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Abstract

Shared mobility services are slowly penetrating cities. Given that many cities, espe-
cially small- and medium-sized ones, continue to use the traditional four-step modelling
approach and such an approach does not have the necessary capacity to model these
services, there is a need to extend them. Therefore, this dissertation proposes an ex-
tended modular framework, called intermediate modelling approach, by the addition of
modules for synthetic population generation and fleet management. Furthermore, mod-
ules are suggested for estimation of emissions, car-ownership and induced demand, as
such measures are increasingly expected by cities. The framework is software agnostic,
as the models used for the additional modules in this dissertation can be replaced with
alternative equivalent models, provided the inputs and outputs are consistent.

The intermediate modelling approach accommodates a bilevel procedure for mode
choice calculation, to allow cities to use their existing mode choice model. At the upper
level, a disaggregate mode choice model allows the estimation of the modal split be-
tween conventional modes-as-a-whole, bike-sharing, car-sharing and ride-hailing. To the
best of my knowledge, no existing study focuses on such a joint mode choice model, and
therefore, a multinomial logit model is estimated. This model shows that the probability
of choosing bike-sharing decreases with the increase in household cars. Since a specific
emphasis on the mode shift of private car users towards a bike-sharing service is missing
in the literature, this dissertation also focuses on the identification of factors influencing
such a shift. On a different note, the aforementioned multinomial logit model can be
utilised when the modal split for a service is substantial. However, an alternative frame-
work is required when a service is operated at a small-scale, especially at earlier stages.
Consequently, this dissertation addresses the methodological challenge of modelling such
a car-sharing service, by developing a multi-method demand framework.

The intermediate modelling approach includes a step for the calculation of household
car-ownership. To the best of my knowledge, a comprehensive analysis on car-ownership,
especially dealing with emerging mobility solutions, is still missing in the pertinent liter-
ature. Therefore, this dissertation strives to estimate pertinent (city specific and generic)
multinomial logit models. One of the estimated models shows that the probability of
owning a car reduces with the ownership of a cargo bike. Therefore, this dissertation
also explores the car substitution potential of cargo cycles, by estimating models for the
actual purchase decision and the intention to purchase cargo cycles.

While the development of frameworks and models are interesting contributions to the
literature, their worthiness cannot be fully realised, unless they are exploited. Therefore,
this dissertation aims to adapt the intermediate approach and utilise the mode choice
model, the multi-method demand framework and the car-ownership model for a case
study on the city of Regensburg. To conclude, the methodological concepts from this
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dissertation, the results obtained and the (behavioural, policy, operational and mod-
elling) insights derived can help cities to integrate shared mobility services and design
Mobility-as-a-Service (Maa$S) platforms, devise policies to shape their mobility plans and
promote sustainable urban mobility.
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Zusammenfassung

Gemeinsame Mobilitatsdienste dringen langsam in die Stadte ein. Da viele Stadte, vor
allem kleine und mittelgrofle, weiterhin den traditionellen vierstufigen Modellierungsansatz
verwenden und ein solcher Ansatz nicht die notige Kapazitét fiir die Modellierung dieser
Dienste hat, besteht die Notwendigkeit, sie zu erweitern. Daher wird in dieser Dis-
sertation ein erweiterter modularer Rahmen, ein so genannter intermedidrer Model-
lierungsansatz, vorgeschlagen, der um Module fiir die synthetische Bevilkerungsentwicklung
und das Flottenmanagement ergédnzt wird. Dariliber hinaus werden Module fiir die
Schétzung von Emissionen, Autobesitz und induzierter Nachfrage vorgeschlagen, da
solche Maflnahmen von den Stédten zunehmend erwartet werden. Der Rahmen ist soft-
wareunabhéngig, da die in dieser Dissertation fiir die zusétzlichen Module verwende-
ten Modelle durch alternative, gleichwertige Modelle ersetzt werden konnen, sofern die
Eingaben und Ausgaben konsistent sind.

Der intermedidre Modellierungsansatz sieht ein zweistufiges Verfahren zur Berech-
nung der Verkehrsmittelwahl vor, so dass die Stadte ihr bestehendes Verkehrsmodell
verwenden kénnen. Auf der oberen Ebene ermoglicht ein disaggregiertes Verkehrsmittel-
wahlmodell die Schéitzung des Modal Split zwischen den konventionellen Verkehrstrigern
als Ganzes, Bike-Sharing, Car-Sharing und Ride-Hailing. Soweit mir bekannt ist, gibt
es keine Studie, die sich mit einem solchen gemeinsamen Verkehrsmittelwahlmodell be-
fasst, und daher wird ein multinomiales Logit-Modell geschétzt. Dieses Modell zeigt,
dass die Wahrscheinlichkeit, sich fiir Bike-Sharing zu entscheiden, mit der Zunahme des
Pkw-Bestands im Haushalt abnimmt. Da in der Literatur ein spezifischer Schwerpunkt
auf der Verkehrsmittelwahl von Pkw-Nutzern hin zu einem Bike-Sharing-Angebot fehlt,
konzentriert sich diese Dissertation auch auf die Identifizierung von Faktoren, die eine
solche Verlagerung beeinflussen. Andererseits kann das oben erwédhnte multinomiale
Logit-Modell verwendet werden, wenn der Modalsplit fiir einen Dienst erheblich ist.
Ein alternativer Rahmen ist jedoch erforderlich, wenn ein Dienst in kleinem Umfang
betrieben wird, insbesondere in fritheren Phasen. Diese Dissertation befasst sich daher
mit der methodischen Herausforderung, einen solchen Carsharing-Dienst zu modellieren,
indem sie einen Multi-Methoden-Nachfragerahmen entwickelt.

Der intermedidre Modellierungsansatz beinhaltet einen Schritt zur Berechnung des
Autobesitzes der Haushalte. Soweit ich weif, gibt es in der einschlégigen Literatur
noch keine umfassende Analyse des Autobesitzes, insbesondere im Hinblick auf neue
Mobilitatslosungen. In dieser Dissertation wird daher versucht, einschldgige (stadtspez-
ifische und allgemeine) multinomiale Logit-Modelle zu schitzen. Eines der geschétzten
Modelle zeigt, dass die Wahrscheinlichkeit, ein Auto zu besitzen, mit dem Besitz eines
Lastenrads sinkt. Daher wird in dieser Dissertation auch das Autosubstitutionspotenzial
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Zusammenfassung

von Lastenradern untersucht, indem Modelle fiir die tatsachliche Kaufentscheidung und
die Absicht, Lastenrdder zu kaufen, geschétzt werden.

Die Entwicklung von Rahmenwerken und Modellen ist zwar ein interessanter Beitrag
zur Literatur, ihr Wert kann jedoch nur dann voll ausgeschopft werden, wenn sie auch
genutzt werden. Daher zielt diese Dissertation darauf ab, den intermedidren Ansatz zu
adaptieren und das Verkehrsmittelwahlmodell, den Multi-Methoden-Nachfragerahmen
und das Pkw-Besitzmodell fiir eine Fallstudie iiber die Stadt Regensburg zu nutzen.
Zusammenfassend lédsst sich sagen, dass die methodischen Konzepte dieser Dissertation,
die erzielten Ergebnisse und die abgeleiteten Erkenntnisse (Verhalten, Politik, Betrieb
und Modellierung) den Stiadten dabei helfen kénnen, Shared-Mobility-Dienste zu integri-
eren und Mobility-as-a-Service (MaaS)-Plattformen zu konzipieren, politische Mafinah-
men zur Gestaltung ihrer Mobilitatsplane zu entwickeln und eine nachhaltige stadtische
Mobilitat zu fordern.
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1 Introduction

1.1 Background and motivation

Rapid technological developments have resulted in innumerable changes in today’s world.
One the of the major domains that faces the effects of rapid growth of technology is the
urban mobility. On one hand, the way people move is changing, i.e., there is an alteration
in the travel demand patterns. On the other hand, the choices available for the people to
move are also changing. Developments in Information and Communications Technology
(ICT) has brought new mobility options such as bike-sharing and car-sharing. These
mobility options further accelerate the change in demand patterns and modal split, along
with impacts on the transport supply. As a consequence, cities are facing an uncertain
future.

Although emerging mobility options can help in moving towards a more sustainable
and resilient mobility system, they can also lead to issues such as induced demand and
mode shift from Public Transport (PT). Hence, planners and decision makers have to
evaluate the impacts of different mobility options and pertinent policies under a range of
possible alternative futures, or they risk being unprepared. If the drivers for the adoption
and the use of the emerging mobility solutions, and their impacts on the transport system
are not well understood, transport policy decisions are likely to be ineffective and may
lead to undesired effects. Therefore, planners and decision makers are required to have
access to suitable transport models that allow them to anticipate the possible impacts
of emerging mobility systems and pertinent policies.

Transport models have been in existence for decades, as powerful tools to evaluate
alternative policies and transport management solutions under a range of future supply
and demand scenarios. Modelling of shared mobility calls for agent-based approaches.
This can be observed in the existing pertinent literature, which are mostly based on
agent-based modelling approaches (e.g., Ciari et al., 2016; Martinez et al., 2017). How-
ever, many cities, especially small- and medium-sized ones continue to use the traditional
transport modelling approach (i.e., the four-step approach), which are not capable of
adequately evaluating the impacts brought by the shared mobility services and other
emerging mobility solutions. Furthermore, there is an inertia to change due to several
reasons, including but not limited to, insufficient data, deficit of technical expertise and
the convenience of simpler models (Givoni et al., 2016).

Considering the aforementioned facts, there is a need for a modelling approach, which
adopts the disaggregate modelling principle from agent-based approach, and integrates
the same into the traditional strategic modelling approach. However, such an approach
is still missing in the existing literature and the primary focus of this dissertation is to
close this gap by developing an intermediate modelling approach. The positioning of
this dissertation is elucidated in Figure 1.1. This dissertation was possible through the
collaborations in European Union (EU) H2020 projects “MOMENTUM” and “IRIS”,
German project “Ich entlaste Stadte” under National Climate Initiative and TUM IGSSE
project “MO3” and the datasets collected therein. As such, the datasets from these
projects also act as a motivation for setting the research objectives of this dissertation.
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Figure 1.1: Positioning of this doctoral research

1.2 Objectives and framework

One of the twin-fold primary objectives of this dissertation (Objective 1) is to develop an
intermediate modelling approach, an approach which stands in between the agent-based
and traditional aggregate four-step approaches as shown in Figure 1.2. Based on a survey
of planning practitioners (the end users), Te Brommelstroet (2010) state that there is a
need to have a shift in the approach from “developing for” to “developing with” cities.
They conclude that the model developers should not only focus on scientific rigour,
detail and comprehensiveness, but also should try to achieve a balance between rigour
and relevance, in order to increase the implementation success of advanced models. The
intermediate modelling approach has been developed along these lines.

The specific focus is to integrate the disaggregate principles of the agent-based ap-
proach with the traditional aggregate four-step approach in a pragmatic manner, along
with addition of steps for estimating emission, car-ownership and induced demand, as
well as maintaining the balance between the complexity needed for modelling shared mo-
bility services and the relative simplicity expected by the planners and decision makers.
Furthermore, this framework is designed to be modular, so that it can be easily adapted
according to the needs and use cases. The other primary objective of this dissertation
(Objective 7) is to adapt and apply the developed framework for a case study on the city
of Regensburg, focusing on evaluating the impacts of dedicated bus lanes, autonomous
shuttles, bike-sharing and car-sharing services, within the limits of available data.

The aforementioned primary objectives lead to three different secondary objectives.
The intermediate modelling approach has been formulated to accommodate a bilevel
procedure for mode choice calculation. At the upper level, a disaggregate mode choice
model allows the estimation of the modal split between conventional modes-as-a-whole,
bike-sharing, car-sharing and ride-hailing. Such a model enables to uncover the distinc-
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Figure 1.2: Research objectives

tive traits of shared mobility users and use, as against the conventional modes, based on
the factors identified in the model. This comparison through the estimation of a multi-
nomial logit model and ascertaining the policy and operational implications encompass
Objective 2.

The Objective 2 leads to a tertiary objective, focusing specifically on the use of private
cars and shared bikes. The disaggregate mode choice model, which is meant to estimate
the modal split for the shared mobility services, shows that the probability of choosing
a bike-sharing service decreases with increase in the number of household private cars.
However, many cities envision to reduce private car use through the introduction of bike-
sharing services. Therefore, Objective 3 of this dissertation is to study the mode shift
pattern of car users towards bike-sharing and identify the relevant influencing factors
through the development of binary logit models.

When a car-sharing system is operated at a small-scale, the modal split for the service
will be very low, especially at earlier stages. For example, in Regensburg, the number of
shared vehicles in the car-sharing service is less than 10 and the total demand per day
is less than 50 trips. This leads to a situation wherein it is not possible to account the
demand for the service through the traditional mode choice models. Therefore, one of
the secondary objectives (Objective 4) is to develop a data-driven multi-method demand
estimation framework, to be integrated with the intermediate modelling approach for the
case study on Regensburg. This framework also provides the opportunity to characterise
the users and the use of small-scale station-based car-sharing services, such as the one
in Regensburg.

Given the interests of cities towards private car-ownership reduction, the intermediate
modelling approach has been formulated to accommodate a disaggregate household car-
ownership model. Therefore, this dissertation also strives to estimate relevant multino-
mial logit models, to determine the influence of shared mobility services on car-ownership
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and derive policy implications (Objective 5). Different models are estimated, based on
the datasets from the cities of Regensburg, Madrid and Leuven. Furthermore, a generic
model has also been estimated by pooling the datasets from the three cities.

Similar to Objective 2, Objective 5 also leads to a tertiary objective, focusing on
the potential of cargo cycles to substitute cars. One of the multiple disaggregate car-
ownership models (estimated in this doctoral research) shows that the probability of
owning private cars reduces with the ownership of a cargo bike. Therefore, Objective 6
of this dissertation is to explore the car substitution potential of cargo cycles through a
framework combining Exploratory Factor Analysis (EFA), k-means clustering and binary
logit models estimated for actual purchase decision and purchase intention. To the best
of my knowledge, there was no suitable dataset in the field of passenger transport, during
the course of this doctoral research. Hence, as an alternative, appropriate datasets from
the field of commercial transport was identified and utilised to fulfil this objective.

Each of the seven objectives of this dissertation (indicated with numbering in Figure
1.2) is a research of its own and consequently, has lead to a standalone paper, as shown
in Figure 1.3. The seven objectives leading to seven publications form the basis of
this dissertation. Objectives (and Papers) 1, 2, 4, 5 and 7 are accomplished using
datasets from EU H2020 project “MOMENTUM?”. Objective (and Paper) 3 is realised
based on a dataset from EU H2020 project “IRIS”. Finally, Objective (and Paper) 6
is achieved based on datasets from a German project “Ich entlaste Stadte”. The first
paper, which focuses on the design of intermediate modelling approach (Objective 1)
and acts as foundation stone for this dissertation, is currently under review (Narayanan
et al., 2022e). Similarly, the second paper, which is based on the disaggregate mode
choice model and Objective 2, is under review (Narayanan & Antoniou, 2022c).

The third paper, concerning the mode shift of car users to a bike-sharing service
(Objective 3), is also under review (Narayanan et al., 2022c). The fourth paper, en-
compassing the development of a multi-method framework to characterise a small-scale
car-sharing service (Objective 4), is published in “Journal of Transport Geography”
(Narayanan & Antoniou, 2022b). Publications 2, 3 and 4 share a common aspect and
hence, in Figure 1.3, they are grouped under “Demand for shared mobility services”.
The fifth paper, wherein multiple data sources from multiple cities are combined to es-
timate several car-ownership models for comparison, fulfils Objective 5 and is currently
under review (Narayanan et al., 2022d).

Within the sixth paper, in accordance with Objective 6, the factors affecting the pur-
chase of cargo cycles is assessed and the implications are discussed, within which the
car substitution potential of cargo cycles is also explored. This paper is published in
“Transportation Research Part A: Policy and Practice” (Narayanan et al., 2022b). The
novelty of this paper lies in the methodological framework combining data integration,
EFA, k-means clustering and logit models. The final publication, which supports Objec-
tive 7 and focuses on the adaptation and the application of the intermediate modelling
framework for a case study on Regensburg (which focuses on the evaluation of dedicated
bus lanes, an autonomous shuttle service for first /last mile and shared mobility services),
is under review (Narayanan et al., 2022a).
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1.3 Contributions

This dissertation consists of a number of methodological and practical contributions, as
summarised in Figure 1.4. The methodological contributions can be bifurcated as “mod-
elling frameworks” and “standalone models”. While the design and the development of
new methodological frameworks fall into the former category, the standalone models es-
timated for various purposes (e.g., the multinomial logit model for calculating the modal
split for bike-sharing, car-sharing and ride-hailing services) fall under the latter category.

The practical contributions include the synthesis obtained from the literature review
of the relevant topics, the insights derived based on the factors and their coefficients in
the estimated models, and the impact evaluation results from the Regensburg case study.
These contributions can be grouped as “behavioural insights”, “Operational and policy
insights”, and “other contributions”. These will be of high interest to practitioners, ser-
vice operators, planners and policymakers. More details about each of the contributions
are included in the subsequent paragraphs.


https://www.ssrn.com

1.3 Contributions

e A new modular transport modelling approach, which extends the
traditional aggregate four-step modelling approach and closes the gap
between it and the disaggregate agent-based approach. (1)

o A multi-method framework to calculate the demand for a small-scale
station-based car-sharing service. (4)

e A methodology combining multiple data sources from multiple cities to
estimate several car-ownership models for comparison. (5)

. o A methodology combining k-means clustering, explanatory factor
Modelling analysis and logit models to study the purchase of cargo cycles. (6)

frameworks eMethodologies to evaluate dedicated bus lanes & autonomous shuttle

(for first-/last-mile trips) using the four-step approach. (7)
e Adaptation of the intermediate modelling approach to assess the
impacts of shared mobility services in Regensburg. (7)

e A generic multinomial logit model for calculating modal split for
Methodological bike-sharing, car-sharing and ride-hailing. (2)
CLHOL0 08 CE eLogit models to study the mode shift b/w shared bikes and private

car, which includes parameters for both travel time and cost. (3)

e Multinomial logit, linear regression & dirichlet regression models
to characterise the demand for a small-scale car-sharing service

Samckllene purchase of cargo cycles. (4)

models e Multiple disaggregate multinomial logit models with estimated

coefficients for emerging mobility solutions and policies, to
calculate household car-ownership. (5)

| ®Logit models to characterise the purchase of cargo cycles. (6)

o A synthesis of the existing research on the factors influencing the
demand for shared mobility, household car-ownership and adoption
of cargo cycles by commercial users. (2,3,4,5,6)

Contributions

eDifferences b/w the shared mobility services (b/w them, as well as
with conventional modes-as-a-whole), through the characterisation of
the users (who) and the use (when). (2)

e Characterisation of the shift of car users towards bike-sharing. (3)

e Characterisation of the influence of use frequency of conventional
modes on car-sharing. (4)

e Characterisation of the household car-ownership and the potential of
emerging mobility solutions to reduce the ownership levels, along
with comparison of the characteristics across multiple cities. (5)

Behavioural
insights

eFactors affecting the purchase of cargo cycles by commercial users
and comparison between the factors that affect the purchase
intention and the actual purchase decision. (6) J
Practical \
eDiscussion on the policy implications of the findings related to the
Operational (A) demand for shared mobility services, (B) household
car-ownership, and (C) purchase of cargo cycles. (2,3,4,5,6)

& policy
insights eDesign of a framework for the most probable demand segments for
different shared mobility services. (2)

eEvaluation of the impact of dedicated bus lanes, autonomous

shuttle and shared mobility services. (7)

Ot.her .Con_ eDetermination of modelling insights to support future studies on
tributions car-ownership model development. (5)

eInsights for cargo cycle manufacturers. (6)

eNumerous suggestions for future research, some of which have
already been initiated as a follow-up of this dissertation. (1-7)

Note: Numbers 1 to 7, included in the information boxes, represent the seven independent publications
listed in Figure 1.3, which form the basis of this dissertation and can be mapped to the seven
objectives mentioned in Figure 1.2.

Figure 1.4: Contributions of this dissertation
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1. Intermediate transport modelling approach

The intermediate transport modelling approach extends the traditional aggregate four-
step modelling approach and closes the gap between the traditional aggregate and the
disaggregate agent-based approaches. Cities can adapt and integrate this to their ex-
isting four-step model for evaluating the shared mobility services. The intermediate
modelling approach has been designed to be modular and software agnostic. It is less
data-hungry compared to the agent-based frameworks and also has the flexibility to be
adapted according to the limits of the available data. Furthermore, several cities expect
certain indicators at a disaggregate level and prefer other indicators at an aggregate
level (H2020 MOMENTUM consortium, 2020) and the intermediate modelling frame-
work caters to such needs with minimalistic input requirements. In addition, it will also
act as a bridge between the worlds of simple and complex modelling approaches and
pave the way for reducing the reservations of the cities towards complex approaches and
prepare them for a smoother transition in future.

2. Mode choice between conventional modes-as-a-whole and shared mobility services
The generalised multinomial logit model (disaggregate mode choice model) can be used
by several cities, as a complementary model to their existing mode choice model. This
is a critical primary step towards the inclusion of the three shared mobility services (i.e.,
bike-sharing, car-sharing and ride-hailing) in transport network simulations, to analyse
and predict their impact at the system level. While the cities can use this disaggregate
model for estimating the demand for the shared mobility services, they can continue
using their existing model to calculate the modal share for conventional modes. The
characterisation of the users and the use of the shared mobility services using the pa-
rameters from the model, and the differences observed between them (as well as with
the conventional modes) clarify the potential of the shared mobility services to achieve
the mobility goals of the cities, and support evidence-based policy-making. Further-
more, the policy and the operational measures formulated based on the implications of
the characterisation enable policymakers to promote sustainable usage of the services.
Finally, the framework designed for the most probable demand segments for the three
services, allows service providers to optimise their operations and integrate their services
along with PT, aiming towards the establishment of MaaS platforms.

3. Mode choice between private car and bike-sharing

The logit model has been specifically estimated using a stated preference survey data
pertaining to the car users and it can be used by several cities to study the mode shift
pattern of car users towards a bike-sharing service. This model includes parameters for
both travel time and cost, and hence, can be utilised to study pricing strategies. The
characterisation of the mode shift pattern, based on the parameters, enable to assess
the car substitution potential of the shared bikes. Furthermore, the policy measures
formulated based on the implications of the characterisation can help to reinforce and
improve the car substitution potential.
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4. Demand framework for a small-scale station-based car-sharing system

The multi-method demand framework (consisting of linear regression, dirichlet regres-
sion and multinomial logit models) can be adapted and used by several cities around the
world, who are caught in a dilemma towards how to characterise the use and the users
and expand their car-sharing service during earlier stages. Though the framework has
been developed aiming at a car-sharing service, I believe that it can be adapted to study,
characterise and evaluate many other emerging mobility solutions with different business
models. The characterisation of the users and the use, especially the influence of the
use frequency of conventional modes on the car-sharing, can support in integrating the
car-sharing service with other modes, in the form of a MaaS platform. Furthermore, the
operational and policy measures, derived based on the implications of the characterisa-
tion, pave way for the sustainable growth of car-sharing services.

5. Household car-ownership

The methodological framework combining multiple data sources from multiple cities to
estimate several car-ownership models for comparison can be reproduced to study other
concepts (e.g., mode choice). The disaggregate multinomial logit models, with estimated
coefficients for emerging mobility solutions, can be integrated with existing transport
simulation tools for determining household car-ownership. Especially, the generic model,
which has been estimated based on the common factors identified in multiple cities, can
be utilised by several cities. The behavioural insights (obtained based on the estimation
results) and the policy measures (derived from the behavioural insights) pave the way to
clarify the potential of emerging mobility solutions, to reduce household car-ownership
and to design proper policies to reduce household car-ownership. Finally, the modelling
insights distilled from the comparison of the multiple models support future studies on
the development of car-ownership models.

6. Cargo cycle: purchase decision

The methodological framework combining data integration, EFA, k-means clustering
and logit models can be replicated to assess other emerging transport modes, both in
commercial and passenger transport [e.g., Autonomous Vehicles (AVs)]. The estimated
parameters in the logit models can help to understand the underlying reasons for the
purchase of cargo cycles, especially clarifying the car substitution potential. The com-
parison between the factors that affect the actual purchase decision and the purchase
intention can throw light on the rationale behind the differences in the intention and the
actual decision. Finally, the insights for policymakers and industry can support them in
fostering cargo cycle penetration, and reduce the reservations against their use.

7. Regensburg case study

The methodologies implemented for dedicated bus lanes and autonomous shuttles (in the
existing PTV Visum model of the city of Regensburg) can act as a motivation for other
cities, to evaluate such options using tools based on the traiditional four-step modelling
approach. Similarly, the adaptation of the intermediate modelling approach to assess
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shared mobility services can act as an example to other cities, to adapt this approach
and extend the four-step modelling approach for their use case. The insights obtained
from the evaluation of dedicated bus lanes, autonomous shuttles, and shared mobility
services on the PT use will help to channelise the urban mobility in Regensburg, as well
as support shaping mobility in other small- and medium-sized cities.

1.4 Dissertation structure

The structure of this dissertation is summarised in Figure 1.5, which also shows the con-
nections with the objectives and the publications introduced in Figure 1.2 and Figure
1.3, respectively. The remaining chapters in this dissertation are as follows:

Chapter 2: Literature review This chapter provides an overview of the existing
works, a targeted presentation of topics pertinent to this dissertation. At first, the lit-
erature review is performed on the factors affecting the demand for the three shared
mobility services explored in this dissertation, which are bike-sharing, car-sharing and
ride-hailing. Subsequently, the existing knowledge on the factors influencing household
car-ownership is presented. Afterwards, other relevant topics, such as the transport mod-
elling approaches for evaluating shared mobility services, factors governing the adoption
of cargo cycles, the modelling of dedicated bus lanes and autonomous shuttles, are out-
lined. The studies were collected by querying the Scopus database using an open source
python script! from Narayanan & Antoniou (2022a).

Chapter 3: Datasets and descriptive statistics This dissertation uses several exist-
ing datasets, whose details are included in this chapter. The datasets were collected as
part of multiple projects and corresponds to the cities of Regensburg (Germany), Madrid
(Spain), Leuven (Belgium) and Alexandroupolis (Greece). However, the spatial scope of
the cargo cycle related datasets extends across Germany. Besides the information about
the datasets, their descriptive statistics are also included in this chapter.

Chapter 4: Methodology This chapter focuses on the methodological aspects of this
dissertation. Starting with the intermediate modelling approach, the schema for the
high and low penetration scenarios of shared mobility services are formulated. Then,
the multi-method demand framework for a small-scale station-based car-sharing service
is described. Afterwards, the chapter proceeds with the discussion on the methodology
followed for the estimation of individual standalone models (e.g., the multinomial logit
model for disaggregate mode choice between conventional-modes-as-whole, bike-sharing,
car-sharing and ride-hailing).

Chapter 5: Model estimation results The estimation results for the different indi-
vidual models are summarised in this chapter. This includes the estimation results of

"https://github.com /nsanthanakrishnan/Scopus-Query
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the (i) model for the mode choice between conventional-modes-as-a-whole, bike-sharing,
car-sharing and ride-hailing, (ii) models for the mode choice between private car and
bike-sharing, (iii) the models proposed as part of the multi-method demand framework
for a small-scale station-based car-sharing service, (iv) multiple household car-ownership
models and (v) models for the purchase intention and the actual purchase of cargo cycles.

Chapter 6: Case study on Regensburg One of the primary objectives of this dis-
sertation is to adapt and apply the intermediate modelling approach for a case study on
the city of Regensburg. At first, a background on the case study in presented. Then,
the modelling approach implemented for the case study is detailed. This includes details
about existing Regensburg PTV Visum model, the methodologies followed to model
dedicated bus lanes and autonomous shuttle, and the adaptation of the intermediate
modelling approach to model shared mobility services. Finally, the evaluation results
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are elucidated. Based on the objectives of the Regensburg city council, the results will
include (i) the impact of dedicated bus lanes, autonomous shuttles and shared mobility
services on the PT use, (ii) the influence on dedicated bus lanes on local emissions and
(iii) the combined effect of shared mobility services on household car-ownership.

Chapter 7: Insights derived Based on the implications of the results obtained in
the preceding two chapters, insights are derived, focusing to move towards a sustainable
urban mobility and towards implementation of a MaaS platform. This will include sug-
gestion of measures to (i) channelise the demand for shared mobility services, (ii) reduce
household car-ownership and (iii) foster the penetration of cargo cycles.

Chapter 8: Directions for future research Naturally, this dissertation has its lim-
itations and also generates several new research questions, which can lead to numerous
future studies. As a consequence, limitations are listed and potential topics for future
research are proposed in this chapter. The possibilities are discussed under the following
topics: (i) intermediate modelling approach, (ii) demand for shared mobility services,
(iii) household car-ownership, (iv) cargo cycles and (v) Regensburg case study.

Chapter 9: Conclusions The last chapter of this dissertation provides an overview of
the objectives investigated, methods formulated and the results achieved, along with an
outline on the implications and suggestions for sustainable urban mobility. Finally, the
dissertation is concluded with a few summarising remarks.

Note: The chapter on datasets is presented at first and the methodology later, which
is less common. The individual datasets are abstracted for different models and would
have to be referred in the methodology section. For example, car-ownership models are
estimated for multiple cities and naturally, different datasets are used. Another specific
situation is the following: For the disaggregate mode choice model, all the records from
the Madrid household survey is utilised, while for the Madrid car-ownership models,
a subsample of them (households where the data for all the members are available) is
considered (reasons will be discussed later in the methodology chapter). Hence, the
sequence of having data description at first and then the methodology is followed for
better readability and to introduce the datasets as a background and motivation for the
methodological framework.

12
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2 Literature review

2.1 Factors affecting the demand for shared mobility services

The majority of the existing literature focus on the use of shared mobility services using
operator data. Therefore, in this section, the literature related to both the mode choice
(based on stated preference surveys) and the use (based on operator datasets) of shared
mobility services are examined. Studies exploring multiple of these are limited, and
hence, studies that concentrate on at least one of them are also reviewed. The common
and distinct characteristics observed between multiple modes are of higher importance
than the factors influencing the use of single shared mode. Therefore, studies focusing
on multiple shared modes, simultaneously, is presented at first, followed by literature
related to single shared mode.

2.1.1 Studies exploring multiple shared mobility services

Starting with the studies that investigate multiple shared modes, Lee et al. (2021) use
a zero-inflated negative binomial regression model to study the frequency of use of car-
sharing, bike-sharing and shared ride-hailing (ride-sharing) services. Several variables
are found to influence the use frequency, including, but not limited to, travel distance,
age, gender and education. Education is found to have a positive relationship with the
frequency. Male and young individuals are also associated with higher use frequency.
Similarly, Becker et al. (2020), using MATSim, have conducted a joint simulation of
car-sharing, bike-sharing and ride-hailing services for the city of Zurich. Parameters
for the shared modes in the mode choice model are decided based on those of PT,
conventional bike and car modes and few other assumptions. Variables in the mode
choice specification include travel time, age, cost, access time and waiting time. Sweet
& Scott (2021) analyse the adoption of on-demand ride-hailing, car-sharing and bike-
sharing services using trivariate ordered models. They conclude that the adoption of the
car-sharing service is higher among males, younger individuals and students.

Focusing on car-sharing and bike-sharing services, Li & Kamargianni (2019) have
developed a choice and LV model. The utility specification of the shared modes in
the final model consists of travel time, travel cost, education, age and air pollution
level. As one would expect, travel time and cost have negative influences, especially
higher influence of the latter for less educated individuals. In a subsequent study, Li
& Kamargianni (2020) conduct a simulation analysis to evaluate modal substitution
patterns. The modes considered in their study include bike-sharing, car-sharing, private
car, taxi, bus and electric bike. The coefficients in the mode choice model are observed
to differ according to trip distance, which is distinguished as middle and long distances.
Furthermore, the number of walking trips has been observed to be very low, when the
distance is above 2 km, while taxi trips are rarely observed for distances below 2 km.
Thus, three different distance categories appear to exist, low (less than 2 km), middle
(2 to 5 km) and long (greater than 5 km).

Wielinski et al. (2017) compare the travel behaviour of members of bike-sharing and
car-sharing, using data from two web-based OD travel surveys. Age, gender, household
size, car ownership and possession of PT pass are found to influence the use of the two

14



2.1 Factors affecting the demand for shared mobility services

shared mobility services. Picasso et al. (2020) has conducted a stated choice experiment
to analyse the demand for a car-sharing system and its interaction with a bike-sharing
system. They conclude that car-sharing and bike-sharing systems may attract different
users, with longer trips being served by the former and shorter trips by the latter.

2.1.2 Studies exploring a single shared mobility service

Looking at the existing literature specific to bike-sharing services, gender and age are
found to play a significant role for the use of bike-sharing service in Oslo, Norway (Bocker
et al., 2020). The system is less used by women and older age groups. Similarly, based
on a survey of 3000 individuals in Raux et al. (2017), the majority of bike-sharing
users in Lyon (France) are male and hold higher social positions, when compared to
the general population. Focusing on the difference between Millennials’, Gen Xers’ and
Baby Boomers’ bike-sharing ridership, Wang et al. (2018) conclude that most of the bike-
share trips are made by older Millennials (born between 1979 and 1988). Furthermore,
weather factors are shown to have less of an impact on younger Millennials’ use of bike-
sharing systems. These findings are based on zero-inflated negative binomial models,
which are developed using New York’s Citi Bike system data. However, based on a
stated preference survey conducted in Beijing (China), Campbell et al. (2016) conclude
that bike-sharing systems will draw users from across the social spectrum.

Based on a review of multiple studies related to bike-sharing systems, Fishman et al.
(2013) identify convenience and cost to be significant factors for using bike-sharing ser-
vice. Cost is also found to be a significant factor in Ma et al. (2020), whose conclusion
is based on a binary logit model, with the dependent variable being whether or not a
survey respondent shifts his/her commuting mode to a bike-sharing system. Tran et al.
(2015) use linear regression models to predict station level demand for the bike-sharing
system in Lyon (France). The authors conclude that long term subscribers use the sys-
tem often together with trains for commuting trips, whilst short term subscribers’ trip
purposes are more varied. Furthermore, students are determined to be an important
group among bike-sharing users. When it comes to the fleet size of bike-sharing systems,
Shen et al. (2018b) observed that a larger bike fleet is associated with higher usage. In
addition, easy access to PT, more supportive cycling facilities and free-ride promotions
are concluded to positively influence the use of bike-sharing systems. Other factors that
influence the demand for bike-sharing services are traffic safety concerns and limitations
in the existing cycling infrastructure (Bakogiannis et al., 2019).

Becker et al. (2017) compare the user groups and usage patterns of the car-sharing
schemes in Switzerland. They conclude that both free-floating and station-based car-
sharing systems attract younger and highly educated people. In addition, males and
individuals with university degree are more probable to use the system. Furthermore,
the reduction in private vehicle ownership is observed for a significant share of members
of both the schemes, with an influence towards a transit-oriented lifestyle. Education is
also found to be a significant factor for car-sharing use in Zhou et al. (2020b). Similar
to Becker et al. (2017), Yoon et al. (2017) compare the factors influencing the choice of
one-way and round-trip car-sharing systems. They have found that the most significant
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factors for both the schemes are the cost gap (difference between the cost of original mode
and the cost of using a car-sharing system) and car ownership. Another study comparing
the round-trip and one-way services is Le Vine et al. (2014), wherein a round-trip system
is concluded to complement PT.

Developing a random utility model for park-and-car-sharing, Carteni et al. (2016)
observe the significant influence of total travel time, cost, gender and age on the de-
mand for the service. de Luca & Di Pace (2015) study the impact of an inter-urban
car-sharing program on mode choice behaviour. They conclude that car-sharing could
be a complementary mode to PT during the periods in which the PT service is not
guaranteed or efficient. Wang et al. (2021) use gradient boosting decision tree to predict
the travel demand for a station-based car-sharing service. They found that the demand
varies according to the days of a week, with a peak on Fridays. A seasonal variation
is also observed. Furthermore, the number of picked-up vehicles is higher in the morn-
ing and evening peak hours, while the return time is concentrated in the late evening.
In addition, the number of vehicles picked up and returned increases with an increase
in the number of stations. Similarly, Namazu et al. (2018a) conclude that provision of
more car-sharing vehicles is likely to have the highest impact on car-ownership reduction,
than waiving membership fees. Analysing the operator data of a German car-sharing
system, Schmoller et al. (2015) conclude that changes in the weather conditions have
only a short-term impact and socio-demographic characteristics are more suitable for
long-term demand prediction. Finally, Costain et al. (2012) investigate the users’ be-
haviour towards a car-sharing service and state that the service provides a segment of
the population with enhanced accessibility.

When it comes to ride-hailing services [both exclusive (single customer) and shared
rides (ride-sharing)], Alemi et al. (2019) state that socio-demographic variables are good
predictors for the adoption of the service. Dong et al. (2018) examine empirical data
to explore travel patterns of ride-sharing trips. They conclude that ride-sharing is a
supplement to traditional taxi service, particularly for home-to-work or work-to-home
commuting during rush hours. Results from Alonso-Gonzdlez et al. (2020) show that
the share of individuals who prefer to share rides is mainly influenced by the trade-off
between time and cost that they experience, rather than by the on-board discomfort
related to the presence of strangers. Also, in Frei et al. (2017), cost and travel time
are shown to influence the probability of using a ride-sharing service, along with travel
distance. Similarly, Habib (2019) observes a significant impact of cost and travel time on
the probability of choosing ride-hailing services (Uber), besides the higher likelihood of
use by younger people. However, gender is found to be insignificant. The estimated mode
choice model indicates that a mere consideration of a ride-hailing service as a feasible
travel mode (by an individual) has a positive influence on choosing it. Furthermore,
such services are stated to fill gaps in transit services.

Loa & Habib (2021) focus on both the exclusive and shared ride-hailing services.
They conclude that individuals belonging to the age groups 30 years or less and between
ages of 31 and 40 are more probable to use the two services. Based on a household
travel survey, Young & Farber (2019) have found out that the users of ride-hailing
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services are mostly between 20 and 39 years old and such services are often used at
times when transit ridership and service are already at their lowest level. Similarly,
Lavieri & Bhat (2019) conclude that the age group 20 to 44 will be more probable to
use the ride-hailing services, especially with policies targeting variety-seeking behaviour
(such as personalised trip plans in mobility-as-a-service apps that offer multiple travel
choices and include shared ride-hailing). Furthermore, highly educated individuals use a
combination of exclusive and shared ride-hailing services as they see best fit for specific
trips. Lavieri & Bhat (2019) state that educational campaigns, targeting the increase of
tech-savviness among older population segments, will make ride-hailing services (both
exclusive and shared) more accessible to this segment. Gilibert et al. (2019) analyse the
usage of MOIA shared ride-hailing service and concluded that the users of the service
are mostly 18 to 29 years old and without a driving license. The service effectively serves
areas which are not efficiently covered by PT. The results from Acheampong et al. (2020)
show that most ride-hailing trips tend to cover relatively shorter travel times (<30 min).
Furthermore, ride-hailing tends to be used alone for full door-to-door journeys, instead
of complementing existing modes in serving first/last mile access.

2.1.3 Summary and research opportunities

To summarise, although subtle differences exist between the three shared mobility ser-
vices (and the different schemes under them), they also share several common traits (i.e.,
user groups and use characteristics). Several significant determinants of demand for all
the three shared mobility services have been identified in the existing literature: socio-
demographic characteristics (age, education, car ownership and possession of PT pass),
trip-related variables (distance, travel time and cost) and supply parameters (fleet size).
Furthermore, weather conditions have only a short-term impact and socio-demographic
characteristics are more appropriate for long-term demand prediction.

According to trip distance, the demand for shared mobility services can be segmented
into three, namely, short (< 2 km), middle (2 to 5 km) and long (> 5 km) distance
trips. While bike-sharing is expected to be used for low distance trips, car-sharing will
be seldom used for this distance category. Similarly, based on travel time, the demand
can be segmented into two, namely, shorter (<30 min) and longer (>30 min) travel time
trips. The shared mobility services are expected to be used more for shorter travel time
trips. According to age, the user groups for shared mobility services can be divided into
three categories, namely young (<20), middle-aged (20 to 44) and older (>44) groups,
with higher use probability for the middle-aged group. While gender is a significant
factor for using bike-sharing and car-sharing services, it may not play a significant role
for ride-hailing services. Nevertheless, the absence of a driving license may increase the
probability of using ride-hailing services.

Several policy related aspects are also found in the existing literature. For example,
long term bike-sharing subscribers use the system often together with PT for commuting.
Similarly, car-sharing systems can have an influence towards transit-oriented lifestyle.
On the other hand, ride-hailing services are often used during the times and at places
of low ridership, thereby effectively serving areas that are not efficiently covered by PT.
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Thus, ride-hailing services may fill gaps in transit services and tend to be used more for
door-to-door journeys.

The review leads to an understanding of the gaps in the existing literature. To the best
of my knowledge, except from Becker et al. (2020), no other mode choice model existed
at the time of research, which covered bike-sharing, car-sharing and ride-hailing services
simultaneously. Becker et al. (2020), themselves, state that the combination of partial
mode choice models used in their study only has limited validity, and estimating and
utilising a choice model based on a survey data, capturing all the modes simultaneously,
will be a superior approach. Therefore, one of the secondary objectives of this disser-
tation is to develop a disaggregate mode choice model, which combines all the three
shared mobility services. Besides, policy and operational implications will be derived
from the estimated coefficients, based on which different measures will be formulated to
promote sustainable usage of shared mobility services. In addition, a specific focus on
the characterisation of the (plausible) shift of car users to bike-sharing is still missing in
the literature and one of the tertiary objectives of this dissertation is to close this gap.

There is a growing popularity for the different shared mobility solutions and multiple
methodologies exist to study their potential, as can be observed above. However, in
reality, several services do not get going and experience setbacks. There are many
failure stories. Hamann et al. (2019) observe that several bike-sharing systems deployed
around the world are not successful. However, they also state that these systems are
subject to strong growth in some parts of the world and more regulation is necessary
to channelise their growth. Nicholas & Bernard (2021) examine 17 different electric
car-sharing programs which began their operations in the last decade and note that 6 of
them are no longer operating. They state that there is no one business model that fits
all; rather, the right model depends on the objectives of both the local municipality and
the operator.

Many shared mobility service deployments have not been as successful as they could
have been, in part, due to often-contentious roll out, without a systematic introduction.
As a result, cities around the world are now moving towards regulating the emerging mo-
bility solutions and implementing an incremental approach for their deployment. For ex-
ample, Copenhagen developed a strategy in 2017 to enhance car-sharing in the city. This
strategy focused only on round-trip car-sharing, because the city council determined that
existing research has only been able to demonstrate the impact of round-trip schemes on
congestion and car ownership (Nicholas & Bernard, 2021). Likewise, Paris has different
strategies and regulations in place for free-floating and round-trip car-sharing. Similarly,
Regensburg is following an incremental approach for the introduction of a car-sharing
service.

It is imperative to characterise the new mobility solutions in early stages of the incre-
mental implementation, to understand the utilisation of these services and streamline
their growth through proper regulations. Otherwise, these services could run out of gas
before they get anywhere or might lead to unsustainable use. However, their introduc-
tion is often planned in an exploratory way, based more on instinct and intuition, rather
than on rational decision-making. For example, many cities have moved through trial
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and error stages for the entry of e-scooter sharing services (Hahn et al., 2020). This is
partly due to the challenges in including these services in the conventional travel de-
mand forecasting initiatives. This is a prime concern especially during the initial stages
of small-scale operation, during which the data remains sparse and it is not possible to
analyse the small use case with the existing methods.

Such an analysis is unique and calls for special approaches, since several constraints
exist due to limited data availability. Therefore, another secondary objective of this
study is to develop a suitable framework for estimating the demand for small-scale car-
sharing services and characterise the users and the use case, which will be integrated with
the intermediate modelling approach, when investigating the Regensburg case study. In
addition, the influence of the use frequency of conventional modes on the car-sharing use
has also not been explicitly assessed, which can support in integrating the car-sharing
service with other modes, in the form of a MaaS platform, and support in improving
transport equity. Thus, this gap will also be closed, as part of the research on the
development of the framework.

2.2 Factors influencing household car-ownership

Understanding car-ownership is of great relevance for different actors in the transporta-
tion field. The private sector (e.g., car manufacturers and oil producers) is interested
in forecasting the future demand of its products, whereas the public sector seeks to
develop more effective transportation, environmental and taxing policies (Jong et al.,
2004). Thus, in the scientific literature, car-ownership has been modelled from many
different perspectives and for varied purposes.

2.2.1 Existing review works on household car-ownership

Fortunately, there are multiple review works discussing the existing methodologies. Jong
et al. (2004) provide a comprehensive overview of the modelling types, including aggre-
gate time series models, aggregate car market models, static disaggregate models and
pseudo panel models. Potoglou & Kanaroglou (2008a) and Anowar et al. (2014) de-
scribe different disaggregate modelling approaches. These disaggregate models have
higher computation and data requirements than aggregate ones, but they do not face
difficulties due to the correlation between aggregate variables.

Potoglou & Kanaroglou (2008a) review models focused on vehicle-ownership levels
(number of vehicles per household), vehicle type choice, vehicle holding, and vehicle
transactions. Anowar et al. (2014) distinguish four groups of models depending on
(i) whether they include vehicle-ownership as independent of other decisions or not
(exogenous vs endogenous) and (ii) whether they consider changes in the decision process
over time or not (static vs dynamic). In this dissertation, the emphasis is on disaggregate
static models, using which the car-ownership decisions at the household level are studied,
leading to more detailed and policy-relevant results.
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Table 2.1: Literature review - Factors

influencing household car-ownership

Study Analysis area & year Model type Dep. variable Explanatory variables & effects
Datasets from US Multinomial Disc with g Z(?Ii:«lziliilgtl:’di;)s )
S I R o BN e
Netherlands (1987) Logit (OL) 0,1,24+(Nether.) T, Gﬁ?ﬁeal:‘l suburban Tocation ()
N. adults (+)
Spain Ordered Discrete with sD Total household expenditure (+)
Matas & Raymond (2008) 1980 1900’ 2000 Probit (OP) options HH representative: male (+)
T and MNL 0,1,2,3+ HH representative: Age <25 or >65 y.o (-)
TR PT quality (-)*!
Single family housing units (+)
Income (+)
Baltimore Discrete with sD Couple w/ & w/o children (+)*2
(US) options Single parent (-)
2001 0,1,2,3+ Retired (+)*3
Caucasian race (+)
OL, OP, MNL, Urb. Population density (-)
Potoglou & Susilo (2008) Multinomial e . N. of workers (+)
Netherlands Probit (MNP) DIECICTC with SD  Couple w/ & w/o children (+)
2005 options Retired (+)*3
0,1,2,3+ - -
T Urb. Population density (-)
Osaka Discrete with C.O“ple w/ & w/o children (+)
. SD  Single parent (-)
(Japan) options ;
2000 01,23+ Retired ()
T Urb. Urbanisation level (-)
Single family house (+)
N. adults (+)
N. full time workers (+)
Hamilton MNL Discrete with | S0 g palrt “7‘72“’0;1‘“:_1("1)_ (4 only for “27)
Potoglou & Kanaroglou (2008b) (Canada) and options ouple w W7o chuidren {3 oy for
2005 OL 0,123+ Income (%) )
e N. of individuals working >6 km (+)
Urb  Density (-)
TR N. of bus stops <500 m (-; only for “34”)
% of individuals with driving license (+)
. . Income (+)
Discrete with
’ United Kingdom . SD  HH size (+
Clark (2009a) 2002, 2003,02004 Rough Sets (;)Il)gofl;s HH (30111[()0:4)ition”“1
123+ Urb. Urban area type*?
Discrete with HH tenure (owned/rented)*?
\ United Kingdom Multiple data . Housing type: (semi)detached, flat**
Clark (2009b) 2001 minine methods options SD N. of carners*
g methods 0.1.2.3+ - of carners™ ) o
e HH representative: economic position**
Age (+; non-linear)
HH Size (+)
N. adults (+)
Education level (+)
Madrid and MNL Discrete with | SD HH representat?ve: man/married /employed (+)
Barcelona . HH representative: manager/self-employed (+)
Matas et al. (2009) - and options . . :
(Spain) opP 0124 HH representative: unskilled worker/migrant (-)
2001 ” Rented house (-)
Ownership of a second residence (+)
Unemployment rate in neighbourhood (-)
Usb Located in central city (-)
© Accessibility to jobs (-)
TBP: N. of working adults (+)*
own/not own N. non working adults (+)
Kyoto-Osaka-Kobe Trivariate a vehicle; SD  N. retired members (+)
(Japan) 2000 Binary N. of children (+)
Yamamoto (2009) and Probit (TBP) MNL: Income (+)
Kuala Lumpur and 7 alternatives: Distance to city center (+/-)*0
(Malaysia) 1997 MNL own car, bike, | Urb. Population density (-)
motorcycle, Land-use mix (+/-)*¢
car-and-bike, ... | Urh. PT accessibility (+/-)*°
Income (+)
N. of workers (+; only “3” and “4+")
. . SD A
B ) Maryland (US) Dlscre‘te with N. of dl{rlvers (+) .
Cirillo & Liu (2013) 2001 2009 MNL options Education level (+ ; only and “27)
’ : 0,1,2,3,4+ Urbanisation (-)
Urb. Population density (-)

Urban size (-)
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Table 2.1: Literature review - Factors influencing household car-ownership

Study

Analysis year & area

Model type

Dep. variable

Explanatory variables & effects

Ritter & Vance (2013)

Germany
1999-2009

MNL

Discrete with
options

0,1,2,34

HH Size (+)
SD  Age (+; non-linear)
Income (+; log)

Urb.

Share of open space in vicinity™” (+)

Walking distance to closest PT stop (+)
Cost of PT (+)

Availability of rail services (-)
Availability of company car (-)

TR

Other  Fuel price (-; log)

Wong (2013)

Macao
(China)
2009

MNL

Discrete with
options
0,12+

N. working adults (+)

N. non-working adults (-; only “17)
SD  N. young individuals (-; only “17)

N. children (+)

Income (+)

Old town or historical location (-)

Liu et al. (2014)

Maryland, Virginia
and District of
Columbia (US)

2009

MNP

Discrete with
options
0,1,2,3,4+

Income (+)
SD  N. drivers (+)
HH representative: female (-)

Urban size (-)
Housing density [units/mile?](-)

Liu & Cirillo (2016)

US census regions
2009

MNP

Discrete with
options
0,1,2,3,4+

Income (+)
HH Size (+)
N. of workers (+)
Owned house (+)

Urb.  Population density (-)

Maltha et al. (2017)

Neetherlands
1987, 1991,
1995, 1999,

2003, 2010, 2014

OL
and
MNL

Discrete with
options
0,1,2,3+

Income (+)

HH Size (+)

HH representative: age (-)*3
HH representative: female*8/*9
Dummy working (+)
Education level (+)

SD

Urb.  Urbanisation (-)

Paredes et al. (2017)

Singapore
2008, 2012

MNL
and multiple
machine learning
algorithms

Discrete with
options
0,1,2+

HH size (+)

Two or more children (4)

Income (+)

Any member >60 y.o. (-)

Any self-employed member (+)
SD  Any full time worker member (-)

Any CEO member (+)

Owned house (+)

Public housing (-)

Chinese descendent (+)

Malay, Indian or another race (-)

Availability of motorcycle (-)
Distance to MRT station (-)
Ownership of a Taxi (-)

TR

Fars province

Nested Logit

Discrete with

HH Size (1)
N. working adults (+)
Owned house (+)

SD  Income (+)

Soltani (2017) (;)T;) (NL) (;)Iit;)éls Housing type: apartment (-)
12,3+ Member works in management (+)
Any member works >5 km (+)
Urb.  Land use mix (-)
Discrete with Income (+)
options HH Size (+)
Xiaoschan district Multivariate 0,1,2+ and SD  Owned house (+)
Ma et al. (2018) (China) Ordered 4 types of Age (+)
2015 Probit (MOP) vehicles Education level (+)
(bike/e-bike/ Urb.  Population density (-)
car/motorcycle) | TR Availability of driving license (+)
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Table 2.1: Literature review - Factors influencing household car-ownership
Study Analysis year & area Model type Dep. variable | Explanatory variables & effects
Income (+)
SD  Owned house (+)
HH size (+)
Distance to city centre (+)

Zhongshan Gradient Boosting | Discrete with Population density (-)
Shao et al. (2022) (China) Decision Tree options Urb. L:Ezil ;leorllni)jrilrblldzx _(+)*10
2022 (GBDT) 0,1,2+ ) ;

Street density[km/km?] (+)
Ownership of e-bike (-)

TR Ownership of motorcycle (-)
PT supply (-)

Notes:

e Studies are sorted by year and then alphabetically on authors

o (+) indicates direct and (-) indicates inverse relationship

o *1 Only significant in large cities; *? Alternative “1 Car” is less likely than “0 Car”; *3 ‘Single’ is considered as the base
category; ** Coefficient’s sign is not explicitly given; *> Negative sign when income variable is included in the model; *©
Different sign for different cities; *7 Proxy variable — inverse of population density; *3 Decreasing importance over time; *9
Different sign for different years. *!9 The unexpected sign might be a result of the correlation with unobserved household
wealth-related variables.

Abbreviations: SD: Socio-Demographic variables; Urb.: Urban-related variables; TR: TRansport-related variables; w/:
with; w/o: without; HH: Household; PT: Public Transport; CEO: Chief Executive Officer; MRT: Mass Rapid Transit.
Studies are sorted by year and then alphabetically by authors.

2.2.2 Factors influencing household car-ownership

In this section, the literature is reviewed to ascertain the suitability of Multinomial Logit
(MNL) models and identify the factors influencing household car-ownership. Table 2.1
summarises the literature reviewed, including details such as the type of model studied,
explanatory variables and their effects. Bhat & Pulugurta (1998) prove MNL models,
based on random utility theory, to be more appropriate for studying car-ownership than
Ordered Logit (OL) models. They also state that factors such as the number of adults
in a household (particularly working adults) and the income level have positive effects
on car-ownership, whereas living in urban areas has negative effects. The suitability of
MNL models for car-ownership estimation is also concluded in Potoglou & Susilo (2008),
wherein the performance of several model types (MNL, OL, and Multinomial Probit)
are compared using datasets from North American, Asian, and European cities.
Multiple studies state that the accessibility to jobs and PT stations, the cost of differ-
ent transportation alternatives, and the availability of company cars influence the car-
ownership level of a household (Potoglou & Kanaroglou, 2008b; Ritter & Vance, 2013).
Belonging to a racial minority and the “life cycle” status of the household (single/cou-
ple, with/without children, retired/working) are stated to be influential too (Potoglou
& Susilo, 2008; Matas et al., 2009; Paredes et al., 2017). Similarly, higher education,
ownership of one or more residences and the characteristics of built environment (land-
use type, decreasing urban size and decreasing population density) increase the odds of
owning a car (Matas et al., 2009; Cirillo & Liu, 2013; Liu & Cirillo, 2016; Soltani, 2017).
The possible effects of owning other types of vehicles (e.g., bicycles, motorcycles, and
e-bikes) have been analysed in the literature, particularly in Asian cities (Sanko et al.,
2009; Yamamoto, 2009; Ma et al., 2018). These observed effects may have a lesser impact
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in western countries, as there are important transport supply and cultural differences
(Wong, 2013). Furthermore, the role of gender has been frequently studied. In most
cases, males are observed to be linked to higher car-ownership levels (Matas & Raymond,
2008; Matas et al., 2009; Liu et al., 2014). However, this effect might be becoming less
relevant (Sanko et al., 2009; Maltha et al., 2017).

Matas et al. (2009), Ritter & Vance (2013) and Maltha et al. (2017) state that variables
such as income and age have a non-linear relationship with car-ownership (logarithmic
and quadratic, respectively). Finally, alternatives to Discrete Choice Models (DCMs)
have been explored to study car-ownership at the disaggregate level. For example, data
mining methods such as decision trees, support vector machines or rough sets may
outperform DCMs on prediction, but at the expense of poorer —if any— interpretability
(Clark, 2009a,b; Paredes et al., 2017; Shao et al., 2022)).

2.2.3 Summary and research opportunities

Summing up, the following explanatory variables have been identified in the literature,
which influences household car-ownership: (i) socio-demographic characteristics (e.g.,
age, life cycle status, employment, housing tenure, and type), (ii) urban characteristics
(e.g., urbanisation density, land use), (iii) transport-related variables (e.g., PT supply,
road infrastructure, availability of alternative vehicles), and (iv) others (vehicle price,
policy regulations, petrol price). Furthermore, MNL models are more appropriate than
OL models for studying household car-ownership.

The above analysis and the information in Tables 2.1 contribute to understanding the
existing gaps in scientific research. To the best of the my knowledge, there is scarce
research considering the effects of shared mobility supply on car-ownership. There are,
however, available studies analysing the willingness to sell/replace/defer private cars
among car-sharing users (Giesel & Nobis, 2016; Kim et al., 2019; Le Vine & Polak, 2019;
Jochem et al., 2020; Zhou et al., 2020a). Although their outcomes cannot be directly
extrapolated into the car-ownership models, they can be employed to validate the results.

The role of alternative transport modes is insufficiently studied in the existing litera-
ture, particularly the use and availability of bikes (including cargo bikes). Furthermore,
a comprehensive comparison of the car-ownership characteristics across multiple cities
from different countries is not yet performed. One of the secondary objectives of this
dissertation is to close the aforementioned gaps, thus helping modellers and policymak-
ers to estimate the household car-ownership more accurately and to devise policies to
reduce private car-ownership and promote sustainable urban mobility.

2.3 Other topics

2.3.1 Transport modelling approaches for evaluating shared mobility services

Existing literature related to the modelling of shared mobility services generally demon-
strates the use of agent- and activity-based approaches. For example, Martinez et al.
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(2017) developed an agent-based model to simulate one-way car-sharing systems in Lis-
bon. They incorporated the operation side of the system in the agent-based model,
along with a stochastic demand model. Similarly, Ciari et al. (2016) presented the use
of MATSim (an activity-based multi-agent simulation system) for modelling car-sharing
systems. In a subsequent study, Becker et al. (2020) use MATSim to conduct a joint
simulation of bike-sharing, car-sharing, and ride-hailing services, focusing on the city of
Zurich.

Another example for the use of agent-based approach is the application of the travel de-
mand model MobiTopp by Heilig et al. (2015), for modelling round-trip and free-floating
car-sharing systems. In a subsequent study, Wilkes et al. (2021) used the MobiTopp
framework to evaluate ride-hailing services. MaaSSim (Kucharski & Cats, 2022) is a
new agent-based simulation framework, which also focuses on the modelling of shared
mobility services. Agent-based approaches are also employed to evaluate the impacts of
e-scooter services (Tzouras et al., 2022). Besides the agent-based simulation frameworks,
agent-based optimisation models are also observed in the literature for the evaluation of
shared mobility services (e.g., Nourinejad & Roorda, 2016)

While the aforementioned studies focus on conventional shared mobility services,
agent-based approaches are also used to model Shared Autonomous Vehicle (SAV) ser-
vices (Narayanan et al., 2020b). For example, Gurumurthy et al. (2020) employ an
agent-based approach (POLARIS simulation tool) for analyzing the supply and demand
aspects of an SAV service. SAV services are also modelled using a combination of dis-
crete event and agent-based simulation approaches (e.g., Jager et al., 2017). Agent-based
tools, such as MATSim and MobiTopp, have also been extended to study the impacts of
SAVs (e.g., Boesch & Ciari, 2015; Heilig et al., 2017; Zwick et al., 2021). Furthermore,
Shen et al. (2018b) developed an agent-based supply-side simulation framework to study
the integrated PT-SAV system. On a different note, Lokhandwala & Cai (2018) propose
an agent-based framework to compare conventional and autonomous mobility services.

The agent-based approaches are seen as a natural way to model shared mobility, since
they offer the possibility of a more realistic representation of the fleet operations of shared
mobility services. However, many European cities continue to use the traditional strate-
gic four-step modelling approach, due to multiple reasons, including but not limited to,
insufficient data for advanced models, deficit of technical expertise and the convenience
of simpler models (Givoni et al., 2016). Nevertheless, the desire for the extension of
the existing strategic models, rather than switching to the agent-based approaches, have
been confirmed by cities in H2020 MOMENTUM consortium (2020). Therefore, there
is a need to extend the conventional four-step approach, to make it more suitable for
modelling shared mobility services. Existing pertinent literature in this direction include
Friedrich & Noekel (2017), Friedrich et al. (2018), and Zhao & Kockelman (2018).

Friedrich & Noekel (2017) focused on the integration of car-sharing systems into the
four-step approach, by incorporating the system in the timetable-based PT assignment.
This approach does not consider the operation side of the sharing system. In a subse-
quent research, Friedrich et al. (2018) developed a matching algorithm for ride-hailing,
which could be integrated within the four-step approach. Demand is based on fixed
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shares. Thus, a realistic consideration of the mode choice is not implemented. In Zhao
& Kockelman (2018), an SAV service is evaluated using a modified four-step approach.
Modifications include the use of a multinomial logit model for trip distribution and
the replacement of a nested multinomial logit model with a simple multinomial logit
model for mode choice, along with some alterations in the model parameters. Similar to
Friedrich & Noekel (2017), the operation side of the sharing system is not considered.

Summary and research opportunities Literature findings show that there is no
substantial research on the integration of shared mobility services into the four-step
approach. The existing ones focus on single type of shared systems (car-sharing or
ride-hailing), without a comprehensive approach. In addition, to the best of my knowl-
edge, bike-sharing systems and models for deriving relevant Key Performance Indicators
(KPIs), such as car-ownership and induced demand, are not integrated into the four-step
approach. Therefore, one of primary objectives of this dissertation is on closing these
gaps in the existing literature.

2.3.2 Cargo cycle adoption

This section consists of literature findings concerning the (i) purchase of cargo cycles
(as well as their usage) by commercial users and (ii) comparison of purchase intention
and the actual purchase of market products. Since there is no substantial literature on
the purchase decision of cargo cycles, factors that affect the willingness-to-use will also
be explored, with an assumption that such factors could also have an influence on the
purchase decision.

Narayanan & Antoniou (2022a) reviewed the existing literature on cargo cycles and
categorised the factors influencing cargo cycle adoption into six groups, namely vehic-
ular, infrastructural, workforce, organisation, policy and operational factors. Thoma &
Gruber (2020) enlist different LVs that could potentially influence the adoption. The
enlisted LVs include vehicle limitations, soft benefits, worries and perils, cost benefits,
urban advantages, riders’ concerns, and infrastructure constraints. Heinrich et al. (2016)
state that technical deficits have a decisive impact on the user acceptance of cargo cy-
cles. Hence, adequate cargo cycle models are required to lower the technology failure
likelihood. Utilisation of cargo cycles could affect the workplace dynamics, especially
for the organisations that previously relied more on cars or vans (Faxér et al., 2018).
Therefore, there could be a delay in the planning phase, discouraging the use of cargo
cycles. For people to change, incentives are required. Furthermore, the following are
found to influence cargo cycle penetration: lack of over-night storage facilities, cargo
cycle design and the necessity to share the road with automobiles. Similarly, Niirnberg
(2019) states that the vehicle specifications (e.g., suitable construction types) and local
policy decisions (e.g., provision of better cycling infrastructure and public presentation
of the cargo cycle benefits) could affect the introduction of cargo cycles into a city’s
logistics system.

Based on a survey, the perception of bike and car messengers on electric cargo bikes
and the factors driving the willingness-to-use them are analysed in Gruber et al. (2014).
The authors conclude that the critical factors for the implementation of electric cargo
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bikes include electric range, purchase cost and publicly available information. In another
related study (Gruber et al., 2013), the bike and car messengers are found to state an
improvement in their jobs’ image and a better possibility to have on-the-job exercise
(soft benefits), when electric cargo cycles are utilised. Also, the messengers are found to
be in support for the use of innovative technology. Payload capacity of cargo cycles are
stated to be sufficient. In Choubassi et al. (2016), application of cargo cycles in regions
with high population density (e.g., city centre), provision of a dedicated right-of-way for
them, policies that discourage the use of trucks and motorised vehicles, and monetary
incentives to shift to cargo cycles are stated to be the contributing factors for cargo cycle
use.

Concerning the comparison of purchase intention with the actual purchase decision,
such a comparison for commercial decision-making (B2B) with respect to transport vehi-
cles does not exist in literature, to the best of my knowledge. Hence, findings from B2C
market research are summarised here. One of the earliest studies on the comparison be-
tween purchase intention and the actual purchase comes from 1959 (Namias, 1959). The
study states that even if a research correctly ascertains a consumer’s purchase intentions
at any given time, unforeseeable events, spontaneous and external, may intervene and
change those intentions. However, purchase intention is stated as a best predictor of
actual purchase in Peter & Olson (2010). Interestingly, the literature review of Morwitz
(2012) concludes that the purchase intention is correlated with the actual purchase, and
predict future sales, but does so imperfectly. Concerning automobile market, purchase
intention and the actual purchase decision for automobiles and household appliances
are compared in Morrison (1979). The study suggests that the automobile purchase
intention is more correlated with the actual purchase decision, when compared to the
purchase intention of household appliances. Nevertheless, there is a clear difference
between purchase intention and the actual purchase for both the products.

Summary and research opportunities Literature findings show that the adoption
of cargo cycles as well as its use could be affected by a range of factors, including LVs.
However, identifying and quantifying the factors that significantly influence the actual
purchase decision is yet to be carried out. Furthermore, there is no existing research,
which compares the factors that influence the purchase intention and the actual pur-
chase. Such a comparison is necessary, as the literature from the B2C market research
point towards the difference in factors influencing them. Therefore, one of the tertiary
objectives of this dissertation is to close these gaps in the literature. Based on the litera-
ture findings, the major factors that should be explored for the purchase decision include
organisational characteristics (i.e., location, work place dynamics, attitude towards tech-
nology and innovation, and provision of over-night facilities), vehicle characteristics (i.e.,
construction types and battery range), benefits (operational, soft and costs benefits) and
issues associated with cargo cycles, and local transport policy (i.e., infrastructure, incen-
tives and public promotion of the benefits). Apart from the aforementioned factors, this
dissertation will also analyse the influence of other organisational characteristics such as
business sector, fleet decision-making process (Nesbitt & Sperling, 2001) and fleet size
currently utilised.
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2.3.3 Modelling and impacts of dedicated bus lanes

A common strategy to improve bus operations is to dedicate a lane for bus use. The
initial studies towards this direction involve the exploration of their impact as part of
Bus Rapid Transit (BRT) operations. For example, Abdelghany et al. (2007) devel-
oped a dynamic traffic assignment-simulation modelling framework (DYNASMART-P)
for evaluating BRT operations and service planning. They conduct a set of simulation
experiments using the developed model, to study the impact of introducing a hypotheti-
cal service in the Knoxville area in Tennessee (USA). They found out that the provision
of dedicated bus lanes reduces the average bus travel time by more than 60%. This
improvement in the bus travel times, in turn, leads to increase in bus use (around 16%
or 1.5 percentage points). Nevertheless, the results from the study also show that the al-
location of one of the existing lanes as a dedicated bus lane leads to a greater congestion
for the car users (increase by about 17%). A similar finding is also observed in Arasan &
Vedagiri (2010), wherein a heterogeneous traffic microsimulation model (HETEROSIM)
is utilised to study the possible impacts of dedicated bus lanes on the major roads of
Chennai city (India). The results from the study show that the travel time reduction
due to dedicated lanes is around 70%, and for other personal vehicles (e.g., cars), there
is an increase in travel time varying between 3% and 8%.

Surprenant-Legault & El-Geneidy (2011) investigate the impact of dedicated bus lanes
on the running times and on-time performance of two parallel bus routes in Montreal
(Canada). They use automatic vehicle location and automatic passenger count data
to build statistical models (linear regression for running time and binary logit for on-
time performance) and conclude that dedicated bus lanes yield running time savings of
1.3% to 2.2%. Furthermore, such lanes lead to a decrease in the odds of being late by
around 65%. In a subsequent study, Diab & El-Geneidy (2012) evaluate the impacts of
implementing a combination of strategies, designed to improve the bus transit service.
They also conclude that strategies, such as the dedicated bus lanes, lead to a decline
in running time. In another study, Alam et al. (2014) analyse the impact on emissions
along a busy corridor in Montreal, using data collected on-board for instantaneous speeds
and stop-level ridership. The dedicated bus lanes are found to reduce bus emissions
[greenhouse gases, Particulate Matter (PM)s5, Carbon monoxide (CO) and Nitrogen
oxides (NOx)] by 14% to 18% and decrease average travel time by 2%.

Truong et al. (2015) assess the operational effects of bus lane combinations, to ascer-
tain whether multiple bus lane sections create a multiplier effect. They perform their
assessment using Vissim traffic mico-simulation tool, on a hypothetical 5.5 km-long main
arterial and five intersections with minor roads, which resembles the typical suburban
conditions of Melbourne (Australia) . The results from their study confirms the pres-
ence of a multiplier effect, i.e., bus travel time benefits are proportional to the number
of links with a bus lane with a linear return to scale. However, there is an increase in
the travel times for other traffic (of the order of 0.6% to 3.2%). A network wide scale,
rather than a local scale, for dedicated bus lane provision is recommended to obtain a
net positive result. Furthermore, it is possible to achieve a net benefit, in terms of total
travel time, by implementing dedicated bus lanes at strategic locations. For an under-
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saturated demand condition in the network, it is preferable to implement bus lanes on
all bus routes (Bayrak & Guler, 2021). Bayrak & Guler (2021) utilised a bi-level optimi-
sation algorithm to determine the locations for dedicated bus lanes on a network. Their
result is based on the application of this algorithm in a symmetrical grid test network
with 133 nodes and 420 links. Similarly, Tsitsokas et al. (2021) formulate a combinato-
rial optimisation problem for dedicated bus lane allocation, in order to maximise traffic
performance of an urban network, while balancing the trade-off between bus priority
and regular traffic disturbance. They propose a framework based on a link-level dy-
namic traffic modelling paradigm. Application of this framework to a part of the traffic
network of San Francisco (USA) central area shows that it is possible to improve travel
time for both car and bus users, when the implementation of the dedicated bus lanes
are optimised.

While the aforementioned studies focus mainly on time-related aspects, Currie &
Delbosc (2011) explore the impact of service levels and the design of BRT on ridership.
They employ a series of regression models estimated using data corresponding to BRT
and non-BRT bus routes in Australia. Their results show that the boardings per vehicle
kilometre increases significantly with higher proportion of dedicated bus lanes in the bus
route. Similarly, Ben-Dor et al. (2018) evaluate the impact of dedicated bus lanes on
the modal split for PT, using MATSim (an agent-based modelling framework). They
performed their evaluation using Sioux Falls network. They conclude that dedicated
bus lanes make PT characteristics during the peak hours similar to those during the
off-peak hours. The results from the study show that around 18% modal shift occurs
from car to PT during peak hours, due to bus lane implementation. Focusing on both
time-related and ridership aspects, Russo et al. (2022) conclude that dedicated lanes
reduce bus travel time by about 18% and rise the number of bus users by 26%. They
use analytical equations and empirical data (data from loop detectors and bus micro-
data) from Rome (Italy). Furthermore, they assume motor-vehicle and bus travel as
substitutes and a value of -2.2 for the elasticity of bus demand with respect to the price
of bus travel.

Summary and research opportunities Studies focusing on dedicated bus lanes
have been in existence for more than a decade. Nevertheless, the topic continues to enjoy
prominence among policymakers and is still evolving in the research world. The findings
from the reviewed studies reveal that the provision of dedicated bus lanes has a positive
impact on time-related aspects (e.g., passenger travel times, bus delays and reliability),
emissions and PT ridership. However, the positive impacts also depend on the locations
of the bus lanes. Therefore, it is necessary to evaluate the introduction of such lanes
in cities to ensure intended impacts. Furthermore, the majority of the existing studies
focus on time-related impacts and the ones focusing on PT ridership and emissions are
very limited. To the best of my knowledge, the evaluation of their impact on the overall
modal split in a real city network is still missing in the literature. In addition, complex
microscopic or agent-based models are generally used to evaluate the bus lanes and their
assessment using aggregate four-step modelling approach, which the majority of the
cities in the world continue to use, is not yet seen in the literature. Therefore, as part
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of one of the primary objectives of this dissertation (i.e., the Regensburg case study), a
methodology to model dedicated bus lanes using aggregate four-step modelling approach
will be framed and their implementation in Regensburg will be investigated, in terms of
emissions and modal split.

2.3.4 Modelling and impacts of autonomous shuttles

Deployment of AVs for first- and last-mile services (i.e., integration of AVs with PT in
the form of autonomous shuttles) can contribute to the sustainability of transportation
systems (International Association of Public Transport, 2017). However, the majority
of the existing studies related to AVs focus on evaluating them as independent systems
(Narayanan et al., 2020b), e.g., private AVs or SAV services as a competition to PT
services. Narayanan et al. (2020a) conclude that policymakers should plan proactively
to integrate AVs with PT to avoid mode shifts. Consequently, the trend has been
changing and the cities around the world have began to test autonomous shuttles in pilot
projects to reinforce PT in their cities. For example, as of 2021, 25 countries around the
world have bought more than 200 autonomous shuttles from Navya, a French company
specialised in the design of such vehicles (Navya, 2022).

Although pilots with autonomous services for PT first- and last-mile are on the rise,
studies pertaining to the impacts of such systems are still limited. Moorthy et al. (2017)
assess the energy consumption and emissions for an integrated PT-SAV system, using life
cycle assessment model. They focus on the provision of last-mile transit service between
Ann Arbor and Detroit Wayne County Airport. They conclude that the SAV service
decreases energy consumption and emissions. Recently, Huber et al. (2022) conducted
an environmental life cycle assessment of electric automated shuttles and stated that
the application of shuttles could lead to a reduction in environmental impacts. Shen
et al. (2018a) analyse the effects of introducing SAV services for first-mile connectivity
to train stations, during morning peak hours in Tampines area of Singapore. They use
smart card data and AnyLogic simulation tool, and consider replacing bus systems in
low-demand routes. They found out that the integrated PT-SAV system can reduce
total vehicle miles travelled.

Salazar et al. (2018) develop a multi-commodity network flow (mesoscopic) optimisa-
tion model to explore the interaction between coordinated SAV and PT services. Electric
SAVs are coupled with PT system and a congestion pricing scheme is designed to achieve
maximum social welfare. They conclude that the integrated system investigated in their
study can reduce traffic, emissions and transport cost of individuals. Pinto et al. (2019)
propose a joint transit network redesign and fleet size determination problem. They
implement a heuristic solution procedure to solve this problem, which consists of a non-
linear programming solver and an iterative agent-based simulation approach. The results
from their study indicate significant traveller benefits, in terms of improved average wait-
ing times. A similar observation is also seen in Scheltes & de Almeida Correia (2017),
wherein an agent-based simulation model has been developed and applied to a case-study
on the connection between the train station Delft Zuid and the Technological Innovation
Campus (Delft, Netherlands). Likewise, Gasper et al. (2018) conclude an improvement
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in the travel time in morning and evening hours, when an autonomous shuttle system is
used for the last-mile in the research campus of the Robert Bosch GmbH in Renningen
(Germany). They perform their investigation in SUMO.

Chee et al. (2020) examine the determinants of intention-to-use a first- and last-mile
autonomous shuttle service, based on a survey during a trial operation in Stockholm
(Sweden). They employ structural equation modelling in their study and conclude that
the intention-to-use the service greatly increase, when the service frequency is compara-
ble to the service frequency of a regular public bus service. Kassens-Noor et al. (2020)
examine the views of public transit riders on the willingness to use autonomous shuttles.
They conduct two surveys in Michigan and found out that a significant number of public
transit riders are hesitant to ride in autonomous shuttles, because of concerns over safety
and distrust in technology. A similar conclusion is also observed in Yap et al. (2016).
However, recently, Beauchamp et al. (2022) observed that automated shuttles have safer
interactions with lower speeds and higher time to collision. They base their study on
the user trajectories obtained using video analysis of road users and automated shuttles
that circulated in Montreal and Candiac (Canada). Multivariate regression is used to
identify the relationship between the safety indicators and various factors analysed in
their study.

While the studies pertaining to the impacts of PT-SAV systems are limited, studies
that focus on the change in overall modal share for PT due to autonomous shuttles
are scarcer. An example in this regard is Thorhauge et al. (2022), who build stated
choice experiments to assess user preferences using mixed logit models. They conclude
that almost no effect on the overall modal share is observed and autonomous driving
technologies will have a limited effect for the entire trip chain. However, they also observe
that the shuttle service has the potential to improve first- and last-mile services for PT.
It should be noted that their results are based on a case study on the campus of Technical
University of Denmark and scaling the service to a larger area may have a significant
impact on the overall modal share. Supporting this notion, the simulations from Huang
et al. (2021) show an increase of around 3.7% in transit use, when SAVs are coupled with
real-time ride-sharing to and from transit stations. They use SUMO toolkit to examine
the modal split, by simulating SAVs providing service to 10% of central Austin’s trip-
makers near five light-rail transit stations. Similarly, Lau & Susilawati (2021) observe a
3% increase in PT usage during the morning peak hour, because of the introduction of
SAVs for first- and last-mile connectivity in Kuala Lumpur (Malaysia). The evaluation
is conducted using a mesoscopic simulation model.

Summary and research opportunities Existing studies show significant advan-
tages of introducing autonomous shuttles for first- and last-mile connectivity. Neverthe-
less, the literature on the evaluation of their integration with PT is sparse. Furthermore,
to the best of my knowledge, modelling of autonomous shuttles (for the first- and last-
mile of PT trips) using traditional aggregate four-step modelling approach is still missing
in the literature. Therefore, as part of one of the primary objectives of this disserta-
tion (i.e., the Regensburg case), a simplified and pragmatic approach for evaluating
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autonomous shuttles using aggregate four-step modelling approach will be developed
and the impact of such a service in Regensburg will be investigated.
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3 Datasets and descriptive statistics

3.1 Regensburg

3.1.1 Details about the datasets

The research sample from the city of Regensburg consists of a household travel survey
and two car-sharing operator datasets, namely demand and supply. These were obtained
through EU H2020 project “MOMENTUM?”!. Besides these datasets, the supply data
for the (planned) bike-sharing service, the locations of the dedicated bus lanes and the
supply information for the autonomous shuttle service are also available.

3.1.1.1 Household survey

The survey is part of the eleventh edition in a series of household surveys that began
in 1972 (Mobility in cities - SrV), wherein the traffic behaviour in selected cities and
regions of the Federal Republic of Germany is studied. In Regensburg, the recent survey
has been conducted between February 2018 and January 2019. For this study, the
Regensburg urban area is divided into five sub-areas: centre, north, south, east and west.
The dataset contains information, such as household and individual socio-demographic
characteristics, along with mobility-related aspects (e.g., frequency of use of conventional
modes and car-sharing), for a sample of 2,501 individuals from 1,116 households. After
removing records with incomplete data, a total of 2,086 individuals are present in the
sample.

With regards to the frequency of use of different transport modes, the following an-
swers are possible: daily or almost daily, 3 to 4 days per week, 1 to 2 days per week,
1 to 3 days per month, 1 or 2 days per quarter, rare and never. For the car-sharing
service, the categories “daily or almost daily” and “3 to 4 days per week” have only 0
and 1 samples, respectively, which is expected because of the small-scale of operation of
the car-sharing service in Regensburg. Therefore, those two categories are discarded.

3.1.1.2 Car-sharing operator dataset

The supply dataset from the service operator contains details, such as the car-sharing
station address (8 stations with 1 to 2 vehicles per station), latitude and longitude
coordinates, start date of the station and vehicle model available in the station. The
demand dataset consists of information related to all the trips performed using the small-
scale round-trip station-based car-sharing service, between November 2016 to November
2019. The data is extracted from the operating tool used for providing the customer
service and for tracking the vehicles. Details in the dataset include booking start and
end date, booking start and end time, pick up and return station (same value because of
round-trip system), vehicle make and model, distance travelled during the booking and
finally, booking type (i.e., user booking or service trip). For the current analysis, only
the user trips are considered from the demand data. Similarly, records with missing and

"https://h2020-momentum.eu
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inappropriate values are discarded. After the initial processing, the dataset consists of
details for 8,567 trips.

3.1.1.3 Other available information

A one-way station-based bike-sharing system is planned to be initiated with around 500
bicycles. The supply dataset of the bike-sharing service includes details, such as the
station location (latitude and longitude coordinates) and the number of bikes planned
per station. With regards to the dedicated bus lanes, the city is planning to introduce
them in around 70 links, and the available data for this is a shape file containing their
locations. Concerning the autonomous shuttle, the service has been implemented under
a pilot scheme, as a feeder/collector service to the PT system. The autonomous shuttle
line is a 1.3 kilometre circuit around an industrial park, located within a single Transport
Analysis Zone (TAZ). The shuttle has a capacity of 6 people and runs with a headway
of 10 minutes and average speed of 15 kmph.

3.1.2 Descriptive statistics

The descriptive statistics of the relevant variables from the household survey and the
operator data are provided in this section and summarised in Table 3.1 and Figures 3.1
- 3.3. Starting with the household-related variables, as shown in Table 3.1, around 72%
of the households in Regensburg have up to two members. Regarding income, a range of
values is observed, with around 14% of the households having a monthly income of less
than € 1500 and 27% having more than € 4600. When it comes to vehicle ownership,
most households own one private car (around 59%). About 19% of the households have
no car, while 22% of the households own multiple cars. On a different note, 64% of the
households possess multiple bikes. Observing the statistics for the total number of trips
per day, the mean value per household is 7.4.

Looking at the socio-demographic variables of the individuals in the sample, males and
females are almost equally represented (though the share of females is slightly higher),
which is true in the case of Regensburg population. The survey participants include
students (around 21%), employed professionals (47%) and retired individuals (18%).
Around 14% of the sample belong to the ‘other’ employment category (e.g., homemaker).
Concerning the age distribution, all age groups are sufficiently represented, with the
mean age being 41. There is also a significant representation of individuals with some
form of mobility restriction (7%). When it comes to education, around 38% of the
sample have an education level lower than vocational train