolo [8], Seoul [9], Rio de Janeiro [10],
New York [11], Barcelona [12]). Moreover, officials in turn motivate residents to shift to
more sustainable transport. For instance, purchasing of electric cars and cargo bicycles (CB)
could be induced by funding and tax reduction; traveling by bicycles could be prompted
by infrastructure improvement and encouragement through social initiatives; and use of
public transport by increasing its efficiency and accessibility, and that is the representation
of the top-down approach.

Consequently, there is increased attention for planning, adapting, and shifting to the
new sustainable distribution solutions in the cities that could satisfy all parties interested
in the delivery process. Not only does such a solution design eliminate negative environ-
mental and social impacts from road transport on city inhabitants, but it also minimizes
losses in efficiency and costs for urban logistic operators (ex. operating and investment
costs). Inevitably, cycle logistics is gaining more attention in recent EU research and devel-
opment projects, such as CityChangerCargoBike [13], Handshake [14], Park4SUMP [15],
GreenCharge [16], etc.

Currently, the main concept for estimation of transport impact is to determine the
level of pollution using the various transport emission models, which receive as an input
the parameters’ set of characteristics achieved from the traffic situation. Sometimes, such
characteristics are oversimplified; in other cases, they are obtained from models of a
transportation system (infrastructure of the study region, vehicle fleet characteristics).
Furthermore, atmospheric dispersion models are applied for the evaluation of the behavior
of pollutants in the atmosphere.

The great amount of scientific literature that analyzes alternative/ sustainable distri-
bution scenarios for the last- (or first-) mile deliveries explores CB (and its variations) as an
environmentally friendly means of transport and the main substitute for traditional vans
(in last-mile deliveries). Primarily, the directions of such studies, which are the subject of
interest of this article, could be outlined as:

(1) Analysis of business strategies. Commonly, in such an approach, the potential and the
challenges of using CB as a green transport mode are investigated in the context of
the development of strategies for logistics service providers (LSP) [12,17–19]. While
developing the strategies, the economic impact area for CB use is assessed, its cost-
effectiveness is evaluated, and the competitiveness of LSP is estimated.

(2) Transportation system modeling (TSM) is used to optimize the transport system
parameters. For this approach, the routing models are usually implemented that
integrate less-polluting vehicles (such as electric vehicles, CB, etc.) into a delivery
system. These models could be used as a strategic and decision-making tool by city
planners and authorities [20–25]. Additionally, the operations impact area and the
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location of transshipment points are defined by the means of TSM [26–28]. Another
promising direction of using TSM is the justification of the multimodal schemes with
the incorporation of consolidation centers (for loading and unloading operations) on
the edge of the city center with transshipment to the small, nonmotorized delivery
vehicles, possibly CB [8,29,30].

(3) Estimation of transport impact. Transport emission and dispersion models are de-
veloped to evaluate amounts of different types of pollutants (CO2, PM, SO2, NOx,
VOC, and CO) and their distribution in the atmosphere as well as to estimate the
noise level [7,8,31,32].

(4) Combination and mixture of the approaches listed above [11,33–35].

Despite the great interest in the last years for the topic of ecological modes of trans-
port, there is a lack of research with a special focus on the environmental impact of non-
motorized solutions for goods’ deliveries [6,36]. The authors of the paper [37] underline
that the perspective in the exploration of new techniques and recommendations about
using cargo bikes is vast.

This paper aims to identify the set of basic requirements that should be addressed by
the contemporary methodology for evaluating the environmental impact of cargo bicycles.
For these purposes, we explore the state of art in a topic of sustainable freight deliveries
when CB are used as a mean of transport.

The paper is organized as follows: the next section is dedicated to the exploration
of pluses and minuses of CB as a means of transport; the third part presents the review
of existing studies on delivery schemes used by logistics service providers in real-world
solutions; the fourth section contains a short analysis of the literature on using the transport
systems modeling approach; methods for evaluation of transport impact on the environ-
ment are presented in the fifth section; and the last part provides conclusions and plans for
the future research.

2. Cargo Bike as a Means of Transport: Advantages and Disadvantages

CB is a bicycle that serves for transportation of various freights (goods, passengers, etc.)
and was specifically invented for such purposes nearly a century ago [2,38]. Depending on
the design, the number of wheels, or their purpose, CBs are called freight, transport or box
bikes, carrier cycles, tricycles (CT) and quadricycles, cycle-trucks, long-john, and others.
Modern CBs are usually electrically assisted, and their models vastly vary from simple
two-wheelers bikes equipped with boxes on the front or back wheel to more progressive
longtails and long johns that can carry weights around 50–100 kg. The most advanced multi-
wheelers or light electric vehicles (LEV) can transport cargo up to 500–700 kg [2,17,39,40].
The term “cycle logistics” commonly refers to any type of pedal bicycle [41].

Recent studies confirm the enormous potential of cargo cycles to serve as sustainable
substitution of traditional delivery vehicles. At the same time, the readiness to transition
to more ecological means of transport (powered by electricity) was detected in slightly
more than 60% of studies dedicated to last-mile problems, whereas nearly 50% of scientific
sources advocate for freight bicycle adoption [42]. Such great possibility of CB to replace
conventional vans is conditioned, to a large extent, by the small or the medium size and
light weight of the most cargoes and relatively short delivery distances in central areas of
the cities. According to results of the CycleLogistics project, nearly half of all urban goods
transportation in the EU could be carried by CB; furthermore, the average trip distances
in the city centers do not exceed 7 km [43]. A similar figure was obtained by the authors
of the paper [44]: they observed that the distance of most commercial delivery routes is
less than 10 km. TNT-FEDEX data that was used in the research [8] show such average
freight parameters, volume, and weight: 0.025 m3 and 20 kg (maximum 30 kg), and those
are medium packages of electronics and textiles. Moreover, the authors of the study [20]
noted that 80% of all parcel flow are cargoes weighing less than 6 kg.

The following types of freights can be distinguished as the most frequently transported
by CBs:
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• small packages and boxes [17,45]:

� food [6,7,11,17,39,40,46],
� correspondences, documents [6,17,37],
� pharmaceuticals [6];

• medium size: mail, retail [46], and
• service trips [39,46], home deliveries [37].

Especially, advantages of CB could be observed in the narrow streets of histori-
cal city centers, with one-way traffic management and a large number of pedestrian
areas [12,27,41,45,47] (see Table 1). Such districts frequently have spatial and timing restric-
tions on cars entering and are highly congested due to the population density and high demand
for goods delivery [17,48]. Moreover, most authors emphasize the effectiveness and suitability
of CB for the last- (or first-) mile urban distribution [6,8,10–12,19,21–23,25,36,40,41,47–50].

Beneficial results of using CBs were indicated in:

• cost savings [6,8,17,20,21,36,48,50];
• decreasing congestions, CO2 emissions, and local pollutants [6,8,9,11,19,23,27,51,52];
• improving safety on roads due to reduction of car-related accidents [6,38];
• presentation of attractive (green) image of a company amongst its customers [17,20,48]; and
• improving livability of the city [8].

Economic effectiveness could be achieved due to low charging, purchase, and mainte-
nance costs, which are notably less than for traditional vans [50]. Furthermore, the increase
in performance could be attained due to the reliability of CB and their agility in urban
centers (possibility to ride on one-way streets, park on the sideways, etc.) [6]. By occupying
less than 35% of the space that takes up the van, CBs contribute to eliminating the con-
gestion delays [11]. The collaborative scheme of supplies, which includes CT and mobile
depots (MD), indicates a significant reduction in GHG emissions [10]. The availability
of ready-to-use bicycles and equipped transshipment hubs can ensure the elimination of
delays in deliveries [53].

Nonetheless, along with the huge advantages of CB, their drawbacks and limitations
must be considered. The most common disadvantages could be found in Table 1. As for
ECB also, potential issues could arise in the areas of battery and engine malfunctions and,
accordingly, the lowering of travel range and time. Additionally, researchers indicate the
lack of regulations (e.g., parking policies) and cycling infrastructure (charging stations and
transshipment points) [17,47,52].

Table 1. Advantages and disadvantages of using bikes for cargo deliveries.

Feature Description Source

Advantages

Compact
• needs little parking space
• can use bike lanes
• suitable for dense city center

[8,11,27,36,47,50]

Clean

• does not emit GHG
• reduction of pollution and

emission
• noiseless

[6,8,11,12,20,27,36,40,47,51,54]

Cheap • purchase cost
• maintenance cost

[46,47]

Effectiveness

• congestion reduction
• lesser driving distances
• reduction of delivery time
• energy savings

[6–8,11,12,17,20,21,27,40,46,50,51]

Cost savings • fuel economy
• operational/delivery cost

[8,36,49]
[20,51]
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Table 1. Cont.

Feature Description Source

Safe • safer for pedestrians
• lowering road accidents

[7,11]
[6]

Attractiveness • approval by society
• improve life quality

[8,12,17,40]

Disadvantages and limitations

Capacity • payload and volume capacity [9,17,30,36,39,47]

Speed • lower velocities [9,29,36,39,47]

Range • delivery distance limitations [9,25,36,39]

Costs
• driver costs
• loss of efficiency
• high prices on bikes

[47]
[20]
[8]

Lack of infrastructure,
topography features

• bike lanes
• parking
• transshipment points

[36,49]

Emissions • CO2 associated with
electricity generation

[7]

Working conditions,
risk factors (safety)

• riding behavior
• traffic accidents
• driver physique
• winter conditions

[7]
[49]
[47]
[29]

Special attention should be paid to the parameters, features of CB, and general recom-
mendations when choosing an alternative vehicle. Table 1 summarizes the advantages and
disadvantages of cycle logistics and provides a short description. Some disadvantages can
be identified through a comparison of CB with conventional delivery vehicles.

In the literature on cycle logistics, much attention is paid to the problem of the
implementation, concept testing, and determining the location of the urban consolidation
centers (UCC), which are also called micro, mobile, delivery, transshipment center, or
loading hubs, terminals and points, satellites, micro depots, micro-distribution platforms,
and others. Usually, such centers are used for managing freight flows and represent
temporal or permanent storage facilities to which cargo is delivered by one means of
transport (conventional vans) and then is transported to the client by other means (cargo
bikes) [5]. Authors of the paper [19] characterize a mobile depot as a trailer that is connected
to a loading dock and serves as an office and a warehouse. The main consequence of the
introduction of the UCC is the lowering of transport emissions due to the introduction of
the more sustainable scheme of transport, where the route from the UCC to a customer
was performed by CT [8]. In the presented study, the transshipment center (TC), besides
just storing the freights, also serves as a garage for bikes. To use UCC in the form of
containers and truck-trailers was offered as an option in one study [27]; the proposed
solution led to a notable decrease in travel distances and annual emissions of local CO2.
Additionally, the authors of the manuscript [30] underlined the considerable role of UCC
in pollution reduction; however, they pointed out that the large cost is the biggest obstacle
for implementing such centers.

Besides focusing only on UCC, some studies are devoted to an exploration of the
cycling infrastructure. For instance, a field experiment that was carried out using two CB
was a subject of the research [40]. The authors observed bike deliveries performed on the
pre-planned routes with aim of examining of quality and affordability of the bike lanes,
road traffic threats, etc. As a result, attention was drawn to the poor bicycle infrastructure,
the necessity of the thorough choice of the fleet, and the huge role of the policymakers
in the sustainable shift. Similarly, by exploring a free CB-sharing system, the authors of
the research [2] highlight the importance of extensive cycle infrastructure for the wider
adoption of CBs. Likewise, the focus on bicycle paths as a basic need for the green mode
shift was highlighted in the paper [37]. As a result of the literature review and surveys
with representatives of the logistics industry, attention was drawn to the key role of interest
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groups and private businesses as well as the influence of municipalities on the sustainable
development of the cities.

There are not many ways researchers can obtain data for the studies in the trans-
portation area. The most common method is to conduct interviews and surveys; another
more difficult procedure is gaining information from transport organizations (oftentimes,
such data is protected by the confidentiality agreement and cannot be openly displayed).
Furthermore, some perform field tests or observations or use GPS tracking data; others use
knowledge from the literature or previously developed projects. The pie chart in Figure 1
shows the proportion of the data sources that have been used in the scientific papers cited
in this article.

Figure 1. Rating of the most frequently used data sources.

The data represented on the graph illustrates that most researchers collect information
from surveys, interviews, and workshops (nearly 30%). The second most popular position
is shared by parcel delivery companies and scientific literature and projects (each of
these sections gained approximately 20%). Slightly fewer papers refer to such sources as
observations (a little more than 15%). However, GPS, GIS, and maps were used only by a
small percentage of authors (about 7%), and the smallest segment is represented by studies
for the implementation of which data from pilot projects were used (3.6%).

The described results demonstrate that data are mostly collected through question-
naires and surveys; thus, such information is often biased. Moreover, there is clearly a
lack of works based on practical experiments and cooperation between the private sector
and scientific institutions. On the other hand, we can observe the wide engagement of re-
search and development projects that aim the popularization and expansion of sustainable
mobility solutions in the urban areas.

Such projects demonstrate the potential, possibilities, and prospects of environmen-
tally friendly transport to be adapted and implemented by the private sector, researched
by scientists, and promoted among the public. Among recently implemented or started
projects, the following ones should be listed:
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• Ich ersetze ein Auto (I’m replacing a car) [55],
• SMILE [12],
• STRAIGHTSOL [12,19],
• Pro-E-bike [17],
• CycleLogistics [42],
• Ich entlaste Städte (Taking the load off cities) [44],
• Freie Lastenräder [2],
• LCL (Low carbon logistics) [40], and
• LEVV-LOGIC [39].

For the last years, the market of cycle logistics has grown rapidly. Large logistics
companies adopt sustainable business models, take part in various pilot projects to test
possibilities of green means of transport, cooperate with municipal authorities and non-
governmental organizations, and provide data for the research. Some of these operators
are TNT [8,17], EBC, GKC [17], DHL [17,50,51], GLS [17], UPS [18,50], FedEx [50], Hermes,
Gnewt Cargo [41], CEP [8], and PonyZero [23].

Deliveries of freights by bicycles are performed in many urban areas around the world,
although a study of the scientific literature of recent years has shown that most research
on CB activities was conducted in the USA in such cities as Seattle, Austin, New York,
Portland, and others. Germany comes second with six heavily researched cities. Slightly
fewer articles were detected in Poland. The further ranking is shown in Figure 2.

 

Figure 2. Geographical distribution of studies dedicated to CB issues.

In summary, most scientific papers attribute such main advantages of cargo bicycles
as their environmental friendliness, compactness, accessibility, safety, and efficiency in
urban conditions. However, it is necessary to pay attention to such features as their limited
size, capacity, and speed, and, most importantly, to the working conditions and associated
risks for the person operating such a vehicle.

3. Approaches to the Improvement of Business Strategies of Logistics
Service Providers

Despite the obvious benefits of using zero-emission alternatives in city logistics, regard-
less of the eventual readiness of local authorities to put into action sustainable solutions, the
decision-making process largely remains to the transportation service providers and their
customers. Moreover, in many cases, such organizations show hesitance and a negative
attitude to the introduction of green innovations [41,46,56]. Whereas the implementation
of new strategies entails additional costs for the private sector, it is essential to consider
such indicators as investment, operating costs, and other costs incurred by the company,
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although some researchers indicate such investment as beneficial, with return for the
business [49]. However, authors of publications [6,7,17,37,41,57] emphasize the crucial
role of the city authorities in influencing the implementation of effective green schemes.
Such influence could be realized through policies, regulations (e.g., limitations of delivery
hours, initiation of pedestrian zones, increase of penalties, etc.), and long-term planning.
Additionally, the significance of pilot projects in the encouragement of the modal shift to
environmentally friendly transport was pointed out in works [17,37].

For instance, city municipalities, transport operators, and eco-logistic and car-parking
companies became the participants in the pilot project, which was examined by the authors
of the work [12]. In the presented study, two electrically assisted tricycles along with
transshipment points were used in two cities for performing parcel transportations for
last-mile deliveries. Authors evaluate criteria concerning various spheres: economic,
transport operations and energy, environmental, and social area. The outcome underlines
the importance of contemplating the parameters of the study region and the crucial role of
the cooperation between all the stakeholders of the transport system. Another pilot test was
the subject of the study [17]. Through extensive research on big companies’ (participants
of the pilot project) operational practices, the major misconceptions about CB efficiency,
load capacity, and reliability were identified. In addition, the environmental and economic
effects of using CB were introduced through the evaluated savings of CO2 emissions and
energy costs.

Even though most research results indicate a significant positive economic, environ-
mental, and social consequence from the implementation of cycle logistics, the authors
of the paper [18] did not achieve any noteworthy outcome in reducing costs and emis-
sions. The presented work describes the analyzes of the pilot test, in which one of the
delivery variants included ECT. However, the general authors’ remarks regarding the use
of alternatives were positive.

Another research that was based on a cargo cycle trial project presents a model that
could be practically used by decision makers [44]. The purpose of the experiment was a
comparison of the travel times between vans and CB that perform distribution of goods in a
public space in a mixed-fleet scheme. The estimated results for the option with substitution
of 50% of traditional vehicles by bikes pointed out that expected delays in deliveries by
CB would not exceed 10 min. Moreover, the replacement of 90% of motor vehicles would
not result in delays of more than 20 min. Such promising outcomes could contribute to
companies’ decision to move to sustainable transport.

One more work, which was based on a real-life project, provides information on
the competitiveness of clean transport mode in urban logistics [55]. A thorough socio-
demographic overview was carried out on one of the main representatives of the decision-
making group, individual messengers. The research provides a glimpse on indicators that
could prompt the adoption of new technologies, such as the raise of awareness through
arranging advertisement campaigns, field tests, and other forms of social informing.

Searching for an effective solution, numerous studies analyze the benefits and im-
plications of different cooperation strategies that could be adopted for sustainable urban
transportations, such as the estimation of a green delivery concept of using MD in combina-
tion with ET [19]. The authors applied the methodology multi-actor multi-criteria analysis
(MAMCA) for the decision-making evaluation of six scenarios. Besides, the environmental,
social, transport, and economic impacts were examined. As a result, the most significant
effect was obtained in decreasing of emission level. However, the delivery time slightly
dropped, and operational costs turned out to be twice higher than during the traditional
transportation process. However, the confirmation of the greater cost-effectiveness of
EACB over trucks was achieved in the cost-function comparison model for four transporta-
tion scenarios, developed by the authors [50]. Beneficial results showed the scenario in
which the deliveries were performed by electrically assisted CB (ECB) over short distances
from the distribution center. The research on the integration of green solutions into the
traditional transportation business model is presented in [20]. Authors indicate the lack
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of studies dedicated to the adaption of zero-emission schemes by the main participants
of the delivery system, international courier delivery service providers. The GUEST (Go,
Uniform, Evaluate, Solve, Test) business methodology was used for the analysis of the
supply system from the business and operational angles. Further, the decision-support
system (DSS) was developed for the evaluation of different supply scenarios. As a result,
savings in CO2 emissions were achieved in the green operational scheme. However, the loss
of efficiency by traditional service providers emphasizes the need for a holistic approach
while implementing sustainable concepts.

In addition, the effectiveness of transportations is largely influenced by the productiv-
ity of selected means of transport. For instance, to choose the most suitable electric bike
on the market, the authors applied the multi-criteria decision-making model COMET [58].
Evaluating such criteria as battery and engine parameters, speed, driving range, gear
characteristics, price, etc., the comparison of ten EB models was conducted considering the
condition of incomplete knowledge. The proposed model could be freely used in practice.
Furthermore, the efficiency of cycle deliveries varies seasonally. The dependency of the
CB productivity on the cold season was analyzed by [29]. Results indicate a decrease in
the bike’s average speed by approximately 30%. Additionally, the authors highlight that
overall effectiveness could be increased by the improvement of working conditions of
bicyclists and winter-specific bicycle maintenance. No less important is the arrangement
of the consolidation centers, which could provide the opportunity to warm up and get
technical support.

The extensive research through the interviews and consultations with the business
owners was conducted by the authors of the paper [46] for defining the most influential
conditions for the suitability of LEV for innovative urban logistics. Among other things,
the necessity of using transshipment points as well as thorough planning of a mixed
delivery fleet was strongly emphasized in that study. Similar research on the ability of CT
to compete with diesel vans was presented in the paper [47]. The results of the evaluation
of logistics and cost minimization models clearly indicate the effectiveness and suitability
and applicability of CB services in the sustainable goods movement.

4. Transport System Modelling Approach

Using TSM as the first phase of the analysis of transport impact on the environment is
a common practice. In such an approach, at first, the transportation network is inspected:
the characteristics of the research area are explored (infrastructure, terrain properties); fleet
composition, traffic volume, and speed are examined. Afterward, the output parameters
from the TSM can be used as input parameters for the transport emission modeling.

In many cases, advanced TSM use subsystems that describe the rational behavior of the
transport system entities. Such subsystems are often based on the Vehicle Routing Problem
(VRP) algorithms. For instance, in the paper [21], the Two-Echelon Capacitated Electric
Vehicle Routing Problem with Time Windows and Partial Recharging (2E-EVRPTW-PR) was
proposed for the last-mile logistics for exploring the possibilities of clean transport modes
(ECB and e-vans). The authors emphasize the effectiveness of such a two-echelon scheme,
where ECBs perform the deliveries inside the restricted city area after the cargos were
delivered to the micro depot by the e-vans. Similarly, obtaining synchronization between
CB and traditional vans with a transshipment point near the city center in the two-echelon
supply scheme was a purpose of the research [22]. Through the analysis of different delivery
scenarios, the authors presented the algorithm, based on the GRASP metaheuristics (Greedy
Randomized Adaptive Search Procedure), which aims to assist in a decision-making
process while determining the most optimal solution for the distribution process. Another
decision-supporting system that combines the business management tool Odoo with the
route optimization technique and that is based on the Vehicle Routing Problem with Time
Window (VRPTW) was introduced in the study [23]. Analysis of the collaboration of zero-
emission vehicles transporting cargo less than 5 kg with conventional means of transport
shows reduction of CO2 emissions up to 14 tons per year. The system that assists food
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deliveries by CB was designed by the authors of the research [24] for connecting producers,
distributors, consumers, and carriers. As the result, the beneficial results of delegating
fresh food transportations in urban zones to the CB with IoT were noted.

Determining the optimal composition of the transport fleet by analyzing various
alternatives of distribution schemes is exactly the problem that could be resolved using
simulation modeling. Thus, authors of the study [52] pursue the exploration of different
delivery scenarios that include small-sized electric vehicles (SEV) that replace vans in
varying proportions. The simulation procedure was implemented in the AIMSUNG
program. The optimal attainable rate that leads to costs, energy, and emission savings
would be the 10% scenario, due to which it is possible to achieve a 3.6% reduction of CO2.
However, the positive effects of using SEV are shaded by the unwanted private sector
risks and additional costs. Another simulation system for comparison of two operational
schemes (where deliveries are performed only by trucks or by CB with mobile hubs)
is presented in the paper [59]. Considering the varying characteristics of demand, the
evaluation of some key transport efficiency indicators was performed. As the outcome of
the CB delivery variant, the notable reduction (by nearly 150 deliveries per km2) in vehicle
distances and times traveled was achieved.

Different route and supply characteristics were examined in the research [50] to
ascertain the conditions for the most efficient performance of CB compared to conventional
trucks. The scheme, located near where the UCC clients were served by ECB, turned out
to be more cost-effective than the one with deliveries by trucks. Likewise, the supplies by
the ECB over short distances (about 2 km) were evaluated by the authors of the study [36].
The calculation of the optimal number of emission-free vehicles, which could substitute
traditional vans in the city districts without reducing the efficiency of the initial system,
was conducted using the micro-simulation software AIMSUN and the fuel consumption
Well-to-Wheel approach. The results reveal that replacing 10% of vans brings beneficial
results for all the stakeholders of the innovative distribution solution.

The research [9] suggests the model for reduction of GHG emissions along with
operational costs by combining delivery trucks with zero-emission vehicles, ECB. Applying
Heterogeneous Fleet Vehicle Routing Problem (HFVRP) in conjunction with the Tier-
1 method for emission evaluation, the authors seek to achieve the optimal proportion
between bikes and trucks in the mixed delivery system. The obtained most favorable fleet
scheme with 29 trucks and 9 ECB showed the costs lowering by nearly 14% and carbon
emissions by 10% compared with the scheme with a fleet of only trucks.

Integrating CB into urban operational scenarios was the objective of the study [45].
A developed GIS-based simulation tool aims to support the planning process while de-
signing alternative distribution patterns that include CB and TP. In addition to the route-
simulation feature, implemented with help of AnyLogic software and Capacitated Vehicle
Routing Problem with Multiple Depots (MDCVRP), the presented system has function-
ality for calculating the economic and environmental impact of the examined network.
Similarly, the research on different variants of delivery scenarios using the simulation
approach presents the evaluation of operational and external costs of different distribution
concepts [56]. The outcome shows that a scheme that includes 10 to 25% of self-pickups
plus CB deliveries (performed from DP) is beneficial and can notably reduce external costs
of LSP (nearly by 30%).

Almost no modern, efficient urban logistics solution can function without UCC. Such
concept of providing facilities close to the core of the city is especially useful in case of
using small or light modes of transport for last-mile distribution. Therefore, to incorporate
consolidation centers into the operational scheme, the whole set of methods must be
implemented, such as localization and capacity planning, synchronization, scheduling, and
others. Thus, the authors of the publications [5,26] used the computer simulation approach
for determining the location of loading hubs near the city area with traffic restrictions. The
proposed freight delivery model, which is based on the simple Facility Location Problem
(FLP), was implemented in Python programming language, and considers the stochasticity
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of the demand for transport services. Likewise, the authors of the paper [28] were engaged
with the problem of establishing positions for micro depots and developed DSS aiming to
study different transportation scenarios to reduce total operating costs as well as negative
impact on the environment. The question of optimization of the delivery schemes in a
city center by effectively situating parcel depots and route planning was examined in
the paper [27]. As the main instrument for the implementation of Pickup and Delivery
Problem with Time Windows (PDPTW) and location-allocation tasks, the ArcGIS software
was chosen.

The problem of minimization of overall transporting costs while considering the
stochasticity of the process was a goal of the work [54]. The authors explored a 2-Echelon
Vehicle Routing Problem (2EVRP) with synchronization, where deliveries on the first
echelon were performed by vans, and the CB (as a second echelon vehicle) served customers
starting from the depot points. Moreover, an interesting concept of transshipment points
was proposed: using satellites for synchronization between vans and bikes for loading and
unloading operations.

The transport network mathematical model that considers the stochasticity of the
demand for transport services was suggested by the research [25]. The open-source library
for performing simulations of the delivery system is designed with help of the Python
programming language and could be used for analysis and optimization of alternative
distribution variants and particularly for implementing CB delivery scenarios. A closely
related problem of modeling a new delivery scheme that integrates CB with micro depots
(MD) into an urban transport network was presented by the work [51]. The simulation of
two supply variants (by traditional vehicles and by CB) was performed in the open-source
framework MATSim. Results indicate the significant reduction in total transport costs as
well as emissions due to the use of CB.

The complex problem was examined by the authors of the paper [30]: first, they
search for the UCC localization, and further, the optimal routes and fleet composition are
determined with help of the Multi Depot Vehicle Routing Problem with Heterogeneous
Fleet (MDHFVRP) and Genetic Algorithm (GA). The research proposes using a UCC
sharing system for minimizing operating costs and achieving a positive environmental
impact through the adaptation of sustainable vehicles, CB, and electric vans.

Exploring a case study in which postal delivery vehicles were substituted by CB,
authors attempt to determine the economic effect of such modal shift [48]. Analyzing three
different areas of the city and several variants of zero-emission vehicles and considering
consolidation centers, the model of transport network was implemented using a Capaci-
tated Vehicle Routing Problem with Time Window (CVRPTW) and simulation programs
MATSim and jsprit. The proposed model points up the competitiveness of cargo cycles in
terms of cost-saving perspective for the LSP and could be used as a city planning tool.

Table 2 highlights algorithms and software that are often used for modeling delivery
systems with CB as a means of transport.

Table 2. Approaches to modeling systems of delivery by means of CB.

Methodology Used Tools Features Source

Algorithms

HFVRP Java, Simulated Annealing determining mixed-fleet size [9]
2E-EVRPTW-PR CPLEX 12.10 DSS: synchronization task [21]

VRPTW
Monte Carlo simulations DSS: module for geo-referencing the data [20]
Java
Odoo

DSS: trips creation module
DSS: business management framework [23]

2EVRP GRASP, C/C++ synchronization between CB and vans [22,54]
PDPTW ArcGIS finding optimal routes from MD to client [27]

MDHFVRP GA UCC localization, route, and
fleet planning [30]

MDCVRP AnyLogic multimodal delivery model using CB [45]
CVRPTW jsprit delivery network modeling [48]
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Table 2. Cont.

Methodology Used Tools Features Source

FLP Python defining the loading hub location [26]

Clarke–Wright
Savings algorithm

Python
determining delivery routes

[25]
MATLAB [45]
- [56]

Software

Android application C#, MySQL system for food delivery [24]

Maps

Google Maps API travel time estimation [44]
georeferencing the routes [20]

Google Maps navigation API DSS: clients management module [23]
Google Maps Distance
Matrix API trip distances [7]

OpenStreetMaps

infrastructure data, client’s localizations [51]
visualization, distance-matrices [45]
simulation graph [33]
road network data [27]
trip duration [56]

TSM software
MATSim

exploring different delivery scenarios [48]
simulation of transport system [51]

MAINSIM simulation of different traffic
configurations, CO2 emissions [33]

AIMSUN simulation of different fleet variants [36,52]

GIS-based
ArcGIS + Visual Basic traffic performance measures calculation [11]

CyberGIS coupling of MAINSIM and
SCIPUFF models [33]

The wide range of tools and software presented in Table 2 is evidence of the big
number of problems to be solved when optimizing the delivery systems that use CB as
a means of transport. On the other hand, here appear the key questions that should be
answered to choose the proper model for estimations of CB impact:

• Which optimization problems should be solved while simulating the process of deliv-
ering goods by bikes so that the behavior of a transport operator would be adequately
considered in the simulation model?

• How much would the consideration of the transport operator’s behavior in the model
affect the results of estimations of the CB impact on the environment?

The answers to the listed questions should be obtained at the stage of developing the
structure of a simulation model to be used for assessing the impact of CB.

5. Methods for Evaluation of Sustainable Transport Impact on the Environment

The analysis of the scientific literature clearly indicates the lack of studies on the
environmental impact of sustainable delivery systems. There are, however, many works
that implement various transport emission or dispersion models for evaluation of pol-
lution caused by activities of traditional means of transport [33,35,60,61]. Thereafter, by
modeling alternative scenarios and comparing the results, the question of how different
transportation concepts would affect the environment could be answered [8,11].

Another equally important indicator of sustainable city development that is affected
by transport is noise. Road-traffic noise models aim for the evaluation, management,
prediction, and, eventually, the reduction of the sound power and involve such parameters
as area information and traffic characteristics (acceleration, speed, and volume). Among
the different approaches to noise modeling can be found the regression analyzes [32] and
such noise emission models as FHWA, NMPB, ASJ-RNT, Imagine [62], and others.
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Vehicle-related pollutants are divided depending on their source: exhaust emissions
are produced and discharged by the internal combustion engine and fuel evaporation,
and non-exhaust emissions are related to vehicle clutch and breaks, tire, and road wear
abrasion. The composition of the exhaust emissions mainly includes carbon dioxide (CO2)
and monoxide (CO), nitrogen oxides (NOx, NO, NO2), volatile organic compounds (VOC),
particulate matter (PM), nitrous oxide (N2O), ammonia (NH3), persistent organic pollutants
(POP), and metals. Non-exhaust emissions mostly consist of PM.

Moreover, another pollutant associated with vehicles is mineral dust, which spreads
from the roads and streets surfaces by traffic or wind. Mineral dust, which consists mainly
of silica (SiO2) and corundum (Al2O3), sucked in with the intake air by the motorized
vehicle engine, causes accelerated wear of engine parts. However, the engine could be
protected by using high-efficient air filters [63,64] that contain elements made of pleated
filter material (cellulose, cellulose with polyester, or with a nanofiber layer). Such filters are
characterized by high filtration efficiency, which is over 99.5% [65,66].

The evaluation of the road transport impact on the environment can be performed
using many different tools and approaches. Transport emission models vastly vary from
the most popular in the EU countries, COPERT methodology, applied for composing of
yearly emission inventories, to EMISENS, IVE, MOVES, HBEFA, VERSIT+, PHEM, MO-
BILE, and others. Such models allow estimation of the level of discharged emissions near
the source. Instead, transport and dispersion models (T&D), also called air quality or
atmospheric dispersion models, determine the spread of pollutants in the atmosphere and
their concentrations at different locations. For the most part, these models are based on La-
grangian, Eulerian, or Gaussian plum models, such as OSPM, SCIPUFF, CALINE, STREET
5, FLEXPART, EPISODE, and others. The extensive literature review on a sequential usage
of models for determining the air and water pollution caused by road transport can be
found in the publication [67].

The main concept for estimation of transport emission is the multiplication of emis-
sion factors with respective activity data for different types of vehicles. Emission factors
are laboratory-obtained measurements (via comprehensive vehicle tests) that depend on
the driving behavior (acceleration, speeding, and braking), vehicle categories, Euro class,
road, and traffic characteristics. In some cases, the approximate approach for the evalu-
ation of CO2 levels could be applied [27]. According to such a method (passed by U.S.
Environmental Protection Agency), a liter of burned diesel fuel is equal to 2.66 kg of CO2.

Emission models differ depending on the input parameters:

• vehicle fuel consumption,
• traffic volume [34] and composition [61],
• meteorological data [34],
• vehicle driving characteristics (speed, acceleration) [35],
• fleet composition (types of vehicles: size, fuel, evaporation, and exhaust control

systems) [35],
• infrastructure (road map, speed limits) [61], and
• emission factors [61].

The spread of pollution in the atmosphere is mostly affected by the intensity of the
source and meteorological conditions, such as wind strength, temperature, and humidity.

Data for dispersion modelling may contain:

• source parameters [33,61],
• composition of transport network [33],
• terrain characteristics [33], and
• meteorological conditions [33,61].

There is the recent tendency to develop fully integrated models by joining TSM for sim-
ulating vehicle activities with EM or T&D for determining or predicting the environmental
effect caused by traffic [34,35,67].
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For instance, the integrated simulation model that combines mesoscopic TSM, cre-
ated with the use of FlexSim software and the regression model for evaluation of NO2
concentration was proposed by the authors of research [34]. Such a system predicts the
amount of pollution in the atmosphere depending on seasonality and the fleet composition.
This approach could be used for the examination of different sustainable traffic variants to
improve the ecological condition of the city district. Another integrated traffic-emission
computation system was presented in the research [35]. After connecting TSM, imple-
mented in Paramix system, with relational MS Access database, authors then added the
emission calculation module based on the IVE model. The presented approach was further
tested and is recommended for the estimation of traffic-related pollution. Furthermore,
the combination of several methodologies, such as road transport emission EMISENS
and evaluation of pollutants dispersion, has been proposed in the paper [61]. Assessing
different pollution-reduction scenarios for black carbon (BC) and NOx, the researchers
indicate that eliminating 10% of the biggest emitters will lead to a significant reduction of
the pollutants (nearly 35% of NOx and 16% of BC daily). The analyses of the impact of
different compositions of the conventional transport fleet on the pollution dispersion in the
atmosphere by combining several models were carried out by the researchers in [33]. Micro-
scopic TSM, developed in the MAINSIM program, enables to determine the level of emitted
by traffic emissions due to its built-in module. Further, a gas-dispersion module was im-
plemented using the SCIPUFF model. The combination of both modules was performed
using the CyberGIS framework. Authors present how to analyze and make predictions on
the atmospheric pollution behavior depending on the traffic and meteorologic factors.

Investigation of the possibility of changing the transport system and the following
possible environmental consequences is of interest to many authors. For example, the
comparison of several operational scenarios to determine the difference in the resulting
level of pollution was performed in the work [68]. The variant with transportation by ECT
showed five times fewer emissions of CO2 compared to the option with diesel vans.

The suggestion to reduce the movement of heavy and light foods vehicles through the
adoption of new delivery strategies that implement UCC outside the city together with
the substitution of main emitters with electric vehicles is presented in the research [31].
The transport network model for the study was developed in AIMSUN microsimulation
software and further transport emissions were evaluated. The quantification results point
to the main pollutants, heavy vans, responsible for 13.8% CO2, 43.7% of NOx, and 9.2%
of PM from the total amount of emissions. For the study [7], the delivery data of a
large platform provider were used to determine operational characteristics and amount of
GHG emissions from on-demand deliveries performed by car, moped, and bike. Such an
approach could be taken into consideration for comparison of different fleet compositions
and justification for the introduction of clean modes of transport into the meal-delivery
industry. The substitution of conventional vans by the ECT was examined by the authors
of the paper [8] using real-world data. Results indicate the crucial savings in CO2e: more
than 95% and nearly a third in operating costs savings, which confirms the competitiveness
of clean freight-distribution strategies. Research [11] evaluates traffic parameters and
their environmental impact for the comparative analysis of different good movement
modes: CB and motor vehicles. Using ArcGIS and Visual Basic, the traffic performance
characteristics were calculated. Furthermore, the GHG and vehicle emissions evaluation
was implemented with help of the MOVES model. Consequently, the high competitiveness
of CB in transporting light freights over short distances was denoted by the outcome.

Instead of focusing only on determining the levels of CO2 emitted by transport, the
authors of the manuscript [60] emphasized the necessity of evaluating the concentrations
of local pollutants (CO, NO2, hydrocarbons, and PM). Using the approach that is based
on the Gaussian plum model and the data achieved from the radar detectors, researchers
determined amounts of NOx and CO distributed near the road segment. The highest level
of pollutants was observed at a distance of 20 m from the road.
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The methodologies for determining the level of noise caused by transport have a
similar approach: they mainly depend on studied area characteristics as well on traffic
data. The significant impact on a noise level has the congestion, vehicle acceleration,
average speed over time, and the number of stopped vehicles [62]. Besides standard
input parameters (traffic speed, volume, and width of the road surface), authors of the
research [69] included honking into their noise model, which was based on the graph-
theoretic approach. The study [32] focuses on the prediction of the noise level in the
city area: using the regression modeling technique, the authors analyzed the influence of
such urban parameters as street geometry and location and traffic characteristics on the
noise level.

Table 3 summarizes the approaches to the estimation of the sustainable transport
impact used by the authors of recently published papers.

Table 3. Approaches to the estimation of the environmental impact of transport and corresponding tools.

Source Main Concept Description Tools

[7] Estimation of emissions based on
analytical models

comparing emissions of CB, mopeds, and
conventional cars in meal deliveries analytical model

[11] Traffic performance characteristics + emissions comparing CB and motor vehicle traffic
effectiveness

ArcGIS +
Visual Basic +
MOVES

[33] Integrated model: TSM + emissions + dispersion assessing impact of different traffic patterns
on air pollution

MAINSIM + SCIPUF +
CyberGIS

[34] Integrated model: TSM + simplified air pollution predict NO2 concentrations FlexSim +
regression model

[35] Integrated model: TSM +
vehicle emission computation computation of hourly vehicle emissions Paramix +

MS Access + IVE

[61] Integrated model: traffic
emission + dispersion

tests of several schemes of the emission
reduction EMISENS

As can be noted from the descriptions in Table 3, to estimate the emissions reduction
as an effect of using CB, the commonly applied are combinations of different tools. That is
explained by the lack of conventions on what to measure and how to estimate the results.
The ambiguity of measures of the sustainable transport impact may be also observed in
Table 4, which summarizes the results of the studies dedicated to the estimation of road
transport’s negative influence.

For various technological solutions listed in Table 4, the results are measured in terms
of costs and emission savings. However, the lack of uniformity in the type of used indicators
makes the comparison of achieved results practically impossible. As the indicator for costs
reductions, operational costs are the most frequently used parameter; however, energy
costs, external costs, or delivery costs are used by researchers. This ambiguity also refers
to the emission savings indicator: although the carbon dioxide equivalent is the standard
parameter to estimate the reduction of emissions, other indicators are also used additionally
to characterize the impact.

Table 4. Parameters achieved by estimation of the various delivery concepts aiming the reduction of the environmental and
operational impact.

Source Technological Solution
Effects

Costs Reduction, Nearly Emission Savings, Up to

[6] Using CB instead of trucks €0.76 M per year CO2: 1.7 tons/day
[8] Replacing diesel vans by ECT operating costs: 31% CO2e: 97% per year
[9] Mixed fleet: CB + vans average 14% CO2: 10%

[11] Comparing CB replacing vans - CO2: 11 metric tons; PM2.5: 0.5 kg
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Table 4. Cont.

Source Technological Solution
Effects

Costs Reduction, Nearly Emission Savings, Up to

[17] Comparing alternatives: van, e-van,
and LEV

energy cost:
€0.9–11.0 per day CO2: 1.7–21 kg/day

[19] Impact of scheme ECB + MD punctuality drop on 7% CO2: 24%; PM2.5: 99%

[20] Comparing 5 alternative
operational scenarios operational and environmental costs: 30% 14 tons per year

[23] CB transporting cargos < 5 kg - CO2: 14 tons per year
[27] Logistics system: CB + ECB + MD - local CO2: 20 tons per year
[36] Replacing 10% of traditional fleet external costs: 25% CO2: 73%
[51] Deliveries for commercial clients by CB delivery costs: 28% 22%
[52] Replacing 10% of vans by LEV operational costs: 90% 3–4% of energy and CO2
[56] Delivery concept: self-pick-up + CB + DP operational costs: 30% -
[61] Eliminating 10% of emitters - BC: 39%; NOx: 16%

[68] Comparing deliveries: by ECT vs by
diesel vehicles - CO2e: 51–72%

6. Conclusions

Cargo bikes are an environmentally friendly means of transport. However, their use
in commercial delivery schemes, besides obvious advantages, has some restrictions related
to relatively small capacity and low delivery speed. The conducted literature review shows
that the most preferable use of CB is last-mile deliveries in the cities, especially in districts
with traffic restrictions and a high density of the population.

Logistics service providers extensively use CB in real-world solutions. However, the
implementation of this technology needs complex actions of the authorities; besides, they
are often initiated by active citizens and non-governmental organizations. To implement
the delivery scheme that uses CB, the methodology for transportation planning should be
chosen and the appropriate zero-emission fleet should be selected, but also the effect of
these changes should be substantiated in terms of operational costs (from the point of view
of LSP) and emissions reduction (for city authorities and residents).

To estimate the effect of using CB for last-mile deliveries, simulations of the trans-
portation process are usually performed. The completed review of algorithms and software
used for the optimization and simulations of cargo deliveries by bikes shows that there
is a variety of tools available that allow solving the specific problem (routing, optimizing
hub location, scheduling, etc.). However, there is no dedicated instrument that estimates
the resulting technological parameters of the process of goods deliveries by CB (e.g., the
covered distance and operation time). Such a tool would be indispensable for transport
planners and city authorities when substantiating the emissions reduction due to the use
of CB and assessing the corresponding operational costs.

Existing approaches to the evaluation of transport impact on the environment allow
assessing in detail numerous indicators. A tool that is dedicated to the assessment of
emissions reduction for technological schemes with CB as a means of transport must
provide the possibility to check the results for CB comparing to other alternative servicing
technologies. For these, the aggregated indicator (e.g., CO2e) reflecting the environmental
impact of transport should be used to avoid ambiguous conclusions.

The above-mentioned features (i.e., the consideration of interests of all parties, the
assessments made based on the set of technological indicators, and the use of the aggregated
emissions indicator) should be addressed by the contemporary methodology for evaluating
the environmental impact of cargo bicycles.

As the direction of future research, the development of the simulation model for
the substantiation of positive environmental effects of CB must be mentioned. We plan
to test this model within the CityChangerCargoBike project while estimating the im-
pact of the CB use in the districts with restricted traffic of cities that are the project
partners—Krakow (Poland), San Sebastian and Vitoria-Gasteiz (Spain), Lisboa (Portu-
gal), and Dubrovnik (Croatia).
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Abstract: The aim of the research is to identify and quantify the direct sustainable effects resulting
from the improved road infrastructure in the local urban-port transport system. This case study
considers the city port of Szczecin (Poland). The effects are identified for the local road transport
system by comparing freight road transport performance in two options: with the investment and
without the investment. The sustainable effects are quantified in terms of money and physical units.
Sustainable economic, social, and environmental effects concern generalized freight road transport
cost, i.e., truck operating costs and costs of truck drivers’ working time, as well as freight transit
time, energy consumption, greenhouse gas emissions, and environmental savings. To capture effects,
the forecast of truck traffic demand, as well as unit vehicle operating costs, values of time, and air
pollution and climate change, values are elaborated and revealed in freight road transport. The
investigations show that the primary effect of investment is the reduced traffic congestion, which
enhance the velocity of trucks in the transport system. The increased trucks′ speed affect freight road
traffic performance, time of delivery, and environmental externalities.

Keywords: investment; impact; sustainability; energy savings; urban-port road system

1. Introduction

Relations between city and port are a dynamically evolving area of multifaceted
studies. After analyzing megatrends in the development of cities and seaports, the compet-
itiveness of port cities, and management of interactions at the interface between cities and
ports [1,2], studies have focused on the relations between road freight transport, facility
location, logistics, and urban form [3], as well as the interactions between seaports and
urban logistics [4].

The interactions between ports and their cities are subject to significant and dynamic
changes. It is no longer evident that well-functioning ports have a net positive impact on
the port–city interface [5]. The rapid growth of international trade (and resulting container
traffic) has imposed tremendous pressure on the intermodal transportation system. The
bottleneck of such intermodal chains has shifted from the ship–port interface to the port–
city interface [6]. New areas of tension in the relationship between ports and cities have
emerged as a result of conflicts over the environment, congestion, pollution, and other
impacts resulting from port-related traffic [7]. Transport congestion in port cities is a
crucial problem and results both from port-related cargo traffic and from the fast-economic
development of such cities [8]. The concentration and combination of port-related and
city-related traffic flows result in considerable congestion at port–city interfaces.

City-related road traffic includes passenger transport and freight traffic supplying
goods and serving businesses operating in the city and its surroundings, while goods traffic
is generated by seaports located in urban spaces. As a result, the urban road system must
cope with mixed passenger-freight traffic of high intensity and general road congestion.
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From a port perspective, road congestion raises travel times and fuel costs, lowers
the reliability of commercial truck operations, increases the risk of missed schedules, and
hinders efficient usage of port assets. From a city perspective, traffic congestion results
in reduced population mobility, loss of working time, and increased environmental costs,
which, overall, have a negative impact on social welfare [2].

The hinterland traffic of most ports is dominated by trucks, and it is truck traffic
that causes most of the congestion in and around port areas and generates most external
costs [9].

There are numerous quantitative methods of evaluation for public projects, such as
cost assessment analysis, standard cost model, cost-effectiveness analysis (ACE), cost–
benefit analysis (CBA), risk assessment, risk-risk analysis, and multi-criterion analysis
(MCA). To assess the sustainability of transport infrastructure projects, new integrated
methods of sustainability appraisal have been proposed [10], while the approach defined
as sustainability assessment with an incorporated set of predefined sustainable indicators
is emerging [11].

However, in the transport sector, cost–benefit analysis (CBA) and multi-criterion
analysis (MCA) predominate; the former is an advanced and standardized analytical
tool widely applied for social and economic appraisal of transport (road) infrastructure
projects [12].

A historical and cross-cutting review of the concept of sustainability [13] proves that
this is a multifaceted and still advancing phenomenon, although it was originally developed
based on the three pillars of social, economic, and environmental (or ecological) aspects
and is commonly represented by three intersecting circles with overall sustainability at the
center. In the absence of theoretical descriptions of the three pillars and solid foundations of
conception, the operationalization of sustainability and the distinction of social, economic,
and environmental aspects is the subject of pragmatic approaches and various solutions
applied by scholars and politicians.

In the transport sector, these three dimensions (pillars) of sustainability, namely eco-
nomic, environmental, and social, are the subject of elaboration in an overall economic
appraisal of transport intervention. Rigorous elaboration of transport appraisal practice
and advances in economic, environmental, and social impacts of transport sustainability
are presented in research [14–16]. Quantified sustainable effects are assigned a monetary
value and included in the cost–benefit analysis of transport investment projects. However,
these three dimensions of sustainability are mutually dependent and overlap each other.
Therefore, in the transport sector, the common distinction between economic, environ-
mental, and social aspects is as follows. Economic effects are investigated through the
transport user and transport operator benefits and changes in transport operating costs
and travel times. Environmental effects relate typically to environmental externalities such
as transport-related air pollution and greenhouse emission. The social dimension is mostly
streamlined to issues of transport congestion, traffic noise, and transport accidents.

Reviews on methodologies and measurements of the transport economics sustainable
effects are found in several studies [17–20], while issues of environmental and social
transport developments are extensively elaborated in [21–24].

These effects can be expressed in monetary terms and/or measured in physical units.
However, there are monetary values that allow for the coherent and consistently compre-
hensive appraisal of intervention and comparable assessment of magnitude and structure of
sustainable effects and hence evaluation of sustainable gains of the intervention. The latter
is of the utmost importance for policymakers in their decisions for public funding. While
making decisions, public agents must take into consideration a proper balance between
economic, social, and environmental outcomes of intervention. Additionally, they must
consider transport policy strategies goals and recommendations for limiting the effects of
global warming and reduction of emissions in the transport sector, sustainable develop-
ment of freight transport, socially fair transition towards low-emission, competitive, and
connected mobility [25–28]. While considering interrelations between seaports and cities
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from the sustainability viewpoint, it is underlined [29] that seaports have a considerable
impact on surrounding cities. There is an urgent need for cooperation between ports and
cities in all sustainable aspects, especially in the mitigation of road congestion [30,31].

Empirical findings on port-related road traffic flow developments are scarce. In [32],
some aspects of the relationship between road accessibility and port performance are
analyzed and the opportunities for freight flows bundling for neighboring EU ports and
their hinterland regions are investigated. For each transport mode, academics calculated
the generalized costs and focused on business models to identify bundling projects that
would lower the direct, generalized, and environmental costs of the contestable hinter-
lands’ connectivity.

In [33], a social cost–benefit research framework was developed for a large road project
to improve the hinterland links of the port of Zeebruges. The study presents findings on
economic benefits to the port region and the hinterland, and analysis concerned contestable,
long-distance markets, road transport, and feasible modal shifts induced by enhanced
hinterland access to the port.

The relations between road investment and the local urban-port road transport perfor-
mance have not been sufficiently investigated. Additionally, the effects of investment in the
port-captive hinterland have not been adequately addressed. There is a lack of evidence on
the sustainable effects of intervention in the port–city interface.

This manuscript fills these research gaps and elaborates the link between the provision
of road infrastructure and the sustainable effects in the port-related freight road traffic.
With the use of the cost–benefit concept, economic, environmental, and social sustainable
effects are measured in monetary terms and in absolute, physical units.

The main research problem addressed by this study is as follows.
What are the economic, environmental, and social effects in monetary and non-

monetary terms induced by the enhanced capacity of the port-urban road system?
Our study elaborates on the local urban-port road transport system in the (Baltic) port

city of Szczecin (Poland), and it concentrates on the captive market (first–last mile urban-
port road system) and the road freight traffic. The empirical analysis is performed with
the bottom-up approach. With the use of primary traffic measures, the long-term freight
road traffic forecast is elaborated in terms of interaction with other traffic types. The effects
of investment are identified by comparing transport performance in two scenarios—with
the investment and without the investment—while the analysis addresses freight road
transport performance as a result of the increased truck traffic velocity in the reconstructed
road transport. Next, as results of congestion mitigation in the local road transport system,
savings are quantified in terms of generalized freight road transport costs, in freight transit
time and in externalities.

This manuscript is structured as follows. Section 2 briefly outlines the case study.
Section 3 presents the materials and data used. Section 4 describes the research framework,
while in Section 5, inputs and parameters are presented. Sections 6 and 7 contain measure-
ments and results. Section 8 draws conclusions and discusses research limitations as well
as further research avenues.

2. Brief Outline of Port–City Interface

Szczecin is a city covering an area of 300.6 km2, located in northwestern Poland
in the West Pomeranian Province. At the end of 2017, the population of Szczecin was
403.9 thousand, and the average population density of the city was 1347 inhabitants
per km2. The Odra River separates the city into two parts, namely the Left and the Right
Banks. The basic transport routes in Szczecin are determined by the bisected layout of the
city centers on the Left and the Right Banks, which are connected by State Road No. 10
(DK10). Due to the location of industry (jobs) and schools on the Left Bank of Szczecin, and
the numerous housing estates on the Right Bank, there is a massive flow of people daily on
the east–west axis. The urban transport system with a marked course of DK 10 is shown in
Figure 1.
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Figure 1. State Road DK10 and port areas in the city of Szczecin. Source: Own study based on
www.openstreetmap.org (accessed on 22 June 2021).

The urban transport system is based on the main collector State Road No. 10 with an
aggregate of high-intensity traffic, mainly comprising (1) intra-city passenger traffic, pre-
dominantly individual cars supported by public transport (buses, streetcars); (2) passenger
cars and bus traffic connected with tourist transit; (3) truck traffic between Szczecin’s port
and its hinterland; and (4) truck traffic serving the needs of the city and businesses based
on the Left (western) Bank of the Odra River. Simultaneously, the DK10 is the main road
linking with the A6 freeway and the S3 expressway used by long-distance truck traffic to
and from the city and the port hinterland. All entry roads to the port reloading areas are
interconnected with the urban section of the DK10.

The port of Szczecin is located 65 km south of the Baltic Sea and is connected to it by a
waterway and located in the city. It is a universal port and the cargo volume of 9 million
tons per year qualifies it as a minor Baltic seaport. Poor maritime accessibility is the main
deficiency of the port. Recently, investments are being made to improve nautical access to
the port. This will enable the port to handle larger vessels and will also increase the cargo
handling capacity.

The subject of research is 17 roads and road sections in the local transport system,
with a total length of 9.812 km. The investment project consists of the reconstruction of
the infrastructure in the existing urban-port system of roads. The length of the roads
will remain unchanged, but they will be resurfaced, their axle load will be increased,
some sections of road will be widened, entrance/exit lanes will be reconstructed, the road
curvature will be reduced, entrance/exit ramps will be reconstructed, intersections will
be reconstructed or built, and, lastly, the number of parking spaces for trucks will be
increased. In Figure 2, the critical components of the urban-port road system planned for
reconstruction are displayed.
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Figure 2. Scope of intervention in urban-port road system. Source: own study based on www.
openstreetmap.org (accessed on 24 June 2021).

The modernized road system is scheduled to be operational from 2024, and the effects
of its improved capacity have been set for 20 years (between 2024 and 2043).

3. Materials and Data Used

Primary road traffic flow measurements in the urban-port road system in the port
city of Szczecin were made in line with the General Directorate for National Roads and
Motorways methodology [34], and motor vehicles included cars, vans, light vehicles, trucks
with and with out trailers, and buses.

Annual Average Daily Traffic (AADT) is the average number of vehicles passing a
given section of a road per day. It is calculated according to the formula:

AADTi =
MRi·N1 + 0.85·MRi·N2 + MNi·N3

N
+ RNi

where:

AADTi—Annual Average Daily Traffic of motor vehicles at the i-th road;
MRi—Annual Average Daily Traffic on working days (from Monday till Friday between
6 a.m. and 10 p.m.) on the i-th road;
0.85·MRi—Annual Average Daily Traffic on Saturdays and days before holidays (between
6 a.m. and 10 p.m.) on the i-th road;
MNi—Annual Average Daily Traffic on Sundays and holidays (between 6 a.m. and 10 p.m.)
on the i-th road;
RNi—Annual Average Traffic in the night (between 10 p.m. and 6 a.m.) on the i-th road;
N1—the number of working days within a year (in 2016, 252);
N2—the number of Saturdays and days just before holidays (in 2016, 53);
N3—the number of Sundays and holiday days within a year (in 2016, 61); and
N—the total number of days in a year (in 2016, 366).

The Average Annual Traffic (AAT) is a product of AADT multiplied by 365 days.
When calculating the individual transport effects, the engineering relations between

the speed and traffic flow were applied. The engineering relationships between speed
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and (road) traffic flow was derived from the “Instruction for Assessing the Economic
Efficiency of Road and Bridge Projects—Verification of the Research Method According to
EU Recommendations and Update of Unit Prices as of 2007, Part II, Tables of Speed” [35].

The relationships include the vehicle traffic speed depending on the type of roads
(urban double or single carriageways), their cross-section (width of the road), and their
traffic flows measured by the number of vehicles passing urban road section per hour
(Figures 3 and 4).

Figure 3. Speed-traffic flow curves for urban single carriageways. Source: Adapted from “Instruction
for assessing the economic efficiency of road and bridge projects 2008”.

Figure 4. Speed-traffic flow curves for urban double carriageways. Source: Adapted from “Instruc-
tion for assessing the economic efficiency of road and bridge projects 2008”.

In the city-port transport system, the speeds of trucks were measured on a road with a
high level of technical wear and tear. The truck speed was measured on three road sections:
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the 396.5 m long section No. 1, the 280.5 m long section No. 2, and the 394.5 m long section
No, 3. A total of 34 truck transit time measurements were made, and then the average
truck speed was calculated. The estimated average truck speed was 15.58 km/h, which
corresponds to the speed on roads with a high degree of technical wear and tear.

As shown in the traffic flow tables (Tables A1 and A2), the average speed of vehicles
on the roads in good technical conditions was 35.4 km/h. By comparing vehicle speed
measured on roads with a high degree of wear and tear (15.58 km/h) with the average
speed of vehicles derived form the traffic flow tables (35.4 km/h), the speed correction
index (44.0%) was calculated for roads with high degree of technical wear and tear. The
speed correction indices for medium and low levels of road technical wear and tear were
obtained by enlarging the basic speed reduction index by 1/3 and 2/3, respectively, of the
remaining part that completed the index to 100%. The values of truck speed correction
indices depending on the degree of technical road wear and tear are depicted in Table 1.

Table 1. Truck speed correction indices depending on technical road wear and tear.

Average vehicle speed determined based on speed-traffic flow
relations—road in good technical condition 35.4 km/h

Average vehicle speed determined based on statistical
study—road in poor technical condition 15.58 km/h

Speed correction index for high level of road wear and tear 44.0%
Speed correction index for medium level of road wear and tear 62.7%

Speed correction index for low level of road wear and tear 81.3%
Source: own study.

Additionally, degree of wear and tear for each of the road/road section within the
city-port local transport system was estimated with corresponding truck speed correction
indices (Table 2).

Table 2. Degree of roads wear and tear estimation with corresponding speed correction indices.

Nr of Road/Road Section Road Type, Road Width (m) Degree of Road Wear and Tear
Speed Correction Indices

Due to Wear and Tear Degree

1 Dual carriageway 2 × 7.00 m Low 81.3%
2 Single carriageway 7.00–7.40 m High 44.0%
3 Single carriageway 7.00–7.40 m High 44.0%

4,5 Single carriageway 6.50–6.90 m High 44.0%
6,7 Single carriageway 7.00–7.40 m High 44.0%
8 Single carriageway 6.00–6.40 m High 44.0%
9 Single carriageway 7.00–7.40 m Medium 62.7%
10 Single carriageway ≥7.50 m Medium 62.7%
11 Single carriageway 6.50–6.90 m High 44.0%
12 Single carriageway 6.00–6.40 m High 44.0%
13 Single carriageway 7.00–7.40 m Low 81.3%
14 Dual carriageway 2 × 7.00 m Low 81.3%
15 Single carriageway 6.50–6.90 m High 44.0%
16 Dual carriageway 2 × 10.50 m Low, lowered bearing capacity 81.3%
17 Single carriageway 6.50–6.90 m Medium 62.7%

Source: own study.

In the forecasting works, we used GDP forecasts of the Ministry of Development
and Finance recommended for the Polish transport sector (Table A3). The GDP forecast
for 2019–2043 is expressed in the annual average constant prices as growth indicators
(calculated year-on-year, previous year = 100) and in corresponding values; however, the
economic impact of the COVID-19 pandemic is not considered. The GDP forecast was
applied for predicting truck traffic flow in the system.
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Both the developed traffic forecasts’ values of inputs and coefficients refer to the year
2019 as a base year for calculations. The sustainability effects are calculated for 20 years
(2024–2043). Accounts are made with a discount rate of 4.5%, with fixed prices from the
base year and without considering inflation in the analysis time horizon. Unit values of
monetized benefits are presented in net terms (excluding VAT).

4. Research Framework

The research framework of the sustainable effects induced by the capacity improve-
ment in the urban-port road system is depicted in Figure 5.

 

Figure 5. Research framework. Source: own study.

The analysis was carried out using the incremental method by calculating the net
difference in transport effects that appear in the two options: with the reconstruction of the
urban-port transport system (hereafter WI) and without the rebuilding of the urban-port
transport system (hereafter W0), i.e., in the incremental calculus (WI-W0). This approach is
commonly used when assessing the impacts of transport infrastructure projects [36–39].

The study concentrates on direct effects in the transport system as a consequence
of intervention [40–42]. Road infrastructure investments reduce distances, travel time,
and/or congestion. Direct benefits for transport operators and shippers are related to time
(time savings and reliability) and vehicles’ operating costs. Savings in operating and time
costs and thereafter in related externalities increase the surplus of consumers and hence
the welfare.

The main input in the research is the elaborated long-term demand for capacity
services of the local road transport system. With the use of traffic primary surveys, the
freight road traffic forecast is related to the growth of GDP, and prediction is made for truck
flow, i.e., trucks/day passing in the urban-port road system.

The average truck speed, shown in the traffic flow tables for the WI option, varies
depending on the road type and the change in traffic flow volume in each year of the
analysis. Thus, the average speed of trucks in the W0 option in individual years of the
analyzed period varies as well. Here, the average truck speed in option WI is multiplied
by the speed correction index selected depending on the degree of technical road wear
and tear.
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Considering the interaction between different types of road users, traffic flow intensity,
and technical wear and tear of roads, traffic congestion relief has been translated into an
increase in trucks’ speed.

Increases in trucks′ speeds affect traffic performance in terms of truck trip time (vehicle-
hours, v-hs), truck drivers’ working time (working hours, w-hs), road transport time
(tonnes-hours, t-hs).

In the economic calculus, we applied the notion of transport generalized cost, which
is widely elaborated in transport economics [43–48]. Limited to the main components and
related to freight road transport, the generalized transport costs are the sum of the vehicle
operating costs (VOC) and the value of time (VOT), which is limited to the value of drivers’
working time. Additionally, the valuation of externalities in terms of money has been
accounted for, but it is limited to climate change and air pollution costs.

To capture economic effects, values of time and truck operating costs, as well as
marginal external costs, have been validated in freight road transport. Next, as re-
sults of congestion mitigation in the local road transport system, savings in net terms
(WI-W0) are quantified for trucks operating costs, drivers working time, freight transit
time, and externalities.

5. Inputs and Parameters

5.1. Forecasted Truck Traffic

Road traffic forecasting has been a subject of numerous investigations. As per the
literature [49–52], the main forecasting aspects relate to prediction methods (parametric
or non-parametric), prediction horizon, prediction scale (single location, road segment,
whole or part of network), prediction context (urban, rural, freeway), predicted variables
as traffic flow (vehicles/hour), traffic density (vehicles/km), average speed, and travel
time [53]. It was concluded that there is no universal method that fits every situation better
than the rest [54]. In the context of our cost–benefit analysis, the freight road traffic forecast
is related to the growth of GDP and prediction is made for truck flow, i.e., trucks/day
passing in the urban-port road system. The long-term freight traffic forecast was elaborated
since investments made in road infrastructure have a long economic lifetime and a long
pay-back period.

The benefits of adding capacity to the road system may be reduced by the induced
traffic of passenger cars and freight transit. Determining this effect of road capacity
expansion is a complex problem and is concerned with interrelated system components:
transportation supply system, land use, accessibility, and travel demand. Based on a review
of the literature [55], we conclude that there are no empirical indications that added capacity
to the road system generates a significant volume of induced traffic. Additionally, the
benefits to port-related traffic may outweigh the negative effects of the induced commuters
and freight transit traffic [56]. Because of the complexity of the problem, the trip-inducing
effect of added road capacity is disregarded in the standard travel demand forecasting
procedure [57,58].

Estimated Annual Average Daily Traffic (AADT) on road sections was a basis for
a long-term prognosis of AADTs up to the year 2043. Forecasts of AADT were devel-
oped in the reference period for each road segment separately according to the following
equation [59]:

AADTk
i,t+1 = AADTk

i,t·
(

GDPt+1 − GDPt

GDPt
·Ek(GDP) + 1

)

where:

AADTk
i,t—Annual Average Daily Traffic for k-th category of vehicle in year t;

GDPt, GDPt+1—Gross Domestic Product in year t and t + 1 in constant prices from base

period, wherein GDPt+1−GDPt
GDPt

represents a relative increase in GDP in year t + 1 compared
to year t (dynamics indicator); and
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Ek (GDP)—elasticity coefficient for k-th vehicle category.

The annual average truck traffic forecast (AAT) was made as below:

AATi,t = 365 ·AADTi,t

where:

AADTi,t—Annual Average Daily Truck Traffic; traffic flow on the i-th road section in year t
of forecast.

When analyzing the relationship between road freight transport demand and eco-
nomic activity variables such as Gross Domestic Product, Gross Final Expenditure, index
of industrial production, as well as commodity sectors are under investigation [60]. For the
elasticity of freight transport demand in the UK with respect to the aggregate commodity
sector, values in the range from 0.72 to 1.49 were found [61], while in another study [62],
elasticity of freight road demand related to GDP was estimated at 0.66. In the research [63],
the elasticity of road haulage with respect to the index of GDP (for 11 EU countries for the
period from 1970–2010) amounted to between 1.0 and 1.2. As recommended [64], the elastic-
ity coefficient of GDP for trucks with trailers for Poland amounts to 1.00, and this elasticity
coefficient was used when predicting the truck traffic in the urban transport system.

The long-term prediction of truck traffic was made for every year in the forecasting
period and for each road out of a total of 17 roads and sections of road in the transport
system. Forecasting results limited to the first and last year of the prediction horizon are
depicted in Table 3.

Table 3. Forecasted truck traffic on roads in urban-port road transport system in the selected years of the forecasting period
(no. of trucks).

Number of Road/Road Section Year
Average Annual Daily Traffic Average Annual Traffic

AADT AAT

1
2020 8711 3,188,319
2043 13,299 4,854,223

2
2020 65,187 23,858,375
2043 101,393 37,008,450

3
2020 34,094 12,478,360
2043 52,404 19,127,597

4
2020 6203 2,270,454
2043 9352 3,413,373

5
2020 3608 1,320,572
2043 5471 1,996,761

6
2020 4054 1,483,846
2043 6274 2,290,049

7
2020 6973 2,552,014
2043 10,858 3,963,040

8
2020 7025 2,571,299
2043 10,921 3,986,067

9
2020 1083 396,529
2043 1541 562,576

10
2020 7014 2,567,032
2043 10,459 3,827,948

11
2020 7174 2,625,716
2043 10,938 3,992,338

12
2020 3014 1,102,975
2043 4661 1,701,364
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Table 3. Cont.

Number of Road/Road Section Year
Average Annual Daily Traffic Average Annual Traffic

AADT AAT

13
2020 3105 1,136,283
2043 3524 1,286,144

14
2020 467 170,949
2043 707 258,066

15
2020 5042 1,845,429
2043 5783 2,110,824

16
2020 906 331,665
2043 1962 716,254

17
2020 844 308,970
2043 1152 420,639

Source: own study.

5.2. Unit Truck Operating Costs (VOC)

Vehicle Operating Cost (VOC) of trucks includes the following costs:

• Fuel costs: being a function of the road alignment and traffic conditions,
• Other costs: road quality affects the wear and tear of vehicles, including costs of oil,

tires, and vehicle maintenance, as well as its depreciation.

VOC for trucks depends on travel speed, differentiating the type of terrain (flat, rolling,
and mountainous) and road condition (pavement after reconstruction/rehabilitation or de-
teriorated pavement) and is estimated as the sum of fuel costs plus other costs. Applications
of the calculation of unit truck operating costs are presented in Table A4.

It is assumed that there will not be any real increase in unit VOC over time as a
potential increase in energy prices would be compensated by improved efficiency of
vehicles [64].

5.3. Values of Travel Time (VOT) in Freight Road Transport
5.3.1. Unit Value of Truck Drivers’ Time

The unit value of truck drivers′ time corresponds to the marginal gross cost of labor,
including labor-related overhead of commercial drivers in Poland. Evolution over time
is based on Polish GDP per capita growth, with an elasticity of 0.5 [65]. Therefore, unit
values applied in research of truck drivers′ working time increase over time. In the base
year of 2019, it amounts to EUR 21.83, while in the last year of calculation 2043, increases to
EUR 30.93. Vehicle occupancy for trucks is assumed as equal to one driver.

5.3.2. Unit Value of Freight Shipments Time

The unit time values applied in the study come from the estimations made for the
Netherlands [19,20] with the measure of willingness-to-pay (WTP) for freight time savings.
In our calculations, converted into Polish values and indexed for 2019, the value of time for
the average shipment in freight road transport amounts to EUR 0.88 per tonne-hour [65].
The time value of shipment is subject to escalation over time, with an elasticity of 0.5 to
Polish GDP per capita growth, and in the last year of calculation, 2043, it increases to
EUR 1.25.

5.4. Unit Costs of Trucks Air Pollution

The most important air pollutants related to transport are dust (PM10, PM2.5), nitrogen
oxides (NOx), sulphur dioxide (SO2), volatile organic compounds (VOCs), and ozone (O3)
as an indirect pollutant.

Costs of air pollution depend on speed, vehicle category, as well as condition, slope,
and location (urban or non-urban area) of the road. Unit values of air pollution for trucks
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are based on the emissions evaluation method [65]. Applied in the calculation are unit
trucks’ air pollution costs, as presented in Table A5. Unit air pollution costs’ evolution over
time is based on GDP per capita growth with an elasticity of 0.8.

5.5. Unit Costs of Climate Change

The calculation method is in line with the approach described in the European Invest-
ment Bank Carbon Footprint Methodology [66].

Greenhouse gas emission (GHG), converted into emission factors of equivalent tonnes
of CO2 (tCO2) depend on fuel consumption and therefore on the speed, on the vehicle
category as well as on the pavement condition and geometry of the road, and these volumes
of emissions are presented in Table A6. These emission factors are multiplied by a unit cost
of CO2, i.e., the economic (“shadow”) cost of equivalent emission tonne of CO2. In 2010
the unit costs of GHG emission amounted to EUR 25.0 [66], while the growth of CO2 value
applied in the calculation in the reference period are presented in Table A7.

6. Sustainable Effects Measured in Monetary Terms

6.1. Cost Savings as Result of Reduced Truck Operating Costs

Truck operating costs are represented by total operating costs of all trucks travelling
in the relevant road system whereas costs savings are calculated for each option (W0 and
WI) and each year throughout the entire reference period as in the formula:

VOCt = 365·
17

∑
i=1

AADTti·Li·c(V, S, P)

where:

VOCt—annual vehicle operating costs in EUR;
AADTti—annual average daily traffic on the i-th road section in vehicles/day;
Li—length of the i-th road section in km;
ct (V,S,P)—unit operating costs in the function of travel speed V, slope of terrain S, and
technical condition of pavement P in EUR/veh km.

The total nominal cost savings of trucks operating costs for the period of 2024–2043
will amount to EUR million 8.31.

6.2. Cost Savings as Result of Reduced Truck Drivers’ Working Time

The cost savings of drivers’ working time are calculated for each option (W0 and WI),
and each year throughout the entire reference period according to formula:

CoTt = 365·
17

∑
i=1

Li
Vi
·AADTti·utct

where:

CoTt—annual cost of truck drivers’ working time in EUR;
Li—length of the i-th road section in km;
AADTti—annual average daily traffic on the i-th road section in vehicles/day;
utct—unit value of truck drivers’ working time in EUR/h;
Vi—travelling speed on the i-th road section in km/h.

The total nominal cost savings of truck drivers’ working time for the period of
2024–2043 will amount to EUR million 78.3.
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6.3. Cost Savings as Result of Reduced Freight Shipment Time

Costs of freight shipment time are calculated for scenarios with and without the
investment for each year of the reference period as follows:

CoFSTt =
17

∑
l=1

FSti· Li
Vi
·co f stt

where:

CoFST—annual cost of freight shipment time in EUR;
FSlj—forecasted annual freight shipment on the i-th road section in tonnes;
Li—length of the i-th road section in km;
Vi—travelling speed on the i-th road section in km/h. cofstt—unit cost of freight shipment
time in EUR/t km.

As a result of the investment, the total cost savings in freight shipment time in the
years 2024–2043 will amount to EUR million 30.4.

6.4. Cost Savings as Result of Reduced Air Pollution

The costs savings of air pollution are calculated for each option (W0 and WI) and each
year throughout the entire reference period according to formula

APCt = 365·
17

∑
i=1

Li·apct(V, S, P)·AADTti

where:

APCt—annual air pollution costs in EUR;
apct(V,S,P)—unit air pollution costs in the function of travel speed V, slope of terrain S and
technical condition of pavement P in EUR/veh km;
AADTti—annual average daily traffic on the i-th road section in vehicles/day;
Li—length of i-th road section in km.

As a result of the investment, the total cost savings in air pollutions in the years
2024–2043 will amount to EUR million 20.4.

6.5. Cost Savings as Result of Reduced Climate Change

Savings in greenhouse gas (GHG) emissions (equivalent to CO2) are calculated for
each option (W0 and WI), and each year throughout the entire reference period according
to the formula:

GGEt = 365·
17

∑
i=1

AADTti·Li·gge

where:

GGEt—annual greenhouse gas emission in tonnes of CO2;
AADTti—annual average daily traffic on the i-th road section in vehicle/day;
Li—length of the i-th road section in the urban-port road system in km;
gge—unit greenhouse gas emission in tonnes of CO2/t km.

Savings in costs of climate change are calculated following the formula below.

CCCt = 365·
17

∑
i=1

cccti(V, S, P)·Li·AADTti

where:

CCCt—annual climate change costs in EUR;
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cccti (V,S,P)—unit climate change costs in the function of travel speed Vj, slope of terrain S
and technical condition of pavement P of i-th road sections in the urban-port road system
in EUR/veh km;
AADTti—annual average daily traffic on the i-th road section in vehicle/day;
Li—length of i-th road section in km.

The total cost reduction resulting from the climate change will amount to EUR
1.85 million.

Total and discounted (with a discount rate of 4.5%) sustainable monetized effects
induced by the investment are summarized in Table 4.

Table 4. Total and discounted sustainable monetized effects induced by the investment in 2024–2043.

Effects Induced by Investment Project
Net Savings in: Discounted Value (Million EUR) Structure (%)

truck drivers working time 38.24 55.55
freight shipment time 14.80 21.48
trucks operating costs 4.33 6.29

air pollution costs 10.55 15.32
climate change costs 0.94 1.36

total 68.86 100.0
Source: own study.

Effects of the road infrastructure rehabilitation in the urban-port local market relates
for the most to the savings in drivers working time as well as to savings in freight shipment
time, and together they constitute 77.0% of the total discounted sustainable effects. Reduced
truck operating costs amounts to 6.29%, while reduced environmental externalities (climate
change and air pollution) constitutes 16.68% of the total sustainable monetized result of
the investment.

The structure of monetized sustainable gains resulting from the reconstruction of the
urban-port local road system is depicted in Figure 6.

Figure 6. Structure of sustainable gains resulting from the reconstruction of the urban-port local road
system. Source: own study.
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7. Sustainable Effects Measured in Absolute Units

Applying the rearranged formulas from the former chapter, the results of the calcula-
tion for the transport and traffic performance induced by the intervention and accumulated
in 2024–2043 are depicted in Table 5.

Table 5. Transport and traffic performance effects induced by the reconstruction of the urban-port
road system.

Transport and Traffic Performance WI W0 WI-W0

in-service work (vehicle kilometers, v km) 95,007,071 95,007,071 0
truck trip time (Vehicle-hours, v-hs) 3,636,717 6,414,004 −2,777,287

truck drivers’ working time (Working hours, w-hs), 3,636,717 6,414,004 −2,777,287
freight road traffic time (Tonne-hours, t-hs) 34,854,504 61,520,413 −26,665,909

Source: own study.

Because the forecast of truck traffic is an exogenous variable and the length of roads
in the system remains unchanged, the projected in-service operation of trucks (measured
in truck kilometers) in the port-city transport system will grow at the same rate regardless
of investment options, and thus incrementally, the in-service operation of trucks will be 0.

However, improvement of the technical state of roads and the reconstruction or
construction of new intersections, exit/entrance ramps, and lanes will increase the speed
of trucks and reduce vehicle maneuvers. This leads to a reduction in trucks’ trip time
(measured in truck-hours) and truck drivers’ working time (expressed in working hours).
Since the number of trucks and the number of drivers is the same (1 truck = 1 driver),
savings in travel time of trucks and in working time of truck drivers are the same in physical
terms (i.e., 2,777,287 units). However, in economic terms, these quantities are different. In
the former, there are the vehicle kilometers, while in the latter there are working hours of
truck drivers. The monetary values of vehicle kilometers and the drivers’ working hours
vary, and this is reflected in the reduced vehicle operating and labor costs incurred by road
transport operators. As a result of the increase in truck speed and smoother traffic flow,
trucks’ freight transit time will be reduced by 26,665,909 tonne-hours.

Savings in greenhouse gas (GHG) emissions (equivalent to CO2 emissions) are calcu-
lated for each option (W0 and WI), and each year throughout the entire reference period
according to formula:

GGEt = 365·
17

∑
i=1

AADTti·Li·gge

where:

GGEt—annual greenhouse gas emission in tonnes of CO2;
AADTti—annual average daily traffic on the i-th road section in vehicle/day;
Li—length of the i-th road section in the urban-port road system in km;
gge—unit greenhouse gas emission in tonnes of CO2/t km.

Results of calculations of trucks’ emission in equivalent tonnes of CO2 in 2024–2043
are presented in Table 6.

Table 6. Trucks’ traffic savings in the emission of CO2 (in equivalent tonnes tCO2).

Trucks’ CO2 Emission WI W0 WI-W0

(tonnes of CO2, tCO2) 75,378.2 106,977.2 −31,599.0
Source: own study.

Savings in equivalent CO2 emissions in 2024–2043 will amount to 31,599 tonnes.
If one tonne of diesel produces 2.63 tonnes of CO2 [67,68], gains in the consumption

of fuel (diesel) will account for 12,014.8 tonnes or 14.1 million liters.
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8. Conclusions

In this manuscript, the cost–benefit research concept has been applied to investigate
the possible sustainable effects of the capacity improvement in the local urban-port road
system. The sustainable effects are quantified in money terms and in physical units.
Considering the interaction between different types of road users, traffic flow intensity
and technical wear and tear of roads, traffic congestion release has been translated into an
increase in trucks′ speed. The primary effect of investment is the reduced traffic congestion,
which enhances the velocity of trucks in the transport system. The increased trucks′ speed
affects freight road traffic performance, time of deliveries, and environmental externalities.

The investigated sustainable effects of the urban-port road system reconstruction are
as follows.

Effects of economic sustainability; truck travel time in the system is reduced by
2,777,287 vehicle-hours, and the truck drivers’ working time is reduced by 2,777,287 h.
In terms of money, this corresponds to a reduction in generalized freight road transport
costs: vehicles operating costs and drivers working time by EUR 4.33 and 38.24 million,
respectively. The efficiency of resource use will increase, and cheaper transport services
will be offered by the total EUR million 42.57, and it will be to the benefits of haulage
operators and consumers.

Effects of social sustainability; the time of road freight shipments will be reduced by
26,665,909 tonne-hours, while monetized savings of time reduced deliveries by EUR 14.80
million. Time-efficient and reliable deliveries ensure better accessibility of consumers to
goods and enable better availability of goods at lower costs/prices. These benefits will
go to exporters and importers, as well as consumers. Social benefits originate from the
reduced congestion in the urban-port road system.

Effects of environmental sustainability, in physical terms, corresponds to reduced
emission of CO2 with the total amount of 31,599 tonnes and savings in the consumption of
fuel (diesel) of 12,014.8 tonnes. In monetary terms, it relates to a reduction in air pollution
by EUR 10.55 million and greenhouse gases emission (GHG) by EUR 0.94 million. Through
the reduction of truck-related GHG emissions and air pollution, the quality of societal
well-being and health will be improved. The final beneficiary of these effects will be
the community.

Research results are consistent with findings of intervention aimed at capacity ex-
pansion in the road infrastructure [12,39], where the prime effect is the release of traffic
congestion. Transport congestion in transport is regarded as a socially sustainable effect
and in freight transport, it enhances consumers availability of goods and reliability of
deliveries/shipments. Furthermore, less congestion leads to time savings and reduction
in transport generalized costs, which translates into a substantial increase in efficiency of
transport services, the main economic sustainable effect of intervention. Reduced conges-
tion impacts other social sustainable dimensions through the increased safety of transport
users and reduced annoyance of transport noise. Increased velocity of vehicles in the
road system and smoother traffic leads to savings in terms of fuel consumption, which
in turn diminishes pollution and reduces a release of greenhouse gases. It is reflected in
environmentally sustainable effects of intervention, limited air pollution, and reduced
adverse climate change.

In this research, the sustainable impact of road capacity expansion is limited to the
direct effects which occur in the road transportation system.

Moreover, because of a lack of data, the social effects related to the safety of transport
users and noise annoyance nuisance are not specified.

Furthermore, research results depend heavily on forecasted truck traffic. Historical
elasticities between truck traffic development and Polish GDP used in our research may
change in the future with unknown magnitude and directions. Therefore, the question of
the elaborated truck traffic forecasts’ reliability, as well as estimated values of sustainable
effects, remains valid.

276



Energies 2021, 14, 6512

The proposed further research relates to the extension of social and environmental
effects to be incorporated in the evaluation of intervention in the transport sector. The
recent advances [22] aimed at inclusion in appraisal such effects as well-to-tank emissions,
habitat damage, soil and water pollution, externalities in sensitive areas, and separations
in urban regions are of great importance.

Another research avenue is the elaboration of sustainable evaluation methods of
intervention in the transport sector. In [69,70], the application of monetary methods (cost–
benefit analysis) and the non-monetary method (multicriteria analysis) in the evaluation of
intervention in transport (road) infrastructure is contemplated and validated.
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Definitions and Abbreviations:

AADT, Average Annual Daily Traffic—the number of motor vehicles travelling through
a given road cross-section within 24 consecutive hours; annual average is expressed in
terms of the actual number of vehicles per day calculated according to relevant guidelines.

CUPT, The Centre for EU Transport Projects supports beneficiaries in the preparation
and implementation of transport investments co-financed by the European Union.

Transport work—product of the number of kilometers travelled (the length of roads)
and the number of vehicles (expressed in vehicle kilometers [veh km]) or product of the
number of vehicles and the travel time (expressed in vehicle-hours [veh-h]).

Traffic Flow Capacity—the greatest number of units (vehicles) that can pass through a
road section (street, intersection entry) during a given unit of time. Traffic flow capacity is
expressed in terms of actual vehicles per hour [veh/h].

Road in flat terrain—a road on which the gradient is less than or equal to 2%. Road in
rolling terrain—a road on which the gradient is between 2% and 6%.

Road in mountainous terrain—a road on which the gradient is bigger than 6%.
JASPERS, Joint Assistance to Support Projects in European Regions is an initiative

operating within the structures of the European Investment Bank and aimed at improving
the preparation of projects, including transport projects, by applying for EU funding.

Port hinterland presents the inland area surrounding a port from which the goods are
either distributed or at which they are collected for shipping to other ports.

Captive hinterlands consist of all regions where one port has a substantial competitive
advantage because of lower generalized transport costs to these regions. Consequently,
this port handles most of all cargoes to/from these regions.

Contestable hinterlands consist of all regions where there is no single port with a
clear cost advantage over competing ports. Therefore, various ports will have a share of
the market.
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Appendix A

Table A1. Vehicle travel speed (km/h) on urban dual carriageways depending on vehicle traffic flow
N1 (vehicles/hour).

N1 No of Vehicles/Hour
Urban Dual Carriageway and Width of Way

2 × 10.50 m 2 × 7.50 m 2 × 7.00 m

1000 62.4 65.1 * 61.8
1100 62.2 63.3 * 60.1
1200 62.0 62.2 * 59.1
1300 62.0 61.5 58.4
1400 62.0 61.1 58.1
1500 62.0 60.9 57.9
1600 61.9 60.8 57.7
1700 61.8 60.6 57.5
1800 61.6 60.3 57.3
1900 61.3 60.0 57.0
2000 60.9 59.5 56.5
2100 60.5 58.9 56.0
2200 60.0 58.3 55.3
2300 59.4 57.5 54.6
2400 58.7 56.6 53.7
2500 58.0 55.6 52.8
2600 57.2 54.4 51.7
2700 56.4 53.1 50.5
2800 55.5 51.6 49.0
2900 54.6 49.7 47.2
3000 53.6 47.3 45.0
3100 52.5 44.4 42.2
3200 51.3 40.6 38.6
3300 49.9 35.8 34.0
3400 48.3 29.6 28.1
3500 46.5 21.6 20.6
3600 44.4 11.6 11.0
3700 41.8 10.0 10.0
3800 38.7
3900 35.0
4000 30.6
4100 25.2
4200 18.7
4300 10.9
4400 10.0
4500

Source: Instruction for assessing the economic efficiency of roads and bridges (2008, 84–86). * Unknown measure-
ment errors.

Table A2. Vehicle travel speed (km/h) on urban single carriageways depending on vehicle traffic
flow N1 (vehicles/hour).

N1 Number of Vehicles/hr.
Urban Single Carriageways

≥7.50 m 7.00–7.40 m 6.50–6.90 m 6.00–6.40 m 5.50–5.90 m

20 45.4 43.1 36.5 31.2 26.3
40 45.2 43.0 35.9 30.6 26.1
60 45.1 42.8 35.6 30.2 26.1
80 45.0 42.7 35.4 29.9 26.0
100 44.9 42.7 35.3 29.8 26.0
120 44.9 42.6 35.2 29.8 25.9
140 44.8 42.6 35.2 29.8 25.8
160 44.8 42.6 35.2 29.8 25.6
180 44.8 42.5 35.2 29.7 25.4
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Table A2. Cont.

N1 Number of Vehicles/hr.
Urban Single Carriageways

≥7.50 m 7.00–7.40 m 6.50–6.90 m 6.00–6.40 m 5.50–5.90 m

200 44.7 42.5 35.1 29.7 25.0
220 44.7 42.5 35.0 29.6 24.6
240 44.7 42.4 34.9 29.5 24.0
260 44.6 42.4 34.7 29.3 23.2
280 44.5 42.3 34.4 29.1 22.1
300 44.5 42.3 34.1 28.8 20.6
320 44.4 42.2 33.7 28.5 18.5
340 44.3 42.1 33.3 28.2 15.7
360 44.2 42.0 32.9 27.9 11.8
380 44.0 41.8 32.4 27.5 10.0
400 43.9 41.7 31.9 27.0
420 43.7 41.5 31.5 26.6
440 43.5 41.4 30.9 26.0
460 43.3 41.2 30.4 25.4
480 43.1 40.9 29.9 24.6
500 42.8 40.7 29.3 23.6
520 42.5 40.4 28.6 22.4
540 42.2 40.1 27.9 21.0
560 41.8 39.7 27.1 19.1
580 41.4 39.3 26.1 16.8
600 40.9 38.8 24.9 13.9
620 40.3 38.3 23.5 10.0
640 39.7 37.7 21.7
660 39.0 37.0 19.5
680 38.2 36.3 16.8
700 37.2 35.4 13.6
720 36.2 34.4 10.0
740 35.0 33.3
760 33.6 32.0
780 32.1 30.5
800 30.4 28.8
820 28.4 27.0
840 26.2 24.9
860 23.7 22.5
880 20.8 19.8
900 17.7 16.8
920 14.1 13.4
940 10.0 10.0

Source: Instruction for assessing the economic efficiency of roads and bridges (2008, 84–86).

Table A3. GDP growth forecast for 2019–2043 (selected years only) expressed in GDP growth
indicators (calculated year-on-year, previous year = 100) and in million PLN in constant annual
average prices.

Year
Change in Polish GDP

(In Annual Average Constant Prices)
Polish GDP Forecast (In Annual Average

Constant Prices in PLN Millions)

2019 104.0 2,273,556.0
2020 103.7 2,357,677.6
2025 103.0 2,754,472.2
2030 102.7 3,165,373.7
2035 102.2 3,563,877.0
2040 102.0 3,946,388.7
2043 101.9 4,179,731.6

Source: Polish Ministry of Development and Finance; macroeconomic forecasts of May 2019.
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Table A4. Unit truck operating costs (EUR/veh km), prices 2019.

Speed (veh/km)
Flat Terrain (Pavement after

Rehabilitation/Construction)
Flat Terrain (Deteriorated Pavement)

0–10 0.530 0.630
11–20 0.506 0.588
21–30 0,487 0.556
31–40 0.474 0.532
41–50 0.467 0.517
51–60 0.465 0.511
61–70 0.468 0.514
71–80 0.477 0.526
81–90 0.492 0.547

91–100 0.512 0.576
101–110 0.538 0.614
111–120 0.538 0.614
121–130 0.538 0.614
131–140 0.538 0.614

Source: Tables of unit costs to use in cost–benefit analyses, July 2019, CUPT, www.cupt.gov.pl (accessed on
13 June 2021).

Table A5. Unit costs of truck air pollution (EUR/veh km), prices 2019.

Speed (veh/km)
Flat Terrain (Pavement after

Rehabilitation/Construction)
Flat Terrain (Deteriorated Pavement)

0–10 0.495 0.695
11–20 0.447 0.612
21–30 0.409 0.547
31–40 0.382 0.499
41–50 0.366 0.469
51–60 0.362 0.456
61–70 0.368 0.461

Source: Own study based on Blue Book. Road Infrastructure, Jaspers, July 2015, and materials from Research
Institute of Roads and Bridges (IBDiM).

Table A6. Climate change unit emission factors tCO2/vehicle km, flat terrain: road surface after
reconstruction/construction and degraded road surface.

Vehicle Travel Speed (km/h)

Climate Change Unit
Emission Factors—
tCO2/Vehicle km—
Road Surface after

Reconstruction/Construction

Climate Change Unit
Emission Factors—
tCO2/Vehicle km—

Degraded Road Surface

Heavy Goods Vehicles (HGV)

0–10 0.000,999 0.001,399
11–20 0.000,900 0.001,232
21–30 0.000,825 0.001,101
31–40 0.000,772 0.001,006
41–50 0.000,741 0.000,946
51–60 0.000,732 0.000,921
61–70 0.000,746 0.000,933
71–80 0.000,783 0.000,980
81–90 0.000,842 0.001,063

91–100 0.000,923 0.001,181
101–110 0.001,027 0.001,335
111–120 0.001,154

Source: Blue Book. Road Infrastructure, Jaspers, July 2015 and based on materials from the Institute of Roads and
Bridges (IBDiM).
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Table A7. Unit value of tCO2 emission (EUR/tCO2).

Years Value of tCO2 (EUR/tCO2)

2019 40.63
2020 41.82
2021 43.02
2022 44.21
2023 45.41
2024 46.60
2025 47.80
2026 48.99
2027 50.19
2028 51.38
2029 52.58
2030 53.77
2031 54.97
2032 56.16
2033 57.36
2034 58.55
2035 59,75
2036 60.94
2037 62.13
2038 63.33
2039 64.52
2040 65.72
2041 66.91
2042 68.11
2043 69.30

Source: Tables of unit costs to use in cost–benefit analyses, July 2019, CUPT, www.cupt.gov.pl (accessed on
13 June 2021).
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30. Kotowska, I.; Mańkowska, M.; Pluciński, M. Socio-economic costs and benefits of seaport infrastructure development for a local
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Abstract: Shared mobility based on cars refers to a transportation mode in which travelers/drivers
share vehicles to reduce the cost of the journey, emissions, air pollution and parking demands.
Cost savings provide a strong incentive for the shared mobility mode. As cost savings are due to
cooperation of the stakeholders in shared mobility systems, they should be properly divided and
allocated to relevant participants. Improper allocation of cost savings will lead to dissatisfaction
of drivers/passengers and hinder acceptance of the shared mobility mode. In practice, several
schemes based on proportional methods to allocate cost savings have been proposed in shared
mobility systems. However, there is neither a guideline for selecting these proportional methods nor
a comparative study on effectiveness of these proportional methods. Although shared mobility has
attracted much attention in the research community, there is still a lack of study of the influence of
cost saving allocation schemes on performance of shared mobility systems. Motivated by deficiencies
of existing studies, this paper aims to compare three proportional cost savings allocation schemes by
analyzing their performance in terms of the numbers of acceptable rides under different schemes. We
focus on ridesharing based on cars in this study. The main contribution is to develop theory based
on our analysis to characterize the performance under different schemes to provide a guideline for
selecting these proportional methods. The theory developed is verified by conducting experiments
based on real geographical data.

Keywords: shared mobility; cost; ridesharing; allocation

1. Introduction

Energy consumption and the associated impact on the environment due to urbaniza-
tion and growth of population are two challenges directly linking to sustainability of cities
that have attracted researchers’ attention for decades. According to [1], the transportation
sector accounts for a large proportion of global energy consumption and greenhouse gas
(GHG) emissions. Fuel combustion in the transportation sector accounts for 24% of direct
CO2 emissions, which has significant impact on the environment. How to effectively
minimize the impact on the environment by the transportation sector is critical to achieve
sustainability of cities. Sharing economy has attracted much attention of practitioners,
researchers, policy makers and individuals to improve efficiency and sustainability based
on sharing of assets [2]. The transportation sector contributes to a large part of energy
consumption and hence the study on green transportation and solutions has become an
important research subject for the sustainable development of sharing economy [3]. In
the past years, shared mobility emerges as a popular transportation mode that attracts
the attention of researchers as well as practitioners in the transportation sector [4]. Shared
mobility refers to a transportation mode in which travelers/drivers share vehicles to re-
duce the cost of the journey, energy consumption, emissions, air pollution and parking
demands. It takes different forms in the world, including ridesharing, carpooling and bike
sharing [5,6]. In this paper, we consider ridesharing systems based on cars. Shared mobility
services enable users to access transportation services conveniently on an as-needed basis.
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Thus, shared mobility services provide a flexible transportation option besides public
transport. In addition to the advantage due to flexibility in terms of routing and timing,
users of shared mobility services also can enjoy the benefits of cost savings due to the
shared use of vehicles.

Cost savings provide a strong incentive for the shared mobility mode. Therefore,
optimization of performance metrics relevant to cost savings in shared mobility systems
has been extensively studied in the literature [7–9]. As the primary incentive for users to
share a ride is cost savings, the way to allocate cost savings is an important factor to the
adoption of ridesharing by the users. Allocation of a portion of cost savings to the service
providers is also important for maintaining operation of ridesharing information systems.
As cost savings are due to cooperation of the stakeholders in shared mobility systems based
on cars, they should be properly divided and allocated to relevant participants. In the
literature, several schemes to allocate costs/cost savings among players in a coalition of
transportation systems have been studied in [10]. Due to computational complexity and
the need for agile problem solvers [8], proportional methods have been adopted in practice
to allocate costs/cost savings. For ridesharing systems, several schemes to allocate cost
savings have been proposed based on proportional methods, e.g., [11–13]. However, there
is no guideline to select the correct and proper scheme for allocation of cost savings due
to the lack of a comparative study on these proportional schemes. Improper allocation of
cost savings will discourage users and hinder acceptance of the shared mobility model.
This is due to the lack of consideration of the satisfaction factor of drivers and passengers.
For example, suppose all cost savings are allocated to the passengers. The drivers will
not accept share rides with passengers. Therefore, how to allocate cost savings properly is
an important issue. Although proportional methods have been proposed and studied in
different problem domains [10], analysis of effectiveness of the three proportional allocation
methods for ridesharing has not been carried out. Although shared mobility has attracted
much attention in the research community, there is still a lack of study on the influence of
cost savings allocation schemes on the performance of shared mobility systems. Motivated
by deficiencies of existing studies on these issues, this paper aims to develop a framework
to compare the three different cost savings allocation schemes proposed in [11–13] based
on proportional methods and compare their performance in terms of the numbers of
acceptable rides under different schemes. The contributions of this paper are three-fold.
First, we develop theory to compare the performance of the three different cost savings
allocation schemes. Second, we provide a guideline with rules for selecting a proper
cost savings allocation scheme from the three cost savings allocation schemes for shared
mobility systems. Third, policy makers may apply the guideline to increase the number
of acceptable shared rides to enhance sustainability and service providers may apply the
guideline to increase the number of acceptable shared rides and profits.

The decision support systems for shared mobility systems with cars typically include
two stages—stage 1: determination of shared rides and stage 2: allocation of cost sav-
ings [13]. For the drivers and passengers, they must make decisions about whether they
accept the recommended rides for ridesharing. In this paper, we assume that the drivers
and passengers determine whether to accept shared rides based on the minimal expected
rewarding rate. A ride recommended by the decision support systems for shared mobility
systems with cars accepted by the driver and the passenger is called an acceptable ride.
The stakeholders include drivers, passengers and the shared mobility service/information
provider. Schemes to allocate cost savings to the stakeholders in shared mobility systems
are defined based on these stakeholders. To achieve the goals of this paper, there are four
tasks to complete: (1) identification of shared mobility decision model and definition of
schemes to allocate cost savings to participants, (2) introduction of the concept of minimal
expected rewarding rate of drivers and passengers and development of theory based on
analysis of the influence of different cost savings allocation schemes on the number of
acceptable shared rides, (3) verification of the developed theory by test cases and (4) a
guideline for selecting the proper proportional scheme to allocate cost savings.
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The structure of the remainder of this paper follows. In Section 2, we briefly review
existing studies on shared mobility systems with cars. In Section 3, a shared mobility
decision model and the three proportional schemes, including Fifty-Fifty Scheme, Local
Proportional Scheme and Global Proportional Scheme, to allocate cost savings to the
stakeholders in shared mobility systems are defined. We compare the Fifty-Fifty Scheme
and Local Proportional Scheme in Section 4, compare the Local Proportional Scheme and
Global Proportional Scheme in Section 5 and compare the Global Proportional Scheme and
Fifty-Fifty Scheme in Section 6. We verify theoretical properties by examples in Section 7.
In Section 8, we provide a discussion based on the results obtained and, to allocate cost
savings, offer a guideline for selecting a proper proportional scheme from the three schemes
studied in this paper. Finally, we conclude this paper in Section 9.

2. Literature Review

The widespread adoption of mobile communication devices and ICT to provide
efficient access to transportation services has made shared mobility an important paradigm
for cities [14]. Shared mobility may take different forms, including sharing of vehicles
and sharing of rides [15]. The former allows cars, motorcycles, scooters, and bikes to
be shared and the latter enables ridesharing and on-demand ride services for passenger
rides. The benefits of shared mobility include significant reduction of total travel distance,
trip cost, carbon emissions and congestion [16,17]. The advantages of ridesharing lead to
several variants of transportation modes. Carpooling is an early variant of ridesharing in
which employees in companies are encouraged to travel with colleagues for commuting
to minimize the number of cars traveling to sites of the companies and travel cost of the
employees [18]. Vanpooling is another variant of ridesharing transportation mode. In
vanpooling, commuters drive to an intermediate location to take a van and ride together
to the destination [19]. Generally speaking, ridesharing reduces the travel cost for people
with similar itineraries and schedules by sharing vehicles [5]. In addition, ridesharing
models with mixed passengers, parcels [20] or goods [21] were proposed. Recent trends in
studies on ridesharing include social ridesharing, such as the one in presented in [22].

In this paper we focus on ridesharing systems with cars. Although shared mobility
promises to achieve sustainability of cities, reduce energy consumption and provide an
alternative way to meet passengers’ transportation need without owning a car, it relies on
the development of an efficient decision model and decision support tools to attain these
goals. Actually, shared mobility poses several challenging research issues [7,8,23]. In the
literature, optimization of shared mobility systems was discussed in [7,8]. The solution
algorithms can be classified into exact methods and heuristic/metaheuristic methods.
Exact methods are applied to find the optimal solutions for optimization of shared mobility
systems [24]. Exact methods, however, can only be applied to small problems due to
computational complexity. Therefore, many heuristic/metaheuristic methods have been
proposed to solve optimization problems of shared mobility systems. For example, the
genetic algorithm [25], tabu search [26], population-based metaheuristic algorithms [27],
the differential evolution algorithm [28] and hybridization of metaheuristics [29] have been
proposed to solve relevant optimization problems in shared mobility systems.

Beside optimization issues, efforts to realize shared mobility have developed. Mobility-
as-a-service (MaaS) aims to provide users access to shared mobility services through a
single friendly online interface from planning, booking to payment. Several cities have
already implemented or are in the process of implementing MaaS trials or pilot projects.
Although MaaS provides a potential alternative to private vehicle ownership, there are
barriers and risks for adoption of MaaS in cities [30] such as the lack of appeal to public
transport users and private vehicle users. Ridesharing is a potential transportation mode
to reduce the number of cars, but it is still not widely adopted. Studies in [31,32] point
out that savings of cost and time are the main incentives for ridesharing. For ridesharing
drivers and passengers, a proper scheme to allocate cost savings among participants is
important for adoption of ridesharing.
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In the literature, the problem to allocate costs/cost savings among players in a coalition
of transportation systems has been studied in [10]. Shapley value [33], nucleolus [34] and
proportional methods [35] have been proposed in the literature to allocate costs/cost
savings in cooperative game theory. Shapley value [33] and nucleolus [34] suffer from
computational complexity problems [36,37]. Therefore, proportional methods [35] are often
adopted in practice. There are many studies on application of proportional methods in
different domains in the literature. For example, a pricing scheme is used in [38] is to
maximize the total profit through exchanging transportation requests among collaborative
carriers. In [39], proportional methods are used to allocate costs and emissions in a carrier’s
delivery network with multiple customers served by a single carrier. As transportation
cost of low-value forest fuels, including trees, tree bark, branches, stumps and wood chips,
accounts for a large part in logistic cost, several alternative ways applying proportional
methods to lower logistic cost of forest fuels transport have been studied in [40].

In the context of ridesharing systems, several cost allocation methods have been
developed. The problem to achieve fair cost allocation in ridesharing systems based on
the nucleolus method has been studied in [41]. In [42], the problem to allocate passen-
gers to drivers, charge passengers and create feasible schedules for drivers in a dynamic
ridesharing scenario is addressed. Due to computational complexity and the need for
agile algorithms in ridesharing systems, proportional methods have been widely used
in practice. For example, the ones proposed in [11–13] are based on proportional meth-
ods. In [11], the authors consider a ridesharing problem in which each driver shares a
ride with at most one rider. The cost allocation scheme proposed in [11] divides the cost
savings of sharing a ride equally between the two matched participants (the driver and
the rider) of the shared ride. Such cost allocation satisfies the property of Shapley value
in the cooperative game theory. In [12], the authors considered ridesharing systems in
which at most one pickup and delivery may take place during the trip and transfers are
not allowed. In [12], it is assumed that costs are proportional to vehicle-miles driven. The
cost savings allocated to the driver and the rider are proportionally to the lengths of their
original trips. The cost allocation schemes in [11,12] are proposed for ridesharing systems
in which each shared ride includes one driver and one rider. In [13], a ridesharing problem
which allows multiple passengers to be transported by a driver is considered. A cost
allocation scheme which divides the cost savings among three types of stakeholders in
a ridesharing system, including ridesharing information provider, drivers and riders, is
proposed. The cost savings allocation scheme proposed in [13] allocates a portion of the
overall cost savings to the ridesharing information provider and the remaining cost savings
to each ridesharing passenger and each driver, which is based on the weighting of their bid
price with respect to overall bid price of all ridesharing passengers’ and all drivers’ bids.
However, there still lacks a comparative study on whether the cost savings allocated by
these allocation schemes are acceptable for drivers and passengers. That is, the cost savings
allocation schemes will surely influence the number of acceptable shared rides for drivers
and passengers. An interesting but unexplored research issue is to compare the number of
acceptable rides that can be satisfied under the three proportional cost savings allocation
schemes proposed in [11–13].

This paper does not focus on optimization of the ridesharing matching problems to
minimize overall travel distance or maximize overall cost savings. In this paper, we will
study effectiveness of three cost savings allocation schemes in terms of the number of
acceptable shared rides that satisfy the minimal rewarding rate requirements of drivers and
passengers. In the literature, different ridesharing matching methods have been proposed.
To ensure fairness of comparison, the overall cost savings of a ridesharing system are
obtained by the same ridesharing matching method. The cost savings allocation policies to
be compared in this paper include those proposed in [11–13]. We compare the three cost
savings allocation schemes by theoretical analysis. The properties and theorems established
through analysis are verified by examples.
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3. Decision Model and Cost Savings Allocation Schemes for Shared Mobility Systems

The decision support systems for shared mobility systems typically include two decision
stages. A decision model for shared mobility systems is used in the first stage to find the
shared rides. In the second stage, the solution obtained from the decision model is then used
to divide the cost savings among the participants by applying different allocating schemes. To
focus on the comparison of different schemes for allocating cost savings, the decision model
in [13] based on maximization of cost savings will be used in this study. A list of notations
used in this study is summarized in Table 1 for reference.

Table 1. Notations of symbols, variables and parameters.

Variable Meaning

P total potential passengers
D total potential drivers
p the index of a passenger, where p ∈ {1, 2, 3, . . . , P}
d the index of a driver, where d ∈ {1, 2, 3, . . . , D}
k the index of a location, k ∈ {1, 2, . . . , P}
Jd total bids submitted by driver d ∈ {1, 2, . . . , D}
j the index of the j − th bid placed by a driver with j ∈ {1, 2, . . . , Jd}

BIDdj

BIDdj = (q1
dj1, q1

dj2, q1
dj3, . . . , q1

djP, q2
dj1, q2

dj2, q2
dj3, . . . , q2

djP, odj, cdj), the j − th bid of
driver d, where
q1

djk: number of seats allocated at passenger k’s pick-up location,

q2
djk: number of seats released at passenger k’s drop-off location,

odj: the cost when the driver travels alone,
cdj: the cost of the bid.

BIDp

BIDp = (s1
p1, s1

p2, s1
p3, . . . , s1

pP, s2
p1, s2

p2, s2
p3 . . . , s2

pP, fp): the bid submitted by
passenger p, where
s1

pk: number of seats requested for passenger k’s pick-up location,

s2
pk: number of seats released at passenger k’s drop-off location,

fp: the cost of passenger p without ridesharing.

xdj
a decision variable indicating whether the j − th bid of driver d is a winning bid
(xdj = 1) or not (xdj = 0)

yp
a binary decision variable indicating whether the bid of passenger p is a winning
bid (yp = 1) or not (yp = 0)

N the set of all players in a cooperative game, N = {1, . . . , N}
Ω the set Ω of all subsets of N
C a characteristic function: Ω → to assign the cost to each coalition S in Ω
βn the share value for a player n ∈ N, where ∑

n∈N
βn = 1

α the share value for the information provider m
βP

p the share value for passenger p ∈ P
βD

d the share value for driver d ∈ D
Γdj the set of passengers in the ride corresponding to the j-th bid submitted by driver d

F(x, y)
overall cost savings,

F(x, y) =

(
P
∑

p=1
yp

(
fp

))
+

(
D
∑

d=1

Jd

∑
j=1

xdjodj

)
−

(
D
∑

d=1

Jd

∑
j=1

xdjcdj

)

Fdj(x, y)
the cost savings of the j-th bid submitted by driver d,

Fdj(x, y) =

[(
∑

p∈Γdj

yp fp

)
+ xdjodj −

(
xdjcdj

)]

3.1. Decision Model

The decision support system for ridesharing makes decisions within a time period.
Requests of drivers and passengers arriving before the start of the decision time period will
be considered by the ridesharing decision support system. The decision support system
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follows the framework in [13] and the decision period is divided into two stages—stage 1:
determination of shared rides and stage 2: allocation of cost savings. In the decision
model used in stage 1, drivers and passengers submit bids [13]. Bids are generated by
bid generation procedures to meet spatial, time and capacity requirements/constraints
of drivers and passengers. The bid generation procedure for passengers generates bids
based on the origins, destinations, earliest departure time, latest arrival time and number
of seats requested by passengers. The bid generation procedure for drivers generates bids
based on the origins, destinations, earliest departure time, latest arrival time, the number
of seats for ridesharing and the maximum detour ratio specified by drivers. Therefore, the
decision model can handle spatial, time and capacity requirements in ridesharing systems.
In addition, the decision model is flexible and has been extended in [22] to deal with trust
requirements in social ridesharing problems.

For the above decision model, suppose P passengers and D drivers submit bids to the
systems. The bid of passenger p is BIDp = (s1

p1, s1
p2, s1

p3, . . . , s1
pP, s2

p1, s2
p2, s2

p3 . . . , s2
pP, fp), where

s1
pk is the number of seats requested for passenger k’s pick-up location, s2

pk is the number of seats
released at passenger k’s drop-off location and fp is the cost of passenger p without ridesharing.
A driver may submit multiple bids, but only one bid can be accepted. A bid accepted by the
system is called a winning bid. BIDdj = (q1

dj1, q1
dj2, q1

dj3, . . . , q1
djP, q2

dj1, q2
dj2, q2

dj3, . . . , q2
djP, odj, cdj)

denotes the j − th bid of driver d, where q1
djk is the number of seats allocated at passenger k’s

pick-up location, q2
djk is the number of seats released at passenger k’s drop-off location, odj is the

cost when the driver travels alone and cdj is the cost of the bid. It is assumed that the bids of
passengers and drivers are generated by applying bid generation procedures developed in [13],
taking into account the timing, capacity and spatial constraints of drivers and passengers. The
bid generation procedures calculate the cost based on a function P f (d), where d is the travel
distance. The decision model in [13] can handle the bids regardless of whether the function
P f (d) used to calculate cost is linear or nonlinear.

The overall cost savings are the difference between the overall original cost (without
ridesharing) and the overall cost after ridesharing. Original cost of passengers (without rideshar-

ing) and original cost of drivers (without ridesharing) is

(
P
∑

p=1
yp fp

)
+

(
D
∑

d=1

Jd
∑

j=1
xdjodj

)
. Cost

of passengers and drivers with ridesharing is

(
D
∑

d=1

Jd
∑

j=1
xdjcdj

)
. The overall cost savings are the

difference between these two terms. That is, the overall cost savings are(
P
∑

p=1
yp fp

)
+

(
D
∑

d=1

Jd
∑

j=1
xdjodj

)
−

(
D
∑

d=1

Jd
∑

j=1
xdjcdj

)
.

The decision problem aims to determine the winning bids submitted by the potential
drivers and passengers to maximize the overall cost savings. Thus, the objective function
is defined in (1) as follows:

F(x, y) =

(
P

∑
p=1

yp fp

)
+

(
D

∑
d=1

Jd

∑
j=1

xdjodj

)
−

(
D

∑
d=1

Jd

∑
j=1

xdjcdj

)
(1)

The problem to determine the winning bids is formulated as an integer programming
problem subject to demand and supply constraints (2), (3), nonnegative cost savings
constraint (4) and single winning bid constraints for drivers (5) as follows:

max
x,y

F(x, y)

s.t.
D

∑
d=1

Jd

∑
j=1

xdjq1
djk = yps1

pk ∀p ∈ {1, 2, . . . , P} ∀k ∈ {1, 2, . . . , P} (2)
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D

∑
d=1

Jd

∑
j=1

xdjq2
djk = yps2

pk ∀p ∈ {1, 2, . . . , P} ∀k ∈ {1, 2, . . . , P} (3)

P

∑
p=1

yp fp +
D

∑
d=1

Jd

∑
j=1

xdjodj ≥
D

∑
d=1

Jd

∑
j=1

xdjcdj (4)

Jd

∑
j=1

xdj ≤ 1 ∀d ∈ {1, . . . , D} (5)

xdj ∈ {0, 1} ∀d ∈ {1, . . . , D} ∀j ∈ {1, . . . , Jd}
yp ∈ {0, 1} ∀p ∈ {1, 2, . . . , P}

Due to computational complexity, only small instances of the above problem can
be solved by applying exact algorithm due to exponential growth of solution space with
respect to the problem size. In the literature, the problem to optimize cost savings in
ridesharing systems has been extensively studied. Many approximate approaches can be
applied to solve this problem, including evolutionary computation algorithms, bio-inspired
evolutionary algorithms and metaheuristic approach. Therefore, many algorithms have
been proposed to solve this problem, e.g., [13,28]. A comparison of these approaches
appears in the literature [13]. The comparative study provides a guideline for selection
of a solution methodology for solving the above cost savings optimization problem. As
this paper focuses on comparison of cost allocation schemes, it is assumed that a solution
algorithm is used to solve the cost savings optimization problem in the shared mobility
model to ensure fairness in comparison of different cost allocation schemes. In this paper,
the algorithm proposed in [13] is applied to determine the winning bids.

3.2. Three Cost Savings Allocation Schemes Based on Proportional Methods

Cost savings in ridesharing systems are due to collaboration of the participants in
shared rides. Ridesharing can be considered as a type of collaborative transportation
through which the participants, drivers and passengers in shared rides benefit from cost
savings. Therefore, the participants in shared rides can be regarded as a coalition. The issue
is to divide cost savings among participants in the coalition in collaborative transportation
modes [10]. As cost savings are due to cooperation of participants in the coalition, they must
be divided and allocated properly. Different ways to allocate cost savings can be developed
for the shared mobility system. Several cost allocation methods have been proposed in the
literature. Shared mobility systems can be modeled as a class of cooperative games in which
participants represented by agents cooperate to benefit from cost savings. Consider a set
N = {1, . . . , N} of all players in a cooperative game. The set N is called the “grand coalition.”
For the set Ω of all subsets of N, we define a characteristic function C: Ω → R to assign
the cost to each coalition S in Ω. A cost allocation vector is denoted as z = (z1,z2, . . . , zn),
which represents the value zn ∈ R assigned to each player n in N. A cost allocation
vector is also called a preimputation. The characteristic function and cost allocation vector
satisfy the “efficiency” property if C(Φ) = 0 and ∑

n∈N
zn = C(N). An allocation vector is

said to be “rational” if there does not exist a subset S of players such that they would
perceive less total cost than the total cost allocated to them by forming a coalition separately
from the rest. Rationality of an allocation vector can be represented by the constraints
∑

n∈S
zn ≤ C(S) ∀S ∈ Ω. The set of cost allocation vectors or preimputations satisfying

rationality is called the “core”. An allocation in the core is stable as there is no subset S of
the players such that its players would be better off by deviating from the coalition.

Several well-known methods have been proposed to allocate cost. These include
Shapley value [33], nucleolus [34] and proportional methods [35]. Each cost allocation
method has its pros and cons. Two appealing features of Shapley value allocation are
efficiency and uniqueness. However, Shapley value allocation does not belong to the
core in general. In addition, Shapley value allocation poses a computation complexity
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challenge [33]. Nucleolus is more complex than Shapley value although it always belongs
to the core [34]. A simple way for cost allocation is proportional methods [35]. In the
literature, several schemes to allocate cost savings in ridesharing systems were proposed
in [11–13] based on the proportional methods. However, a further study on application of
the proportional methods to shared mobility systems is needed to assess effectiveness of
these methods. In this section, the schemes proposed in [11–13] to allocate cost savings in
shared mobility systems are defined. These schemes to allocate cost savings are analyzed
in the next section.

A proportional method allocates a share βn of the total cost C(N) to each player
n ∈ N. That is, zn = βn × C(N) ∀n ∈ N, where ∑

n∈N
βn = 1. By assigning the share value

βn properly, we can obtain the schemes proposed in [11–13].
In shared mobility systems, the players are the stakeholders, including the information

provider, a set of passengers, {1, 2, 3, . . . P} and a set of drivers, {1, 2, 3, . . . , D}. The share
values for the information provider, passenger p ∈ P and driver d ∈ D are denoted by α, βP

p

and βD
d , respectively. Different cost savings allocation schemes can be defined by applying

different rules to assign the share values α, βP
p and βD

p , where
P
∑

p=1
βP

p +
D
∑

d=1
βD

d + α = 1.

Instead of considering the original schemes proposed in [11–13] only, we generalize these
schemes by taking into account allocation of cost savings to the information provider of
shared mobility systems in addition to drivers and passengers. The three schemes proposed
in [11–13] are variants of proportional methods defined by specifying the share values dif-
ferently. For these three cost savings allocation schemes, it is assumed that the information
provider is allocated αF(x, y) of cost savings. Let us define these three schemes formally.

For the convenience of discussions, we will call the schemes proposed in [11–13]
“Fifty-Fifty Scheme”, “Local Proportional Scheme” and “Global Proportional Scheme”,
respectively. We call the scheme proposed in [11] “Fifty-Fifty Scheme” as the cost savings
of sharing a ride are equally divided between the two matched participants (the driver
and the passenger) of each shared ride under this scheme. That is, fifty percent of cost
savings of a shared ride is rewarded to the driver and the remaining fifty percent of
cost savings is rewarded to the passenger. We call the scheme proposed in [12] “Local
Proportional Scheme” as it allocates the cost savings of a ride to the driver and the passenger
proportionally to the lengths of their trips. We call the scheme proposed in [13] “Global
Proportional Scheme” as it allocates the cost savings to the drivers and passengers based
on the weighting of individual bid price with respect to overall bid price of all ridesharing
passengers’ and drivers’ bids. These three schemes are formally defined next. As the
original schemes proposed in [11–13] do not consider the portion of cost savings allocated to
information provider, the “Fifty-Fifty Scheme”, “Local Proportional Scheme” and “Global
Proportional Scheme” defined below extend the original schemes by taking into account
allocation of cost savings to information provider. In each of the schemes, the cost savings
are divided into three parts: the first part is allocated to the information provider, the
second part is allocated to the drivers and the third part is allocated to the passengers.

The overall cost savings of a solution (x, y) is clearly defined in (1). Before defining
the three schemes, we first distinguish the cost savings of a single ride from overall cost
savings. For the ride corresponding to a winning bid, say the j-th bid submitted by driver
d, let Γdj denote the set of passengers in the ride corresponding to the j-th bid submitted by
driver d. The cost savings of the j-th bid submitted by driver d is defined in (6) as follows:

Fdj(x, y) =

⎡
⎣
⎛
⎝ ∑

p∈Γdj

yp fp

⎞
⎠+ xdjodj −

(
xdjcdj

)⎤⎦ (6)

The three schemes are defined as follows.
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In the Fifty-Fifty Scheme, which considers one driver and one passenger of a shared
ride, fifty percent of cost savings of the ride is rewarded to the driver and the remaining
fifty percent of cost savings is rewarded to the passenger.

Definition 1. Fifty-Fifty Scheme

(1) This scheme allocates αF(x, y) to the information provider. The share value for the information
provider is α.

(2) This scheme allocates σP
p (1 − α)Fdj(x, y) to the ridesharing passenger p ∈ P (yp = 1)

transported by driver d, where σP
p = 1

2 . The share value for passenger p ∈ P(yp = 1) is

βP
p =

yp(1−α)Fdj(x,y)
2F(x,y) .

(3) This scheme allocates σD
d (1 − α)Fdj(x, y) to each ridesharing driver d ∈ D(xdj = 1 for some

j), where σD
d = 1

2 . The share value for the ridesharing driver d ∈ D (xdj = 1 for some j) is

βD
d =

Jd
∑

j=1
xdj(1−α)Fdj(x,y)

2F(x,y) .

Note that
P
∑

p=1
βP

p +
D
∑

d=1
βD

d + α = 1.

The scheme proposed in [12] allocates cost savings to the driver and the passenger
proportional to the lengths of their trips. Let us call it the Local Proportional Scheme. The
Local Proportional Scheme allocates αF(x, y) to the information provider and allocates cost
savings based on the weighting of the original bid price of each ridesharing passenger
and driver in a shared ride with respect to overall bid price of the driver and the relevant
passenger in the shared ride. The Local Proportional Scheme can be defined as follows:

Definition 2. Local Proportional Scheme:

(1) This scheme allocates αF(x, y) to the information provider. The share value for the information
provider is α.

(2) This scheme allocates σP
p (1 − α)Fdj(x, y) to each ridesharing passenger p ∈ P (yp = 1)

transported by driver d, where σP
p =

yp fp⎡
⎣
⎛
⎝ ∑

p∈Γdj
yp fp

⎞
⎠+xdjcdj

⎤
⎦

. The share value for the ridesharing

passenger p ∈ P (yp = 1) transported by driver d is βP
p =

σP
p yp(1−α)Fdj(x,y)

F(x,y) .

(3) This scheme allocates σD
d (1− α)Fdj(x, y) to each ridesharing driver d ∈ D (xdj = 1 for some j),

where σD
d =

xdjcdj⎡
⎣
⎛
⎝ ∑

p∈Γdj
yp fp

⎞
⎠+xdjcdj

⎤
⎦

.

The share value for the ridesharing driver d ∈ D (xdj = 1 for some j) is

βD
d =

Jd
∑

j=1
xdjσ

D
d

(
1 − α)Fdj(x, y)

F(x, y)
.

Note that
P
∑

p=1
βP

p +
D
∑

d=1
βD

d + α = 1.

The Global Proportional Scheme proposed in [13] allocates a portion of the overall
cost savings to each participant according to the percentage of the participant’s travel
cost with respect to the overall travel cost. The Global Proportional Scheme is different
from the Local Proportional Scheme defined previously. This scheme allocates αF(x, y)
to the information provider and allocates the remaining cost savings to each ridesharing
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passenger and driver based on the weighting of their bid price with respect to overall bid
price of all ridesharing passengers’ and drivers’ bids.

Definition 3. Global Proportional Scheme:

(1) This scheme allocates αF(x, y) to the information provider. The share value for the information
provider is α.

(2) This scheme allocates βP
p F(x, y) to the winning passenger p ∈ P (yp = 1), where the share

value βP
p =

(1−α)yp fp[(
P
∑

p=1
yp fp

)
+

(
D
∑

d=1

Jd
∑

j=1
xdjcdj

)] .

(3) This scheme allocates βD
d F(x, y) to each winning driver d ∈ D (xdj = 1 for some j).

The share value for driver d ∈ D (xdj = 1 for some j) is

βD
d =

Jd
∑

j=1
(1 − α)xdjcdj[(

P
∑

p=1
yp fp

)
+

(
D
∑

d=1

Jd
∑

j=1
xdjcdj

)] .

Note that
P
∑

p=1
βP

p +
D
∑

d=1
βD

d + α = 1.

To compare different cost savings allocation schemes, it is important to study how
many matched rides can satisfy cost savings expectations for relevant drivers and passen-
gers. We define the minimal expected rewarding rate as follows to describe the minimal
cost savings expectations of drivers and passengers.

Definition 4. The minimal cost savings expectations for a ridesharing participant (either a driver
or a passenger) are called the minimal expected rewarding rate, which is defined as the ratio of
the cost savings to the travel cost of the participant. The minimal expected rewarding rate is
denoted by r.

In the real world, drivers or passengers may not be satisfied with the shared rides
recommended by the shared mobility system due to low rewarding rate even if these rides
can meet their transportation requirements. A driver or a passenger may choose either
to accept or reject a ride found by the ride matching system. To assess effectiveness of
different schemes to allocate cost savings, we distinguish acceptable shared rides from
unacceptable ones.

Definition 5. A shared ride is an acceptable ride if the rewarding rate for all the participants on
the ride is greater than or equal to the minimal expected rewarding rate r. A shared ride is not an
acceptable ride if the rewarding rate for any participant on the ride is less than the minimal expected
rewarding rate.

We will compare effectiveness of the Fifty-Fifty Scheme, Local Proportional Scheme
and Global Proportional Scheme by analyzing the number of acceptable rides.

4. Comparison of the Fifty-Fifty Scheme and Local Proportional Scheme

In this section, we will compare the Fifty-Fifty Scheme and Local Proportional Scheme
by analysis. Based on the analysis, a theorem will be stated to characterize the relation of
these two schemes in terms of the number of acceptable rides.

A passenger or a driver will not accept to share a ride if any of their minimal cost
savings expectations, i.e., the minimal expected rewarding rate, cannot be met. A shared
ride is called an acceptable ride if the rewarding rate of the driver and the rewarding rate
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of the passenger are greater than or equal to the minimal expected rewarding rate. The
comparison between cost savings allocation schemes is based on the number of acceptable
shared rides. We first state two lemmas to pave the way for the establishment of a theorem
that state the relation between the number of acceptable rides under the Fifty-Fifty Scheme
and Local Proportional Scheme.

Lemma 1. Suppose the original travel distance of the passenger p ∈ Γdj is not greater than that of
the driver d on a shared ride (with xdj = 1 for some j). The rewarding rate for driver d (with xdj = 1)
under the Fifty-Fifty Scheme is less than or equal to that under the Local Proportional Scheme. The
rewarding rate for passenger p in the shared ride is greater than or equal to the rewarding rate for
driver d.

Proof of Lemma 1. Under the Fifty-Fifty Scheme, the cost savings allocated to driver d in the

ride corresponding to the j-th bid of driver d with xdj = 1 is
(1−α)Fdj(x,y)

2 . The rewarding rate

for driver d is
(1−α)Fdj(x,y)

2cdj
. Under the Local Proportional Scheme, the cost savings allocated to

driver d with xdj = 1 is σD
d (1− α)Fdj(x, y) =

cdj(1−α)Fdj(x,y)⎡
⎣
⎛
⎝ ∑

p∈Γdj
yp fp

⎞
⎠+xdjcdj

⎤
⎦

. The rewarding rate for driver

d with xdj = 1 is
(1−α)Fdj(x,y)⎡

⎣
⎛
⎝ ∑

p∈Γdj
yp fp

⎞
⎠+xdjcdj

⎤
⎦

. In [12], it is assumed that there is at most one passenger

transported by a driver; there is only one element in Γdj. Let p denote the passenger transported

by driver d. Then

[(
∑

p∈Γdj

yp fp

)
+ xdjcdj

]
= yp fp + xdjcdj = fp + cdj. As the original travel

distance of the passenger p ∈ Γdj is not greater than that of the driver in the shared ride, fp ≤ cdj.
Hence fp + cdj ≤ 2cdj.

Therefore,
(1−α)Fdj(x,y)

2cdj
≤ (1−α)Fdj(x,y)⎡

⎣
⎛
⎝ ∑

p∈Γdj
yp fp

⎞
⎠+xdjcdj

⎤
⎦

.

In this case, the rewarding rate for driver d with xdj = 1 under the Fifty-Fifty Scheme
is less than or equal to that under the Local Proportional Scheme.

Note that, as fp ≤ cdj,
(1−α)Fdj(x,y)

2cdj
≤ (1−α)Fdj(x,y)

2 fp
.

Therefore, the rewarding rate for passenger p in the ride corresponding to the j-th bid
of driver d with xdj = 1 is greater than or equal to the rewarding rate for driver d. �

Lemma 2. Suppose the original travel distance of passenger p is greater than that of the driver
d ∈ D in the shared ride corresponding to the j-th bid of driver d with xdj = 1. The rewarding rate
for passenger p under the Fifty-Fifty Scheme is less than that under the Local Proportional Scheme.
The rewarding rate for driver d in the shared ride is greater than the rewarding rate for passenger p.

Proof of Lemma 2. Under the Fifty-Fifty Scheme, the cost savings allocated to passenger p is
(1−α)Fdj(x,y)

2 . The rewarding rate for passenger p is
(1−α)Fdj(x,y)

2 fp
. Under the Local Proportional

Scheme, the cost savings allocated to passenger p is σP
p (1− α)Fdj(x, y) =

yp fp(1−α)Fdj(x,y)⎡
⎣
⎛
⎝ ∑

p∈Γdj
yp fp

⎞
⎠+xdjcdj

⎤
⎦

.

The rewarding rate for passenger p is
yp fp(1−α)Fdj(x,y)

fp

⎡
⎣
⎛
⎝ ∑

p∈Γdj
yp fp

⎞
⎠+xdjcdj

⎤
⎦

=
yp(1−α)Fdj(x,y)⎡

⎣
⎛
⎝ ∑

p∈Γdj
yp fp

⎞
⎠+xdjcdj

⎤
⎦

.

In [12], it is assumed that there is at most one passenger transported by a driver; there
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is only one element in Γdj. Let p denote the passenger transported by driver d. Then[(
∑

p∈Γdj

yp fp

)
+ xdjcdj

]
= yp fp + xdjcdj = fp + cdj.

As fp > cdj, 2 fp > 2cdj + fp.

Hence
(1−α)Fdj(x,y)

2 fp
<

yp(1−α)Fdj(x,y)⎡
⎣
⎛
⎝ ∑

p∈Γdj
yp fp

⎞
⎠+xdjcdj

⎤
⎦

. In this case, the rewarding rate for passen-

ger p under the Fifty-Fifty Scheme is less than that under the Local Proportional Scheme.

As fp > cdj,
(1−α)Fdj(x,y)

2cdj
>

(1−α)Fdj(x,y)
2 fp

.
Therefore, the rewarding rate for driver d in the shared ride is greater than the rewarding

rate for passenger p in the ride corresponding to the j-th bid of driver d with xdj = 1. �

Theorem 1. The number of acceptable shared rides under the Fifty-Fifty Scheme is not greater than
the number of acceptable shared rides under the Local Proportional Scheme.

Proof of Theorem 1. Under the Fifty-Fifty Scheme, the cost savings allocated to passenger

p is
(1−α)Fdj(x,y)

2 . The set of shared rides can be divided into two disjoint subsets: R1 and R2,
where the original travel distance of the passenger is not greater than the original travel
distance of the driver for each ride in R1 and the original travel distance of the passenger is
greater than the original travel distance of the driver for each ride in R2. We first show that
the number of acceptable shared rides in R1 under the Fifty-Fifty Scheme is less than or
equal to that under the Local Proportional Scheme. We then show the number of acceptable
shared rides in R2 under the Fifty-Fifty Scheme is also less than or equal to that under the
Local Proportional Scheme.

(I) Whether a shared ride is acceptable is determined by the rewarding rate for the
driver and the rewarding rate for the passenger in the ride. If either the rewarding rate
for the driver or the rewarding rate for the passenger in the ride is less than the minimal
expected rewarding rate r, the ride will not be accepted either by the driver or the passenger.
The minimum of the rewarding rate for the driver and the rewarding rate for the passenger
in a ride determines whether the ride is acceptable.

For a ride in R1, as the travel distance of the passenger p ∈ Γdj is not greater than
that of the driver in a shared ride, according to Lemma 1, the rewarding rate for driver
d with xdj = 1 under the Fifty-Fifty Scheme is less than or equal to that under the Local
Proportional Scheme and the rewarding rate for passenger p in the shared ride is greater
than or equal to the rewarding rate for driver d. Thus, the minimum of the rewarding rate
for the driver and the rewarding rate for the passenger in a ride in R1 is the rewarding
rate of the driver and is less than or equal to that under the Local Proportional Scheme.
Therefore, if a ride in R1 is accepted under the Fifty-Fifty Scheme, it must be accepted
under the Local Proportional Scheme. As this holds for each ride in R1, the number of
acceptable shared rides in R1 under the Fifty-Fifty Scheme is less than or equal to that
under the Local Proportional Scheme.

(II) Next, we then show the number of acceptable shared rides in R2 under the Fifty-
Fifty Scheme is also less than or equal to that under the Local Proportional Scheme.

Whether a shared ride is acceptable is determined by the rewarding rate for the driver
and the passenger in the ride. If either the rewarding rate for the driver or the passenger in
the ride is less than the minimal expected rewarding rate r, the ride will not be accepted
either by the driver or the passenger. The minimum of the rewarding rate for the driver
and the rewarding rate for the passenger in a ride determine whether the ride is acceptable.

For a ride in R2, as the travel distance of the passenger p ∈ Γdj is greater than that
of the driver in the shared ride, according to Lemma 2, the rewarding rate for passenger
p under the Fifty-Fifty Scheme is less than that under the Local Proportional Scheme.
The rewarding rate for driver d in the shared ride is greater than the rewarding rate for
passenger p.
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Thus, the minimum of the rewarding rate for the driver and the rewarding rate for the
passenger in a ride in R2 is the rewarding rate of the passenger and is less than that under
the Local Proportional Scheme. Therefore, if a ride in R2 is accepted under the Fifty-Fifty
Scheme, it must be accepted under the Local Proportional Scheme. As this holds for each
ride in R2, the number of acceptable shared rides in R2 under the Fifty-Fifty Scheme is less
than or equal to that under the Local Proportional Scheme.

Based on the reasoning of (I), the number of acceptable shared rides in R1 under the
Fifty-Fifty Scheme is less than or equal to that under the Local Proportional Scheme. Based
on the reasoning of (II), the number of acceptable shared rides in R2 under the Fifty-Fifty
Scheme is less than or equal to that under the Local Proportional Scheme. Therefore, the
number of acceptable shared rides in R1 ∪ R2 under the Fifty-Fifty Scheme is less than or
equal to that under the Local Proportional Scheme. This completes the proof. �

5. Comparison of the Local Proportional Scheme and Global Proportional Scheme

In this section, we will compare the numbers of acceptable shared rides under the
Local Proportional Scheme and Global Proportional Scheme. We present two theorems
based on analysis. The first theorem in this section states that in case the rewarding rate
under the Global Proportional Scheme is greater than or equal to the minimal expected
rewarding rate, the number of acceptable shared rides under the Global Proportional
Scheme will be greater than or equal to that under the Proportional Scheme. The next
theorem in this section states that in case the rewarding rate under the Global Proportional
Scheme is less than the minimal expected rewarding rate, the number of acceptable shared
rides under the Local Proportional Scheme will be greater than or equal to that under the
Global Proportional Scheme.

To characterize different cost savings allocation schemes, we define the concept of “all
or nothing scheme” for cost savings allocation schemes.

Definition 6. A cost savings allocation scheme is a local all or nothing scheme if the driver and
passengers in the shared ride receive the same rewarding rate, but the driver and passengers in
different shared ride may receive different rewarding rate under the scheme.

Definition 7. A cost savings allocation scheme is a global all or nothing scheme if all the drivers
and passengers receive the same rewarding rate under the scheme.

Based on these definitions, the Local Proportional Scheme proposed in [12] is a local
all or nothing cost savings allocation scheme and the Global Proportional Scheme proposed
in [13] is a global all or nothing scheme. In addition, the Fifty-Fifty Scheme is neither a
local nor a global all or nothing cost savings allocation scheme as the driver and passenger
in each ride may not receive the same rewarding rate under this scheme and all the drivers
and passengers may not receive the same rewarding rate under the scheme.

Property 1. Under a local all or nothing cost savings allocation scheme, the driver and passenger
in each ride either both accept or reject the rewarding rate.

Property 2. Under a global all or nothing cost savings allocation scheme, all the drivers and
passengers either accept or reject the rewarding rate.

Before stating the main results in this section, we first introduce two lemmas as follows.

Lemma 3. The minimal rewarding rate for passengers under Local Proportional Scheme is less
than or equal to that under the Global Proportional Scheme.

Proof of Lemma 3. Please refer Appendix A. �
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Lemma 4. The minimal rewarding rate for drivers under the Local Proportional Scheme is less
than or equal to that under the Global Proportional Scheme.

Proof of Lemma 4. Please refer Appendix B. �

Theorem 2. If rewarding rate under the Global Proportional Scheme is greater than the minimal
expected rewarding rate for all winning drivers and winning passengers, the number of acceptable
shared rides under the Global Proportional Scheme is greater than or equal to that under the Local
Proportional Scheme.

Proof of Theorem 2. According to Property 2, the Global Proportional Scheme is an
all or nothing cost savings allocation scheme. As the rewarding rate under the Global
Proportional Scheme is greater than the minimal rewarding rate for all winning drivers and
winning passengers, the number of acceptable shared rides under the Global Proportional
Scheme is the number of all the shared rides for the solution (x, y). To show that the number
of acceptable shared rides under the Global Proportional Scheme is greater than or equal
to that of the Local Proportional Scheme, we show that there exists one or more rides in
which either the rewarding rate of passengers or drivers is less than or equal to the Global
Proportional Scheme. According to Lemma 3, the minimal rewarding rate for passengers
under the Local Proportional Scheme is less than or equal to that of the Global Proportional
Scheme. According to Lemma 4: The minimal rewarding rate for drivers under the Local
Proportional Scheme is less than or equal to that of the Global Proportional Scheme. For
the rides in which rewarding rate of passengers or drivers under the Local Proportional
Scheme is less than or equal to Global Proportional Scheme, these rides may or may not
be acceptable. However, these rides must be acceptable under the Global Proportional
Scheme as the number of acceptable shared rides under the Global Proportional Scheme
is all the shared rides for the solution (x, y). Therefore, the number of acceptable shared
rides under the Global Proportional Scheme is greater than or equal to that of the Local
Proportional Scheme. �

Before stating the next result, we first introduce the following lemma:

Lemma 5. The maximal rewarding rate for passengers and drivers under the Local Proportional
Scheme is greater than or equal to that of the Global Proportional Scheme.

Proof of Lemma 5. Please refer Appendix C. �

Theorem 3. If the rewarding rate is less than the minimal expected rewarding rate for all drivers
and passengers under the Global Proportional Scheme, the number of acceptable shared rides under
the Local Proportional Scheme is greater than or equal to that under the Global Proportional Scheme.

Proof of Theorem 3. According to Property 2, the Global Proportional Scheme is an
all or nothing cost savings allocation scheme. As the rewarding rate under the Global
Proportional Scheme is less than the minimal rewarding rate for all winning drivers and
winning passengers, the number of acceptable shared rides under the Global Proportional
Scheme is zero for the solution (x, y). According to Lemma 5, the maximal rewarding rate
for passengers and drivers under the Local Proportional Scheme is greater than or equal to
that of the Global Proportional Scheme. Combining these facts, it follows that the number
of acceptable shared rides of the Local Proportional Scheme is greater than or equal to that
of the Global Proportional Scheme. �

6. Comparison of the Global Proportional Scheme and Fifty-Fifty Scheme

In this section, we will compare the numbers of acceptable shared rides under the Fifty-
Fifty Scheme and Global Proportional Scheme under given minimal expected rewarding
rate by analysis. Two theorems will be established to state the relation between the Global
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Proportional Scheme and Fifty-Fifty Scheme in terms of the number of acceptable shared
rides. One theorem characterizes the situation in which the number of acceptable shared
rides under the Global Proportional Scheme dominates that under the Fifty-Fifty Scheme.
The other theorem characterizes the situation in which the number of acceptable shared rides
under the Global Proportional Scheme is dominated by that under the Fifty-Fifty Scheme.

Theorem 4. If rewarding rate under the Global Proportional Scheme is greater than the minimal
expected rewarding rate, the number of acceptable shared rides under the Global Proportional Scheme
is greater than or equal to that of the Fifty-Fifty Scheme.

Proof of Theorem 4. Under the condition that rewarding rate under the Global Proportional
Scheme is greater than the minimal expected rewarding rate for all winning drivers and
winning passengers, it follows from Theorem 2 that the number of acceptable shared
rides under the Global Proportional Scheme is greater than or equal to that of the Local
Proportional Scheme. According to Theorem 1, the number of acceptable shared rides of the
Fifty-Fifty Scheme is not greater than that of the Local Proportional Scheme. Therefore, the
number of acceptable shared rides under the Global Proportional Scheme is greater than or
equal to that of the Fifty-Fifty Scheme under the condition that rewarding rate under the
Global Proportional Scheme is greater than the minimal expected rewarding rate. �

Theorem 5. If the rewarding rate under the Global Proportional Scheme is less than the minimal
expected rewarding rate, the number of acceptable shared rides under the Fifty-Fifty Scheme is
greater than or equal to that under the Global Proportional Scheme.

Proof of Theorem 5. According to Property 2, the Global Proportional Scheme is an all or
nothing cost savings allocation scheme. Under the condition that the rewarding rate under
the Global Proportional Scheme is less than the minimal expected rewarding rate for all
drivers and passengers, the number of acceptable shared rides of the Global Proportional
Scheme is zero for the solution (x, y). As the number of acceptable shared rides of under the
Fifty-Fifty Scheme must be non-negative, the number of acceptable shared rides under the
Fifty-Fifty Scheme is greater than or equal to that under the Global Proportional Scheme.

To show that the number of acceptable rides may be greater than that under the Global
Proportional Scheme, we characterize the number of acceptable shared rides under the
Fifty-Fifty Scheme. We decompose the set of shared rides into two disjoint subsets: R1
and R2, where the original travel distance of the passenger is not greater than the original
travel distance of the driver for each ride in R1 and the original travel distance of the
passenger is greater than the original travel distance of the driver for each ride in R2. The
set R1 can be further decomposed into two disjoint subset, i.e., R1 = R11 ∪ R12, where

R11 = {γdj

∣∣∣γdj ∈ R1,
(1−α)Fdj(x,y)

2cdj
≥ r} and R12 = {γdj

∣∣∣γdj ∈ R1,
(1−α)Fdj(x,y)

2cdj
< r} . That is,

R11 is the set of shared rides in which the rewarding rate for the driver in each ride is
greater than or equal to the minimal expected rewarding rate.

The set R2 can be further decomposed into two disjoint subset, i.e., R2 = R21 ∪ R22,

where R21 = {γdj

∣∣∣γdj ∈ R2,
(1−α)Fdj(x,y)

2 fp
≥ r} and R22 = {γdj

∣∣∣γdj ∈ R2,
(1−α)Fdj(x,y)

2 fp
< r} .

That is, R21 is the set of shared rides in which the rewarding rate for the passenger in
each ride is greater than or equal to the minimal expected rewarding rate.

We show that the number of acceptable shared rides under the Fifty-Fifty Scheme is
|R11 ∪ R21|.

(i) We first show that all the rides in R12 are not acceptable rides and all the rides in
R11 are acceptable rides.

As R12 ={γdj

∣∣∣γdj ∈ R1,
(1−α)Fdj(x,y)

2cdj
< r} , the rewarding rate for the driver in each ride in

R12 is less than the minimal expected rewarding rate. Thus, all the shared rides in R12 are not

acceptable. Next, we show that all the shared rides in R11 = {γdj

∣∣∣γdj ∈ R1,
(1−α)Fdj(x,y)

2cdj
≥ r}
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are acceptable. To show this, we must show that the rewarding rate for the driver and the
rewarding rate for the passenger in each ride are greater than or equal to the minimal expected

rewarding rate. By definition, R11 = {γdj

∣∣∣γdj ∈ R1,
(1−α)Fdj(x,y)

2cdj
≥ r} . The rewarding rate

for the driver in each ride in R11 is obviously greater than or equal to the minimal expected
rewarding rate r. As R11 ⊆ R1 and the original travel distance of the passenger is not greater
than the original travel distance of the driver for each ride in R1, therefore fp ≤ cdj. Therefore,
(1−α)Fdj(x,y)

2 fp
≥ (1−α)Fdj(x,y)

2cdj
. That is, the rewarding rate for the passenger in each ride in

R11 is greater than or equal to the rewarding rate for driver d. Thus, all the shared rides in

R11 = {γdj

∣∣∣γdj ∈ R1,
(1−α)Fdj(x,y)

2cdj
≥ r} are acceptable.

(ii) Similar to the proof of (i), we can show that all the rides in R22 are not acceptable
rides and all the rides in R21 are acceptable rides.

Based on (i) and (ii), the set of acceptable shared rides under the Fifty-Fifty Scheme
is R11 ∪ R21. Therefore, the number of acceptable rides under the Fifty-Fifty Scheme is
|R11 ∪ R21|.

If |R11 ∪ R21| is greater than zero, the number of acceptable shared rides under the
Fifty-Fifty Scheme is greater than that under the Global Proportional Scheme.

This completes the proof. �

7. Results

The theoretical results presented in the previous sections will be verified by examples
in this section. In this section, we conduct experiments by apply different schemes to
allocate cost savings for several test cases. The test cases are generated based on a geo-
graphical area in Taiwan. For the given number of drivers and passengers in each test
case, we create the test case data by randomly selecting the origins and destinations for
drivers and passengers in Taichung City. The area of Taichung City is 2215 km2. Eight test
cases (Case 1 through Case 8) are generated to verify the theoretical results. Let us use
one test case (Case 2) to illustrate a typical application scenario. For Case 2, there are
three drivers and ten passengers. The origins and destinations generated for three drivers
and ten passengers are shown in Table 2. The travel distance of the three drivers’ routes
fall within the range of 15 to 25 kilometers. The bids of passengers are shown in Table 3,
where all the IDs of passengers are numbered from 1 to 10 and only s1

pk and s2
pk with

nonzero values are shown. The bids of drivers are shown in Table 4, only q1
djk and q2

djk with
nonzero values are shown. The results obtained by the decision model are displayed on
a map in Figure 1, where the origin and destination of the route for driver i are denoted
by Di+ and Di-, respectively, and the origin and destination of the route for passenger
i are denoted by Pi+ and Pi-. Temporal data of itineraries are not shown in the tables
to avoid occupying too much space in this paper. All test cases are randomly gener-
ated. The data of all test cases are available for download from the following link: https:
//drive.google.com/drive/folders/1No2d0lMwZz8zV5mF0yjfmKbSCCgON-38?usp =
sharing (accessed on 20 August 2021).

The algorithm of the software used in the decision model is described in [13]. It is im-
plemented in Java. We apply the algorithm to solve the ridesharing optimization problem
to maximize the overall cost savings first and then apply the Fifty-Fifty Scheme, Local Pro-
portional Scheme and Global Proportional Scheme to allocate cost savings. The cost savings
optimization algorithm only determines the set of rides and relevant drivers/passengers
for ridesharing. The rewarding rates due to cost savings allocated by the Fifty-Fifty Scheme,
Local Proportional Scheme and Global Proportional Scheme for α = 0 are summarized in
Tables 5–8.
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Table 2. Origins and destinations of participants.

Participant Origin Destination

Driver 1 24.23115, 120.57268 24.161486, 120.7313603
Driver 2 24.110586, 120.6839043 24.20659, 120.62886
Driver 3 24.06212, 120.69823 24.2223294, 120.690032
Passenger 1 24.17428, 120.64454 24.17337, 120.6714
Passenger 2 24.11314, 120.66166 24.1790507, 120.6657476
Passenger 3 24.09888, 120.70233 24.14285, 120.73275
Passenger 4 24.11637, 120.66388 24.13536, 120.70114
Passenger 5 24.14891, 120.66295 24.1142, 120.65267
Passenger 6 24.11666, 120.66595 24.152798, 120.6640863
Passenger 7 24.11308, 120.65914 24.13704, 120.67637
Passenger 8 24.114, 120.69139 24.118, 120.62749
Passenger 9 24.07937, 120.67911 24.14891, 120.66295
Passenger 10 24.16471, 120.66779 24.12877, 120.66223

Table 3. Bids submitted by passengers.

Passenger ID (p) s1
pk, s2

pk fp

1 s1
p1 = s2

p1 = 1 8.4775
2 s1

p2 = s2
p2 = 1 23.1125

3 s1
p3 = s2

p3 = 1 18.002499
4 s1

p4 = s2
p4 = 1 13.3575

5 s1
p5 = s2

p5 = 1 11.47
6 s1

p6 = s2
p6 = 1 11.885

7 s1
p7 = s2

p7 = 1 9.8725
8 s1

p8 = s2
p8 = 1 22.4225

9 s1
p9 = s2

p9 = 1 24.3375
10 s1

p10 = s2
p10 = 1 12.9475

Table 4. Bid submitted by Driver 1.

Driver ID (d) q1
djk, q2

djk od1 cd1

1 q1
d11 = q2

d11 = 1 59.1025 59.1025
2 q1

d16 = q2
d16 = 1 39.8075 39.8075

3 q1
d19 = q2

d19 = 1 59.0225 59.0225

For Test Case 1, there is only one shared ride and only one driver–passenger pair. The
rewarding rates for the driver and the passenger are the same for the Local Proportional
Scheme and Global Proportional Scheme in Test Case 1. The rewarding rates for the driver
and the passenger are different for the Fifty-Fifty Scheme. For Test Case 2, the rewarding
rates for all drivers and passengers are the same in the Global Proportional Scheme. The
rewarding rates for the driver and passenger in a shared ride are the same under the
Local Proportional Scheme. However, the rewarding rates for the driver and passenger in
different rides are different under the Local Proportional Scheme. The rewarding rates for
the driver and passenger in the same ride are different under the Fifty-Fifty Scheme.
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Figure 1. A ridesharing scenario.

Table 5. Rewarding rate of Case 1 and Case 2 for α = 0, where FF: Fifty-Fifty Scheme, LP: Local Proportional Scheme and
GP: Global Proportional Scheme.

Case 1 Participant FF LP GP Case 2 Participant FF LP GP

Ride 1
D1 0.072 0.12 0.12 Ride 1 D1 0.072 0.125 0.221
P1 0.358 0.12 0.12 P1 0.5 0.125 0.221

Ride 2 D2 0.149 0.23 0.221
P2 0.5 0.23 0.221

Ride 3 D3 0.206 0.292 0.221
P3 0.5 0.292 0.221

Table 6. Rewarding rate of Case 3 and Case 4 for α = 0.

Case 3 Participant FF LP GP Case 4 Participant FF LP GP

Ride 1
D1 0.127 0.199 0.175 Ride 1 D1 0.162 0.245 0.22
P1 0.461 0.199 0.175 P1 0.5 0.245 0.22

Ride 2
D2 0.064 0.103 0.175 Ride 2 D2 0.036 0.057 0.22
P2 0.271 0.103 0.175 P2 0.139 0.057 0.22

Ride 3
D3 0.128 0.204 0.175 Ride 3 D3 0.295 0.371 0.22
P3 0.5 0.204 0.175 P3 0.5 0.371 0.22

Table 7. Rewarding rate of Case 5 and Case 6 for α = 0.

Case 5 Participant FF LP GP Case 6 Participant FF LP GP

Ride 1
D1 0.194 0.279 0.217 Ride 1 D1 0.129 0.202 0.21
P1 0.5 0.279 0.217 P1 0.457 0.202 0.21

Ride 2
D2 0.085 0.145 0.217 Ride 2 D2 0.072 0.126 0.21
P2 0.5 0.145 0.217 P2 0.396 0.126 0.21

Ride 3
D3 0.217 0.234 0.217 Ride 3 D3 0.181 0.266 0.21
P3 0.5 0.234 0.217 P3 0.5 0.266 0.21

Ride 4 D4 0.183 0.268 0.21
P4 0.5 0.268 0.21

302



Energies 2021, 14, 6931

Table 8. Rewarding rate of Case 7 and Case 8 for α = 0.

Case 7 Participant FF LP GP Case 8 Participant FF LP GP

Ride 1
D1 0.181 0.254 0.246 Ride 1 D1 0.163 0.233 0.21
P1 0.422 0.254 0.246 P1 0.409 0.233 0.21

Ride 2
D2 0.168 0.251 0.246 Ride 2 D2 0.153 0.235 0.21
P2 0.5 0.251 0.246 P2 0.5 0.235 0.21

Ride 3
D3 0.089 0.151 0.246 Ride 3 D3 0.204 0.29 0.21
P3 0.5 0.151 0.246 P3 0.5 0.29 0.21

Ride 4
D4 0.096 0.161 0.246 Ride 4 D4 0.142 0.221 0.21
P4 0.5 0.161 0.246 P4 0.5 0.221 0.21

Ride 5
D5 0.268 0.349 0.246 Ride 5 D5 0.09 0.152 0.21
P5 0.5 0.349 0.246 P5 0.5 0.152 0.21

Ride 6 D6 0.02 0.031 0.21
P6 0.65 0.031 0.21

Ride 7 D7 0.123 0.211 0.21
P7 0.5 0.211 0.21

For Test Case 3 through Test Case 8, the rewarding rates for all drivers and passengers
are the same under the Global Proportional Scheme. The rewarding rates for the driver and
passenger in a shared ride are the same under the Local Proportional Scheme. However,
the rewarding rates for the driver and passenger in different rides are different under the
Local Proportional Scheme. The rewarding rates for the driver and passenger in the same
ride are different under the Fifty-Fifty Scheme.

To compare the effectiveness of cost savings allocation schemes, we need to find the
number of acceptable rides under the minimal rewarding rate, r, for drivers and passengers.
Suppose α = 0 and r = 0.1. In this case, a ride will be accepted as a successful shared ride
only if the rewarding rates for the driver and the passenger are jointly greater than or equal
to 0.1. For the results in Tables 5–8, the numbers of acceptable rides are summarized in
Table 9 for α = 0 and r = 0.1.

Table 9. Number of successful share rides for (α = 0, r = 0.1) and (α = 0, r = 0.2).

α = 0, r = 0.1 α = 0, r = 0.2

Case Participant FF LP GP Case Participant FF LP GP

1 D1 0 1 1 1 D1 0 0 0

2 D2 2 3 3 2 D2 1 2 3

3 D3 2 3 3 3 D3 0 1 0

4 D4 2 2 3 4 D4 1 2 3

5 D5 2 3 3 5 D5 0 2 3

6 D6 3 4 4 6 D6 0 3 4

7 D7 3 5 5 7 D7 1 3 5

8 D7 5 6 7 8 D7 1 6 7

According to Table 9, the numbers of acceptable rides under the Local Proportional
Scheme are greater than or equal to those under the Fifty-Fifty Scheme for all test cases.
These results are consistent with Theorem 1 from our previous analysis. The numbers of
acceptable rides of the Global Proportional Scheme are greater than or equal to those under
the Fifty-Fifty Scheme according to Table 9. These results are consistent with the theoretical
result of Theorem 4 in this paper. Additionally, the numbers of acceptable rides of the
Global Proportional Scheme are greater than or equal to those under the Local Proportional
Scheme according to Table 9. These results are consistent with the theoretical result of
Theorem 2.

303



Energies 2021, 14, 6931

To compare the performance of all test cases for α = 0 and r = 0.1 under the three
schemes, a bar chart based on the experimental results is shown in Figure 2a. It clearly
indicates that the Global Proportional Scheme either performs as well as or the same as the
other two schemes for all cases.

Figure 2. A comparison of the number of acceptable rides for different schemes under (a) α = 0, r = 0.1 and (b) α = 0, r = 0.2.

Suppose α = 0 and r = 0.2. The numbers of acceptable rides are summarized in Table 9.
According to Table 9, the numbers of acceptable rides of the Local Proportional Scheme
are greater than or equal to those of the Fifty-Fifty Scheme for all test cases. These results
are consistent with Theorem 1 from our previous analysis. For Case 2, Case 4, Case 5,
Case 6, Case 7 and Case 8, the numbers of acceptable rides of the Global Proportional
Scheme are greater than zero. Therefore, the numbers of acceptable rides of the Global
Proportional Scheme are greater than or equal to those of the Fifty-Fifty Scheme according
to Table 9. These results are consistent with the theoretical result of Theorem 4 in this paper.
For Case 2, Case 4, Case 5, Case 6, Case 7 and Case 8, the numbers of acceptable rides of
the Global Proportional Scheme are greater than zero. Therefore, the numbers of acceptable
rides of the Global Proportional Scheme are greater than or equal to those of the Local
Proportional Scheme according to Table 9. These results are consistent with the theoretical
result of Theorem 2 in this paper.

For Case 1 and Case 3, the numbers of acceptable rides of the Global Proportional
Scheme are zero. Therefore, the numbers of acceptable rides of the Global Proportional
Scheme are less than or equal to those of the Fifty-Fifty Scheme according to Table 9. These
results are consistent with the theoretical result of Theorem 5 developed in this paper. For
Case 1 and Case 3, the numbers of acceptable rides of the Global Proportional Scheme are
zero. Therefore, the numbers of acceptable rides of the Global Proportional Scheme are less
than or equal to those of the Local Proportional Scheme according to Table 9. These results
are consistent with the theoretical result of Theorem 3 in this paper.

To compare the performance of all test cases for α = 0 and r = 0.2 under the three
schemes, a bar chart based on the experimental results is shown in Figure 2b. It clearly
indicates that the Global Proportional Scheme either performs as well as or the same as the
other two schemes for Case 2, Case 4, Case 5, Case 6, Case 7 and Case 8 (Theorem 2 and
Theorem 4). The Global Proportional Scheme, however, is not better than the other two
schemes for Case 1 and Case 3 (Theorem 3 and Theorem 5).

Suppose α = 0.2 and r = 0.1. In this case, a ride will be accepted as an acceptable
shared ride only if the rewarding rates for the driver and the passenger are jointly greater
than or equal to 0.1. For the results in Tables 10–13, the numbers of acceptable rides are
summarized in Table 14 for α = 0.2 and r = 0.1. According to Table 14, the numbers of
acceptable rides under the Local Proportional Scheme are greater than or equal to those
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under the Fifty-Fifty Scheme for all test cases. These results are consistent with Theorem 1
from our previous analysis. The numbers of acceptable rides under the Global Proportional
Scheme are greater than or equal to those under the Fifty-Fifty Scheme according to Table 14.
These results are consistent with the theoretical result of Theorem 4 developed in this paper.
Additionally, the numbers of acceptable rides under the Global Proportional Scheme are
greater than or equal to those under the Local Proportional Scheme according to Table 14.
These results are consistent with the theoretical result of Theorem 2.

Table 10. Rewarding rate of Case 1 and Case 2 for α = 0.2.

Case 1 Participant FF LP GP Case 2 Participant FF LP GP

Ride 1
D1 0.058 0.096 0.096 Ride 1 D1 0.057 0.1 0.176
P1 0.286 0.096 0.096 P1 0.4 0.1 0.176

Ride 2 D2 0.119 0.184 0.176
P2 0.4 0.184 0.176

Ride 3 D3 0.165 0.234 0.176
P3 0.4 0.234 0.176

Table 11. Rewarding rate of Case 3 and Case 4 for α = 0.2.

Case 3 Participant FF LP GP Case 4 Participant FF LP GP

Ride 1
D1 0.102 0.159 0.14 Ride 1 D1 0.13 0.196 0.176
P1 0.369 0.159 0.14 P1 0.4 0.196 0.176

Ride 2
D2 0.051 0.082 0.14 Ride 2 D2 0.029 0.045 0.176
P2 0.217 0.082 0.14 P2 0.111 0.045 0.176

Ride 3
D3 0.102 0.163 0.14 Ride 3 D3 0.236 0.297 0.176
P3 0.4 0.163 0.14 P3 0.4 0.297 0.176

Table 12. Rewarding rate of Case 5 and Case 6 for α = 0.2.

Case 5 Participant FF LP GP Case 6 Participant FF LP GP

Ride 1
D1 0.155 0.224 0.174 Ride 1 D1 0.103 0.161 0.168
P1 0.4 0.224 0.174 P1 0.365 0.161 0.168

Ride 2
D2 0.068 0.116 0.174 Ride 2 D2 0.058 0.101 0.168
P2 0.4 0.116 0.174 P2 0.397 0.101 0.168

Ride 3
D3 0.122 0.187 0.174 Ride 3 D3 0.145 0.213 0.168
P3 0.4 0.187 0.174 P3 0.4 0.213 0.168

Ride 4 D4 0.146 0.214 0.168
P4 0.4 0.214 0.168

The numbers of acceptable rides are summarized in Table 14 for α = 0.2 and r = 0.2.
According to Table 14, the numbers of acceptable rides under the Local Proportional
Scheme are greater than or equal to those under the Fifty-Fifty Scheme for all test cases.
These results are consistent with Theorem 1 from our previous analysis.

For all cases, the numbers of acceptable rides under the Global Proportional Scheme
are zero. Therefore, the numbers of acceptable rides under the Global Proportional Scheme
are less than or equal to those under the Fifty-Fifty Scheme according to Table 14. These
results are consistent with the theoretical result of Theorem 5 in this paper. For all cases,
the numbers of acceptable rides under the Global Proportional Scheme are zero. Therefore,
the numbers of acceptable rides under the Global Proportional Scheme are less than or
equal to those under the Local Proportional Scheme according to Table 14. These results
are consistent with the theoretical result of Theorem 3 in this paper.
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Table 13. Rewarding rate of Case 7 and Case 8 for α = 0.2.

Case 7 Participant FF LP GP Case 8 Participant FF LP GP

Ride 1
D1 0.145 0.203 0.197 Ride 1 D1 0.131 0.187 0.152
P1 0.337 0.203 0.197 P1 0.328 0.187 0.152

Ride 2
D2 0.134 0.201 0.197 Ride 2 D2 0.123 0.188 0.152
P2 0.4 0.201 0.197 P2 0.4 0.188 0.152

Ride 3
D3 0.071 0.121 0.197 Ride 3 D3 0.163 0.232 0.152
P3 0.4 0.121 0.197 P3 0.4 0.232 0.152

Ride 4
D4 0.077 0.129 0.197 Ride 4 D4 0.114 0.177 0.152
P4 0.4 0.129 0.197 P4 0.4 0.177 0.152

Ride 5
D5 0.214 0.279 0.197 Ride 5 D5 0.072 0.122 0.152
P5 0.4 0.279 0.197 P5 0.4 0.122 0.152

Ride 6 D6 0.016 0.025 0.152
P6 0.052 0.025 0.152

Ride 7 D7 0.107 0.169 0.152
P7 0.4 0.169 0.152

Table 14. Number of successful share rides for (a) α = 0.2, r = 0.1 and (b) α = 0.2, r = 0.2.

α = 0.2, r = 0.1 α = 0.2, r = 0.2.

Case Participant FF LP GP Case Participant FF LP 0

1 D1 0 0 0 2 D2 0 1 0

2 D2 2 3 3 3 D3 0 0 0

3 D3 2 2 3 4 D4 1 1 0

4 D4 2 2 3 5 D5 0 1 0

5 D5 2 3 3 6 D6 0 2 0

6 D6 3 4 4 7 D7 1 3 0

7 D7 3 5 5 8 D7 0 1 0

8 D7 5 6 7

To compare the performance of all test cases for α = 0.2 and r = 0.1 under the three
schemes, a bar chart based on the experimental results is shown in Figure 3b. It clearly
indicates that the Global Proportional Scheme either performs as well as or the same as the
other two schemes.

Figure 3. A comparison of the number of acceptable rides for different schemes under (a) α = 0.2, r = 0.1 and (b) α = 0.2, r = 0.2.
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To compare the performance of all test cases for α = 0.2 and r = 0.2 under the three
schemes, a bar chart based on the experimental results is shown in Figure 3. It clearly
indicates that the Global Proportional Scheme is either the worst among all three schemes
or not better than the other two schemes as the number of acceptable rides is zero for all
cases (Theorems 3 and 5).

8. Discussion

The number of acceptable shared rides is an important performance index for assessing
shared mobility systems. In a shared mobility system, drivers and passengers will share
rides only if they can benefit from cost savings significantly. Depending on the scheme
used to allocate cost savings, the benefits of individual participants vary. Adoption of
different schemes to allocate cost savings will not only influence the cost savings for drivers
and passengers but also the number of acceptable shared rides, which is closely related
to the number of ridesharing passengers. An important issue is to study the influence of
different schemes to allocate cost savings on the number of acceptable shared rides.

Development of a decision support system for shared mobility is usually broken
down into two subproblems: (a) a ridesharing optimization subproblem to match potential
drivers and passengers and (b) a cost savings allocation subproblem. In the literature,
although the ridesharing optimization problem has been studied extensively and there are
many schemes to allocate cost savings in ridesharing systems, the effectiveness of different
schemes to allocate cost savings is less explored. In practice, simple rules have been used to
solve the cost savings allocation problem based on proportional methods [11–13] to reduce
computational complexity. Improper allocation of cost savings may lead to dissatisfaction
of drivers and passengers and reduce the number of shared rides that can be accepted
by the drivers and passengers. However, effectiveness of these proportional cost savings
allocation schemes in a shared mobility system needs to be studied. The influence of
applying different schemes to allocate cost savings on the number of acceptable shared
rides is an important issue in the design of shared mobility systems.

In this study, we explore effectiveness of the three different proportional schemes
proposed in [11–13] by theoretical analysis. Shared rides recommended by shared mobility
systems are typically optimized for objective functions such as overall travel distance.
Therefore, not all recommended shared rides are satisfactory or acceptable for drivers and
passengers. The analysis in this paper characterizes several properties and conditions
under which one proportional cost savings allocation scheme outperform another in terms
of the number of rides acceptable by the drivers and passengers. These properties provide
a foundation for selecting the proper proportional scheme to allocate cost savings. These
properties are supported by experimental results of several test cases provided in this
paper. Our theoretical analysis and properties are consistent with the experimental results.
Although our analysis indicates that, among the three schemes analyzed in this study,
none always dominates the other two under any situation, but a dominating property
does exist under a specific situation. These properties provide the information about the
influence of cost savings allocation schemes on the number of acceptable shared rides.
If the minimal expected rewarding rate can be satisfied under the Global Proportional
Scheme, then the Global Proportional Scheme is the best scheme among the three schemes
studied in this paper. Otherwise, the Local Proportional Scheme is the best scheme among
the three schemes. The Fifty-Fifty Scheme should not be used due to its poor performance.

The properties and results presented in this study are based on the assumption that
drivers and passengers will not accept ridesharing in case the minimal expected rewarding
rate cannot be attained. Several studies [31,32] indicate that cost savings are one important
factor for ridesharing. Therefore, the results of these studies justify this assumption of this
paper. The theory presented in this study does not hinge on the assumption that “travel
cost is proportional to distance”, which is used in [11,12]. The decision model adopted
in this study consists of a practical general framework and procedures that consider
spatial, time, capacity and detour ratio [13], and can consider even social factors [22]. The
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discussions above indicate that theory developed in this study is based on a problem setting
in actual practice and also illustrate the validity and practicality of the theory developed in
this study.

The results of this study generate interesting and important research questions: Do any
other rules exist that are similar or dissimilar to the ones uncovered in this paper among
other cost allocation schemes? Do any other rules exist among other cost allocation schemes
and the three schemes studied in this paper? These open problems call for further studies.

9. Conclusions

Shared mobility is a transportation mode motivated by sharing vehicles to reduce
the cost of journey, fuel consumption, emissions and air pollution. As cost savings are the
primary incentive for the shared mobility mode, most studies on shared mobility focus on
optimization of the travel distance to reduce cost. Due to computational complexity, the
issue to allocate cost savings among stakeholders is often done by applying proportional
methods such as the Fifty-Fifty Scheme, Local Proportional Scheme and Global Proportional
Scheme, which are easy to implement in shared mobility systems. However, effectiveness
of these proportional methods has not been analyzed and compared in the literature. In
addition, there is no guideline on how to select the proper proportional method to allocate
cost savings and how different proportional methods to allocate cost savings influence
performance or acceptance of shared rides. This study provides a theoretical study on
comparison of three different proportional methods in the literature for allocation of cost
savings. Our study is based on the fact that potential drivers and passengers may reject
the shared rides recommended by the shared mobility system if the rewarding rates are
lower than their expectations. As the proportional method used to allocate cost savings
among drivers and passengers directly influences the rewarding rates, the number of
acceptable rides will be influenced by the method used to allocate cost savings. Therefore,
we focus on comparing the number of acceptable rides under given minimal expected
rewarding rate of the potential drivers and passengers. Through our analysis, we find
several useful properties that can serve as a guideline for selecting a proper method from
the Fifty-Fifty Scheme, Local Proportional Scheme and Global Proportional Scheme. These
properties indicate that if the rewarding rate under the Global Proportional Scheme is
greater than or equal to minimal expected rewarding rate, the Global Proportional Scheme
is the best among the three proportional methods. Otherwise, the Fifty-Fifty Scheme
and Local Proportional Scheme will be better than the Global Proportional Scheme. The
properties established in this study also indicate that the Local Proportional Scheme is
better or no worse than the Fifty-Fifty Scheme. These properties provide insights into which
proportional method should be used to achieve more acceptable shared rides. Although
the three schemes studied in this paper are often adopted in industry and academia,
practitioners and researchers using these three schemes in ridesharing systems are not
aware of their influence on acceptance of shared rides. The results of this study uncover
some useful rules for selecting the three schemes to allocate cost savings. These results can
be applied by policy makers and service providers to use the correct scheme to achieve
more acceptable shared rides by following the rules: (1) the Fifty-Fifty Scheme should
not be used, (2) choose the Global Proportional Scheme if the rewarding rate under the
Global Proportional Scheme is greater than or equal to the minimal expected rewarding
rate and (3) choose the Local Proportional Scheme if the rewarding rate under the Global
Proportional Scheme is less the minimal expected rewarding rate. These rules can be
easily implemented. An interesting future research direction will be to study and analyze
effectiveness of other methods used for allocation of cost savings in the context of shared
mobility systems to discover other useful rules to achieve more acceptable shared rides.
Results call for further studies in this interesting and challenging research direction.
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Appendix A

Proof of Lemma 3. To show the minimal rewarding rate for passengers under the Local
Proportional Scheme is less than or equal to that of the Global Proportional Scheme, we
must show that
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Note that
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Therefore, the minimal rewarding rate for passengers under Local Proportional
Scheme is less than or equal to that of Global Proportional Scheme. �

Appendix B

Proof of Lemma 4. We first show that the minimal rewarding rate for drivers under the
Local Proportional Scheme is less than that of the Global Proportional Scheme. To show
the minimal rewarding rate for drivers under the Local Proportional Scheme is less than or
equal to that of the Global Proportional Scheme, we must show that
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Therefore the minimal rewarding rate for drivers under the Local Proportional Scheme is less than or equal
to that of the Global Proportional Scheme. �

Appendix C

Proof of Lemma 5. Let r∗ be the ride corresponding to the winning bid j∗ of driver d∗ such that (d∗, j∗) =
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.

To show the maximal rewarding rate for passengers under the Local Proportional Scheme is greater than or
equal to that of the Global Proportional Scheme, we must show that
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As
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Therefore the maximal rewarding rate for passengers under the Local Proportional
Scheme is greater than or equal to that of the Global Proportional Scheme.

As the rewarding rate for driver d∗ is
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)] , the maximal rewarding rate for

the drivers under the Local Proportional Scheme is greater than or equal to that of the
Global Proportional Scheme. �
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Abstract: Traffic calming measures (TCMs) are implemented in urban areas to reduce vehicles’ speed
and, generally speaking, results are obtained. However, speed is still a problem in rural roads crossing
small villages without a bypass and with short-length urban areas, since drivers do not normally
reduce their speed for that short segment. Hence, various TCM can be installed. It is necessary
to maintain a calm area in these short segments to improve road safety, especially for pedestrian
aiming to cross the road, and to save combustible by avoiding a constant increase-decrease of speed.
Four villages were selected to evaluate the efficiency of radar speed cameras and panels indicating
vehicle’s speed. Results showed that the presence of radar speed cameras reduces the speed in the
direction they can fine, but with a lower effect in the non-fining direction. Additionally, a positive
effect was observed in the fining direction in other points, such as pedestrian crossings. Nevertheless,
the effect does not last long and speed cameras may be considered as punctual measures. If the TCMs
are placed far from the start of the village they are not respected. Hence, it is recommended to place
them near the real start of the build-up area. Lastly, it was verified that longer urban areas make
overall speed decrease. However, when drivers feel that they are arriving to the end of the urban
area, due to the inexistence of buildings, they start speeding up.

Keywords: traffic calming measure; radar speed camera; urban area; road safety; rural roads;
pedestrian; crosswalk

1. Introduction

Despite the great efforts that have been carried out to reduce the number of fatalities
and injuries on road crashes, road safety continues to be a major problem around the world,
even becoming the first cause of premature death [1,2]. Some figures could give an approx-
imate idea about this reality. In the European Union (EU-27), there were 935,216 crashes
resulting in injuries or death in 2019, which represents a low reduction of 3.9% from 2010,
with 973,596. Some countries such as Spain and Romania registered an increase of 20%
in the number of crashes during this period (2010–2019) [3]. Nevertheless, talking about
fatalities, 22,700 people died in 2019, showing a decrease of 23.3% with regard to data from
2010, with 29,611 deaths. The only country with an increase of fatalities between 2010
and 2019 was the Netherlands [3]. In relative figures, the EU-27 reported a decrease from
67 fatalities per million inhabitants in 2010 to 51 in 2019 (−23%) but this positive trend in
fatalities reduction has been distinctly flattened in last few years [3].

Nonetheless, it must be noted that one out of five (20.4%) of all road fatalities in the
EU-27 are pedestrians, representing a higher proportion than other vulnerable road users
(cyclist, 9%; mopeds, 3%; motorcycles 15%) [4,5]. Despite the fall in pedestrian fatalities

Energies 2021, 14, 8146. https://doi.org/10.3390/en14238146 https://www.mdpi.com/journal/energies315



Energies 2021, 14, 8146

from 2010 (5952) to 2018 (4763), implying a reduction of 20%, this figure is even lower to
the global decrease of fatalities mentioned before (−23.3% for all the fatalities) and, hence,
the proportion of pedestrians in total number of road fatalities remains constant (or even
slightly higher). Individual data from Poland and Spain are shown in Table 1. As seen,
both countries reported decreases in the number of fatalities, in pedestrian fatalities, and in
the ratio fatalities per million inhabitants. However, the overall proportion of pedestrians
killed in crashes is quite different. While it ranged from 31.6% to 27.3% in Poland, in Spain
it is around 20%.

Table 1. Road safety data from Poland and Spain in 2010 and in 2019.

Total Number of Road
Crashes

Total Number of
Fatalities

Fatalities Per Million Pedestrian Fatalities

Country 2010 2019
Change

(%)
2010 2019

Change
(%)

2010 2019
Change

(%)
2010 (% of
the Total)

2019 (% of
the Total)

Change
(%)

Poland 38,832 30,288 −22.0 3908 2909 −25.6 103 77 −25.2 1236 (31.6) 793 (27.3) −35.8
Spain 85,503 104,080 +21.7 2479 1755 −29.2 53 37 −30.2 471 (19.0) 381 (21.7) −19.1

Traditionally, road crashes are said to be multi-causal, which are generally grouped in
factors related to driver, vehicle, and highway conditions [6–8], with variable proportions
(Figure 1) [9].

Figure 1. Interaction of the concurrent factors on road crashes.

Nevertheless, speed is said to be the key factor in serious and fatal crashes involving
pedestrians, with a great influence on injury severity of pedestrians [5,10]. When vehicles
travel below 30 km/h, the collisions between motorized vehicles and pedestrians are
much less likely to happen, and if they occur, they do not normally result in fatality [10].
Correlations between the risk of pedestrian fatality and the speed impact have been
established (Figure 2) [11].
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Figure 2. Risk of pedestrian fatality for different impact speeds (fatality rate is the percentage of
pedestrians that are killed in a collision with a motorized vehicle).

In European countries, as expected, urban areas are the location where the majority
of pedestrian fatalities occur (73%), increasing the relative percentage of the pedestrian
death to the total deaths up to 38% (as previously said, pedestrian fatalities represent the
20% of the total). In Poland and in Spain, the proportion of pedestrians killed in urban
areas represents 64.3% and 64.8%, respectively [3]. It has been reported that approximately
two thirds of pedestrians involved in server road crashes were crossing the road [12]. Yue
et al. [13] identified the main scenarios for fatal pedestrian crashes in Florida, indicating
the percentage of occurrence:

• Vehicle going straight and pedestrian crossing the road (51%);
• Vehicle turning left and pedestrian crossing the road at the exit (17%) or the entry (3%)

of the crossing;
• Vehicle turning right and pedestrian crossing the road at the exit (12%) or the entry

(4%) of the crossing;
• Vehicle going straight and pedestrian in (3%) or adjacent to (6%) the road.

Similarly, Populer et al. [14] identified the most frequent scenarios for pedestrian cross-
ing crashes and observed that the main contributing factors for signal-regulated crossing
were non-compliance by the pedestrian (50%) and conflicting green-phases for pedestrians
and turning motorists (25%). In non-signalized crossing, obstruction of view due to other
traffic actors or parked vehicles was concluded to be the main factor [15]. Furthermore, the
majority of accidents in Poland is reported in urban areas and driving speed remains the
most important factor According to the International Transport Forum [16], unadjusted
and excessive speed is the main cause of one third of all fatal road crashes in Hungary,
Poland, and Lithuania. Equal conclusions emerged from official statistics published in
Poland by the Police Headquarters [17].

With the aim of minimizing the vehicles’ speed, traffic calming measures (TCM) have
been introduced in urban areas [18–21]. They are usually defined as “the combination of
mainly physical measures that reduce the negative effect of motor vehicle use, alter driver behavior
and improve conditions for non-motorized street users” [22]. Their main goal is thus to reduce
vehicle speed and volume in the area. Generally, TCMs are classified in four categories:
vertical deflections (rumble strips, speed humps, speed cushions, raised crosswalk, raised
intersection, etc.), horizontal deflections (chicane, gateway, raised median island, etc.);
physical obstructions (semi and diagonal diverter, raised median in intersections, etc.); and
sings and pavement markings (a meter) [23–34].

With regard to the environment, an important point to consider is fuel consumption
and car emissions as a result of the driving speed and style in urban areas. Generally
speaking, lower average speeds and higher number of stops are the main characteristics
of driving in urban areas, implying both fuel consumption and pollutant emissions many
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times higher per vehicle·km. The effect of speed humps and speed tables on the pollutant
emissions was analyzed by Obregón-Biosca [35]. Similarly, other authors evaluated the
exhaust emissions and fuel consumption on Tempo-30-zoned streets [36,37]. However, it
was reported that the speed reduction and fuel consumption and pollutant emissions is
also dependent on other factors, such as the drivers’ behavior and resulting from traffic
jams [38], speed control schemes [39,40], shifting gears on the way through the TCMs [41],
etc. For example, Wang et al. [42] indicated the acceleration should be incorporated, instead
of mean speed of the vehicle, for estimating emission.

While in extensive urban areas the succession of TCMs leads to a situation wherein
vehicles’ speeds are relatively under control, a problem arises in the transition from in-
terurban areas to urban areas. This problem is even greater when an interurban road goes
through the urban area of a small village without by-passing it [43–46]. When the urban
road segment is short, drivers tend not to reduce the speed adequately since the village
is not their final destination, and they maintain the high speeds allowed in interurban
areas. Hence, the risk for pedestrians is increased (Figure 2). Aiming to reduce the speed of
vehicles when crossing these small villages, traffic calming measures are collocated at the
entrance of villages to warn drivers that they are entering an urban area, even if it is short,
and to force them to speed down.

The first traffic safety analyses on these rural roads crossing short urban areas without
a by-pass were conducted in Denmark [47], and in Great Britain [48–50], and later in other
countries [51–55]. Therefore, the introduction of traffic calming measures is recommended
in many countries [56–63]. Usual solutions at the border between non-urban and urban
areas are signs with speed limits, road humps, road markings, rumble devices, road
narrowing measures, including chicanes, pinch-points or overrun areas, panels displaying
vehicles’ speed, radars (which could fine if the speed limit is exceeded), traffic lights
turning red in case of exceeding speed limit, raised crosswalk, etc. [45–49,52–56,62–64].
Some studies have examined the effectiveness of these measures at this critical point [65,66].
Solowczuk and Kacprzak [45,46] analyzed the factors influencing the effectiveness of
on-road chicanes in transition zones to villages subject to 70 and 50 km/h speed limits,
and proposed one aggregate parameter combining various factors. Factors related to the
surrounding landscape and visibility conditions were found to be key factors on speed
reduction. Similarly, other authors examined the result of placing traffic lights that turn red
if the speed limit is exceeded together with various displays of other measures in different
small villages. It was observed that incorporating a panel indicating the vehicles’ speed
after or before the traffic light turning red in case of exceeding speed limit did not lead to
variation in measured speeds [67,68]. Additionally, the point with the lowest speed was
the traffic lights (since they could get a fine if police was controlling that the red light was
controlled). However, after them, drivers speed up at the points where pedestrians could
cross the road. Furthermore, it was shown that if the traffic lights turning red were placed
with a pedestrian crossing, lower speeds were measured since pedestrians could appear
and drivers tend to respect more the speed limit.

The aim of this paper is to evaluate the effectiveness of camera speed radars and
panels indicting vehicles’ speed at the entrance of small villages in rural roads, observing if
drivers reduce their speed when passing next to the TCMs and further in the middle of
the small village, where crosswalks are placed to connect the two parts of the small village
divided by the road. Two small villages in Poland and two small villages in Spain located
along the rural sections of roads were selected for the study. At the entrance of these
villages radar speed cameras (which are supposed to fine) or panels indicating vehicles’
speed are installed. If low speeds are obtained at the entrance and they are effectively
maintained through the entire urban section, a safer and more energy-efficient driving will
be developed.
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2. Materials and Methods

The two small villages in Poland are Chodorówka Nowa and Suchowola and the
two villages in Spain are Arrankudiaga and Arrespalditza/Respaldiza. The display of the
traffic calming measures in each village is described individually.

2.1. Villages in Poland

Both analyzed villages in Poland are located on the National Road 8 (NR8), included
in the international E-network as E67, from Helsinki (Finland) to Prague (Czech Republic).
The NR8 road is the main international route in North-Eastern Poland, leading the traffic
to the border with Lithuania and, hence, it is characterized with a high percentage of heavy
traffic. An annual average daily traffic (AADT) on NR8 reaches almost 10,713 vehicles/day
in 2019, implying 8% increase with regard to 2018. The average AADT for all international
roads is almost 16,700 vehicles/day. On the other hand, the percentage of heavy traffic on
NR8 (46%) is distinctly higher when compared to other international roads in Poland (30%).

The NR8 road crosses the village of Chodorówka Nowa in a length of approximately
790 m. In the middle part of the urban segment, there is a road intersection with a pedestrian
crossing enabling to cross the NR8 road. At approximately 150 m before the crosswalk
there is a radar speed camera. The existing elements in the urban segment, from the North
to the South are as follows (Figure 3a):

• A sign with the village name (1);
• Radar speed camera, fining vehicles going southbound (2);
• Pedestrian crossing (3).

  

Figure 3. Locations of the traffic calming measures and other elements in (a) Chodorówka Nowa; (b) Suchowola.

Vehicles speeds were measured in both directions at the three points (the entrance/exit
of the village, the speed camera, and the pedestrian crossing). Points are referred to as S1,
S2, and S3, when measuring southbound, and N1, N2, and N3 northbound.
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The second village investigated in Poland is Suchowola. The length of the urban
segment is approximately 3500 m and there are speed cameras situated along the NR8 road
and spaced at different distances. The traffic calming measures and important points in the
urban segment (Figure 3b), from north to south are as follows:

• Speed camera (fining vehicles southbound) (1), 30 m south from the sign with the
village name;

• Pedestrian crossing (2), 60 m away from the speed camera in point 1;
• Roundabout (3);
• Horizontal curvature (4);
• Pedestrian crossing (5), 210 m south from the horizontal curvature, which creates a

physical deflection influencing vehicles’ speed;
• Speed camera faced northbound (6), 120 m from the crosswalk in point 5.

Speed measurements were conducted in point 1 (speed camera), point 2 (pedestrian
crossing), and point 5 (pedestrian crossing). They are called N1 or S1, N2 or S2, and N5
and S5, depending on the direction of the traffic (northbound or southbound), respectively.

2.2. Villages in Spain

The first village in Spain is Arrankudiaga, located in the province of Biscay. It is crossed
by the road BI-625, which belongs to the basic network (orange network), the second level
between the road network levels in the province [69]. The Regional Government of Biscay
manages all the roads in the territory, even the freeways or national roads [70] so it means
an important road. It has an AADT of 12,855 vehicles/day, with 8% of heavy vehicles [71].
The urban length is approximately 900 m and the sequence of traffic calming measures and
elements in the urban area are (Figure 4), from north to south are:

• Signs and panels indicating that the speed limit is 50 km/h and the presence of a
speed camera (1) and (2);

• Traffic lights with a pedestrian crossing and a pushbutton (3);
• Radar speed camera faced to control vehicles northbound (4);
• Traffic lights with pedestrian crossing and a pushbutton (5);
• Signs and panels indicating that the speed limit is 50 km/h and the presence of a

speed camera (6) and (7).

Measurements were carried out at the pedestrian crossings with traffic lights and
pushbuttons (3) and (5) and at the radar speed camera (4) northbound. Once again, points
are referred to as N3, N4, and N5 or S3, and S5, depending on the controlled direction,
northbound and southbound, respectively.

The second village in Spain is Arrespalditza/Respaldiza, in the province of Álava.
The road A-624 crosses the village in a length of 415 m. The road belongs to the basic road
network (the orange network), which is also the second level of the road networks in the
province. The Regional Government of Alava also manages all the roads in the territory,
even the freeways or national roads [70]. The road A-624 has an AADT of 3505 vehicles per
day near Arrespalditza/Respaldiza, with 4% of heavy vehicles [72]. The traffic calming
measures and the main elements on the urban segment (Figure 5) from north to south are
as follows:

• A panel indicating the presence of traffic light (1);
• A panel indicating the speed of each vehicle (with a speed limit of 50 km/h) for

vehicles going southbound (2);
• Traffic lights with a pedestrian cross walk and a pushbutton (3);
• Pedestrian crossing (4);
• Traffic lights warning about the presence of traffic lights (5);
• A panel indicating the speed of each vehicle (with a speed limit of 50 km/h) for

vehicles going northbound (6).

Measures were conducted at the pedestrian crossing (4), and 25 m after the crosswalk
with traffic lights with a pushing button at the point (3), southbound. This last point aimed
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to measure the speed not just at the TCM but at a certain distance. Additionally, the speed
was measured in the places of both panels indicating the vehicles’ speed (2) and (6). Points
are referred to as N3, N4, and N6, or S2, S3, and S4, according to the direction of the
vehicles, northbound or southbound, respectively.

Speed measures were obtained by fixed radars or by radar guns. A minimum of
200 vehicles were measured at each place, in each direction.

For the four villages, the following speed parameter values are provided: the maxi-
mum speed (Vmax), the average speed (Vm), and the 85th percentile of the speed distribution
(V85), which is the speed at or below which 85 percent of the motorists drive on a given road.
Additionally, the total number of vehicles controlled, the number of vehicles exceeding
the speed limit (50 km/h) and the percentage of vehicles that exceeded the speed limit are
also presented.

 

Figure 4. Locations of the traffic calming measures and other elements in Arrankudiaga (Spain).
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Figure 5. Locations of the traffic calming measures and other elements in Arrespalditza/Respaldiza (Spain).

3. Results and Discussion

More than 28,000 vehicles were controlled in all the locations. Results are presented
individually.

3.1. Results in Chodorówka Nowa (Poland)

Table 2 presents the results for Chodorówka Nowa.

Table 2. Values of selected variables at control points in Chodorówka Nowa.

Points
S1

Entrance
S2

Radar
S3

Crosswalk
N3

Crosswalk
N2

Radar
N1
Exit

Vm (km/h) 64.5 48.6 54.4 51.7 49.5 64.6
V85 (km/h) 72 54 60 58 54 76

Vmax (km/h) 96 64 76 84 65 99
Total number 200 200 200 200 200 200

Vehicles with v > 50 km/h (number) 196 69 166 111 101 178
Vehicles with v > 50 km/h (%) 98 34.5 83 55.5 50.5 89

As seen, southbound high speeds are registered at the entrance of the village, which is
common, since drivers maintain the speed of an interurban road even if they are entering
the area of 50 km/h speed limit. Then, in the next point, due to the presence of the radar
speed camera, they speed down, reaching the lowest speeds in this controlled village.
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However, 34.5% of the vehicles still exceeded the speed limit. In the final point, at the
pedestrian crosswalk, speeds have increased so distinctly that the average went up over
the limit. 83% of drivers violate the speed limit, even though they are still in an urban area
at a place of potentially higher risk (pedestrian crossing) (Figure 6).

 

(a) (b) 

Figure 6. Speed at each controlled point in Chodorówka Nowa (Poland): (a) southbound, (b) northbound.

In the opposite direction, from south to north, lower speed values and number of
violating drivers are registered. Drivers approaching the crosswalk seem to react correctly
and reduce travel speed in advance. The visual effect of this is that only 55.5% exceed the
speed limit comparing with 83% of speeding drivers in the opposite direction. Nonetheless,
this value of exceeding drivers is still highly alarming. At the radar point, the average
speed and 85th percentile are on a similar level to the values recorded in southbound
direction. Despite the fact that the speed limit in force in urban areas is 50 km/h, it is
common in Poland that speed cameras give drivers 10 km/h tolerance over the speed limit.
This is partly due to technological limitations of the speed cameras and partly due to the
limitations of the system and authority responsible for issuing the tickets. Unfavorably,
this fact is generally known by drivers and they take risk of speeding over the limit, which
is reflected in a high number of registered drivers’ violations. Finally, at the exit of the
village, which is approximately 400 m away from the speed radar, similar values to the
entrance are registered.

Hence, it can be said that the radar makes drivers speed down, especially in the
direction they could be fined, albeit not excessively as more than a third do not respect it,
and at the crosswalk (the point more important to reduce the speed in terms of vulnerable
road users’ safety), the effect of the radar is not achieved. As soon as drivers pass the
control point (speed radar) they accelerate regardless of the speed limit.

3.2. Results in Suchowola (Poland)

Results for Suchowola are listed in Table 3 and graphically presented in Figure 7.

Table 3. Values of selected variables at control points in Suchowola (Poland).

Points
S1

Radar
S2

Crosswalk
S5

Crosswalk
N5

Crosswalk
N2

Crosswalk
N1

Radar

Vm (km/h) 50.3 53.2 47.4 47.1 52.1 55.3
V85 (km/h) 54 59 53 54 58 63

Vmax (km/h) 72 75 65 63 81 81
Total number 200 200 200 200 200 200

Vehicles with v > 50 km/h (number) 102 128 58 78 125 143
Vehicles with v > 50 km/h (%) 51 64 29 39 62.5 71.5
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(a) (b) 

Figure 7. Speed at each controlled point in Suchowola (Poland): (a) southbound, (b) northbound.

As shown, in southbound, the first controlled point, S1, where a radar speed camera
is installed, vehicles’ speed decrease, and drivers adapt their values to the urban area.
Although the average value is slightly over the speed limit, and hence, 51% of the vehicles
do not respect the limit, but the V85 is very near to it, 54 km/h. It means, that approximately
the majority of the vehicles adapted their speed due to the presence of the radar, although
not totally conveniently. In the following control point, S2, a crosswalk, drivers speeded
up and 64% exceeded the limit, meaning that the effect of the radar is very short as the
pedestrian crossing is only 75 m away from the speed radar. Finally, at point S5, a crosswalk
in the village located after a roundabout and a horizontal deflection the best values of
the speed were obtained; only 29% of drivers travel over the speed limit and V85 is only
53 km/h. It clearly shows that in long urban areas speeds tend to be adapted to this area,
getting better results since some vehicles turn in the intersections of the villages or new
vehicles are incorporated to the main traffic flow. In the opposite direction, from South
to North, very the same Vm and V85 values, in relation to S5, are registered in N5, due
to the presence of a radar speed camera located 120 m before. In Suchowola, the speed
values are almost the same in the same check points regardless the direction. In point N2,
located at the end of the village, low-density housing in road vicinity makes drivers feel
that the village has finished and even the presence of a crosswalk does not make speed
down. The average speed is over the limit with 62.5% of drivers exceeding it. Finally, in
N1, as the radar cannot fine vehicles northbound, higher values than in N2 are registered
since drivers being forced to drive with a low speed along the whole village (3500 m) feel
frustrated and trying to regain lost time accelerate earlier before the administrative border
of the village is reached without worrying about the presence of the radar.

3.3. Results in Arrankudiaga (Spain)

Analyzed variables from the data registered in Arrankudiaga are shown in Table 4
and Figure 8.

Table 4. Values of selected variables at control points in Arrankudiaga (Spain).

Points
N5

Crosswalk
N4

Radar
N3

Crosswalk
S3

Crosswalk
S5

Crosswalk

Vm (km/h) 50.9 45.9 46.0 49.7 54.4
V85 (km/h) 59 51 54 59 63

Vmax (km/h) 124 64 77 88 108
Total number 4047 794 4685 4615 4551

Vehicles with v > 50 km/h (number) 2187 141 1485 2332 3290
Vehicles with v > 50 km/h (%) 54.0 17.8 31.7 50.5 72.3
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(a) (b) 

Figure 8. Speed at each controlled point in Arrankudiaga (Spain): (a) southbound, (b) northbound.

Observing the data, it can be deduced that the presence of a radar speed camera has
a real influence on the vehicles’ speed when comparing the values of the two directions.
Northbound, the first crosswalk serves as a way to indicate that drivers are in an urban
area. At the radar, in the direction to the north, the lowest speed values are registered,
with the V85 near the speed limit (50 km/h), and only 17.8% of drivers exceed it. Later, at
the following crosswalk (with traffic lights and a pushbutton), better speed values than in
the previous one are obtained, meaning that the radar has an effect on drivers’ behavior,
making that only 31.7% of them drive with the speed over 50 km/h (Figure 8). Nevertheless,
southbound results are not so satisfactory. Although there is a high AADT in the road, the
traffic is local (no international traffic uses this road) and the habitual drivers know that
the radar speed camera can only fine northbound. Hence, southbound drivers do not feel
any possibility of infraction and higher values are recorded in both crosswalks, especially
in the second one (S5), which is after the radar and near the exit of the village, with almost
three quarts of the drivers exceeding the limit.

If compared with Polish data, fewer drivers exceeded the speed limit at the point
of the radar. Spanish drivers also know that there is a tolerance between the speed limit
and the real speed to get a fine, but it is observed that fewer drivers take the risk of
exceeding the limit. The tolerance in radar speed camera measurement is a fact known in
the entire European Union, but other factors can be attributed to the variable degrees of
vehicles violating it such as a culture of driving fast, the observed probability of appearing
a pedestrian according to the number of inhabitants in the village, etc.

3.4. Results in Arrespalditza/Respaldiza (Spain)

Analyzed variables from the data registered in Arrespalditza/Respalditza are dis-
played in Table 5.

Table 5. Values of selected variables at control points in Arrespalditza/Respaldiza (Spain).

Points
S2

Panel

S3
Crosswalk
+ Traffic
Lights

S4
Crosswalk

N6
Panel

N4
Crosswalk

N3
Crosswalk
+ Traffic
Lights

Vm (km/h) 68.6 48.5 43 63.9 46.7 52.1
V85 (km/h) 77 61 51 79 56 65

Vmax (km/h) 112 112 92 117 91 113
Total number 200 1729 1483 211 1723 1951

Vehicles with v > 50 km/h (number) 196 690 255 168 539 1083
Vehicles with v > 50 km/h (%) 98 39.9 17.2 79.6 31.3 55.5
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The first thing that can be observed from Table 5 is that the panels indicating the
speed are not effective. They alert one about the presence of an urban area but they do
not cause a speed reduction since drivers know that they cannot be fined at that point.
They regard them as warning signals, but not as a punishing measure. Therefore, the
majority of drivers do not respect the speed limit at these points (98% southbound and
79.6 northbound (Figure 9)). Later, at the pedestrian crossing, speed limit is more respected
by motorists, with more than the half of vehicles respecting the speed limit, except for N3.
The most appropriate drivers’ behavior in terms of travel speed were obtained in point
(3), at the location of the cross walks, where only 17.2% and 31.3% of the drivers do not
respect the speed limit. Higher values were registered at 25 m from the traffic lights at the
crosswalk with the pushing button, where the average speed slightly exceeds the limit of
the urban area. However, V85 value, which is the usual variable in traffic engineering, is
much above the limit.

  
(a) (b) 

Figure 9. Speed at each controlled point in Arrespalditza/Respaldiza (Spain): (a) southbound, (b) northbound.

3.5. Discussion

Very detailed equations cannot be extracted for some speed measurement in various
villages since speed does not only depend on the existing traffic calming measures. Speed
in short urban areas also depends on many other variables, such as, the exact location of
the TCMs, the type of drivers (habitual or not), the geometry of the segment, the length of
the short urban area, the usual speeds after and before the urban area, the building density
of the village, the number of inhabitants, etc. Nevertheless, some general ideas are possible
to be deduced from this study.

Firstly, the presence of radar speed cameras force drivers to speed down, mostly due to
the risk of being fined if speed limit is exceeded. When comparing values in both directions,
and the speed camera is only able to fine in one direction, better results (i.e., lower speeds)
can be obtained in the direction that the radar can fine, especially if the speed camera is
located in the outskirts of the built-up area. This can be clearly observed in Suchowola
when values at S1 (fining) and N1 (non-fining) differ distinctly (10% difference). If the speed
camera is located in a middle of a built-up area and drivers’ speed is additionally affected
by other factors (buildings around the road, road curvature or roundabout presence) the
speeds in a certain distance are very similar regardless of the direction of the movement
(S5 and N5). Another common finding for both villages in Poland is the short range of
speed radar exposure. Drivers, being forced to slow down while passing the radar, start
to accelerate, and their speed rises shortly after. This phenomenon is in accordance with
the findings of previous researches [73,74]. At the place of the pedestrian crossings speed
values depend on the direction of the movement if the speed camera is located within a
reasonable distance; drivers approaching a speed camera reduce their speed more than
those driving away. This is visible when comparing values in Chodorówka Nowa at the S3
(fining direction) with N3 (non-fining) directions. Furthermore, this effect of the presence
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of a radar speed camera and its orientation can be observed also in other elements. This is
the case of Arrankudiaga, where northbound speeds were lower at the pedestrian crossing
walks than southbound (N5 vs. S5 and N3 vs. S3). Hence, the positive effect of the radar
speed camera on speed in that direction must be noted.

Secondly, placing traffic calming measures far from the real start of the village has low
effect on vehicles’ speed. This is perfectly observable in Arrespalditza/Respaldiza at points
S2 and N6, where the panels indicating the speed, which include a speed limit of 50 km/h,
are not effective, as drivers feel that the start of the village is not at that point and, hence,
do not respect it. When compared these two panels, lower values are recorded in N6 than
at S2, since N6 is placed nearer the entrance of the urban area. The effect on the closeness
of the panel indicating the speed to the village has been previously investigated [68]. In
that research it was shown that if the panel was further from the start of the village, higher
speeds were registered. Additionally, something similar happens in Chodorówka Nowa,
in N1. Although there is not a TCM at this point (it is just the panel with the village’s
name), and the speed limit of 50 km/h theoretically starts there, as drivers still do not really
feel the presence of an urban area they regard the panel with the name as an informative
one instead of a signal of a lower speed limit area. This additionally confirms the low
effectiveness of administrative speed limitations (vertical signs) as a measure of speed
management [75]. Consequently, with the aim of obtaining better results, TCMs at the
borders between urban and non-urban areas should be placed as near as possible to the
real urban area.

Thirdly, the effect of a radar speed camera is higher in the place of occurrence than
at a pedestrian crossing located in some distance after the speed camera. The effect is
highly disappointing comparing values of Vm and V85 between speed radar and the nearest
pedestrian crossings. Drivers respect more a possible fine than a crosswalk, especially if no
pedestrians are visible. Some points to observe this trend are S1 and S2 in Suchowola, and
N4 and N3 in Arrankudiaga. In fact, radar speed camera must be regarded as a punctual
TCM, which is generally respected by motorist (due to the risk of fine), but at that point,
without achieving a real decrease of the speed in the subsequent segment [25,66]. In the
measuring points after the radar speed cameras higher values are registered, confirming
the idea of a punctual TCM. Furthermore, normally, lower speed values are measured
some meters before the radar speed camera than some meters after it [66].

Lastly, if the urban segment is longer, lower values are obtained. The best example is
the point S5 in Suchowola, where low speeds were measured, 970 m in urban area after S1
point, a roundabout and a horizontal deflection. The values in S5 are lower even than the
ones in S1, where a radar speed camera is situated. The successive presence of measures
affecting the travel speed (roundabouts, horizontal curvatures) distinctly influence on
the speed. However, on the contrary, when drivers feel that the urban area is finishing,
they speed up again, even if the real urban area is not finished. This can be regarded in
Suchowola in points N2 and N1. The urban area is not finished “per se”, but as there are
not so many buildings in that area, motorists start adapting their speed to the new area, an
interurban area.

4. Conclusions

With the aim of analyzing various traffic calming measures on rural roads that pass
through short urban areas, four small villages without a by-pass road were selected and
analyzed (two in Poland and two in Spain). Amongst analyzed traffic calming measures
there were radar speed cameras and panels indicating vehicles’ speed. Speed values were
recorded at the place of the traffic calming measures and at the pedestrian crossings, which
are the most important and sensitive places, as vulnerable road users will use them to go
from one to the other side of the village.

Although the real effect of each TCM does not depend uniquely on the TCM itself,
some general ideas can be obtained from the analysis of the results in these four villages.
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If a radar speed camera can only fine in one direction, drivers on that direction would
respect it more than in the other direction. Additionally, a positive effect was registered not
only at the place of the radar speed camera. It also extended to some distance in front of
and behind the camera. Values obtained at the crosswalks indicated that the presence of
the speed camera in that direction directly influenced the motorists’ speed behavior but
that the impact diminishes with distance. It must be underlined that the effect of the speed
camera does not last long, and drivers speed up after having crossed that critical point.
Furthermore, it should be emphasized that the general effect of radar speed cameras is also
partially mitigated by a tolerance for speeding drivers in the camera’s settings. Continuous
technological development should enable one to replace existing devices with new, more
accurate ones, and the radar camera’s speed limit thresholds should be narrowed and
closer to the real limits.

Moreover, it was seen that if the TCMs are located far from the real start of the urban
area, even if they impose a speed limit, they are not respected until drivers feel that the
real urban area and the possibility of pedestrians appearing really started. Therefore, it is
recommended to place TCMs near the real start of the built-up area.

Finally, longer urban areas make decrease the speed more, as the continuous succession
of intersections have a real effect on speed. On the contrary, when motorists feel that the
urban area is finished, they start speeding up to get usual speed of non-urban roads.
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Abstract: There are various traffic calming measures that can be installed in village transition zones.
So far, focus was placed on diversified use of pavement markings, amounts of horizontal deflection,
shape of the installed chicanes or central islands, presence of gateway, etc., and their location along
the transition zone. However, the combined effect of the different transition zone factors on speed
reductions has been rarely studied so far. Authors put forward a hypothesis of there being some
determinants, which in combination influence speed reduction. To corroborate the hypothesis on the
combined impact of the transition zone features on speed reduction in the village transition zones
and to validate the established relationships the authors conducted verification study in transition
zones containing chicanes or central islands. To verify this hypothesis the authors studied twenty
transition zones and managed to confirm the hypothesis at 95% confidence level. The authors used
previously adopted binary methods, verified the previously defined factors and added a few new
determinants. The contribution of this study is a further investigation of the synergy effect of various
relevant factors and the findings can assist in planning new transition zones or suggest additional
measures to achieve the desired speed reduction in existing transition zones.

Keywords: speed reduction; transition zone; chicane; horizontal deflection; central island; surround-
ing landscape; landscaping

1. Introduction

Fast development of the automotive industry results in increased speeds of road traffic.
Taking this into consideration, in 1990s design guidelines regarding the design of traffic
calming measures were developed [1–3]. In the past, through roads usually crossed villages
running through the main street on the way. After a few years, it was observed that speed
limit zoning and proper traffic management were necessary on the through road sections
within built-up areas [4,5] to inform drivers that the road environment had changed and
that they were entering a built-up area and should adjust driving speed accordingly. Thus,
the transition zone is a transitional section of the road between consecutive open and
built-up areas, and it is important to obtain reduction of the speed of traffic along its length
and, moreover, maintain this speed reducing effect on the way across the village [4].

To address the issues related to traffic calming in villages, it is necessary to analyse
the evolution of the research related to this problem. Special methodology was applied to
prepare the review of literature. The first mention of the need for traffic calming was made
in the 1990s. At that time, design guidelines were mainly based on experimental studies
carried out in several countries on specially adapted “artificial” test sites. The review of
existing studies is based mainly on design guidelines, peer-reviewed scientific papers and
reports of experimental studies published between 1990 and 2021 (Figure 1). The analysis
has shown that the design guidelines were mainly developed in the last years of the 20th
century and the first decade of the 21st century. In contrast, peer-reviewed scientific articles
on traffic calming, as well as on traffic calming measures and their effective-ness in reducing
speed and increasing traffic safety, were successively published between 2000 and 2020,
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with their greatest culmination in the period of 2010–2015. After 2020, few researchers have
dealt with this issue.

 
Figure 1. Progress of studies related to this issue.

Before the structural review of the literature, the authors searched the Scopus, Science
Direct, Google Scholar and Google database in several phases of variously selected key-
words, related to the analysed issue (Figure 2). Over a thousand publications have been
found, mostly related to traffic calming. Therefore, a selection of keywords was necessary.
After several combinations of keywords, a dozen or so design guidelines were finally
selected, in which the principles for the design of horizontal and vertical traffic calming
measures (TCM) were formulated. Several dozen peer-reviewed scientific articles and over
a dozen reports from experimental studies have also been included. An overview of the
final selection of literature based on different search phases and keywords is presented in
Figure 2.

 

Figure 2. Number of found studies for particular keywords.

The main objective of traffic calming schemes implemented on through road sections
crossing villages was to improve safety. This transpired for instance from studies [2,6,7]
which demonstrated a possible direct relationship between road safety and reduced speed
of traffic. The first traffic safety analyses on through roads crossing rural areas were
conducted in the 1990s in Denmark [8], in the UK [1,9–11] and, later on, also in Canada [12],
in Germany [13], in Sweden [14] and in the US [15–17]. Consequently, speed zoning and
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traffic calming schemes were recommended in many countries for through roads of lesser
importance. An analysis of the traffic data from various countries compiled in Table 1
demonstrated that after implementation of traffic calming measures and various speed
management strategies road crash rates were reduced on average by ca. 40–50% and 20%
in rural areas and in village transition zones respectively.

Table 1. Compilation of the reductions in road crash rates on road sections through villages due to the use of traffic calming
measures and various speed management strategies.

Rural Area
Transition Zone in Rural Area, after Implementation of

Traffic Calming Measures

Country and Source Reduction in Crash Rate Country and Source Reduction in Crash Rate

UK [10] 54% Ireland [18] 20%
Austria [19] 45% Italy [20] 50%

Lithuania [21] 40–50% Canada [22] 46%
Sweden [23] 47% US [18] 20%

US [17] 40–50% – –
WHO [24] 44% – –

As mentioned before, traffic calming is relative to road traffic safety, which is directly
associated with speed reduction. The obtained speed reduction in transition zones is
further associated with reduction of noise, fuel consumption and air pollution, in the
village transition zone and more importantly in the central zone (i.e., in the built-up area
itself). In practice, traffic calming problems refer mainly to built-up areas. That said, part
of the studies on the subject covered also the transition zones. In line with the research
conclusions given in [4] there is still a wide array of problems referring to transition
zones that need further investigation. Each location of a transition zone requires a specific
approach to the aspects of landscape engineering, as they can be surrounded by a forest,
open agricultural land, or land partially planted with greenery. Moreover, according to the
conclusions presented in the guidelines [5,25], the easiest and the most economic traffic
calming method was to implement proper traffic management measures (i.e., road signs
informing drivers about the requirement to reduce speed) and various road markings.
However according to [5,25] these measures turned out to be insufficiently effective. Thus,
there arose a need for additional traffic calming measures. Table 2 shows the characteristics
of the results of studies carried out in different countries with the use of various traffic
calming schemes, involving mainly horizontal deflection.

Table 2. Considered parameters, area locations and results of previous research (supplemented based on [26,27]).

No. Considered Parameters Research Result References

Location of the study area: research track at the Transport Research Laboratory TRL

1 Lane width, free view width, visual obstruction,
length of stagger

Speed reduction results Δv are tabulated depending
on of the parameters [10]

Location of the study area: residential road in city centre

2 Length of stagger, narrow lane width, road width, free
view width

Δv results are tabulated depending on of the
parameters and type of vehicle [2,13,28]

3 Chicanery schemes, lane width, different widths of the
chicane island

Case study on a driving simulator, speed reduction
results of speed v and speed reduction Δv

graphically summarised
[29]

4
Various measures of traffic calming: raised pedestrian

crossing, lane narrowing, speed cameras, warning
signs, chicanes, middle islands

Δv results are given depending on the option of the
tested traffic calming measures on different street

classes
[21,30–32]

5 Horizontal deflection, length of stagger, the curves of
the chicane

Recommended radii values are listed according to
the speed limit on the street [14]
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Table 2. Cont.

No. Considered Parameters Research Result References

Location of the study area: transition zones

6 Chicanes shape, narrowing lane width, horizontal
deflection

Speed reduction results Δv are tabulated depending
on the road class [13]

7 Length of stagger lv, horizontal deflection tv Δv results compiled according to the quotient lv/tv [19]

8 Chicanes shape, horizontal deflection Speed reduction results Δv are compiled depending
on the vbefore of a given road [33]

9 Angle horizontal deflection and curb height at central
islands gateways

Case study of different gateways—the analysis
concerns: reducing speed, road accidents and driver

distraction
[20]

10 Different types of gateways

Driving simulator tests to investigate the effect of
various types of gateways on speed, standard

deviation of longitudinal acceleration and
deceleration (SDAD) and standard deviation of the

lateral position (SDLP)

[34]

11
Different types of gateways: street trees, upgraded

pavement treatments, median, lighting, signage and
graphics, sculptures or public art

Driving simulator tests to investigate the effect of
various types of gateways on speed vbefore and vafter,

spatial features of the surrounding environment,
and driver behavioural factors

[35]

12

Designing Safe Road Systems (the design of the road
and environment further to human) provides the

background for study the effects of road design on
driving behaviour.

The central theme is how design principles can
reduce the probability of an error while driving. [36]

13 Different types of gateways: trees, raised junction,
lighting, signage, sculptures or public art

Driving simulator case study—research on the
influence of various gateways on vbefore and vafter [15]

14

Four categories were investigated: geometric design
(e.g., chicanes or central islands), traffic control
devices (e.g., variable message signs or speed

cameras), surface treatments (e.g., speed humps or
transverse rumble strips) and roadside features (e.g.,

as gateways or landscaping).

Reduction Techniques for Rural High-to-Low Speed
Transitions explore techniques for lowering traffic

speeds in rural transition zones.
[25]

15

In transition zones with 70 km/h speed limit there
were introduced three criteria pertaining to traffic
management (5 factors), road condition (7 factors),

landscape engineering and visibility (7 factors)

The authors introduced the binary system and one
aggregated parameter being a sum of the analysed

logical tautologies in all three criteria, i.e., of the
confirmation of the presence of a given factor in the

analysed transition zone

[26]

16

In transition zones with 50 km/h speed limit there
were introduced three criteria pertaining to traffic
management (7 factors), road condition (9 factors),

landscape engineering and visibility (12 factors)

The authors introduced the binary system and one
aggregated parameter being a sum of the analysed

logical tautologies in all three criteria, i.e., of the
confirmation of the presence of a given factor in the

analysed transition zone

[27]

The review of the research status presented in Table 1 shows that various experimental
studies on the reduction of speed of inbound traffic in transition zones have been conducted,
but final conclusions regarding how to effectively obtain the expected inbound speed are
yet to be made. It turned out that traffic management measures, such as a series of
warning signs and road surface markings, though most relevant and easiest to apply, are
insufficient when used alone [4,5,37]. Speed reduction is only one of the expected changes,
and advising the drivers of an incoming change to the road environment and entering
into a built-up area is a more important problem. This can be achieved through gradual
application of various road geometry and traffic calming elements [38], in association
with roadside landscape improvements [22], in order to make drivers slow down and
keep the reduction on the way across the village. However, these changes should be
implemented gradually and should provide clear information to drivers by means of
conspicuous elements [26,27,38,39]. Spot traffic calming elements are effective for a short
length only and the amount of speed reduction is hardly satisfactory, which has been
confirmed by the results of studies presented in [29,33,35,39].
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Still, one should remember that each transition zone is different and surrounded
by different landscape elements, and that is why proposed design options should take
into consideration these different aspects. The significance of considering the effect of the
existing complexity of landscaped road scenes on speed reduction and on the driver’s per-
ception was confirmed presented in [22,40]. However, the findings of [22,38,41] confirmed
that the most effective speed reduction schemes involve the use of variable geometry of
the inbound lane characterised by appropriate amount of horizontal deflection, forcing
drivers to change the driving path, slowing down as a result, that is installation of wide
central islands or wide chicanes deflecting the inbound lane only. Furthermore, [25] found
out that the path angle created by traffic deflection, especially in the case of central island,
smaller than 3 degrees had no effect on speed reduction. This was confirmed also by [20],
who additionally observed that actually the height of the kerb installed on the perimeter of
the central island or chicane deflecting one lane had a greater impact on speed reduction
than a small horizontal deflection.

Central islands or chicanes shifting the lane laterally installed on the carriageway
result in the car changing its path in horizontal plane and therefore the driver must be
warned of this change and get prepared for the manoeuvre [1,2,10,22,29,33]. Additionally,
chicanes can differ in shape [19], size [10] and the applied soft landscaping [4,13,29]. An
analysis of the installed chicanes and results of research on their impact on speed reduction
presented in Table 2 demonstrated that the size of deflection of the vehicle path from a
straight line and the associated path deflection angle are the two most relevant factors.
However, this measure has only a localised effect [33,39].

The first results of experimental research on the effect of the size of the horizontal
deflection on speed reduction were obtained on the TRL test track [10]. Other results were
worked out based on in situ speed surveys conducted under natural conditions [26,27,29,33].
Nevertheless, in a majority of cases described in various studies the research data were
obtained from traffic simulator tests [20,34,42–47] formulated conclusions from an analysis
performed on the basis of driver survey data.

However, analysis of the research results given in the above publications indicates
a big impact of the landscaped road scenes on final speed reduction results, which was
particularly underlined in [5,22,40,48]. The same applies also to the combination of land-
scape features, road conditions and the implemented traffic management measures [26,27].
These basic relationships between the physical measures relating to the road geometry
employed in traffic calming and integrated urban planning, taking into consideration the
surrounding landscape features and village buildings were found already in the 1990s.

The review of the literature performed in Section 1 demonstrated that the existing
design guidelines offer recommendations as to the effectiveness of specific traffic calming
measures, and detailed recommendations regarding geometric parameters of traffic lane
design in the UK [49], Denmark [2], and in Germany [13], yet there are no integrated design
guidelines that consolidate the effect of the application of the above-mentioned solutions
with consideration of the influence of the landscape surrounding the road on achieving the
expected speed reduction of the entrance to the village.

According to [38] as regards village transition zones, it is most important to influence
the driver’s perception by facilitating his/her “reading of the road ahead”, which some-
times can prove more effective than speed limit signs. Concepts such as “self-explaining”
or “self-enforcing” road, were introduced in [4,38]. This is to be achieved through a visual
design approach to explain the roadway function to drivers and thus achieve the desired
speed of traffic. Similar conclusions on the need to consider in design guidelines different
landscape elements present in village transition zones are presented also in [22,40,48]. The
need to consider many elements of the roadside landscape was indicated also in [26,27],
where the authors postulated three criteria characterizing transition zones on roads with
50 km/h and 70 km/h speed limits, including chicanes horizontally deflecting one traffic
lane with various deflection angles.
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In recent years, the development of photovoltaic technologies has also resulted in new
studies conducted in transition zones, on the use of photovoltaic cells in traffic signs and
road markings used in kerbs and on carriageway edges [50–52]. These are major factors
associated with eyeball fixation, clear vision field and driver’s perception [22,53].

The aim of this study is to confirm the hypothesis of synergistic effect of the combined
influence of factors characterizing the surrounding of the transition zone to small villages
on the expected speed reduction. The first study areas were analysed in [26] (70 km/h
speed limit roads including chicanes) and in [27] (50 km/h speed limit roads including
chicanes). In this paper, the authors studied a new area with a speed limit of 50 km/h and a
central islands in the transition zones and presented new analyses. In addition, the authors
performed a validation of the correlations presented in previous articles [26,27] and new
correlations obtained in new study area. For conducted analysis the authors implemented
a binary system of evaluation as applied in [26,27] to characterise the surroundings of the
entry zone in three criteria, concerning traffic management (TM), road conditions (RC) and
surrounding landscape and visibility (SLV), as shown in Section 3. As a result, statistically
significant correlations were obtained confirming the effect of the combined influence of
the determinants on speed reduction, thus fulfilling the purpose of the article. Sections 4
and 5 present the main conclusions and future research directions. Figure 3 below shows
the structure of the article using the IMRAD scheme.

Figure 3. IMRAD structure of the article.

2. Methodology

2.1. Study Area

Elaborating on the above problems, in this article, the authors undertook to validate
the relationships presented in [26,27] and added one more study case with the transition
zone located on a 50 km/h road with only a narrow central islands were installed, referred
to as study area No. 3. The transition zones described in publication [26] are designated as
study area No. 1 and in publication [27], as study area No. 2 (Figure 4). Figure 4 shows
also the locations of four transition zones without chicanes, chosen for the purposes of
comparison with the transition zones including chicanes and nine non-typical transition
zones chosen for validation.
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Figure 4. Map of the study area showing the locations of transition zones on regional roads in NW
Poland. Source: own work of the authors.

Similar assumptions presented in previous articles [26,27] were also applied here. To
validate the results presented in [26,27], in this study, for study areas No. 1 and No 2,
transition zones were located on renovated provincial roads. In a village with a population
of 35 to 1000 people, a short transition through the village (400 m to 2000 m) was also
studied. The same research assumptions were made for the third study area. The transition
zones selected for this study were located on roads of the same class with a roadway width
of 6 or 7 m. When choosing the transition zones for validation purposes, 150 to 800 veh/h
traffic volume was maintained, as in articles [26,27]. Mainly non-typical transition zones
were chosen for validation of the relationships obtained in the study areas No. 1 and No. 2.
With respect to the new study area No. 3 with central islands, the authors chose transition
zones varying in terms of landscaping, roadside buildings and surrounding land (forest or
farm fields). Additionally, two transition zones on each of the regional roads, with 50 km/h
and 70 km/h speed limit with no chicanes in place were also chosen for analysis. This
choice of additional transition zones was dictated by the intention to check whether the
transition zone features (landscaping) in three criteria have a combined impact on speed
reduction, with neither a median island nor a chicane in place.

2.2. Transition Zones Chosen for Validation Purposes

A few transition zones were chosen in each study area to confirm the demonstrated
relationship between speed reduction and speed reduction ratio SRR on the one hand and
the aggregate parameter on the other. In accordance with suggestions made in [22,38,40,48],
as regards considering the transition zone features non-typical transition zones were chosen
for validation for each of the respective study areas.

Taking into account the fact that on 70 km/h roads (study area No. 1) horizontal shifts
in carriageway are applied in non-typical zones between villages, it is just these transition
zones that were chosen for validation. Design details for on-road chicanes deflecting only
one lane are given in the German guidelines [13]. Two zones without chicanes were chosen
in addition.

In study area No. 2 three non-typical transition zones were chosen for validation,
out of which one was located on a curvy road section with the view ahead additionally
restricted by a rail bridge and two other zones were located in the same village in between
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built-up area composed of two distinct parts. Again, two zones with no chicanes installed
were chosen additionally.

In study area No. 3 including central islands in place the following four non-typical
transition zones were chosen: (A and B)—two zones, when the distance separating two
villages was so small that they shared one transition zone with two opposite traffic direc-
tions (C)—one zone with buildings scattered loosely over the village area and the transition
zone located amidst them (D) one zone, situated before a curvy road section, with view
greatly restricted by a forest complex. Two additional zones, the same as in study area
No. 2, without a central island were included in this group.

The analysis of the selected factors characterizing non-typical transition zones, lo-
cated on 70 km/h roads demonstrated that four additional factors pertaining to specific
conditions and presence of two staggered chicanes deflecting the traffic lanes in opposite
directions should be considered. An example of such a non-typical transition zone is shown
in Figure 5 below.

Figure 5. A non-typical transition zone with two staggered chicanes deflecting the traffic lanes in the opposite directions.
Source: own work of the authors.

Additional factors in the road conditions criterion and quantification measures as-
sumed for these factors were as follows:

– Distance between channelised intersection and the chicane (up to 500 m—1, above
500 m—0),

– Visibility of the splitter island on the channelised intersection to the driver passing
through the chicane (yes—1; no—0),

– Presence of additional traffic calming measures (yes—1; no—0),
– Length of double solid line between the chicane and splitter island on channelised

intersection (up to 250 m—1; greater distance or no double solid line at all—0).

2.3. Data Collection

Speed surveys were carried out in the transition zones under analysis, with simul-
taneous traffic counting before and after the chicane. It was assumed that speed surveys
will be carried out under continuous traffic flow conditions with automatic traffic counting
by means of a special device shown in Figure 6. The electronic software of the measuring
device allowed for simultaneous recording of traffic volume data with breakdown of traffic
by vehicle type and traffic direction and of speed data (under free and continuous flow
conditions). Free traffic flow was understood in accordance with the definition given in [54],
i.e., as a flow with 7 s. headway. Continuous flow was applied to all the vehicles travelling
along a given road in a given time. However, for further analyses the authors chose only
free-flow traffic situation for the sake of consistency of their analyses with studies by other
researchers.

Based on preliminary measurements and taking into account the hourly traffic vol-
umes in the analysed transition zones it was assumed that the survey would involve
measuring the free speed of at least 100 passenger cars before and after the chicane. At
sites without on-road chicanes or central islands vehicle speeds were measured before
the E-17 “city/town/village” sign and after the D-42 “built-up area” sign respectively.
Considering low traffic volumes and a small percentage share of heavy goods vehicles
(3–8%), it was decided to measure their speeds only during the span of 100 passenger cars.
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The speed measuring devices measured also the speeds of farming vehicles, yet they were
not considered in further analyses.

  
(a) (b) 

Figure 6. The speed measuring device employed in traffic count and speed survey: (a) Schematic representation of the
elevations of the sensors for the automatic traffic count and vehicle classification survey: C, D, E, F and G; (b) speed sensors
A and B. Source: own work of the authors.

2.4. Research Methodology—Binary Method and Logical Tautologies

The analysis of the previously published results demonstrated lack of repeatability and
homogeneity of results obtained in the tests by [10,15,19,20,33]. Sayer et al. [10] conducted
the study on an “artificial” test track (Transport Research Laboratory TRL) and studied on a
designated experimental roadway different shapes of chi-canes with different dimensions.
The shape of the chicanes was made using horizontal and vertical elements. More than
a dozen experienced drivers participated in the experiment. Many characteristic factors
existing on the roads (i.e., green surroundings, open agricultural area, forest area, silhouette
view of the village or single buildings, etc.) were omitted in the study. In other study [33]
speed measurements were performed on existing roads with chicanes of various sizes.
Unfortunately, other parameters of analysed roads were not given in the publication and
there was no description of the development of the road surroundings. Beger & Linauer
performed speed measurements in four transition zones with various chicanes [19]. Their
results do not coincide with the results presented in [33], despite the fact that they were
conducted under natural conditions on existing roads. Lantieri et al. [20] conducted speed
measurements in 12 transition zones on an existing road with a length of 15 km and also
obtained different results that do not coincide with the results described in [33], nor with
the results reported in [19]. Dixon et al. [15] con-ducted experimental studies on various
roads using traffic simulators and also the results from these studies did not match the
results from the studies described above.

After analysing abovementioned information, the authors decided to analyse the
results of other studies, which take into account other factors except physical effect of the
chicane or central island on speed reduction in a short section of the transition zone. For
instance, ref. [38] recommends considering in the transition zone design a few additional
factors pertaining to the transition zone geometry, traffic calming treatments and presence
of various road infrastructure elements such as bridges, culverts, traffic barriers.

While in [5,22,40,48] consideration of also the elements of the roadside landscape was
further recommended. Still, it was only the guidelines [5] that proposed categorisation
of certain road surrounding and landscape elements, which however referred only to
built-up areas on the outskirts of towns, with pedestrian cross traffic, cycle traffic and
public transport system stops.

Considering the above and taking into account the comparison of the results of other
studies, summarised in Table 2, the authors adopted the research methodology presented
in the flow chart below (Figure 7).
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Figure 7. Flow chart of applied methodology. Source: own work of the authors.

Authors presented the results of research carried out in transition zones by taking into
consideration the confirmation of the presence at the site of various factors characterising
three adopted criteria by them related to: traffic management (TM), various factors related
to road conditions (RC) and the surrounding landscape and visibility (SLV) [26,27]. To
facilitate the evaluation of the varied influence of the selected factors on speed reduction,
an aggregate parameter was introduced [26,27]. The aggregate parameter consisted in
using the basics of logic and the binary method (zero-one coding) specified, for instance,
in a publication by the [55]. In reference to the several dozen factors characterising the
three adopted criteria, the authors proposed using logical tautologies, indicating whether a
given factor is present or not present in the analysed transition zone [26,27]. The aggregate
parameter was numerically equal to the sum of confirmed logical tautologies in the three
adopted criteria, TM, RC and SLV. An analogical approach was proposed in this article to
carry out validation of the relationships given by authors in [26,27] and compare the results
obtained, which means that the binary method and logical tautologies were implemented
also in this research.
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Logical tautologies can be applied both for new and existing transition zones. They
can also be subjected to further analysis with the aim of obtaining a practical indication
on what should be improved in the transition zone to finally achieve the desired slowing
effect.

2.5. Statistical Analysis

With regard to all data, it was checked if speed distribution in a given transition
zone is a normal distribution, using the classic goodness-of-fit K–S test. In all cases it was
confirmed that the distribution of speed populations obtained was normal and that further
statistical analyses relating to them could be carried out. Different speeds are traditionally
used in traffic calming studies when analysing the effectiveness of different traffic calming
measures [4,38]. Based on the speed data obtained the authors assumed the following
for further analyses: 85th percentile speed i.e., the speed at which or below which 85% of
motorists drive on a given lane, v85, mean free speed vav, speed reductions Δv and SRR
(calculated from the general formula SRR = Δv/vbefore). Taking account of the SRR value in
traffic calming analyses allows for comparing independent studies.

All the speed data were subjected to traditional statistical analyses. First the goodness-
of-fit K–S test was performed in order to check the distribution of the investigated before
and after speed populations (vbefore and vafter) for normality (columns 2–3, 6–7, 10–11 in
Table 3 and columns 5–6 in Table 4). As mentioned before, normal distribution was
confirmed in all the speed populations under analysis.

Table 3. Results of standard statistical tests in additional transition zones accepted for validation (in relation to 85th
percentile speed). Goodness-of-fit K–S test and Two–sample K–S test λα = 1.36 (α = 0.05), Median test χα

2 = 3.84 (α = 0.05).

No.
Study Area No. 1 Study Area No. 2 Study Area No. 3

λ(vbefore) λ(vafter) λ χ2 λ(vbefore) λ(vafter) λ χ2 λ(vbefore) λ(vafter) λ χ2

1 2 3 4 5 6 7 8 9 10 11 12 13

Chosen for validation transition zones with chicanes deflecting one lane or central islands
No. A 0.86 0.80 2.06 6.56 0.56 0.46 3.31 26.37 0.42 0.36 3.81 57.62
No. B 0.62 0.82 0.88 2.99 0.34 0.48 3.41 37.0 0.32 0.32 1.14 3.60
No. C – – – – 0.58 0.51 0.79 4.42 0.98 0.93 0.64 1.65
No. D – – – – – – – – 0.81 0.44 1.12 4.77

Chosen for validation transition zones without chicanes or central islands
No. E 0.73 0.58 0.61 0.36 0.75 0.69 0.55 1.65 0.75 0.69 0.55 1.65
No. F 0.98 0.78 0.53 0.20 1.21 1.05 0.41 8.47 1.21 1.05 0.41 8.47

Table 4. Results of standard statistical tests on test in study area No. 3 with 50 km/h speed limit and central islands installed
(in relation 85th percentile speed). Goodness-of-fit K–S test and Two–sample K–S test λα = 1.36 (α = 0.05), Median test χα

2 =
3.84 (α = 0.05).

No.
Survey Data

Statistical Test Results

Goodness-of-Fit K–S Test Two–Sample K–S Test Median Test

v85
before v85

after Δv85 λvbefore λvafter λ χ2

1 2 3 4 5 6 7 8

No. 1 77.1 64.3 12.8 1.05 0.42 2.15 14.57
No. 2 76.5 65.5 11.0 0.38 0.67 2.20 7.03
No. 3 87.5 79.1 8.4 0.40 1.10 1.21 9.16
No. 4 82.0 75.6 6.4 0.95 0.75 2.03 2.41
No. 5 76.4 76.9 –0.5 0.41 0.54 1.08 1.76
No. 6 73.3 84.5 –11.2 0.34 0.43 1.46 5.64
No. 7 66.0 77.4 –11.4 0.25 0.75 1.52 15.45
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The next statistical analysis involved checking: whether the “before” and “after”
driving speed cumulative density functions belong to the same population or whether they
are different, i.e., confirm the hypothesis of the desired slowing. The Two-Sample K–S test
and median test were used for this purpose. Two-Sample t-Test was not used, as it can be
applied only with positive scores of the F-test of equality of variances. Taking the above
into consideration, the median test was used instead of the Two-Sample t-Test, this is in
accordance with the principles of statistical analysis [56]. The results of the Two-Sample
K–S test are given in Table 3—columns 4, 8, 12 and Table 4—column 7. The results of the
median test are given in Table 3—columns 5, 9 and 13 and Table 4—column 8. In all the
cases, when a positive Δv85 value was obtained both statistical tests produced positive
results, which was a confirmation that the speeds measured before and after the chicane or
central island were different, i.e., belonged to different populations. In the remaining cases
the test results varied. The values of the 85th percentile “before” and “after” speed and of
speed reduction are additionally given in Table 4 (columns 2, 3 and 4).

Based on the analyses made [26,27], authors adopted a research hypothesis that there
exist determinants characterizing a transition zone in three criteria (TM, RC and SLV),
whose combined energy has an effect on drivers’ perception making them slow down.
Only in very specific and rare situations can a single factor cause local speed reduction.
In order to prove the above hypothesis or to validate the published relationships, the
authors ensured homogeneity of the transition zones chosen, in accordance with the
general theory of experimental research.

Taking the above into account, in study area No. 3 five transition zones with 1 m
lateral shift and two transition zones with 1.5 m lateral shift were chosen for analysis. No
additional factors characterizing a given transition zone were considered.

Figure 8 shows the accumulated relationships between speed reduction and its corre-
sponding SRR value and the aggregate parameter for a given transition zone, in relation
to the data from the publication [26,27] supplemented with new data from the study area
No. 3.

 
(a) (b) 

Figure 8. Relationship between speed reduction and SRR on the one hand and aggregate parameter on the other in three
analysed study areas. (Data from study areas No. 1 and No. 2—based on the data given in [26,27]): (a) speed reduction
Δv85; (b) speed reduction ratio SRR. Source: own work of the authors.

The analysis of the data presented in Figure 4, SRR in particular, justifies the division
of the analysed transition zones into three study areas, depending on the posted speed
limit and presence of a chicane or central island. The analysis of the value of determination
coefficient R2 also indicates that the adopted research hypothesis about the synergy of the
combined impact of the proposed factors on the effectiveness of speed reduction is very
likely to be true. The established functional relationships were particularly significant in the
case of the study areas No. 1 and No. 2 in [26,27], in which the coefficient of determination
covered 79% and 91% of the analysed data respectively. On the other hand, in the study area
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No. 3 with lateral shift of only 1 to 1.5 m, significant statistical dependencies (R2 ≈ 60%)
were confirmed, yet no speed reduction but in fact its increase, was achieved in almost
half of the transition zones, which, among other things, corroborates also the conclusions
resulting from research [20,25,33] that a small deflection angle does not bring about slowing.
However, it is possible that in conjunction with other factors even such a small deflection
angle can achieve some speed reduction in specific cases.

3. Results

Considering the results of the statistical analyses presented in [26,27], in the next part
of the analysis of the compared results regression analyses were carried out, including in
each study area all the analysed transition zones, as presented in Figures 9–11 below. The
regression analysis, determination model and determination factor are the same for all the
analysed data and the purpose of colour coding, described in the legend is to facilitate
distinguishing them in the following charts. The analysis of the established relationships
demonstrated that all the data fall within the 95% prediction band, and almost all, with
only small exceptions, fall within the 95% confidence interval. This testifies to robustness of
the results obtained in the course of our research. The lines in the diagrams marked as 95%
prediction bands are colloquially called the confidence limits for a single observation. This
means that the data satisfy the basic principles of regression analysis, since they fall within
this area according to [56]. High values of determination coefficient R2 in study areas No. 1
and No. 2 indicate that speed reduction and SRR indeed depend on the combined impact
of various factors operating in the transition zone, i.e., on the value of aggregate parameter
proposed in [26,27]. The transition zones chosen for validation confirmed the established
relationships since all but two of them fall within the 95% confidence interval in study area
No. 3 (Figure 11).

 
(a) (b) 

Figure 9. Linear regression function in the study area No. 1 defining the relationship between the aggregate parameter and
speed reduction: (a) Speed reduction Δv85; (b) Speed reduction ratio SRR. Source: own work of the authors.

The data presented in Figures 5–7 confirm also that the chosen study areas should
remain unchanged. This is so, because other factors operate in transition zones on 70 km/h
roads and other ones characterise the transition zones with 50 km/h speed limit. In
study area No. 3 smaller values of determination coefficient R2 were obtained, which is
associated mainly with negative values of speed difference and a smaller number of logical
tautologies, as well as very small horizontal deflection angles (1 m or 1.5 m). The presented
results confirm also the conclusions given in [4,20,25,33], i.e., that central islands with a
small horizontal deflection angle in transition zones are hardly effective as regards speed
reduction.
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(a) (b) 

Figure 10. Linear regression function in the study area No. 2 defining the relationship between the aggregate parameter
and speed reduction: (a) speed reduction Δv85; (b) speed reduction ratio SRR. Source: own work of the authors.

 
(a) (b) 

Figure 11. Linear regression function in the study area No. 3 defining the relationship between the aggregate parameter
and speed reduction: (a) speed reduction Δv85; (b) speed reduction ratio SRR. Source: own work of the authors.

In order to obtain confirmation of the validity of the factors chosen in [26,27], cor-
relation coefficients R, sums of the confirmed logical tautologies in each criterion and of
the analysed speed distribution parameters in study area No. 3 and the coefficients of
correlation R between the aggregated parameter and speed distribution parameters were
compiled in Table 5 below. Bold characters denote correlation coefficients R greater than
0.7. Correlation coefficients R obtained in study area No. 3 confirm that although speed
reductions may be in a significant way associated with the aggregate parameter, they are
only slight, if any, due to a small horizontal deflection. Moreover, speed increases were
even noted after passing the chicane.

Table 5. Coefficients of correlation R between the sum of logical tautologies in the respective criteria or the aggregate
parameter and the selected speed distribution parameters (transition zones in study area No. 3 only).

The Adopted Sums of Logical Tautologies in the Three Criteria and
Aggregate Parameter acc. to Sołowczuk and Kacprzak, (2020, 2021)

Speed Reduction Speed Reduction Ratio

Δv85 Δvav w v85 w vav

zo 0.41 0.55 0.44 0.57
zd 0.81 0.76 0.80 0.76

zzw 0.61 0.47 0.62 0.49
z 0.80 0.74 0.82 0.75

Where: zo—sum of confirmed logical tautologies for traffic management factors in the analysed transition zones; zd—sum of confirmed
logical tautologies for the traffic management factors in the analysed transition zones; zzw—sum of confirmed logical tautologies for the
traffic management factors in the analysed transition zones; z—aggregate parameter, being the sum of all confirmed logical tautologies in
the analysed transition zones.
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4. Discussion

Three criteria adopted in [26,27] and the factors characterizing the transition zone and
its surroundings adopted preliminarily by authors were implemented in this article.

4.1. Traffic Management Criterion (TM)

In line with the research assumptions adopted in [26,27] under the TM criterion a
preliminary analysis in the three study areas was performed, as presented in Figure 8. The
factors are adopted preliminarily in study area No. 2 by authors [27] and implemented
accordingly in the study area No. 3, with 50 km/h speed limit and central islands installed,
are presented on the left side of Figure 8 against blue background. The choice of these
factors was probably a direct result of the situations noted on site in the analysed transition
zones. The central part of Figure 8 represents the quantification measures of the analysed
logical tautologies adopted in [26,27]. The sums of logical tautologies in study areas No. 1
and No. 2 based on data given in [26,27], supplemented with the logical tautologies from
the transition zones adopted for validation area shown on the right side of Figure 8. For
better visual representation of the representative factors in this part of Figure 12, the sums
of the noted logical tautologies greater than 4 are written in dark blue. Moreover, for better
selection and ease of finding representative factors noted in the analysed transition zones in
Figure 8, they are given in order from largest to smallest sum in respective study areas. An
analysis of the data presented in Figure 12 indicates that the representative determinants in
the study area No. 1 are different than the determinants in study areas No. 2 and No. 3,
with a lower speed limit. Following a detailed analysis of the TM factors on 50 km/h
roads [27] decided to:

– Use the view of residential buildings on the approach to chicane (line 6) in place of
the village skyline (line 10),

– Use a different factor confirming the presence of a pedestrian crossing (line 4) in place
of location of buildings after the road sign D-42 “city/town/village” (line 3),

– Use in the study area No. 2 location of the 40 km/h and 50 km/h speed limit signs
(line 7) instead of the location of the road sign B-33 (70 km/h) in study area No. 1
(line 2).

Figure 12. Comparison of initially adopted TM factors in the analysed study areas based on [26,27]. Legend: oj—number of
confirmed logical tautologies in all the analysed transition zones in a given study area; (–) indicates that the factor was
excluded from consideration in a given study area.

Furthermore, noted in the study area No. 2 was an additional sign B-33 (70 km/h) in
advance of the 50 km/h speed limit sign (line 8) and another B-33 40 km/h speed limit
sign located after the chicane (line 9). In Figure 12 all the above replacement factors are
presented against the blue background.
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The analysis of the data presented in Figure 8 indicates that the most representative
factors in study area No. 1 pertain to the location of sign B-33 (line 2), location of buildings
after the sign D-42 (line 3) and the distance between these buildings and sign B-33 (line 5).
While in study area No. 2 the most representative factors also pertain to the location of the
B-33 sign (line 7), buildings in view after the D-42 sign (line 6) or pedestrian crossing (line 4)
and the distance of the road infrastructure from the D-42 sign indicating the beginning of a
built-up area (line 1). In the case of study area No. 3 only few factors were confirmed that
disagreed with the representative factors in study areas No. 1 and No. 2. For the adopted
TM factors, the following numbers of logical tautologies were confirmed in the respective
study areas:

– 19 No. in the study area No. 1,
– 25 No. in the study area No. 2,
– Only ca. 8 No. in the study area No. 3.

4.2. Road Conditions Criterion (RC)

The factors of the RC criterion initially adopted in [26,27] are presented in Figure 13.
The chronology of the description used in Figure 12 is similar to the description of the
TM criterion in Figure 8. However, different font colours were used for the respective
factors. The additional factors taken into account in study area No. 2 [27], in line with the
actual road conditions are shown against green background. The additional factors taken
into account by the authors in this article (Section 2.2), that characterised the non-typical
transition zone selected for validation in the study area No. 1, are presented against orange
background. Horizontal deflection represented by line 1 in Figure 13, turned out to be one
of the most important factors, as corroborated for instance by results given in the study
in [11,33]. In [26] only two measures relating to horizontal deflection in study area No. 1,
since in the transition zones under analysis all the horizontal deflections fell in the range
of 1–2 m. In the study area No. 2, authors adopted in [27] only two measures relating to
horizontal deflection, since all the horizontal deflections under analysis fell in the range
of 2–6 m. Conversely, in study area No. 3 hand horizontal deflections were only 1–1.5 m.
Taking the above into consideration when comparing the three analysed study areas, the
authors entered respectively three quantification measures (Figure 13), combining all the
research assumptions, in order to determine robust factors relevant to speed reduction.

In the study area No. 1, the greatest number of logical tautologies was noted for the
three following factors: the above mentioned horizontal deflection (line 1), presence of a
horizontal curve after the chicane (line 7) and small distance between an access point and
chicane (line 4). In study area No. 2, the two previously mentioned factors relating to the
presence of horizontal curves in study area No. 1 (lines 2 and 9), were replaced by a single
factor, combining the full characteristics of the horizontal curve (line 2), for which a large
number of research tautologies was also noted. The other factors with a large number of
confirmed logical tautologies were small distances between access points and junctions
and the chicane (lines 3 and 4) and two factors characterizing the location of buildings in
the village (lines 6 and 8).

Two transition zones with untypically placed chicanes (Figure 5) were also chosen
for validation. In one of the additional zones the presence of all initially chosen factors
and speed reduction of 14.4 km/h were noted, while in the other one only one logical
tautology related to horizontal deflection and the associated speed reduction by 1.5 km/h
were observed. Considering that schemes involving installation of chicanes horizontally
deflecting one traffic lane are increasingly often employed on straight in plane road sections,
the authors still recommend that these four additional factors should be also considered
valid for non-typical transition zones, if the zones include staggered chicanes deflecting
the lanes in the opposite directions.
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Figure 13. Comparison of initially adopted RC factors in the analysed study areas, based on [26,27]. Legend: dj—number of
confirmed logical tautologies in all the analysed transition zones in a given study area; (–) indicates that the factor was
excluded from consideration in a given study area.

Keeping in mind the confirmed impact of gateways on slowing [20,22], which effect
was neglected in [26,27], due to a lack of this treatment in the study areas No. 1 and No. 2,
in the authors’ opinion this factor should be included in the RC criterion. Taking into
account the recommendations given in [20,22], according to which a gateway should be
located past the chicane, in advance of the speed limit related to the built-up area and that
the gateway height should be greater than the carriageway width these two factors and
their corresponding quantification measures should be added to the RC criterion.

Additionally, based on the study results Lantieri et al. [20] claimed that high kerbing
on the edges of chicanes or central islands is highly relevant to speed reduction. However,
this measure in agricultural areas may be an obstacle to farm vehicles, as they may have to
run over such high kerb with one wheel, which will lead to its premature deterioration.
It should also be noted that the use of mountable kerbs results in passenger car wheels
running over them freely and surfacing the shoulder with asphalt millings results in
passenger and other car wheels running over the shoulder without slowing (Figures 14
and 15).

The strip of asphalt rubble “artificially” extends the travel lane sideways (Figure 14a),
tempting the driver to negotiate the treatment without slowing. Figure 15a shows the
existing design with high kerbing around the central island and along the carriageway
edge. A missing element for the aggressive taper of 1:5 is hazard marker post to optically
narrow the traffic corridor and thus make the drivers slow down. Taking the above
into consideration, it is necessary to include an appropriate factor and its corresponding
quantification measures into the factors under the RC criterion. However, considering the
examples of shoulder, kerb or planting strip damage shown in Figures 14 and 15 and the
conclusions of the research in [11,57] it is necessary to include a factor related to the use
of bollards at the entry to and exit from the chicane or central island, that determine the
travel trajectory and have a strong impact on driver’s perception, which was presented
in visualisations in [27]. Even with the overrun areas extending over the width of three
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natural paving stones, as shown in Figure 15b, damaged kerbs and wheel tracks at the exit
from the village past the pedestrian refuge and at the entry to the village before the refuge
are clearly visible, marked in Figure 15a by orange delineations. The arrow in Figure 15a
indicates a central island situated ca. 150 m from a pedestrian refuge. Similar damage to
the road shoulder, reaching even 0.7 m sideways of the carriageway edge was noted at the
central island.

  
(a) (b) 

Figure 14. Examples of poor design of horizontal deflection treatments related to the road surface construction: (a) Agricul-
tural machine overrunning the shoulder surfaced with milled asphalt after passing the central island; (b) resulting road
shoulder deterioration. Source: own work of the authors.

  
(a) (b) 

Figure 15. Example of poor design in village transition zone: (a) example of high kerbing installed at the pedestrian refuge
situated ca. 150 m from the central island; (b) grass strip deterioration caused by overrunning vehicle tyres, past the
pedestrian refuge depicted in Figure 11a. Source: own work of the authors.

To sum up the discussion on transition zones in small villages, the problem transition
zones on roads with paved shoulders still needs to be considered. An important result
found in study area No. 2 was the analysis of the different speed reductions obtained for
four one-sided chicanes with a 6 m horizontal deflection of the travel path, as described
in detail in the article [27]. This large variation of the obtained speed reduction can be
justified by the actual different factors in the three criteria (TM, RC, SLV), confirmed in
situ in the analysed transition zones [27]. The conclusions drawn by Agkol et al. [29] has
been tested in this study on a two-lane two-way road with roadway narrowing to one lane
and the recommended use of two chicanes consecutively. However, considering that both
lanes should be maintained on passing roads, the authors propose to add one more factor

350



Energies 2021, 14, 8474

in the RD criterion and then apply one of the proposed solutions shown in Figure 16. The
solution is to apply a bulb-outs island before the chicane and remove the paved shoulder
after the chicane. However, no such studies have been carried out so far. This being so, in
designing the proposed scheme the engineer can only refer to the principles of design of
small roundabouts on roads with hard shoulders, removed before the roundabout. Thus,
further research is needed, even with the use of road traffic simulation techniques.

 
(a) 

 
(b) 

Figure 16. Chicane scheme, where the chicane is preceded by a bulb-out with removal of hard shoulders following the
chicane: (a) with bollards; (b) with hedgerows. Source: own work of the authors.

Recapitulating the above observations, a compilation of the additional factors and
their corresponding quantification measures, which should be taken into account in the RC
criterion is given in Table 6.

Table 6. Additional factors and their corresponding quantification measures.

No. Factors

Quantification Measures

Confirmed Logical
Tautology (1)

Intermediate
Value (0.5)

Unconfirmed Logical
Tautology (0)

1 Gateway located past the chicane closer to the
village yes – no gateway

2 Gateway height ≥6 m lower no gateway
3 High kerbing around chicane or central island yes – low or crossing type kerb
4 Use of bulb-outs before the chicane yes – no bulb-outs

5 Removal of paved shoulders behind the chicane
on a two-way two lane roads yes – no

4.3. Surrounding Landscape and Visibility Criterion (SLV)

Surrounding landscape and visibility (SLV) is the last criterion adopted in [26,27].
The factors in the three study areas are presented graphically in Figure 17 similarly to the
previous criteria except for different colour coding. In the study area No. 2 authors applied
five factors in addition (lines 8–12) to account for different surroundings or approach
conditions with 50 km/h speed limit [27]. In the study area No. 1, the greatest number
of confirmed logical tautologies was obtained for the surrounding landscape (line 1) and
restricted view of the road ahead (line 5). In the study area No. 2, the greatest number of
confirmed logical tautologies was obtained for the first six SLV factors (lines 1–5). In the
study area No. 3, the most important factors were the surrounding features (line 1) and
a view of the nearby village buildings (line 6) and their distance from the central island
(line 4). No more logical tautologies which could increase slowing were found in this
study area. The additional five factors at 50 km/h speed limit were noted only in rare
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cases and concerned primarily the driver’s perception and the associated driving speed on
the approach to the chicane. The number of confirmed logical tautologies was small, yet
whenever confirmed, they had a considerable effect on the achieved slowing.

 
Figure 17. Comparison of initially adopted SLV factors in the analysed study areas based on the studies in [26,27]. Legend:
zwj—number of confirmed tautologies on all the analysed transition zones in a given study area; (–) excluded from
consideration in a given study area.

Presence of vegetation on the chicane or central island is an important factor related
to the SLV criterion that previously was omitted in [26,27], as this was not the case in the
study areas No. 1 and No. 2. According to [11,15] any vertical obstruction installed on the
chicane which obscures the forward view has a determining effect on slowing. Croundall
in [58] postulated distinguishing two types of driver’s eyeball movements: fixations and
saccades. Fixations are movements made to focus on a given feature present in the visual
scene and saccadea are ballistic jumps serving orientation in the space and shifting of focus
from one point of interest to another. Figure 13 presents the share of driver’s attention
paid to the different elements of the road, i.e., summed fixation on a single element, taking
into account saccadea. The above theories on allocation of visual attention were confirmed
also by the studies of Werneke & Vollrath [59], who additionally related perception of road
elements in the inner fringe with the speed of travel. Fixations of the driver’s eyeballs and
their orientation on features present in the inner fringe were also confirmed by Babkov [53]
leading to the conclusion that the driver focuses the eyes primarily on the road centreline
and its nearest surroundings (Figure 18), which confirms the relevance of soft landscaping
in the chicane or central island to the slowing effect [15,20]. Dixon also made a distinction
between lower and higher vegetation [15], which, when falling in the inner fringe, can
hinder the view of the road ahead. Soft landscaping in chicanes is popularly used in the
Netherlands with due attention paid in the guidelines [60] and report [4]. The conclusions
from the studies by Babkov [53] and Chartier [43] are compiled in Figure 19 and an example
of a chicane containing vegetation, located in the outskirts of a Dutch town is shown next
to it (Figure 19).
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Figure 18. Conclusions of the studies by authors [26,27]. Source: own work of the authors.

 
Figure 19. Example of a chicane containing vegetation. Source: Google Earth [61].

Additional factors should be included in the SLV criterion based on the conclusions
made by Jun et al. [50] and Jägerbrand et al. [51,52] in their studies on the use of solar-
powered devices installed in the chicane or central island kerbs and on the roadway edge
and their effect on the driver’s perception and slowing down.

To sum up the above observations, additional factors to be included in the SLV criterion
and the applicable quantification measures are compiled in Table 7.

Table 7. Additional factors and the applicable quantification measures.

No. Factors

Quantification Measures

Confirmed Logical
Tautology (1)

Intermediate Value
(0.5)

Unconfirmed Logical
Tautology (0)

1 Use of vegetation in the chicane or
central island area

yes, shrubs obscuring
the view low shrubs no vegetation

2 Bollards installed in the shoulder
alongside the chicane or central island yes – no bollards

3 Use of LED SolarCAP i SolarCAP
Road solar-powered devices yes – none

5. Conclusions

Altogether, ten factors have been proposed in the TM criterion, eighteen in the RC
criterion, including the new factors and fifteen in the SLV criterion. From the data presented
in Figures 4–6 it transpires that for a minimum speed reduction of 5 km/h at least 6–8
robust logical tautologies should be confirmed in the field.
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In the case of existing transition zones with a chicane or central island, in which the
desired slowing was not achieved, it would be advisable to apply a few factors which are
likely to increase the speed reduction. Cheaper options, such as gateways, solar-powered
devices fitted in the kerbs and on the roadway edge, barriers [10] (p. 11 Figure 7) or
hedgerows [4] (p. 46 Appendix A), solar-powered lighting, etc., can be used in this case.

On the other hand, in the case of transition zones planned as part of the road renewal
projects it is recommended to analyse the road surroundings as the first step (for example by
examining satellite imagery of the approach section to the village) and on this basis locate
a chicane or central island, considering various relevant factors, such as view of the village
skyline or scattered buildings, presence of road infrastructure elements, etc. Next, the ap-
propriate amount of horizontal deflection should be determined, taking into consideration
the available width of the right-of-way. For transition zones located on a straight section
with a narrow right-of-way it is advisable to analyse the possible horizontal deflection of
the route with shifting the road centreline in order to fit in a minimum 3 m wide chicane
deflecting one lane. Use of vegetation, solar-powered devices, barriers or hedgerows is
also suggested for planned transition zone schemes to improve the effectiveness of speed
reduction measures, in line with the conclusions of the studies of [11,15,20,22,50–52].
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Abstract: In line with globally shared environmental sustainability goals, the shift towards citizen-
friendly mobility is changing the way people move through cities and road user behaviour. Building
a sustainable road transport requires design knowledge to develop increasingly green road infras-
tructures and monitoring the environmental impacts from mobile crowdsourced data. In this view,
the paper presents an empirically based methodology that integrates the vehicle-specific power (VSP)
model and microscopic traffic simulation (AIMSUN) to estimate second-by-second vehicle emis-
sions at urban roundabouts. The distributions of time spent in each VSP mode from instantaneous
vehicle trajectory data gathered in the field via smartphone were the starting point of the analysis.
The versatility of AIMSUN in calibrating the model parameters to better reflect the field-observed
speed-time trajectories and to enhance the estimation accuracy was assessed. The conversion of an
existing roundabout within the sample into a turbo counterpart was also made as an attempt to
confirm the reproducibility of the proposed procedure. The results shed light on new opportunities
in the environmental performance evaluation of road units when changes in design or operation
should be considered within traffic management strategies and highlighted the potential of the smart
approach in collecting big amounts of data through digital communities.
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1. Introduction

Urban mobility is going through a time of great change and road user needs are
changing with it [1]. Since the Paris Agreement, sustainable urban mobility has become a
key concept to achieve the goals set with respect to climate change, economic growth and
road safety [2,3]. Owing to their predominant role in promoting the sustainable mobility
and transport, road infrastructure issues are of special concern. The new forms of personal
micro-mobility on the market, and new technologies in autonomous driving call for road
infrastructures suited to meet the industrial challenges posed by the decarbonization and
digitalization of the urban transport system [4,5]. The question is now whether the (invisi-
ble) network of digital technology systems may really be conceived as the “infrastructure”
of the (visible) networks of road infrastructures whose efficiency is increasingly linked to
the use of Internet of Things (IoT)-based devices and Information and Communication
Technologies (ICT) tools under normal or crises conditions [4]. Despite the perspective
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of a close link between the invisible network of digital technology in operational systems
and the visible networks of road infrastructures, the introduction of the new technologies
and services for smart roads and the penetration rate of modern vehicle technologies are
still slow; at the same time, the adaptation of vehicle fleet to new emission rules set at
national, European and international levels is still proceeding on the basis of the phys-
iological replacement rate of old vehicles by new ones [6]. Nowadays, there is a great
potential for the widespread development of computing platforms to support distributed
mobile sensing due to the extensive employ of always-connected smartphones and mobile
devices as a link between people and things also to monitor the health and environmental
impacts of air pollution from vehicles and to analyse risky driving events and road infras-
tructure conditions [7,8]. Although safer and environmentally friendly management of
urban mobility is recognized as crucial for contributing to a greener future, the impact of
new engineering solutions which are, individually and in combination, at different levels
of maturity is not entirely clear [9]. Hence a sustainable urban mobility strategy has to
incorporate a well-balanced set of policies, planning methods and measures to transit to a
carbon-neutral status [10,11].

For the reasons given, estimation of exhaust emissions of car engines is still an ac-
tive field of research. Road-related air quality management has based the estimation of
vehicular traffic emissions mainly on average speed-based approaches and instantaneous
(modal) models [12,13]. The average speed-based approaches rely on emission functions
derived from measurements of the emission rates over a wide range of driving patterns at
different levels of speed. Since these approaches do not capture the differences in emissions
estimates due to the changes in modal activity, their usual applications concern emission
inventories for large geographical areas at the road network level [12]. In turn, the instanta-
neous (modal) models describe the emissive behaviour of vehicles at the microscale level
by relating emission rates to vehicle operation over a short time interval; they usually use
vehicle activity parameters to estimate second-by-second emission rates and vehicle fuel
consumption [14,15]. The average emission rates derived from vehicles and integrated
into commonly used emission models, however, have returned in some experiences great
differences between the predicted and field-based measured emissions for individual vehi-
cles [13,16]. Recent experiences in connected eco-driving on signalised arterial corridors
have highlighted the advantages of real-time traffic sensing and cloud platforms for ap-
plications as well as information services for networked cars and infrastructure with the
purpose of reducing emissions and fuel consumption; thus, the integrated use of com-
munications technology can offset current (macroscale or mesoscale) emission models in
capturing differences among deceleration, acceleration, idling and cruising modes on the
same road unit [17]. Despite the extensive applications of mobile-source emissions models
at the macroscopic level (e.g., the Computer Programme to calculate Emissions from Road
Transport (COPERT) model [18]; the EMission FACtors (EMFAC) model [19,20], the Trans-
port Emission Model for Line Sources (TREM) [21]), or mesoscopic level (e.g., Signalised
and unsignalised Intersection Design and Research Aid software (Sidra Intersection) [22];
Mobile Source Emission Model [23]), the modal emissions models are sensitive to changes
in vehicle speed and acceleration and are used to evaluate operational level projects for
arterials and intersections [24]. In the case of the Comprehensive Modal Emissions Model
(CMEM) [25] second-by-second engine-out emissions, fuel consumption, and tailpipe emis-
sions of carbon monoxide (CO), carbon dioxide (CO2), hydrocarbon (HC), and nitrogen
oxides (NOx) can be predicted for different modal operations from driving cycle data of
light-duty vehicles in different driving conditions. However, the emission model should be
corrected to accurately calculate CO2 emissions on urban roads for a traffic speed below
20 km/h [26]. In turn, the Vehicle Specific Power (VSP) methodology is able of capturing
the dependence of emissions on speed and its changes, and the effect of roadway grade
on engine power demand [14]. In this view, the EPA’s MOtor Vehicle Emission Simulator
(MOVES) estimates emissions for mobile sources at the national-level, county-level and
project-level for criteria air pollutants, greenhouse gases and air toxics, and uses VSP and
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instantaneous speed as basic variables [27]. Other models have been developed for passen-
ger cars with the purpose of linking real-world emissions to driving cycle characteristics
at a microscale level and have been already employed for traffic management, control
measures, air quality modelling; e.g., [28]. The use of Global Positioning System (GIS)
technologies and on-board diagnostics devices in collecting second-by-second trajectory
data give now great flexibility to calculate vehicle emissions in the real-world, since the
emissions estimates can be allocated spatially [29,30]. Literature also informs on capabilities
of microscopic traffic simulation models to produce emissions and fuel consumption data
related to dynamic traffic-flow conditions on the road entity or network [31]. However,
there is still not enough evidence to suggest that accurate vehicle speed and acceleration
data (or their probability distributions) may be provided due to inadequate car-following
equations and challenges with modelling the driver behaviour on multi-lane roadways [32].
Nevertheless, research efforts to improve both capability of microsimulation models to
replicate realistic traffic behaviour or vehicle trajectory data, and traffic generation accuracy
at the network or single node level, can be especially useful for managing traffic safety
and environmental issues on urban roads because microsimulation allows the modelling
of engineering solutions for road infrastructures and their traffic conditions, sometimes
difficult to observe in the real world or not yet implemented in the field.

The Aim of the Paper

Given the role played by the environmental impact assessment in raising awareness
of sustainability issues at the road design level, a research project was started having the
general objective to develop a methodological approach which combines the employ of the
VSP methodology and a microscopic traffic simulation model to estimate vehicle emissions
at urban roundabouts.

In this view, the paper investigated the following research question: can fine-tuning
adjustments of some vehicle attributes of a traffic model simulation be made to enable
a better match of speed profiles experienced through roundabouts and to improve the
emission estimations calculated by employing vehicle trajectory data? Trying to answer the
above question simultaneously represented the primary objective of the research reported
in this paper.

A sample of six roundabouts installed in the road network of Palermo City, Italy,
was the starting point to collect vehicle trajectory data and to test the proposed approach
also with reference to specific effects of the curvilinear design of the roundabouts on the
emissive phenomenon. The novel aspect of the research is that data collection was inspired
by a crowdsensing logic [7], where a “sentinel vehicle” here used as a test vehicle travels
through the selected road entities to acquire vehicle trajectory data by using a smartphone
installed on board. Thus, beyond being an economic data acquisition method, it allows that
the collected vehicle trajectory data can be processed immediately to return the observed
speed-time profiles and to obtain the vehicle acceleration and deceleration values.

To pursue the objectives outlined above, to start the calibration process of the mi-
croscopic traffic simulation model here used and to estimate emissions by applying the
VSP methodology [14], speed-time profiles both gathered in the field and simulated in
AIMSUN [33] were needed. The comparison between the second-by-second GPS trajec-
tories collected by a smartphone app in a test vehicle and individual second-by-second
vehicle speed profiles derived from AIMSUN called for model calibration. In relation to the
research objectives defined above, the versatility of the micro-simulation model to explain
emissions was explored. Another novel aspect was that the roundabout network models
were calibrated using the mean values of the 85th or 95th percentiles of the accelerations
and decelerations extracted from all the field observed trajectories regardless of driving
direction through the roundabouts.

A further important objective also involved the conversion of an existing roundabout
within the sample into a turbo counterpart; this was made as an attempt to confirm the
applicability and reproducibility of the proposed procedure. Insights gained from this
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model validation also included how to assess and compare alternative designs from an
environmental perspective.

Thus, the main considerations of the study concern the feasibility of the smart approach
which integrated the use of real-world and simulated vehicle activity data to estimate
emissions at urban roundabouts.

The paper is structured as follows. Section 2 presents a literature review on current
models and methods for estimating emissions at roundabouts, while Section 3 introduces
the sampled roundabouts, and traffic and trajectory data collection. Section 4 presents
AIMSUN modelling, calibration and results; the last ones will be discussed in Section 5,
while Section 6 gives some conclusive considerations.

2. Literature Review

The operating flexibility of roundabouts in urban settings where competing needs
of safety, capacity and costs coexist, is due to the aptitude of the curvilinear design to
reduce stops and delays compared to other forms of intersection control, and to moderate
speeds and to reduce speed changes of vehicles [34]. Planning a roundabout should include
potential trade-offs between design, operations, and safety issues based on an economic
feasibility study showing that a roundabout may compare favourably with alternative
design or control modes of intersection from a cost-benefit perspective [35]. However, a
transition toward greener road infrastructures also needs tools to assess the impact of new
road infrastructural projects from an environmental perspective; e.g., [36].

Literature reports some studies on the contribution of roundabouts to the emission
phenomenon, most of them relate to the employ of existing models using data from a
portable emissions monitor on a vehicle instrumented for calculating exhaust emissions;
e.g., [16,37–40]. It should be noted that macroscale-level models are not suitable for testing
objects on a microscale level such as roundabouts [16,38]; however, the employ of micro-
scopic traffic simulation models for estimating emissions on roundabouts is still limited.

Hallmark et al. [37] assessed the emission impacts of roundabouts along uncongested
corridors using a portable emissions monitor on an instrumented vehicle. Compared to
other types of traffic control, roundabouts either as isolated units or multiple schemes
increased the time spent in some modal states and the modal events at which emissions
were correlated; thus, they did not always provide lower emissions than unsignalised or
signalised intersections. Coelho et al. [38] proposed a VSP-based approach to assess emis-
sions at roundabouts. They assessed the role of the entry and exit geometry on differences
between the circulating and cruise speeds and found that high rates of acceleration to
reach the cruise speed increased the amount of emissions as the values of conflicting traffic
volumes increased. Salamati et al. [39] extended the employ of the VSP-based methodology
to multi-lane roundabouts. Findings showed higher emission rates in the right lane where
faster speeds and sharper acceleration or deceleration rates occurred at values less than 700
vph for the sum of entry and circulating flows; as demand increased, however, balanced
between the entry lanes, longer stop-and-go cycles suffered by entering vehicles from the
left lanes provided higher emission rates. However, the differences in emission estimates
between the left- and right-lanes should be redefined with greater depth with reference
to more homogeneous roundabout samples. Fernandes et al. [40] also employed the VSP
distributions derived from speed-travel time profiles detected throughout an arterial road
where roundabouts operated as isolated sites. Besides hotspots where high speeds caused
high emissions, acceleration, and deceleration events, and then emissions were mainly
affected by a high enough spacing between roundabouts rather than by the entry geometry.
They highlighted the need for further study to better characterize the spatial distribution of
emissions also in the cases of low or extremely high spacing between subsequent round-
abouts. Discrete models were also developed by [24] to relate distinct speed profiles of
vehicles driving through turbo or multilane roundabouts, and traffic conditions; however,
there was the need to gather further data on different roundabout configurations to perform
real-world testing for validation purposes. Jaworski et al. [16] proposed a methodology
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for creating an exhaust emission model for roundabouts based on emission data from the
Portable Emissions Monitoring System (PEMS) for real driving cycles of various types of
vehicles. They obtained results of emission calculations on roundabouts which may be used
to introduce and to prepare new roundabout design guidelines concerning emission data.
Guerrieri et al. [41] used the COPERT IV® software to assess environmental performances at
roundabouts with right-turn bypasses under increasing entering traffic volumes. Although
roundabouts may be a cost-effective solution, the macroscale level tools used did not allow
us to investigate in greater depth the dependence of emissions on driver behaviour. To
optimize roundabout modelling, Lakuari et al. [42] employed numerical simulation to
predict CO2 emissions. Repeated changes in vehicle speed in the ring resulted in greater
CO2 emission rates than at entry or exit lanes, whereas CO2 emissions reduced where many
circulating vehicles slowed down or stopped because of the vehicles entering the round-
about without a safe gap to the vehicles in the circulating lane. However, emissions caused
by frequent stops-and-go in high traffic conditions could be reduced by using traffic lights
at entries. Other experiences concerned the employ of a hierarchical Bayesian regression
analysis to model speed profiles of different drivers at roundabouts which can be useful
in determining individual or group-wise emissions estimates [43]. However, the above
papers concerned the emission testing at roundabouts based on previously developed
general emission models. Thus, given the specific characteristics of geometry and traffic
on roundabouts, there is still a need to develop emission models for exhaust gases for
roundabouts based on real data.

The literature also informs on a few studies that have studied the environmental
effects on roundabouts using microscopic traffic simulation models. Ahn et al. [44] applied
INTEGRATION and Verkehr In Städten – SIMulationsmodell (VISSIM) software [45] to
generate speed-time profiles through a roundabout along a high-speed road, and em-
ployed microscopic energy and emission models to estimate emissions and vehicle fuel
consumption. Despite a greater reduction in queue lengths and delays at roundabouts
than other intersection control strategies under free-flowing traffic, vehicle emissions and
fuel consumption increased as demand increased under unbalanced entering traffic flows,
reaching higher levels than a two-way stop-controlled or a traffic light-controlled alterna-
tive. However, the case study only allowed to test the capability of the microscopic traffic
simulation models to reproduce high-speed driving patterns as input for the employed
emission models and stressed the usefulness of combining traffic microsimulation models
with other emission models to assess design alternatives or traffic control strategies from
the perspective of environmental sustainability. Recent studies used the VSP model to
estimate emissions starting from on-field observed and simulated vehicle trajectories on a
corridor level. In this regard, Anya et al. [46] have explored the potential for calibration
of microsimulation models with a view to improve emissions estimates from simulated
vehicle activity for mixed corridors of traffic signals and roundabouts. Adjusting the pa-
rameters allowed the model to capture emissions hotspots along the routes more accurately
than under the model parameters with default values. Attempts to simulate emissions
driving along one mixed roundabout/traffic light/stop-controlled intersections corridor
were also made by [47] using microscopic traffic modelling and VSP methodology. Their
study showed that roundabouts could achieve lower emissions, however depending on the
pollutant, than the traffic light; they also searched for the optimal spacing for intersections
along a corridor, but the results can only be referred to the case examined. Thus, more
experience should be carried out both to generalize the results and to test the transferability
of the proposed methodology into other environmental contexts. In other case studies,
operational and environmental impacts of turbo-roundabouts were also analysed both
as isolated intersections [48,49] and along corridors [50]. Improvements in the estimates
of CO2 emissions and fuel consumption on arterial roads have been achieved coupling
dynamic micro traffic models with instantaneous emissions models; however, the large
computation times especially for large-scale urban networks is a drawback of this kind
of combination [51]. In turn, Stogios et al. [52] examined the effects of driving settings
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with Automated Vehicles (AVs) on greenhouse gas emissions (GHG) at urban corridors
by combining traffic microsimulation and emissions modelling. The results highlighted
that there is potential for up to 24 percent in GHG emission reduction when the effects of
vehicle powertrain technology are included; no significant reductions of GHG emission
were found when AVs alone characterized driving settings. Thus, the value of the study is
to open interesting scenarios on autonomous driving impacts on traffic.

Based on the above, this paper would like to address some gaps in the prior studies
that are related to the data collection, and to the employ of microscopic traffic simulation
models for estimating emissions with reference to urban roundabouts. As introduced in
Section 1, data collection here performed is inspired by a crowdsensing logic [7], where
a “sentinel vehicle” used as a test vehicle travelled through the sampled roundabouts to
acquire second-by-second vehicle trajectory data by using a smartphone installed on board.

Starting from the literature review as above reported, there is the clear need for
more economical and user-friendly systems of collecting instantaneous vehicle trajectory
data to make smart both the use of the available resources and then the subsequent data
process and analysis. In this regard, it should be noted as a further novel aspect that the
calibration process of the model parameters of AIMSUN used field data in order to ensure
that emissions were predicted accurately from simulated trajectories through the sampled
roundabouts.

The research also includes the following societal and scientific contributions:

(1) Societal—It allows to send the collected trajectory in a central management platform
able of processing a considerable amount of data, converting them into digital in-
formation to estimate traffic emissions from the mobile source, and then, returning
data to the community of users equipped with their smartphones to collectively share
information, for instance, about hotspot emission locations at urban roundabouts;

(2) Scientific—It identifies certain parameters of driving behaviour using a traffic mod-
elling approach aimed at accurately analysing and comparing road units (i.e., road
segments or road intersections, and so on) when changes in design or operation are
considered from an environmental point of view as the life cycle thinking approaches
strongly require.

At last, the further objective of the conversion of an existing roundabout of the sample
into a turbo counterpart as introduced in Section 1. represents as an attempt to test the
reproducibility of the empirically-based methodology here proposed, that integrates the
VSP model and AIMSUN to estimate vehicle emissions at urban roundabouts.

3. Materials and Methods

In accordance with the aim of the paper as introduced in Section 1, the field data
collection and the VSP methodology will be introduced below, before the section on the
infrastructure modelling in AIMSUN developed to generate the speed-time profiles for the
sampled roundabouts and to perform the calibration of the model. The reasons behind
the assumptions and choices made will also be described, as well as the obtained results
and the conclusions that were then drawn also in view of future research developments.
Figure 1 shows an overview of the proposed methodology.
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Figure 1. Overview of the proposed methodology.

3.1. Field Data Collection

A sample of six roundabouts installed in the road network of the City of Palermo, Italy,
was selected for this pilot study. Although the examined roundabouts are sited in areas
different from the urbanistic point of view, they were selected for the similar operating
conditions observed in the field (i.e., no commercial area, similar entry traffic distribution
between major and minor roads, analogy among the curvilinear paths experienced by the
test vehicle in the two driving directions through each roundabout). Geometric dimensions
were obtained from a combination of design plans and field measurements. Figure 2 shows
the schematic drawings of the sampled sites, whereas Table 1 summarizes the main sites’
geometric characteristics and details on the speed and traffic data. The geometry of entry
(exit) lane, circulatory roadway width and deflection angles were consistent with the Italian
standards on geometric design of interchanges and intersections [53]. The roundabouts
were classified as conventional roundabouts for an outer diameter below 50 m, while large-
diameter multilane roundabouts were recognized in the other cases. Despite the constraints
of existing roadway alignments or buildings on roundabout design, and the large size of
the outer diameter of some sampled roundabouts, speed control objectives could still be
met. Entry design provided appropriate view angles to users and deflection angles on the
whole comparable among the sites; however, the higher the deflection angle, especially
over 41 degrees, the higher the reduction in approach speeds [34]. In the cases where the
approach alignments are offset to the left of the roundabout centre, entry deflection and the
exit radius on the same approach increased slightly, thus reducing the control of exit speeds
and acceleration; e.g., Figure 2b,d (Roundabouts 2 and 4, respectively). Field observations
confirmed that all the two-lane entries operated with a shared through-right lane in the
right lane and a shared left-through lane in the left lane; both the inside lane and outside
lane at entries often had sporadic queuing under traffic conditions observed during surveys.
In this regard, the geometric alignment of the entry relative to the circulatory roadway
encouraged drivers to handle the left-turns, right-turns, and through-movements under
balanced entry lane-use patterns, and to avoid path overlap between adjacent lanes, thus
reducing uncertainty in exiting from the circulatory roadway. Neither the spacing between
subsequent intersections nor the destinations downstream of each roundabout influenced
the lane choice behaviour at the entry so that each sampled roundabout operated as an
isolated intersection. Since each roundabout is installed in a flat area where the grade is
less than 2 percent, the effect of this parameter was neglected when the VSP methodology
was applied (see next section).
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Figure 2. Schematic aerial view of Auto-Cad figures for the sampled roundabouts in the road
network of Palermo City, Italy, each of them named as follows: (a) Roundabout 1; (b) Roundabout 2;
(c) Roundabout 3; (d) Roundabout 4; (e) Roundabout 5; (f) Roundabout 6. Note: each image contains
the origin or destination (A, B) of through movements travelled by the test vehicle in the driving
directions from A to B and from B to A.

Table 1. Summary of geometric, kinematic and traffic data of the sampled roundabouts.

No
Entry
(Exit)

Outer
Diameter [m]

Entry (Exit) Lane
Width 1 [m]

Ring
Width [m]

Entry Traffic
2 [vph]

Conflicting
Traffic 3 [vph]

Entry (Exit)
Speed 4

[km/h]

Circulating
Speed
[km/h]

1 3 (4) 48.0 3.50 (3.50) 7.00 1576 1508 22.1 (30) 18.2
2 4 (4) 80.0 4.50 5 (4.50) 8.00 3984 3196 25.9 (36) 23.1
3 4 (4) 50.0 3.50 (3.50) 9.00 2336 1904 23.3 (31) 19.9
4 4 (4) 60.0 4.75 6 (4.75) 10.00 1306 1372 29.8 (42) 24.8
5 4 (4) 80.0 4.00 (5.00 7) 9.00 3992 2971 25.1 (35) 23.1
6 4 (4) 80.0 5.00 (4.50) 10.00 988 972 30.0 (38) 25.5

1 Entry width before widening the entry roadway or before the by-pass for right turns. 2 Average values of
traffic volumes (in vehicles per hour—vph) from the right and left lanes videotaped during the morning peak
period (7:00–8:30 a.m.) where the entry traffic distribution of 60-40 between major and minor roads was observed.
3 Average values of traffic volumes (all circulating lanes) observed for the morning peak period (7:00–8:30 a.m.).
4 Average values of speeds at the entry and exit lines. 5 5.00 m (4.00 m) for the one-lane entry (exit) on minor
street. 6 3.50 m for the one-lane entry (exit) on minor street. 7 4.50 m for the one-lane exit on minor street.

Field surveys were done to record traffic counts and vehicle trajectory data. Traffic flow
data were videotaped on each entry and exit within the viewable area of each roundabout;
this investigation was also integrated by manual counts simultaneously done by two opera-
tors to create a complete picture of traffic flows and driving behaviour where observations
were difficult to be detected. The traffic flow data were recorded at each roundabout by
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driving direction, classified by manoeuvre and then computerized for processing as the
input Origin-Destination (O-D) matrixes so as to allow for their subsequent simulation
on each network model of roundabout built in AIMSUN (see Section 4). Hourly patterns
of traffic flows often showed a marked similarity having only two peaks in the morning
and the late afternoon without a significant peak at noon or in the late evening. Traffic
flow measurements were done during the morning (7:00–8:30 a.m.) and afternoon peak
hours (6:00–7:30 p.m.) on weekdays (Tuesday to Friday) from October 2018 to February
2019. In most cases the morning peak was reached over a longer time period than the
afternoon peak whose duration suddenly dropped to its lowest point; thus, the peak hours
observed during afternoons have not been considered in the subsequent analysis com-
pared to data recorded during the morning peak hours. Table 1 also shows the average
values of entering and circulating traffic volumes observed for the morning peak period
(7:00–8:30 a.m.) at the sampled roundabouts. Since effects of pedestrian impedance on the
vehicular entry capacity as a function of driver yielding behaviour were insignificant in the
surveyed time periods, pedestrian flows were neglected in the subsequent analysis [54];
in turn, heavy traffic did not exceed 10 percent at each roundabout during surveys and
it was also neglected. Data collection also covered the recording and retaining of vehicle
trajectory data through each sampled roundabout during 7:00 to 8:30 a.m. peak periods on
weekdays. According to the aim of the paper (see Section 1), reference was made only to
the trajectory data of the test vehicle. Specifically, vehicle trajectory data were measured
in sampling values per second at 1Hz frequency using the Speedometer GPS PRO for
Android smartphone, installed on a diesel light-duty vehicle complying with the Euro
IV emission standards and the specifications employed for deriving emissions rates for
the VSP modes [55,56]. Second-by-second GPS trajectories experienced by the test vehicle
entering each roundabout from the left lane covered about 15 km in 12 h of on-road surveys.
Based on [24,57], the number of runs per roundabout counted 7 to 10 replications per site
and travel direction for a total of 94 travel runs of through movements; it has been deemed
adequate to have appropriate results from the data collection. Longitudinal acceleration
(or deceleration) values have been determined from second-by-second GPS speed data
collected in the field using the following equation:

at2 =
vt2 − vt1

t2 − t1
(1)

where at2 is the acceleration or deceleration (m/s2) at time t2 (s), while v1 is the speed (m/s)
at time t1 (s), and v2 is the speed (m/s) at time t2 (s) [58]. According to [59], acceleration
manoeuvre ended in the event that the increment in speed between two consecutive data
points was less than 0.1 m/s2 for the next 5 s. Similarly, deceleration values have been
determined from the time onwards where its absolute values from Equation (1) were greater
than or equal to 0.1 m/s2 for 5 consecutive seconds [58,60]. The observed speed profiles
of all the sampled roundabouts were divided into two subsets depending on the driving
direction where the corresponding trajectories were experienced in the field (see directions
AB and BA in Figure 2). An analogy among the curvilinear paths of the test vehicle in the
two driving directions has been found. To test whether the direction AB was the same
as BA, statistical tests were performed to compare the two corresponding subsets of data.
The two-sample t-test was done to determine if the means of the two subsets of data were
significantly different from each other. The two-tailed F-test was also done to answer the
question whether the variances of the two samples were equal against the alternative that
they were not (see Tables 2 and 3 for the summary statistics). Based on the p-values in
the tables, it cannot conclude that a significant difference exists between the two driving
directions in all the sampled roundabouts; in turn, the F-test results show that there is not
enough evidence to reject the null hypothesis that the two sample variances are equal at
the 0.05 significance level.
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Table 2. Summary statistics for the distributions of key kinematic parameters collected in the field.

Parameter
Maximum Speed

[m/s]
Maximum

Acceleration [m/s2]
Maximum

Deceleration [m/s2]

μAB
1 (s.e.) 14.459 (0.384) 1.770 (0.077) 2.498 (0.108)

μBA
1 (s.e.) 14.117 (0.357) 1.553 (0.074) 2.417 (0.111)

95% c.i. for difference
in means (−0.700, 1.385) (0.004, 0.430) (−0.227, 0.390)

t0.05,92 value 2 0.652 2.023 0.522
t-critical value 1.986 1.986 1.986

p-Value (α = 0.05)3 0.516 0.05 0.603
F0.05,46,46 value 4 1.158 1.102 0.946
F-critical value 1.796 1.796 1.796
F-probability 0.620 0.740 0.850

1 μAB and μBA stand for the mean values of the samples of the observations of each parameter in AB and BA
directions; 2 t-value is the result of the two-sample t-test done to compare the equality of the means (μAB and
μBA) of samples from two populations with equal sample size: reject the null hypothesis that the two means
are equal if |t| > t1-α/2,N where t1-α/2,N is the critical value of the t distribution with N degrees of freedom at
the significance level α = 0.05); 3 α is the significance level; 4 F-value is the result of the two-tailed F-test done
to answer the question whether two samples come from populations with equal variances (the hypothesis that
the two variances were equal is rejected if F > Fα/2, N1−1,N2−1, where Fα/2,N1−1,N2−1 is the critical value of the
F distribution with N1-1 and N2-1 degrees of freedom at the significance level of α = 0.05).

Table 3. Summary statistics for the distributions of the 85th or 95th percentile accelerations and
decelerations observed in the field.

Parameter
85th Percentile

Acceleration [m/s2]

95th
Percentile

Acceleration [m/s2]

85th Percentile
Deceleration [m/s2]

95th Percentile
Deceleration [m/s2]

μAB
1 (s.e.) 0.916 (0.030) 1.286 (0.039) 1.423 (0.082) 2.054 (0.089)

μBA
1 (s.e.) 0.868 (0.025) 1.195 (0.042) 1.251 (0.059) 1.882 (0.085)

95% c.i. for difference
in means (−0.031, 0.126) (−0.024, 0.205) (−0.022, 0.381) (−0.073, 0.417)

t0.05,92 value 2 1.205 1.56 1.76 1.393
t-critical value 1.986 1.986 1.986 1.986

p-Value (α = 0.05) 3 0.231 0.121 0.10 0.167
F0.05,46,46 value 4 1.362 1.18 1.76 1.081
F-critical value 1.796 1.796 1.796 1.796
F-probability 0.30 0.60 0.10 0.80

1 μAB and μBA stand for the mean values of the samples of the observations of each parameter in AB and BA
directions; 2 t-value is the result of the two-sample t-test done to compare the equality of the means (μAB and μBA)
of samples from two populations with equal sample size: reject the null hypothesis that the two means are equal if
|t| > t1-α/2,N where t1-α/2,N is the critical value of the t distribution with N degrees of freedom at the significance
level of α = 0.05); 3 α is the significance level; 4 F-value is the result of the two-tailed F-test done to answer the
question whether two samples come from populations with equal variances (the hypothesis that the two variances
were equal is rejected if F > Fα/2,N1−1,N2−1, where Fα/2,N1−1,N2−1 is the critical value of the F distribution having
N1-1 and N2-1 degrees of freedom at the significance level of α = 0.05).

3.2. Characterisation of the Speed-Time Profiles

The speed profiles collected in the field were classified in three main groups whose
probability of occurrence was closely depending on the traffic level [24,38,61,62]: (1) speed
profiles without stopping and yielding to circulating traffic, where the test vehicle entered
the roundabout, negotiated the circulating area and accelerated back to cruise speed as
it exited the roundabout; (2) speed profiles with one stop experienced by the test vehicle
before finding a useful headway to enter the roundabout, accelerated to move along the
ring and exited the roundabout; (3) speed profiles with multiple stops during queueing
on the entry approach before the test vehicle entered the roundabout, faced the circulating
traffic and then accelerated to exit. In this study, the speed profiles with or without one
complete stop were considered, while those with multiple stopping on the entry approach
were removed due to their low relative occurrence (less than 5% of the cases) under the
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observed traffic conditions ranging from free flow traffic to a saturation degree of 0.85 to
0.90. Characterization of the speed profiles obtained from processing GPS data collected
for roundabouts in Palermo City, Italy, is reported in [62] to which we refer. During traffic
surveys it was observed that the number of cases of the driver negotiating the roundabout
without a stop decreased as the sum of entry and circulating flows (the total traffic flow)
increased: for values of the total traffic flow below about 800 vph, the greater the probability
of the driver that enters the roundabout without a stop; for higher values of the total traffic
flow, the greater the probability for at least one stop. The result is consistent with what
was detailed in [24]. Each speed profile extracted from the raw data was trimmed and
adjusted as having about 60 data points distributed along the trajectory; thus, a direct and
punctual comparison of the profiles has been done by referring to their order numbers. In
order to have consistency among the speed profiles and then extract a contribution to the
emissive phenomenon comparable among the sampled roundabouts, an average influence
area of 250 m [24,62], corresponding to around three times the diameter was chosen for
each roundabout; the influence area included the deceleration distance of the vehicle from
the cruise speed to the entry line of the roundabout, and the acceleration distance of the
exiting vehicle up to the section where the cruise speed is about to be reached again. A
representative speed profile was chosen for each roundabout within the average influence
area as introduced above. By way of example, Figure 3 shows all second-by-second speed-
time profiles through Roundabout 2 in Figure 2b and Roundabout 4 in Figure 2d where the
dashed black line identified the representative profile employed to compare the speed-time
profiles then simulated in AIMSUM. There was a large number of profiles that seemed to be
somewhere between the two forms identified above (i.e., speed profiles with or without a
stop), especially in the case of atypical layout where not all the profiles fitted the identified
shapes perfectly (see Figure 3b). Consistent with the objectives set above for this paper,
one single sentinel vehicle interacted with other vehicles in traffic; the driving style was
consistent with the characteristics of curvilinear design dominated by slight speed changes
and intentional speed corrections by the driver to maintain his desired speed [63]. The
vehicle adopted different initial speeds before entering due to differences in the upstream
geometry or operational conditions at each sampled roundabout.

Figure 3. Cont.
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Figure 3. Second-by-second speed-time profiles of through movement observed in direction AB:
(a) profile without stopping at Roundabout 2 in Figure 2b; (b) profile with one stop at Roundabout 4
in Figure 2d.

3.3. The VSP Methodology

In order to characterize vehicle driving profiles by using real-world data, the VSP
methodology has been employed [14]. This methodology was selected since its suitability
on emission estimation at roundabout level analysis [24,38,61]. Equation (2) expresses the
instantaneous power that is generated by the engine and is used to overcome the rolling
resistance Fr and aerodynamic drag Fa, and to increase the potential Pe and kinetic energies
Ke of the vehicle as follows [14]:

VSP =
d
dt ·(Ke + Pe) + Fr·v + Fa·v

m
(2)

where m and v are the mass, in metric tons, and the speed of the vehicle, in m/s, respectively.
The US Environmental Protection Agency (USEPA) modal emissions model MOVES [27]
employs a simplified form of Equation (2) where the VSP is calculated as a function of the
vehicle’s speed, acceleration, and grade:

VSP =
1
m
·
(

A·v + B·v2 + C·v3
)
+ (a + g·sinθ)·v (3)

where VSP is expressed in kW/t; v is the instantaneous vehicle speed (m/s), a is the vehicle
acceleration (m/s2); A is the coefficient associated with tire rolling resistance (kW·s/m),
and B is the coefficient associated with the mechanical rotating friction and higher-order
rolling resistance losses both expressed (kW·s2/m2); C is the coefficient associated with
the aerodynamic drag (kW s3/m3); m expresses the mass for the specific vehicle type in
metric ton; g is the acceleration due to gravity; sin θ is the road grade. Thus, the VSP can
be equal to zero under zero vehicle speed or idling, while the VSP is positive (or negative)
during acceleration (or deceleration). Given the impact of various factors influencing VSP
and the variability in instantaneous vehicle emissions on road segments of different types
of roads, there is the need to promote the development of a binning process in order to
reduce variability found in the cases examined [15].

A further simplified form of the VSP equation has been developed for a typical light
passenger vehicle as follows [64]:

VSP = v·[1.1·a + 9.81·sin(arctan(grade)) + 0.132] + 0.000302·v3 (4)
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where grade is the road grade (decimal fraction), while VSP, v and a are as introduced above.
For light-duty vehicles, each second of driving is categorized into 14 modes that represent
the different driving regimes [64]. While VSP modes 1 to 2 correspond to deceleration
modes or downhill road, VSP mode 3 represents idling or low-speed situations. Finally,
VSP modes 4 to 14 correspond to cruising, acceleration modes or uphill road sections [64].
Although a 14 mode VSP-based approach is not unique in its ability to predict tailpipe
emissions, it allows us to simplify the design of a modelling system in comparison to
other emission methods [65]. Each mode is associated with an emission factor of CO2, CO,
NOx, and HC that is fixed for a specific vehicle type (regulation class, fuel, model, year,
mileage, or weight). Since a Light Passenger Diesel Vehicle (LPDV) was used as a test
vehicle in this study, Table 4 depicts each interval of power requirements corresponding
to each 14 VSP mode, and CO2, CO, NOx, and HC emission factors by VSP mode for
diesel powertrain [24,55]; the emission rates for light passenger gasoline vehicles and light
commercial diesel vehicles can be found in [24]. Figure 4 shows the relative frequencies
of time spent in each VSP mode for representative speed-time profiles experienced by
the “sentry” test vehicle through the sampled roundabouts. The time percentages in both
driving directions have been shown to be broadly consistent with each other both in the
VSP modes 1 to 2 (deceleration) and 4 to 5 (acceleration); the vehicle spent a high proportion
of time in VSP mode 4 or 5 as it exited the roundabout to reach the cruise speed, while the
proportion of time sensibly appears to reduce from VSP mode 5 onward. In some cases,
a low proportion of time still appears in 10 to 13 VSP modes denoting high acceleration
events. Based on the speed-time profiles and the distribution of time spent in each VSP
mode, emissions by source pollutant were estimated [24]:

Eij = ∑Nk
k=1 Fkj (5)

where Eij is the total emission for the speed-time profile i and pollutant j (g); k is the label for
second of travel (s); Fkj is the emission factor for each pollutant j in label for second k (g/s);
Nk is the total seconds (s). Equation (5) was used to calculate second-by-second emission
rates for each speed-time profile experienced by the test vehicle; the total emission by
pollutant at each roundabout can be calculated as average of emissions for each pollutant
and speed-time profile [62].

Table 4. The VSP modes, power requirements and mean emission rates by VSP mode for LPDV 1.

VSP Mode Kw/ton 2
Mean Modal Emission Rates (g/s)

CO2 CO NOx, HC

1 VSP < −2 0.21 0.00003 0.0013 0.00014
2 −2 ≤ VSP < 0 0.61 0.00007 0.0026 0.00011
3 0 ≤ VSP < 1 0.73 0.00014 0.0034 0.00011
4 1 ≤ VSP < 4 1.50 0.00025 0.0061 0.00017
5 4 ≤ VSP < 7 2.34 0.00029 0.0094 0.00020
6 7 ≤ VSP < 10 3.29 0.00069 0.0125 0.00023
7 10 ≤ VSP < 13 4.20 0.00058 0.0155 0.00024
8 13 ≤ VSP < 16 4.94 0.00064 0.0178 0.00023
9 16 ≤ VSP < 19 5.57 0.00061 0.0213 0.00024

10 19 ≤ VSP < 23 6.26 0.00101 0.0325 0.00028
11 23 ≤ VSP < 28 7.40 0.00115 0.0558 0.00037
12 28 ≤ VSP < 33 8.39 0.00096 0.0743 0.00042
13 33 ≤ VSP < 39 9.41 0.00077 0.1042 0.00040
14 VSP ≥ 39 10.48 0.00073 0.1459 0.00042

1 LPDV stands for Light Passenger Diesel Vehicles; 2 as calculated by Equation (5).
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Figure 4. Relative frequencies of time spent in VSP modes at the sampled roundabouts in Figure 2 as
follows: (a) Roundabout 1; (b) Roundabout 2; (c) Roundabout 3; (d) Roundabout 4; (e) Roundabout 5;
(f) Roundabout 6. Note: direction AB means the through movement from A to B in Figure 2; direction
BA means the through movement from B to A in Figure 2.

By way of example, Figure 5 shows the cumulative percentages of CO2 emissions from
the time spent in each VSP mode and the second-by-second emission rates for the speed
profiles through the Roundabouts 2 and 4 in Figure 2 along the entire distance travelled on
the field. The distributions of CO2 emissions for the other roundabouts exhibited similar
patterns. The relative increase in the percentage of CO2 emissions with the distance from
the entry resulted highest in acceleration and short stop-and-go events, the slope being
the steepest. In this regard, Figure 5a shows that the test vehicle while interacting with
the other vehicles in traffic experienced short stop-and-go and produced high percentages
of total CO2 emissions during the acceleration from zero to the cruise speed. Repeated
speed changes in the circulatory roadway caused greater CO2 emission rates than at entries.
The relative increase of CO2 emissions percentage with the distance was higher in the
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acceleration mode especially when the test vehicle got in the circulatory roadway with a
minimum speed and started accelerating to reach the desired speed to exit (see Figure 5b).
According to previous experiences on roundabouts in Palermo City, Italy [62] acceleration
events in the circulating and exiting areas contributed to more than 25 percent of the
emissions for a given speed profile.

Figure 5. Spatial distribution of CO2 emissions based on speed profiles for: (a) Roundabout 2 in
Figure 2b and (b) Roundabout 4 in Figure 2d.

4. AIMSUN Modelling

The AIMSUN software was employed to model the sampled roundabouts and to
investigate their contribution to the emission phenomenon [33]. Currently, it is known that
AIMSUN allows to code the roundabout model among different roundabout types within
its project window; this ensures simulated driving behaviour and lane usage corresponding
as much as possible to the area under examination and real levels of traffic flow [66]. In the
implementation stage of AIMSUN the roundabouts in Figure 2 were converted into the
corresponding abstract network models, each of them represented by a system of links and
connectors suited for microscopic simulation. Since roundabouts can have multiple turning
movements, subpaths between each entry and exit were built to identify the roundabout
turns and then extract the manoeuvres to be examined [33]. The urban speed limit of
50 km/h was set as the maximum speed at which each roundabout can be travelled under
free-flow conditions. The traffic demand was given as a total O-D matrix of the traffic
counts; thus, centroids were defined for each roundabout model. In order to build the traffic
demand scenario and then feed each roundabout network model, two further matrices,
one for cars and another for heavy vehicles were extracted from each O-D matrix. The
vehicle attributes of AIMSUN were set by a class of vehicles and O-D pairs of through
movements so as at extracting speed-time profiles of an individual vehicle quite similar
to the test vehicle driven during surveys [33]. Traffic scenarios were built considering the
same morning peak-hour data collected in the field. Each dynamic scenario was located
into the 7:30–8:30 a.m. slot with a single replication of 5400 s and warm-up time of 1800 s.
Once carried out the i-th replication in AIMSUN, imposing a resolution time scan per
second, trajectory data useful for building the speed-time profiles were stored in the output
database (with *.sqlite extension); the usable information was referred to the previously
selected O-D pair and to the class of vehicles which have travelled the roundabout in
a given time interval [33]. The vehicle trajectory data from AIMSUN were aggregated
based on 30 replications by through movement and driving direction on all the roundabout
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network models; they were plotted as a curve with speed on the Y-axis and travel time
on the X-axis. By way of example, Figure 6 shows the observed speed-time profiles and
those simulated under default parameters for Roundabout 1 (movement AB in Figure 2a)
and Roundabout 3 (movement BA in Figure 2c). The comparison between the speed-time
profiles experienced in the field and those simulated under default parameters of AIMSUN
was made to figure out whether (or not) adjusting the model parameters was needed to
better reflect the field data and then obtain greater accuracy in emission estimates.

Figure 6. Observed vs. simulated speed-time profiles at: (a) Roundabout 1 (movement AB) in
Figure 2a; (b) Roundabout 3 (movement BA) in Figure 2c.

4.1. AIMSUN Calibration

The comparison between the GPS trajectories collected in the field and speed-time
profiles simulated in AIMSUN under default parameters required model calibration. Ac-
cording to the calibration procedures proposed by [46,67], a vehicle attribute calibration
was made to enable the model to better match the field measurements and to estimate
emissions with better accuracy. Two vehicle attributes of AIMSUN were selected: the
maximum acceleration having a default value of 3 m/s2, and normal deceleration having a
default value of 4 m/s2. A sensitivity analysis explored the effects of different combinations
of model parameters on the modelled outputs so that they matched or were compara-
ble with the real-world observations. Calibration under the mean values of the 85th or
95th percentiles of accelerations and decelerations extracted from all the field-observed
trajectories travelled through the sampled roundabouts regardless of the driving direction
best fitted the observed data (see Table 3); it also provided VSP distributions closer to
field data than the distribution under default parameters. No distributions of 85th or
95th percentile desired speeds were defined since the maximum speeds from empirical
data appropriately represented the maximum speeds desired by drivers under normal
circumstances. By way of example, Figure 7a shows the comparison between the observed
and simulated speed profiles for Roundabout 5 in Figure 2e under default parameters
and calibration with 85th and 95th percentile parameters. Figure 7b shows, in turn, an
example of scattergram analysis done to compare the observed versus simulated speeds
under calibration with the 95th percentile parameters extracted from all the field-observed
trajectories experienced by the test vehicle through the roundabouts regardless of driving
direction. The same figure shows the regression lines of observed versus simulated speeds
at the detection stations plotted along with the 95% prediction interval; the R2 values and
the fact that only a few points fall outside the confidence band in both graphs imply that
the model could be accepted as significantly close to the reality. The results confirmed
improvements in vehicle speed after calibration, while traffic volumes resulted slightly
modified. Encouraging results under calibrated parameters were also obtained in terms
of Geoffrey E. Havers’ statistic (GEH) [31]. With reference to Figure 7b, the GEH values
of 100% for each driving direction meant that the deviation of the simulated speed values
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under calibrated parameters with respect to the corresponding measurements resulted in
less than 5 in 100% of the cases and the model could be accepted.

Figure 7. Observed vs. simulated data at Roundabout 5 (directions AB and BA in Figure 2e): (a) speed
profiles; (b) regression line of observed vs. speeds simulated under calibration with 95th percentile
parameters. Note: observed stands for observed data; simulation (default) stands for default data;
simulation (85th percentile) or simulation (95th percentile) stand for simulation under parameters
calibrated with the mean values of the 85th or 95th percentiles of the values of acceleration and
deceleration observed in the field.

A two-sample t-test was done to see if the means (i.e., μobs and μsim) are equal for the
two samples made by VSP distributions based on the observed and simulated speed-time
profiles for the movements AB (or BA) through each roundabout; the null hypothesis that
the two means are equal is rejected if |t| > t1-α/2,N, where t1-α/2,N is the critical value of
the t distribution with N degrees of freedom at the significance level of α = 0.05. Table 5
shows the results of the t-test for the observed and simulated VSP distributions in the
driving direction AB through each roundabout in Figure 2. Specifically, it can be deduced
that there is no significant difference in the two distributions of the observed and simulated
VSP values by driving direction; analogous results have been also obtained for the opposite
direction BA.

Figure 8 shows, by way of example, the distributions of time spent in the VSP modes
both under the default parameters of AIMSUN and the parameters calibrated with the
mean values of the 85th or 95th percentiles of the accelerations and decelerations extracted
from all trajectories experienced by the test vehicle through the roundabouts 2 and 4
in Figure 2. Figure 8a shows that the distribution of time spent in VSP modes under
parameters calibrated with the mean values of the 95th percentiles of the acceleration
and deceleration matched the VSP distribution from empirical data more closely than the
distribution under default parameters or under calibration with the mean values of the 85th
percentiles of the acceleration and deceleration. The simulated vehicle appears to spend a
high proportion of time in VSP mode 4 under the default parameters; the proportion of time
sensibly appears to reduce from VSP mode 5 onward, but it still appears in VSP modes 11 to
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13 denoting high acceleration events. Under the default parameters of AIMSUN, simulated
vehicle activity from roundabouts was not representative of real-world vehicle activity.

Table 5. The results of the two-sample t-test for the observed vs. simulated VSP distributions for the
sampled roundabouts (direction AB in Figure 2).

VSP
μobs

1

(s.e.)
μsim

1

(s.e.)
95% c.i. for

Difference in Means
t(α = 0.05)

(d.f) 2 t-Critical
p-Value

(α = 0.05) 3

Roundabout 1
obs. vs. default 1.90 (0.80) 3.15 (1.48) (−4.628, 2.135) 0.73 (55) 2.004 0.46

obs. vs. 85th percentile 0.98 (0.60) 1.80 (1.09) (−3.313, 1.667) 0.66 (71) 1.993 0.51
obs. vs. 95th percentile 1.67 (0.77) 1.96 (1.24) (−3.228, 2.654) 0.20 (55) 2.004 0.85

Roundabout 2
obs. vs. default 3.52 (3.06) 5.11 (2.69) (−9.747, 6.571) 0.39 (58) 2.002 0.69

obs. vs. 85th percentile 3.56 (2.36) 2.54 (1.23) (−2.340, 8.371) 1.13 (53) 2.005 0.27
obs. vs. 95th percentile 3.09 (2.02) 2.80 (1.30) (−3.135, 7.366) 0.39 (64) 1.997 0.43

Roundabout 3
obs. vs. default 1.60 (1.75) 3.31 (2.57) (−7.969, 4.557) 0.55 (49) 2.009 0.58

obs. vs. 85th percentile 1.52 (1.69) 2.40 (1.47) (−5.372, 3.621) 0.39 (57) 2.002 0.69
obs. vs. 95th percentile 1.14 (1.48) 1.44 (1.58) (−4.630, 4.019) 0.14 (68) 1.995 0.88

Roundabout 4
obs. vs. default 1.60 (1.57) 5.99 (2.66) (−10.51, 1.942) 1.39 (46) 2.014 0.17

obs. vs. 85th percentile 1.75 (1.32) 0.82 (1.05) (−4.288, 2.420) 0.55 (72) 1.993 0.58
obs. vs. 95th percentile 2.47 (0.85) 2.32 (1.09) (−2.607, 2.899) 0.10 (88) 1.980 0.91

Roundabout 5
obs. vs. default 2.08 (1.21) 3.67 (3.33) (−8.749, 5.573) 0.44 (39) 2.023 0.66

obs. vs. 85th percentile 2.75 (0.79) 1.73 (0.80) (−1.220, 3.259) 0.90 (104) 1.983 0.37
obs. vs. 95th percentile 2.46 (0.96) 1.77 (1.71) (−3.242, 4.606) 0.35 (68) 1.995 0.73

Roundabout 6
obs. vs. default 1.98 (1.21) 1.09 (1.58) (−3.089, 4.881) 0.45 (74) 1.994 0.65

obs. vs. 85th percentile 2.01 (1.22) 0.22 (1.22) (−1.722, 5.294) 1.01 (74) 1.992 0.31
obs. vs. 95th percentile 1.86 (1.28) 0.98 (1.67) (−3.331, 5.080) 0.41 (70) 1.996 0.68

1 μobs and μsim stand for the mean values of the samples of the observed vs. simulated VSP distributions for each
roundabout in direction AB; 2 |t|value of the two-sample t-test done to compare the equality of the means of
samples of two populations with equal sample size; 3 α = 0.05 is the significance level.

Figure 8. The relative frequencies of time spent in VSP modes under simulation with the default
parameters and calibration with 85th or 95th percentile values of the selected vehicle attributes of
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AIMSUN for: (a) Roundabout 2, movement AB, in Figure 2b; (b) Roundabout 4, movement AB, in
Figure 2d. Note: simulation (default) stands for default data; simulation (85th) or simulation (95th)
stand for simulation under parameters calibrated with the mean values of the 85th or 95th percentiles
of the values of acceleration and deceleration observed in the field.

Since emissions are strongly associated with vehicle speed and acceleration, the process
of high speed and aggressive acceleration can produce higher emissions than the process
of braking [42]. Under the parameters calibrated with the mean values of 95th percentiles
of acceleration and deceleration with reference to the sampled roundabouts, the time
percentages were more realistic in the VSP modes 1 to 2 (deceleration), mode 3 (idle)
and modes 4 to 7 (acceleration and cruising). Similar considerations can be drawn from
Figure 8b where the more pronounced curvature of the trajectories, together with an
atypical design of Roundabout 4, accentuated the effect of speed moderation; however,
compared to scheme with a more typical design (see Figure 8a), greater variability of the
relative frequencies by VSP mode was observed even in relation to short stop-and-go cycles
on entry or in the acceleration phase.

According to Anya et al. [46], sampling from the 85th percentile distribution of ac-
celerations and decelerations measured in the field limited the maximum values of the
accelerations or decelerations obtainable in AIMSUN. Based on data observed in the field,
85 percent of the accelerations were below about 1.0 m/s2 (that is the mean value of the
distribution of the 85th percentile accelerations observed in the field); thus, there would
be modelling no realistic scenario for a vehicle entering the simulated roundabout net-
work model, if it could not achieve any instantaneous accelerations greater than 1.0 m/s2

when travelling unconstrained below the speed limit. Among other things, the vehicles
took a longer time to travel the circulatory roadway without significant changes in speed.
Calibrating the model with 95th percentile values of the relevant parameters observed in
the field at the existing roundabouts, in turn, tended to be more effective in producing
VSP distributions enough consistent with what was drawn from the observed trajectory
data. However, in this study, the absolute values of emissions were not of much concern
given the potential for differences depending on the test vehicle characteristics; among the
other things, the intent of this paper was not to derive definitive emission inventories but
to explain the relative emission differences associated with various values of acceleration
and deceleration.

4.2. Results

The speed-time profiles detected in the field by smartphone through the existing
roundabouts and those simulated by AIMSUN were the starting point for estimating
emissions of CO2, CO, NOx and HC. Emissions for each source pollutant and representative
speed profile by driving direction were calculated employing Equation (5) based on the
time spent by the test vehicle in each VSP mode and the second-by-second emission rates
in Table 4.

A two-sample t-test was performed for comparing average emissions between the
observed and simulated data (default, 85th and 95th) by pollutant and by driving direction
through the sampled roundabouts. Table 6 shows the results which confirmed that there is
no significant difference between the emissions calculated using observed and simulated
data in directions AB and BA through the roundabouts; the results also confirmed the need
of calibrating the model to improve the accuracy of emission estimates.
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Table 6. The results of the two-sample t-test for comparing average emissions between observed and
simulated data (default, 85th and 95th) by pollutant and by driving direction AB and BA.

Pollutants
μAB

1

(s.e.)
μBA

1

(s.e.)
95% c.i. for

Difference in Means
t(α = 0.05)

(d.f) 2 t-Critical
p-Value

(α = 0.05) 3

CO2
default (AB) 66.54 (4.89) 69.41 (4.17) (−17.20; 11.46) 0.45 (10) 2.228 0.66
default (BA) 76.85 (8.78) 74.64 (3.87) (−19.19; 23.60) 0.23 (7) 2.364 0.82

85th percentile (AB) 66.54 (4.89) 64.27 (6.77) (−16.36; 20.90) 0.27 (9) 2.262 0.80
85th percentile (BA) 76.85 (8.78) 65.99 (6.05) (−12.92; 34.63) 1.01 (9) 2.262 0.34
95th percentile (AB) 66.54 (4.89) 71.26 (6.66) (−23.14; 13.70) 0.57 (9) 2.262 0.60
95th percentile (BA) 76.85 (8.78) 67.80 (5.66) (−14.24; 32.33) 0.86 (9) 2.262 0.42

CO
default (AB) 0.011 (0.001) 0.012 (0.001) (−0.005; 0.002) 0.76 (10) 2.228 0.46
default (BA) 0.010 (0.001) 0.011 (0.001) (−0.003; 0.001) 0.84 (10) 2.228 0.42

85th percentile (AB) 0.011 (0.001) 0.010 (0.001) (−0.003, 0.004) 0.44 (10) 2.228 0.67
85th percentile (BA) 0.010 (0.001) 0.010 (0.001) (−0.002; 0.003) 0.36 (10) 2.228 0.73
95th percentile (AB) 0.011 (0.001) 0.012 (0.001) (−0.004; 0.003) 0.23 (10) 2.262 0.82
95th percentile (BA) 0.010 (0.001) 0.010 (0.001) (−0.002; 0.003) 0.15 (10) 2.262 0.88

NOx
default (AB) 0.29 (0.03) 0.41 (0.04) (−0.247, 0.009) 2.06 (9) 2.262 0.07
default (BA) 0.27 (0.04) 0.38 (0.04) (−0.233, 0.013) 1.99 (10) 2.228 0.07

85th percentile (AB) 0.29 (0.03) 0.26 (0.03) (−0.064, 0.133) 0.78 (10) 2.228 0.45
85th percentile (BA) 0.27 (0.04) 0.26 (0.03) (−0.093; 0.114) 0.22 (9) 2.262 0.83
95th percentile (AB) 0.29 (0.03) 0.28 (0.04) (−0.108, 0.117) 0.10 (10) 2.228 0.93
95th percentile (BA) 0.27 (0.04) 0.27 (0.03) (−0.098; 0.109) 0.12 (9) 2.262 0.90

HC
default (AB) 0.007 (0.001) 0.006 (0.001) (−0.001; 0.003) 0.87 (8) 2.306 0.41
default (BA) 0.006 (0.001) 0.005 (0.001) (−0.001, 0.002) 0.85 (8) 2.306 0.42

85th percentile (AB) 0.007 (0.001) 0.006 (0.001) (−0.003; 0.003) 0.27 (10) 2.228 0.80
85th percentile (BA) 0.006 (0.001) 0.007 (0.001) (−0.002; 0.0006) 1.23 (10) 2.228 0.25
95th percentile (AB) 0.007 (0.001) 0.006 (0.001) (−0.002; 0.003) 0.46 (9) 2.262 0.65
95th percentile (BA) 0.006 (0.001) 0.006 (0.001) (−0.001; 0.0012) 0.03 (9) 2.262 0.98

1 μAB and μBA stand for the mean values of the samples of the observed and simulated emissions for each pollutant
and driving directions AB and BA; 2 |t|value of the two-sample t-test done to compare the equality of the means
of samples of two populations with equal sample size; 3 α = 0.05 is the significance level.

The calculated emissions were then averaged in the two driving directions AB and BA
for each relevant speed-time profile as introduced before, to obtain the total emissions for
source pollutant and roundabout (see Figure 9).

Figure 9. Cont.
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Figure 9. Observed versus simulated emissions at sampled roundabouts (through movements):
(a) CO2; (b) CO; (c) NOx + HC.

The results concerning CO2 emissions in Figure 9a show that the percentage variations
between the observed data and those simulated with the default parameters of AIMSUN
were significantly higher than 5% (in the case of Roundabouts 1, 3 and 4 even higher than
15%); under simulation with the 85th percentiles of the acceleration and deceleration, the
simulated values underestimated the observed ones and also showed percentage reductions
greater than or equal to 5% (Roundabouts 1, 2, 4, 5). Emission values simulated with the
95th percentiles of the acceleration and deceleration were close to the observed ones
(Roundabouts 1 and 6) and showed percentage increases less than 5%; only a percentage
reduction of 1% resulted on Roundabout 2, however less than the reduction percentage
found under 85th percentiles of the acceleration and deceleration (approximately equal to
11% on the same roundabout).

Concerning CO emissions in Figure 9b, the percentage variations between the ob-
served data and those simulated with the default parameters resulted significantly higher
than 5% (but higher than 15% on Roundabouts 1 and 4); under simulation with the 85th per-
centiles of the acceleration and deceleration, the percentage reductions between observed
and simulated data were greater than or equal to 5% (intersections 1, 2, 5, 6), while under
simulation with the 95th percentiles of the acceleration and deceleration, the simulated val-
ues met the observed data (Roundabouts 4, 5 and 6), with percentage increases less than 3%
on the other roundabouts. In turn, Figure 9c shows the aggregated results for (NOX + HC)
emissions: under simulation with the default parameters of AIMSUN, the percentage
increases between the observed and simulated data were significantly higher than 25%,

377



Energies 2022, 15, 1371

while under simulation with the 85th percentile values of the acceleration and deceleration,
the percentage reductions were greater than or equal to 5% (Roundabouts 2, 4, 5) or the
percentage increase was around 7% for Roundabout 6. In turn, under simulation with the
95th percentiles of the acceleration and deceleration, the simulated values showed a certain
variability by roundabout where they were close to the observed data or having slight
percentage reductions (e.g., on Roundabouts 2 and 4), however less than under simulation
with the 85th percentile values of the relevant parameters on the same roundabouts. In
order to ensure the validity of the methodological approach proposed in this paper and
to confirm its applicability and reproducibility, the conversion of the Roundabout 2 in
Figure 2b into a turbo counterpart was conceptualized based on [68]. This roundabout was
chosen as an example with reference to its typical design. Speed profiles were collected
again at Roundabout 2 during the morning (7:00–8:00 a.m.) and afternoon peak hours
(6:00–8:00 p.m.) on weekdays (Tuesday to Friday) in July 2020.

Traffic flow data were recorded by travel direction and classified by manoeuvre so
that they can be identified in the roundabout network models built in AIMSUN. Speed
profiles were simulated for the existing roundabout and the turbo roundabout based on
the procedure developed by [69]. Table 7 shows the elements of the geometric design of the
turbo roundabout here designed and used as a term of comparison; by way of example,
Figure 10 shows the outcome of the comparison between the CO2 emissions for the two
roundabout layouts which will be discussed in the next section.

Table 7. Geometric conceptualization of the turbo roundabout.

Cross Section [m]

Radius of the inside roadway, inner edge R1 15.00
Radius of the inside roadway, outer edge R2

1 20.40
Radius of the outside roadway, inner edge R3

2 20.70
Radius of the outside roadway, outer edge R4

3 25.95
Inner or outer edge line offset 0.45

Inside lane 4.35
Divider inner or outer line offset 0.20

Divider 0.30
Outside lane 4.25

Inside roadway width 5.50
Outside roadway width 5.25
Shift 1—inside to middle 5.15

Shift 2—middle to outside 4.95
Bias 1 for R1 (Bias 2 for other radii) 2.58 (2.48)

Arc centre bias for R1 (Bias 2 for other radii) 2.60 (2.45)
1 R2 = R1 + inside roadway width-bias difference (differences match roadway widths); 2 R3 = R2 + divider width;
3 R4 = R3 + outside roadway width.

Figure 10. Cont.
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Figure 10. Turbo roundabout versus roundabout: (a) speed-time profiles; (b) simulated CO2 emis-
sions for through movements.

5. Discussion

The research is referred to a case study of six roundabouts installed in the road net-
work of Palermo, Italy, where pre-existing conditions of the built environment may have
constrained the entry and exit geometry, or approach alignment, and consequently driving
behaviour through the roundabouts. Examination of the speed profiles as shown in Figure 3
highlighted that each type of situation had a quite distinctive shape but, not all the profiles
completely fitted the typical shapes as literature presents [38]. There was a large group of
profiles that appear to be somewhere “in between” the two typical shapes. After identifica-
tion of the main characteristics of trajectories driven through the sampled roundabouts,
the data were interpreted in terms of representative speed profiles provided by the test
vehicle by roundabout to use them in the subsequent simulation, and in indirect estimation
of emissions based on the VSP methodology. The comparison between individual GPS
trajectories collected in the field and second-by-second speed profiles derived from AIM-
SUN as shown in Figure 6 called for model calibration. The speed-time profiles simulated
under calibrated model parameters exhibited a better match with the second-by-second
trajectories experienced in the field than those ones simulated under default values of
AIMSUN. In turn, the comparison in Figure 9 showed that accuracy in emission estimates
tended to be improved under calibration with the 95th percentiles of the acceleration and
deceleration values extracted from vehicle trajectory data collected in the field. Consistent
with literature [46], sampling from the 85th percentile distribution of accelerations and
decelerations measured in the field limited the maximum values of the accelerations or
decelerations obtainable in AIMSUN. In turn, calibrating the model parameters with 95th
percentile values showed to be effective in producing VSP distributions more consistent
with the VSP distributions derived from field-collected vehicle activity data (see Figure 8).

The results in Figure 9 also confirmed the versatility of AIMSUN in estimating emis-
sions employing instantaneous speed-time profiles. Improvements in the predictive capac-
ity of AIMSUN can be observed under calibration with the 95th percentiles of accelerations
and decelerations; in this case, indeed, the simulated emissions resulted closer to the ob-
served emissions with differences between the simulated values of CO2 and CO emissions
lower than other cases. Specifically, the results concerning CO2 and CO emissions in
Figure 9a,b show that the percentage variations between the observed data and those ones
simulated with the default parameters of AIMSUN were significantly higher than 5%, and
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in some cases even higher than 15% (Roundabouts 1, 3 and 4 for CO2 and Roundabouts 1
and 4 for CO). Under simulation with the 85th percentiles of the acceleration and decelera-
tion, the percentage reductions between observed and simulated data were greater than or
equal to 5% (Roundabouts 1, 2, 4, 5 in the case of CO2; Roundabouts 1,2, 5,6 in the case of
CO). Simulation with the 95th percentiles of the acceleration and deceleration provided
simulated values close to those observed (Roundabouts 1, 2 and 6 in the case of CO2 and
Roundabouts 4, 5 and 6 in the case of CO) with increases from about 1 to 3%. The results
for (NOx + HC) emissions, in turn, showed a certain variability by roundabout where
simulations with the 95th percentiles of the acceleration and deceleration have returned
both slight percentage increases and reductions between observed and simulated data,
but, in the complex, smaller in absolute value than simulation under the 85th percentile
values of the relevant parameters. However, the results may have been influenced by the
selected test vehicle driven in the field, the geometric design of the sampled roundabouts
not always corresponding to typical layouts, or the calibration process done to adjust those
parameters which allowed the model to better match the observed emissions.

Having in mind the purpose to validate the methodological approach proposed in this
paper and to confirm its applicability and reproducibility, the conversion of the roundabout
2 into a turbo counterpart was conceptualized [68]. For validation purposes, the values
of the calibrated parameters were employed again to quantify the similarity between the
observed and simulated trajectory data. In this regard, Figure 10a compares the simulated
speed-time profiles under calibration with the 95th percentile values of the relevant pa-
rameters for both roundabouts within the influence area of 250 m identified by the vertical
dashed lines; the speed profile from field data concerned the existing roundabout and
was introduced just as a term of comparison. In turn, Figure 10b shows the simulated
CO2 emissions only through the existing roundabout and turbo roundabout. According to
the literature [70], the results showed that higher time was spent in acceleration through
the turbo roundabout than the roundabout as typical standard for turbo roundabouts.
However, under the low traffic volume conditions surveyed in the field, the conversion
of a two-lane roundabout to a turbo roundabout gave a comparable amount of emissions;
thus, the two-lane roundabout still remains as the more appropriate layout in the context
of installation under examination. In general, the turbo roundabout option still represents
the best solution from a safety point of view when a two-lane roundabout instead of a
single-lane roundabout should be designed unless a multi-lane roundabout remains the
preferred option if a maximum output of capacity is expected [71].

6. Conclusions

The paper gives a contribution that covers the topic of estimating the vehicle emissions
on urban roundabouts based on the integrated use of vehicle trajectory data collected in
the field by a smartphone app, the VSP methodology, and AIMSUN.

Data collection was inspired by a crowdsensing logic, where a “sentinel vehicle”
namely the test vehicle travelled through the sampled roundabouts to acquire vehicle trajec-
tory data by using a smartphone installed on board. This system of collecting instantaneous
vehicle trajectory data, beyond being economic and user-friendly, made smart both the use
of the available resources and the subsequent data process and analysis. Thus, the collected
vehicle trajectory data were processed immediately to return the observed speed-time
profiles and to obtain the vehicle acceleration and deceleration values then used in the
calibration process. In addition to this, two further aspects have been also met: (a) using
measures of kinematic parameters from vehicle trajectories collected in the field in order to
calibrate the modelling parameters of AIMSUN; (b) using individual vehicle trajectories
simulated in AIMSUN under calibrated parameters in order to increase the accuracy in
the emission estimation. In this view, since the paper is focused in demonstrating the
versatility of AIMSUN in estimating emissions on roundabouts, the application of the VSP
methodology can be considered as supplemental to the methods of calibration already
used in practice. For validation purposes, the paper also introduced the conversion of
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an existing roundabout into a turbo roundabout giving insights into how to assess the
impacts of alternative roundabout designs from an environmental perspective. In spite
of the research efforts done to pursue the stated objectives, limitation of the implemented
methodology cannot be denied and can be associated with:

(1) The selected test vehicle driven in the field;
(2) Interactions with pedestrians or cyclists;
(3) Variability in driving behaviour profiles experienced in the field;
(4) Comparison of emissions just for one diesel car;
(5) Roundabouts located in flat roads;
(6) The selected driving movements here considered.

Although the pilot study here reported reflects local conditions, it can be repeated in
the simulation environment.

A few suggestions can be also outlined regarding future research:

• the chance to expand the roundabout sample in order to afford the general validation of
the proposed methodology and to make a correlation between the prevailing geometric
characteristics and the results obtained in terms of emissions; this is closely linked
both to the use of more sentinel vehicles to better characterize the speed profiles
experienced through the road units, given that the relative occurrence of each possible
profile may be sensitive to the prevailing traffic levels or entry demand;

• the calibration process that should also include the “global parameters” or further
“local parameters” of AIMSUN for their possible effects on the simulated vehicle
activity, however in combination with the “vehicle attributes” that were here fine-
tuned based on the percentile values extracted from the parameter distributions
surveyed in the field;

• the transferability of the methodology should be tested with reference to other design
alternatives to assess the environmental effects due to the conversion of an existing
layout to another with similar space footprint, and to estimate the life-cycle costs of
intersection design alternatives before the installation in the real world.

However, the study underlines the potential of new attitudes in the performance
evaluation of road units in order to align infrastructural projects with the long-term ambi-
tions about low-emission urban mobility. The proposed methodological approach has also
proved to be friendly in collecting data via smartphone and in the subsequent data analysis
and addressed novel opportunities to collect large-scale data through digital communities
of users equipped with their smartphones to collectively share data and to derive some
conclusions on any processes of common interest in order to optimize their current and
future conditions of mobility.

Author Contributions: Conceptualization, A.G., T.G. and F.A.; methodology, F.A., M.C.C., and P.F.;
software, F.A.; calibration and goal, F.A.; formal analysis, A.G., T.G. and F.A.; investigation, A.G., T.G.
and F.A.; resources, A.G., T.G. and E.M.; data curation, F.A.; writing—original draft preparation, A.G.,
T.G. and F.A.; writing—review and editing, F.A., A.G., T.G., M.C.C., E.M. and P.F.; visualization, F.A.,
A.G., T.G., M.C.C., E.M. and P.F.; supervision, A.G., T.G., M.C.C., P.F. and E.M.; funding acquisition,
A.G., and T.G. All authors have read and agreed to the published version of the manuscript.

Funding: This research was partially funded by CROWDSENSE project (POFESR2014-20_Sicily—
Sicilian Region—PO FESR 2014–2020), Department of Engineering, University of Palermo, Italy. The
authors also acknowledge the support of the projects: UIDB/00481/2020 and UIDP/00481/2020—
Fundação para a Ciência e a Tecnologia; and CENTRO-01-0145-FEDER-022083—Centro Portugal Re-
gional Operational Programme (Centro2020), under the PORTUGAL 2020 Partnership Agreement,
through the European Regional Development Fund; DICA-VE (POCI-01-0145-FEDER-029463) and
Driving2Driverless (POCI-01-0145-FEDER-031923) projects, co-funded by COMPETE2020, Portugal2020-
Operational Program for Competitiveness and Internationalization (POCI) and European Union’s ERDF
(European Regional Development Fund); and “PAC Portugal AutoCluster for the Future” project, funded
by PORTUGAL 2020 Partnership Agreement.

Institutional Review Board Statement: Not applicable.

381



Energies 2022, 15, 1371

Informed Consent Statement: Not applicable.

Data Availability Statement: Data are available after kind request to the corresponding author.

Acknowledgments: The authors would like to gratefully acknowledge the reviewers who provided
helpful comments and insightful suggestions on the draft of the manuscript. Special thanks also go
to the Organizing Committees of the 17th Scientific and Technical Conference TSTP 2021 and CIGOS
2021 where an earlier version of this work, as drawn from the PhD thesis [49], was presented in 2021.

Conflicts of Interest: The authors declare no conflict of interest that could influence the work reported
in this paper.

References

1. Martins, V.; Anholon, R.; Quelhas, O. Sustainability Transportation Methods. In Encyclopedia of Sustainability in Higher Education;
Filho, W.L., Ed.; Springer Nature: Cham, Switzerland, 2019; pp. 1–7.

2. The Paris Agreement. 2016 United Nations Framework Convention on Climate Change (UNFCCC). Available online: https:
//unfccc.int/sites/default/files/resource/parisagreement_publication.pdf (accessed on 20 November 2021).

3. Communication from the Commission: The European Green Deal. Available online: https://eur-lex.europa.eu/legal-content/
EN/TXT/?qid=1588580774040&uri=CELEX:52019DC0640 (accessed on 20 November 2021).

4. Horan, T.; Rae Zimmerman, R. Digital Infrastructures: Enabling Civil and Environmental Systems through Information Technology;
Networked Cities Series; Routledge: London, UK, 2004; 272p.

5. Litman, T. Autonomous Vehicle Implementation Predictions: Implications for Transport Planning; Victoria Transport Policy Institute:
Victoria, BC, Canada, 2020.

6. Frey, H.C. Trends in on-road transportation energy and emissions. J. Air Waste Manag. Assoc. 2018, 68, 514–563. [CrossRef]
7. Abdelrahman, A.; El-Wakeel, A.S.; Noureldin, A.; Hassanein, H.S. Crowdsensing-Based Personalized Dynamic Route Planning

for Smart Vehicles. IEEE Netw. 2020, 34, 216–223. [CrossRef]
8. Castignani, G.; Derrmann, T.; Frank, R.; Engel, T. Driver Behavior Profiling Using Smartphones: A Low-Cost Platform for Driver

Monitoring. IEEE Intell. Transp. Syst. Mag. 2015, 7, 91–102. [CrossRef]
9. Rapa, M.; Gobbi, L.; Ruggieri, R. Environmental and Economic Sustainability of Electric Vehicles: Life Cycle Assessment and Life

Cycle Costing Evaluation of Electricity Sources. Energies 2020, 13, 6292. [CrossRef]
10. Monzon, A.; Wang, Y. Toward Sustainable and Low Carbon Road Transportation: Policies, Tools, and Planning Methods.

Sustainability 2019, 11, 1709. [CrossRef]
11. Hamadneh, J.; Esztergár-Kiss, D. The Influence of Introducing Autonomous Vehicles on Conventional Transport Modes and

Travel Time. Energies 2021, 14, 4163. [CrossRef]
12. Lyu, P.; Wang, P.S.; Liu, Y.; Wang, Y. Review of the studies on emission evaluation approaches for operating vehicles. J. Traffic

Transp. Eng. (Engl. Ed.) 2021, 8, 493–509. [CrossRef]
13. Fernandes, P.; Macedo, E.; Bahmankhah, B.; Tomas, R.F.; Bandeira, J.M.; Coelho, M.C. Are internally observable vehicle data good

predictors of vehicle emissions? Transp. Res. Part D Transp. Environ. 2019, 77, 252–270. [CrossRef]
14. Jiménez-Palacios, J.L. Understanding and Quantifying Motor Vehicle Emissions with Vehicle Specific Power and TILDAS Remote

Sensing. Ph.D. Thesis, Massachusetts Institute of Technology, Department of Mechanical Engineering, Cambridge, MA, USA, 1999.
15. Wyatt, D.W.; Li, H.; Tate, J.E. The impact of road grade on carbon dioxide (CO2) emission of a passenger vehicle in real-world

driving. Transp. Res. Part D Transp. Environ. 2014, 32, 160–170. [CrossRef]
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Sierpiński, G., Ed.; Springer: Heidelberg, Germany, 2020; Volume 1091, pp. 184–200.

63. Jurecki, R.S.; Stanczyk, T.L. A Methodology for Evaluating Driving Styles in Various Road Conditions. Energies 2021, 14, 3570. [CrossRef]
64. US EPA. Methodology for Developing Modal Emission Rates for EPA’s Multi-Scale Motor Vehicle & Equipment Emission System, Report

number EPA420-R-02-027; United States Environmental Protection Agency (US EPA): Washington, DC, USA, 2002.
65. Frey, H.C.; Unal, A.; Chen, J.J.; Song, L. Evaluation and Recommendation of a Modal Method for Modeling Vehicle Emissions.

Corpus ID: 292981. 2003. Available online: https://www3.epa.gov/ttnchie1/conference/ei12/mobile/frey.pdf (accessed on 20
November 2021).

66. Giuffrè, O.; Granà, A.; Tumminello, M.L.; Sferlazza, A. Capacity-based calculation of passenger car equivalents using traffic
simulation at double-lane roundabouts. Simul. Model. Pract. Theory 2018, 81, 1–30. [CrossRef]

67. Acuto, F.; Giuffrè, T.; Granà, A. Environmental Performance Evaluation at Urban Roundabouts. In Emerging Technologies and
Applications for Green Infrastructure; Ha-Minh, C., Tang, A.M., Bui, T.Q., Vu, X.H., Huynh, D.V.K., Eds.; Lecture Notes in Civil
Engineering; Springer: Singapore, 2022; Volume 203, pp. 1613–1621.

68. Royal Haskoning DHV. Roundabouts—Application and Design. A Practical Manual. Available online: https://nmfv.dk/wp-
content/uploads/2012/06/RDC_Netherlands.pdf (accessed on 20 November 2021).

69. Acuto, F.; Giuffrè, T.; Granà, A. Environmental Performance Assessment of Urban Roundabouts. In Intelligent Solutions for
Cities and Mobility of the Future; Lecture Notes in Networks and Systems; Sierpiński, G., Ed.; Springer: Cham, Switzerland, 2022;
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