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Executive summary
The aim of the LEVITATE project is to prepare a new impact assessment framework to
enable policymakers to manage the introduction of cooperative, connected and automated
mobility, maximize the benefits and utilize the technologies to achieve societal objectives.
As part of this work, the LEVITATE project seeks to forecast societal level impacts of
Cooperative, Connected and Automated Mobility (CCAM). These systems include impacts on
safety, environment, economy and society.
This report specifically focuses on urban transport, providing an analysis for the mediumterm impacts of different urban transport sub-use cases. The impacts to be studied have
been defined in the Deliverable 3.1 (Elvik et al., 2019), which provided a preliminary
taxonomy of the potential impacts of CCAM. The medium-term impacts of CCAM developed
in the present report are those described as systemic impacts; namely changes that
influence the wider transport system. More precisely, the amount of travel, congestion,
modal split using public transport and active travel, shared mobility rate, vehicle utilization
rate and vehicle occupancy are considered. After an extensive literature review and a
Stakeholder Reference Group (SRG) workshop, a preliminary list of the urban transport subuse cases was developed, presented in the Deliverable 5.1 (Roussou et al., 2019). The
proposed automated urban transport sub-use cases have been prioritized for their
consideration in further investigation. During prioritizing, factors such as widespread studies
being followed on those sub-use cases and the feasibility of impact assessment have been
considered. The resulting sub-use cases that are presented in this report, are (i) the pointto-point automated urban shuttle service and (ii) the on-demand automated urban shuttle
service that includes the anywhere to anywhere, last-mile and e-hailing services.
The next step of the impact assessment was to identify the appropriate methods to be used
for each impact. The medium-term impacts presented in this report were quantified using
the mesoscopic simulation, the microscopic simulation and the Delphi method. The
mesoscopic simulation framework MATSim, is an agent-based modelling (ABM) framework,
allowing the simulation of mobile agents that strive to fulfil their daily plans of activities (the
“activity chain”) and the trips in between their locations. This method was used to quantify
the short-term impacts (Deliverable 5.2 – Roussou et al., 2021) as well as the mediumterm impacts of CCAM. The microscopic simulation is used to quanitfy the impacts of the
adoption of CCAM on traffic, including traffic volume and traffic emissions to the
environment under several traffic simulation scenarios and to evaluate the influence of
difference traffic volume levels the presence of automation features both on a microscopic
and a macroscopic level. The Delphi method is a process used to arrive at a collective,
aggregate group opinion or decision by surveying a panel of experts. Within LEVITATE, the
Delphi method was used to determine all impacts that cannot be defined by the other
quantitative methods. Regarding the medium-term CCAM impacts, this method was used to
identify the changes on modal split, shared mobility rate, vehicle utilization rate and vehicle
occupancy.
The overall results of the impact assessment demonstrated that the introduction of CCAM
in the urban transport will reduce congestion and the amount of travel, especially for high
CAV market penetration rates since more people will use the urban transport services thus
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reducing traffic. Modal split using public transport is expected to slightly increase since the
automated urban shuttle services will connect various public transport stations with
suburban areas or lower-density areas. On the other hand, active travel may be negatively
affected due to the more transport possibilities that will be available. The shared mobility
rate, vehicle utilization rate and vehicle occupancy will significantly increase after the
implementation of the on demand AUSS since more people will be able to travel using urban
transport even if they do not possess a private vehicle. The results regarding the mediumterm/systemic impacts of CCAM will be included in the final LEVITATE product which is the
LEVITATE Policy Support Tool (PST).
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1

Introduction

1.1

Levitate

Societal Level Impacts of Connected and Automated Vehicles (LEVITATE) is a European
Commission supported Horizon 2020 project with the objective to prepare a new impact
assessment framework to enable policymakers to manage the introduction of Cooperative,
Connected and Automated Mobility (CCAM), maximise the benefits and utilise the
technologies to achieve societal objectives.
Specifically LEVITATE has four key objectives:
• To establish a multi-disciplinary methodology to assess the short, medium and
long-term impacts of CCAM on mobility, safety, environment, society and other
impact areas. Several quantitative indicators will be identified for each impact type.
• To develop a range of forecasting and backcasting scenarios and baseline
conditions relating to the deployment of one or more mobility technologies that will
be used as the basis of impact assessments and forecasts. These will cover three
primary use cases – automated urban shuttle, passenger cars and freight services.
• To apply the methods and forecast the impact of CCAM over the short, medium
and long term for a range of use cases, operational design domains and
environments and an extensive range of mobility, environmental, safety,
economic and societal indicators. A series of case studies will be conducted to
validate the methodologies and to demonstrate the system.
• To incorporate the methods within a new web-based policy support tool to
enable city and other authorities to forecast impacts of CCAM on urban areas. The
methods developed within LEVITATE will be available within a tool box allowing the
impact of measures to be assessed individually. A Decision Support System will
enable users to apply backcasting methods to identify the sequences of CCAM
measures that will result in their desired policy objectives.

1.2

Work package
LEVITATE

5

and

Deliverable

5.3

within

WP5 focuses on the impacts that the deployment of cooperative, connected and automated
vehicles are expected to have on urban transport operations, through advanced city
shuttles and other micro-transit vehicles. Forecasting of impacts will consider three main
components: (i) Mode of transport: public transport, motorised individual transport, active
mobility and automated urban shuttle services (AUSS); (ii) Actors: drivers / operators,
passengers, transit companies / authorities, cities authorities; (iii) The SAE automation
levels: urban shuttle modes are directly considered at SAE 4. Forecasting will be based on
the methodology developed in WP3 (Deliverable 3.1, 2019) and the scenarios developed
in WP4 to identify and test specific scenarios regarding the impacts of CCAM on urban
transport. More specifically, the objectives of Work Package 5 (WP5) are:
• To identify how each area of impact (safety, mobility, environment, economy, and
society) will be affected by Cooperative, Connected and Automated Mobility (CCAM) in
urban transport operations, with focus on the transition towards higher levels of
automation. Impacts on traffic will be considered cross-cutting the other dimensions.
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•
•
•

To assess the short-, medium- and long-term impacts, benefits and costs of CCAM for
urban transport.
To test interactions of the examined impacts in urban transport scenarios and
To prioritise considerations for a public policy support tool to help authority decisions.

The purpose of Deliverable 5.3 is to present the medium-term impacts of a range of mobility
policies and interventions against the background of increasing CAV deployment in the
vehicle fleet. The impacts to be studied have been defined in the Deliverable 3.1 (Elvik et
al., 2019), which provided a preliminary taxonomy of the potential impacts of CCAM. The
medium-term impacts of CCAM developed in the present report are those described as
systemic impacts; changes that influence the wider transport system and more precisely,
the amount of travel, congestion, modal split using public transport and active travel, shared
mobility rate, vehicle occupancy and vehicle utilisation rate. The main methodological
approaches to forecast the medium-term impacts are mesoscopic simulation, microscopic
simulation and the Delphi method. In the following table all the impacts studied within the
LEVITATE project are presented with the method used to quantify them.
Table 1.1: Overview of the impacts in WP5. Highlighted are the medium-term impacts for this deliverable.
Impact

Description

Method

Short term impacts / direct impacts
Travel time
Vehicle operating cost
Access to travel

Average duration of a 5Km trip inside the city centre
Direct outlays for operating a vehicle per kilometre of
travel
The opportunity of taking a trip whenever and
wherever wanted (10 points Likert scale)

Mesoscopic simulation/Delphi
Delphi
Delphi

Medium term impacts / systemic impacts
Amount of travel
Congestion
Modal split using public
transport
Modal split using active
travel
Shared mobility rate
Vehicle utilisation rate
Vehicle occupancy

Person kilometres of travel per year in an area
Average delays to traffic (seconds per vehiclekilometer) as a result of high traffic volume
% of trip distance made using public transportation
% of trip distance made using active transportation
(walking, cycling)
% of trips made sharing a vehicle with others

Mesoscopic simulation/Microscopic
simulation
Microscopic simulation
Mesoscopic simulation/Delphi
Mesoscopic simulation/Delphi
Mesoscopic simulation/Delphi

% of time a vehicle is in motion (not parked)

Mesoscopic simulation/Delphi

average % of seats in use

Mesoscopic simulation/Delphi

Long term impacts / wider impacts
Road safety
Parking space
Energy efficiency
NOX due to vehicles
CO2 due to vehicles
PM10 due to vehicles

Number of traffic conflicts per vehicle-kilometer driven
(temp. until crash relation is defined).
Required parking space in the city centre per person
(m2/person)
Average rate (over the vehicle fleet) at which
propulsion energy is converted to movement
Concentration of NOx pollutants as grams per vehiclekilometer (due to road transport only)
Concentration of CO2 pollutantsas grams per vehiclekilometer (due to road transport only)
Concentration of PM10 pollutantsas grams per vehiclekilometer (due to road transport only)
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System dynamics/Delphi
Delphi
Microscopic simulation
Microscopic simulation
Microscopic simulation
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Public health
Accessibility of transport

Subjective rating of public health state, related to
transport (10 points Likert scale)
The degree to which transport services are used by
socially disadvantaged and vulnerable groups
including people with disabilities (10 points Likert
scale)
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2

Sub-use cases

Sub-use case in this deliverable refers to subcategory (interventions) under automated
urban shuttle services (AUSS) use-cases developed to study the quantifiable impacts of
CCAM within urban transport. A stakeholder reference group workshop (presented in detail
in D5.1 - Roussou et al, 2019) was conducted to gather views on future of CCAM and
possible use cases of urban transport, termed sub-use cases, from city administrators and
industry. A list of sub-use cases of interest for urban transport from the perspective of
CCAM has been developed. Within LEVITATE, this list has been prioritized and refined
within subsequent tasks in the project to inform the interventions and scenarios related to
urban transport. In turn, these sub-use cases will be included in the LEVITATE Policy
Support Tool (PST).
The prioritisation of the sub-use cases mainly took these three input directions into
account:
• Scientific literature/studies: They indicate the scientific knowledge and the available
assessment methodologies for the sub-use cases. However, this might not be
directly linked to their importance / relevance for practice.
• Roadmaps: They indicate the relevance of sub-use cases from the industrial/
political point of view, independent of available scientific methodologies.
• SRG Workshop: They contain first hand feedback for the sub-use cases, but might
only reflect the opinions of organisations and people who participated.
The automated urban transport related sub-use cases that were formulated after this
procedure are the following:
• Point-to-point automated urban shuttle service (AUSS): Automated urban
shuttles travelling between fixed stations, complementing existing urban transport.
o Point-to-point AUSS connecting two modes of transport
o Point-to-point AUSS in a large-scale network
• On-demand automated urban shuttle service, including:
o Anywhere-to-anywhere AUSS: Automated urban shuttles travelling
between not fixed locations.
o Last-mile AUSS: Automated urban shuttles providing convenient first/last
mile solutions, complementing public transport.
o E-hailing: on-demand last-mile AV shuttles.

2.1

Point-to-point automated urban shuttle service

The point-to-point AUSS, operate on fixed stations in a defined area in the city. The
minibuses use dedicated lanes on the network which connect the AUSS stops. The
importance of this service was highlighted by the stakeholders during the SRG workshop,
as this will be the first CCAM service to be introduced in the cities, in a smaller or larger
scale depending on the cities goals. This SUC was divided in two separate SUCs for the
impact assessment using microscopic simulation. These SUCs are the point-to-point AUSS
connecting two modes of transport and the point-to-point AUSS in a large-scale network.
The point-to-point AUSS connecting two modes of transport, concerns a service that
connected the metro station “Eleonas” with the Athens intercity bus hub. This small-scale
service was studied in order to design the system and verify the selected parameters before
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assessing the impacts of the introduction of this SUC in a city level. The point-to-point AUSS
in a large-scale network was designed as an automated shuttle service operating in parallel
with the existing transit service, connecting various destinations and areas with low transit
coverage. Since the microsimulation provides a high number of precise impacts, it was
decided to retain this division for all methods.
Concerning the road sector, automation will not only refer to private passenger cars, but
also to public transportation. One of the modes that will be influenced by automation
technologies and their various functions are the shuttle buses where driverless minibuses
will transfer passengers from one point to another. Shuttle services widely exist worldwide
serving transfer and connection purposes for medium and short distances. Automated
shuttles and more specifically those that are electrically powered, are expected to reduce
operational costs while increasing ridership (Popham, 2018), as well as costs related to fuel
consumption and driver employment (Zhang et al., 2019).
There are many projects concerning the use of automated shuttles for transit purposes,
such as Park Shuttle I and II for transferring people from a car park to the airport of
Amsterdam and within Rivium Business Park in Rotterdam respectively (Pruis, 2000; Prokos,
1998; Bootsma & Koolen; 2001, Ritter, 2017). Both projects revealed the efficiency of
automated shuttles as well as their attractiveness as a large number of people are using
them on daily basis. The same results were achieved by the use of small automated vehicles
for connecting Heathrow Airport in London with the business car park within the CityMobil
European Project (City Mobil European Project). Automated shuttles exist also in Las Vegas,
USA (Parent & Bleijs, 2001).
Real-time experiments and simulation tests or surveys have been conducted worldwide in
order to reveal and assess the impacts of automated shuttle bus on traffic conditions, safety
and environment in order to make them more attractive to passengers. The issue of
scheduling automated shuttle buses was investigated by Cao & Ceder (2019) who applied
the deficit function for skip-stop and departure time optimization based on real-time
passenger demand, showing a reduction in total passenger travel time and in the number
of vehicles. Low-speed automated vehicle and shuttles have been analyzed in terms of their
behavior in crowded areas and their interaction with vulnerable road users by applying the
collision avoidance algorithm (Wang et al. 2018, Ararat & Aksun-Guvenc, 2018, Emirler et
al., 2016), based on real-world conditions or simulation studies.

2.2

On-demand automated urban shuttle service

In contrast to the point-to-point AUSS, on-demand AUSS is designed more flexibly. The
points for pick up and drop off passengers are not predefined but can take place at any
location in the operation area. There are also no dedicated lanes reserved for AUSS but the
vehicles are instead using the common network structure for cars. The vehicles of the ondemand AUSS are automated shuttle buses of 8 and 15 people capacity.
Public transportation was estimated to potentially benefit from the deployment of AV
technology as it can be more cost effective and customizable than human-operated bus
service to fill service gaps, reduce road congestion and improve road safety (Nesheli et al.,
2021). A relevant problem that arises for transport planners is the first/last mile problem.
The first/last mile problem refers to the beginning/end segment of an individual’s transit
trip and the challenge comes from the fact that public transport is typically unable to take
people directly from their homes to their destinations. It is well established that this gap in
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the public transport network is a major reason why many people prefer the convenience of
private cars over taking public transport. The automation of street transit can also
potentially reduce operating costs by eliminating the need for human drivers while
simultaneously improving the experience of passengers by providing flexible and demand
responsive services that connect users to high frequency transit services.
Automation can also facilitate a transition to Mobility as a Service (MaaS) that could limit
the negative effects of road transport, such as congestion, air and noise pollution, fuel
overconsumption and safety risks (European Commission, 2017), as long as it promotes car
sharing, ride sharing or sourcing and not private mobility solutions. According to Firnkorn &
Müller, (2015), automation could attract more people to car sharing for the first or last mile
of their trip instead of walking, cycling or using a private car. Automated taxis or car sharing
could be considered as part of the public transport as with suitable business models they
can promote sustainability, reducing the number of private cars and accordingly, the
congestion. Fewer vehicles that operate more efficiently would reduce car traffic and
advance public transport (Pakusch & Bossauer, 2017).
The experiences with early pilot projects have greatly impacted the advancement of ondemand automated urban shuttle service. Small automated cars for people or good transfer
were designed within the framework of CyberCars (www.2getthere.eu) and CyberCars2
(ttp://www.cvisproject.org/en/links/cybercars-2.htm) projects offering door-to door and on
demand services. The development and on-road testing of co-operative Cybernetic
Transport Systems, within these projects, demonstrated that CAVs will improve road safety,
traffic efficiency and fuel consumption (CyberCars2, 2009). Within the framework of the
Railcab project, an automated shuttle system was developed based on on-demand
scheduling providing both passenger and goods transfer, and suggested that safety is
ensured in all operating modes (Diethelm et al., 2005; Giese & Klein, 2005; Khendek &
Zhang, 2005). The automated on-demand services in public transportation has also been
investigated by Vernier et al. (2016), Chong et al., (2013) and Salazar et al. (2018). In
addition, Gelbal et al. (2017) proposed an architecture for automated driving using
passenger cars and an automated electric shuttle.
In Europe there already exist particular solutions involving high automation with low velocity
vehicles and specific infrastructure. A study by OECD (2016) study has further explored the
potential of all car trips replacement with shared or on-demand vehicles. According to the
ERTRAC Connected Automated Driving Roadmap (2019), there are two development paths
that relate to high levels of automation in the urban environment: The first is the Personal
Rapid Transit (PRT) including urban shuttles and the second are city-buses and coaches.
PRT involves smaller vehicles mostly utilised for the transportation of people, e.g. for first
and last mile use or even longer distances. They can operate both in a collective or individual
mode on restricted, specific or open roads. Automated PRT or shuttles that will operate on
dedicated infrastructure and on designated lanes could be enriched by other automated
functions to improve traffic flow and safety, possibly regulating other vehicles as well. These
services could be incorporated into public transport.
Within the LEVITATE project on-demand AUSS includes three different services: (i) the
anywhere-to-anywhere AUSS, (ii) last-mile AUSS and (iii) e-hailing. These three SUCs
where prioritized by the stakeholders during the SRG workshop as the most important after
the point-to-point AUSS. The actual implementation of the services is very similar while the
usage may vary since each scenario covers a specific application of AUSS and will all
complement the existing urban transport system. More precisely, last-mile AUSS enables
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transit users’ access to and from stations/stops in the networks of urban rail transit and
buses or other slower modes of transit. This service is expected to contribute to
improvements in transit accessibility, particularly in suburban areas or lower-density areas
(Ohnemus & Perl, 2016). The anywhere-to-anywhere AUSS refers to a service allowing
users to travel between various not fixed locations around the city, not necessarily close to
each other. Finally, e-hailing is a much-studied service that provides passengers the
possibility to book an automated shuttle bus (usually using a smartphone app), in order to
travel between convenient points, and thus e-hailing will be used as a demand-responsive
feeder for existing public transit services. For the needs of microscopic simulation these
SUCs will be modelled as one on-demand AUSS SUC; this is the form with which the results
will be presented in the PST as well.
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3

Methods

A taxonomy of potential impacts of connected and automated vehicles at different levels of
implementation (Elvik et al., 2019) have all been estimated and forecasted using
appropriate assessment methods, such as a mesoscopic traffic simulation, a microscopic
traffic microsimulation, a system dynamics approach and the Delphi panel method. For the
medium-term impacts described in this deliverable, we refer to results from the mesoscopic
and microscopic traffic simulation as well as the Delphi method. Traffic simulation provides
input to assess medium-term impacts by processing those results appropriately to infer such
impacts. System level analysis (such as by tools found within system dynamics) can provide
measure of long-term impacts (Deliverable 5.4 – Roussou et al., 2021). For the sake of
simplicity and transferability of assessment methods, it is assumed that for each level of
automation, adequate infrastructure exists. It is also assumed that the pure technological
obstacles for the sub-use cases in consideration are solved. All these results relating to the
relationships between sub-use cases, impacts and any intermediate parameters will be
provided to WP8 of LEVITATE, which concerns the development of the LEVITATE Policy
Support Tool (PST). The results will be integrated within the PST modules and functionalities
so that impact assessment can be carried out by the users. Table 3.1 provides an overview
over the different methods and their use in the different sub-use case and scenarios. The
methods used to show the medium-term impacts in this Deliverable are highlighted in green.
Table 3.1: Overview of methods applied to the sub-use cases and their scenarios.

Sub-use
Case

Point-topoint AUSS

On-demand
AUSS

3.1

Scenario
Point-to-point
with two
modes
Point-to-point
large scale
network
Anywhere-toanywhere
Last mile
E-hailing

Microscopic
simulation

Method
Mesoscopic
Delphi
simulation

x

x

x

x

x

x

x

x
x

x

x
x

System
Dynamics

x

Microscopic simulation

Traffic microscopic simulation (microsimulation) is one of the main assessment methods
used in LEVITATE. The purpose of traffic simulation is: (i) to identify the impacts of the
adoption of CCAM on traffic, including travel time, traffic volume, and traffic emissions to
the environment under several traffic simulation scenarios and (ii) to evaluate the influence
of difference traffic volume levels the presence of automation features both on a microscopic
and a macroscopic level. Traffic microsimulation provides information related to single
vehicles, whereas more macroscopic model refers to entire flow streams. There are also
certain hybrid models, such as the model of AIMSUN, which allow for all levels of analysis,
namely macroscopic, mesoscopic and microscopic analysis. The simulation inputs include
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data from various sources such as the road geometry and design, traffic volume, modal
split, O-D matrices etc. This analysis examined impacts mainly on traffic, environment and
energy efficiency and provided insights into the impacts of microscopic flow characteristics
of CCAMs. The tools used for this analysis mainly included microscopic modelling tools for
automated transport.
Microscopic simulation in urban transport studied three sub-use cases. The point-to-point
automated urban shuttle service connecting two modes of transport, the point-to-point
AUSS (Automated Urban Shuttle Service) in a large-scale network and on-demand AUSS.

3.1.1 Point-to-point AUSS connecting two modes of transport
In a generation where automation is evolving, automated point-to-point shuttles are
considered to arise as the first mobility on demand service. However, the inquiry is what
the effects of that kind of service are in the implementation area. The scope of this subuse case is to evaluate the impacts of an automated shuttle bus service in different traffic
conditions, road safety and environment. For the above to be achieved, a shuttle bus route
was designed to operate in a part of the road network of Athens while different scenarios
were established; peak and off-peak hours, existence of a dedicated lane for the shuttle
bus, incident occurrence and different penetration rates and profiles of automated vehicles.
3.1.1.1
Network description
The study network that has been used for the traffic microsimulation in Aimsun Next
mobility modelling software is a part of the city of Athens. The network is presented in
Figure 3.1 and consists of 728 nodes and 1,636 sections. In addition, the total length of
road sections is 70 km and the network size reaches approximately 3 km2.

Figure 3.1: The study network in AIMSUN software

The OD matrices consisted of 58×59 centroids of the study network and a total number of
27,500 car trips and 5,990 truck trips for a peak hour. Furthermore, the Athens model
included 14 buses and 1 trolley bus line and 150 public transport stations as well as service
frequencies and waiting times at stops.
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3.1.1.2
Assumptions and parameters
For the present sub-use case, some assumptions were made, to allow the definition of
unknown parameters. Two general assumptions were that all automated vehicles are
electric and used two main driving profiles for automated vehicles that are presented
below:
•
•

1st Generation (Cautious): limited sensing and cognitive ability, long gaps, early
anticipation of lane changes than human driven vehicles and longer time in give way
situations.
2nd Generation (Aggressive): advanced sensing and cognitive ability, data fusion
usage, confident in taking decisions, small gaps, early anticipation of lane changes
than human driven vehicles and less time in give way situations.

Another assumption of this work is that, the shuttle bus modeled as a cautious AV profile,
as a cautious driving was considered more appropriate for a public transport service.
Similarly, automated trucks were simulated as 1st generation CAVs, as well. Moreover, the
shuttle bus service tested operating on a dedicated lane and assumed that is one of the
existing lanes that is converted to the shuttle service dedicated lane or one of the already
dedicated bus lanes. In addition, the duration of the simulation scenarios is one hour, for
both peak and off-peak conditions scenarios, which means that as the frequency of the
shuttle bus service is decided to be 15 minutes, the maximum number of shuttle buses
operating at the same time is four.
Regarding modal split, in the present sub use case the addition of one automated shuttle
bus service in a network of 728 nodes and 1,636 road sections did not show any changes
in demand. Hence, the traffic demand remained the same for all the simulation scenarios.
In addition, another assumption that have been made is that the automated shuttle bus
route and its characteristics as well as the existent public transport were constant while
the market penetration rate of automated vehicles was changing.
3.1.1.3
Service
For the present sub-use case one shuttle bus line was implemented in the Athens network
in order to connect two modes of transport. The shuttle bus connects the metro station
“Eleonas” with the Athens intercity main bus terminal (Point A and point B respectively in
Figure 3.2).
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Figure 3.2: The shuttle service bus line

The four shuttle buses of the service are considered to have a total capacity of 10
passengers. Their dimensions are 5 meters in length and 2.5 meters in width. The
maximum operating speed of the buses is 40.0km/h, the mean speed 25.0km/h. The
frequency of the service is 15 minutes. The route includes signalized arterials and
secondary streets and its total length is 3.4 kilometers.
3.1.1.4
Scenarios
The shuttle service simulation sets included peak and off-peak hour traffic conditions, the
use of a dedicated lane and an incident condition on the shuttle bus route, as shown in
Table 3.2. More specifically, in the first simulation set the shuttle buses are operating in
mixed traffic conditions during peak hour, as well as in the fourth set that respectively
concerns off-peak hour conditions. Similarly, the second and the fifth simulation sets
include the shuttle bus service that operates using dedicated lanes in order to capture the
impacts of a different implementation of the shuttle bus service. The third simulation test
includes an incident condition occurring in the shuttle bus route. In this scenario, a part of
a road segment is blocked as there an incident occurred and the shuttle buses as well as
the surrounding traffic are forced to change lane and overtake the blocked segment. This
set was considered only during peak hour conditions as the network is more congested. It
is considered more reasonable to investigate the impacts of this kind of emergency
condition during peak hour than off peak hour when the congestion levels are lower and
lane changes are performed easier.
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Table 3.2: Simulation sets
Sub-use case specific scenarios
# of Simulation sets

Scenario Parameters
Traffic Demand

Route

Condition

Service Frequency

1st set

Peak hour

-

-

15min

2nd set

Peak hour

dedicated lane

-

15min

3rd set

Peak hour

-

Incident

15min

4th set

Off Peak hour

-

-

15min

5th set

Off Peak hour

dedicated lane

-

15min

The impact assessment of the shuttle bus service is analyzed for each one different
simulation set for different automated vehicles penetration rate in the prevailing traffic.
Regarding the implementation of CAVs, different penetration rate scenarios were simulated
and are presented in Table 3.3. The cautious CAVs, since they were considered to be the
first generation, appeared first in the scenarios and then followed by the aggressive CAVs
until the last scenario, where only 2nd generation CAVs were included.
Table 3.3: The CAV market penetration rate scenarios
Type of Vehicle
Human-Driven Car
1 Generation (Cautious)
CAV
2nd Generation
(Aggressive) CAV
st

Human-driven Truck
Freight CAV

A

B

C

D

E

F

G

H

100%

80%

60%

40%

20%

0%

0%

0%

0%

20%

40%

40%

40%

40%

20%

0%

0%

0%

0%

20%

40%

60%

80%

100%

100%

80%

40%

0%

0%

0%

0%

0%

0%

20%

60%

100%

100%

100%

100%

100%

For each one of these scenarios, the different implementations of the automated shuttle
bus service was also simulated. Therefore, 48 scenarios were simulated in total (8 market
penetration rate scenarios for each of the baseline and 5 shuttle bus service scenarios). In
addition, for each scenario, 10 different replications with random seeds generating
stochastic results were simulated as well in order to achieve greater precision. The
averages were then obtained to receive the final results. The simulation duration of each
scenario was one hour and the simulation time step was 5 minutes.

3.1.2 Point-to-point AUSS in a large-scale network
Network
The study network used for the traffic microsimulation in Aimsun Next mobility modelling
software is the city of Athens. The network is presented in Figure 3.3 and consists of 1,137
nodes and 2,580 sections. In addition, the total length of road sections is 348 km and the
network size reaches approximately 20 km2.
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Figure 3.3: The city of Athens network in AIMSUN software

The origin-destination (OD) matrices of the study network consisted of 290×292 centroids
and a total number of 82,270 car trips and 3,110 truck trips for peak hour. Furthermore,
the Athens transport network includes 170 public transport lines and 1.030 public transport
stations. More specifically, there are 95 bus lines, 14 trolley lines, 4 metro lines, 2 tram
lines, 5 suburban train lines and 50 intercity bus lines which are presented in Figure 3.4
and were included in the simulation model, as well as their frequencies and waiting times
at stops.

Figure 3.4 The Athens transport network
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3.1.2.1
Assumptions and parameters
For the present sub-use case the assumptions made regarding the AVs and their driving
profiles are the same as presented in section 3.1.1.2. Similarly, to the point-to-point AUSS
connecting two modes of transport, this SUC was tested operating on a dedicated lane and
during peak and off-peak hour scenarios.
Regarding modal split, in the present sub use case the addition of one automated shuttle
bus service in a network of 1,137 nodes and 2,580 road sections did not show any changes
in demand. Hence, the traffic demand remained the same for all the simulation scenarios.
In addition, another assumption that was made is that the automated shuttle bus routes
and their characteristics as well as the existent public transport were constant while the
market penetration rate of automated vehicles was changing.
3.1.2.2
Service
For the present sub-use case 4 shuttle bus lines were implemented in the city of Athens in
order to complement the existing public transport as shown in Figure 3.5. The first shuttle
bus line, Line 1, connects the metro station “Viktoria” (A) with the metro station
“Panormou” (B), the second shuttle bus line, Line 2, connects the National Garden (A)
and Greek Parliament with the National Archaeological Museum (B), the third, Line 3,
connects Omonoia Square (A) with Acropolis - Parthenon (B) and the fourth, Line 4,
connects metro station “Rouf” (A) with metro station “Neos Kosmos” (B).

Figure 3.5 The Shuttle service bus lines
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In addition, 16 shuttle buses of the service are considered to have a total capacity of 10
passengers. Their dimensions are 5 meters length and 2.5 width. The max operating speed
of the buses is 40.0km/h, the mean speed 25.0km/h. The frequency of the service is 15
minutes. The total length of the shuttle bus service routes are 8 km (Line 1), 6 km (Line
2), 6 km (Line 3) and 8 km (Line 4).
3.1.2.3
Scenarios
The shuttle service simulation sets included peak and off-peak hour traffic conditions and
the use of a dedicated lane during peak hour conditions, as shown in Table 3.4. More
specifically, in the first simulation set the shuttle buses are operating in mixed traffic
conditions during peak hours, as well as in the third set that respectively concerns off-peak
hour conditions. The second simulation set includes the shuttle bus service that operates
using dedicated lanes in order to capture the impacts of a different implementation of the
shuttle bus service. This set was considered only during peak hour conditions as the
network is more congested and a provision of a dedicated lane for the service is considered
to be more reasonable. Another thing to point out is that, in the present sub-use case the
investigation of the impacts of an emergency condition, for instance a simulation scenario
including an incident condition like the first sub-use case’s one, was not examined. The
simulation model of this sub-use case concerns a very congested and dense network in
which the shuttle buses have perform overtaking and lane changing frequently during their
operation. This means that an incident occurrence will not affect the investigated impacts.
Table 3.4 Simulation sets
Sub-use case specific scenarios
# of Simulation sets

Scenario Parameters
Traffic Demand

Route

Service Frequency

1st set

Peak hour

-

15min

2nd set

Peak hour

dedicated lane

15min

3rd set

Off Peak period

-

15min

The impact assessment of the shuttle bus service is analyzed for each one different
simulation set for different automated vehicles penetration rate in the prevailing traffic.
Regarding the implementation of CAVs, different penetration rate scenarios were simulated
and are presented in Table 3.5. The cautious CAVs, since they were considered to be the
first generation, appeared first in the scenarios and then followed by the aggressive CAVs
until the last scenario, where only 2nd generation CAVs were included.
Table 3.5: The CAV market penetration rate scenarios
Type of Vehicle
Human-Driven Car
1 Generation (Cautious)
CAV
2nd Generation
(Aggressive) CAV
st

Human-driven Truck
Freight CAV

A

B

C

D

E

F

G

H

100%

80%

60%

40%

20%

0%

0%

0%

0%

20%

40%

40%

40%

40%

20%

0%

0%

0%

0%

20%

40%

60%

80%

100%

100%

80%

40%

0%

0%

0%

0%

0%

0%

20%

60%

100%

100%

100%

100%

100%
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For each one of these scenarios, the different implementations of the automated shuttle
bus service was also simulated. Therefore, 32 scenarios were simulated in total (8 market
penetration rate scenarios for each of the baseline and 3 shuttle bus service scenarios). In
addition, for each scenario, 10 different replications with random seeds generating
stochastic results were simulated to achieve greater precision. The simulation duration of
each scenario was one hour and the simulation time step was 5 minutes.

3.1.3 On demand AUSS

This sub-use case aims to model, optimize and investigate the impacts of an automated
shuttle bus fleet through microsimulation. The fleet was designed to operate in the city
center of Athens, Greece with varied vehicle capacities. The proposed service will be able to
serve customers from anywhere-to-anywhere, meaning the there are no fixed stops or
routes, but these characteristics will be manifested optimally based on the demand. To
model the service, a variation of the Dial-a-Ride optimization Problem (DARP) will be
formulated, without the attribute of time. From the optimization process, important factors
will be calculated, such as fleet size, demand to vehicle allocation and automated shuttle
bus final routing. The resulting data will then be investigated by a sophisticated traffic microsimulator software, AIMSUN, in order for the other parameters, like emissions, safety during
conflicts with other vehicles and congestion effects, to be also estimated.
3.1.3.1
Designing and Assessing the Impacts of On-demand Services
The emergence of on-demand passenger mobility services by organized and coordinated
vehicle fleets (e.g. Uber, 2020) in recent years has encouraged the allocation of significant
research efforts to Vehicle Routing Problems (VRPs) for passenger transportation and
comparably extensive assessment studies regarding their impacts. Οn-demand services are
part of a wide range of globally trending innovations in urban mobility and along with
mobility-as-a-service applications, shared mobility, electric, connected and automated
vehicles, are founding the future transportation ecosystem (Simpson et al., 2019).
Shared mobility systems and on-demand services complement each other in the pursuit of
optimal, environmentally cleaner, most efficient urban mobility solutions. Through
implementations such as On-Demand Multiple Passenger Ride-Sharing (Linares et al.,
2017), sophisticated vehicle assignment and routing optimization frameworks are provided,
with innovative features like Decision Support Systems, in order to guide the assignment of
the passenger demand to the fleet of available vehicles.
While the above examples fall in the category of Dial-a-Ride (DARP) or shared-taxi
implementation, which utilize professional drivers and dedicated fleets of vehicles, other
variants of shared mobility exist, like dynamic ride-sharing systems, that use nonprofessional drivers who want to share their ride (Mourad et al., 2019). Moreover, ondemand Shared Automated and Electric Vehicles (SAEVs) could be a prominent
complementation to public transport, by providing first and last-mile services and “feeding”
means of public transport, an approach which had positive results when replacing low
demand bus routes (Shen et al., 2018). High occupancy shared vehicles are in the center
of attention in many studies, for their benefits regarding the environment and traffic
congestion, and their operation in terms of routing and needed detours, based on the
various incentives given by authorities, such as toll or fare discounts and dedicated lanes,
is being incorporated in transportation optimization problems in order to reach optimal levels
(Wang et al., 2016).
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In order for these shared on-demand systems to operate efficiently, sophisticated
optimization procedures are necessary in vehicle distribution, assignment, routing and other
aspects. With the available methodologies and frameworks, like Google’s OR-Tools, simple
applications of VRPs can be easily conducted to accommodate for the needs of companies
and operators (Romero-Gelvez et al., 2020). Nevertheless, extensive research is being
constantly conducted to examine and evaluate the performance of the solution
methodologies and the algorithms used (Bräysy & Gendreau, 2005), and also to contribute
to the field by providing additional optimization criteria, like environmental emissions
(Úbeda et al., 2014). When it comes to solving VRPs that involve passengers, additional
constraints need to be taken into consideration, like the minimization of passengers invehicle time and maximum detours of the optimized route, that adds another layer of
complexity to the problem (Xiong et al., 2020).
The problems described above have been modeled in many ways. Data driven optimization
approaches examine the efficiency and improvement of proposed algorithms and
methodologies, (Sombuntham et al., 2010; Vidal et al., 2015), or analyze the results of
case studies implementations, (Huang et al., 2020). Simulation tools, either custom made,
(Winter et al., 2018) or commercial software, like AIMSUN, (Linares et al., 2017) help to
better portray the effects of the introduced mobility concepts, by realistically utilizing time
or event steps, simulating their application. Moreover, an advanced agent-based traffic
simulation model and the replacement of an existent regular bus service by an on-demand
mini-bus service was found to result in a more than 78% reduction in waiting times at any
time of the day and a 55% reduction of trip completion times, among other findings
(Liyanage & Dia, 2020).
The impacts of on-demand systems have been consistently studied regarding across various
aspects and through a variety of approaches. In Lu et al., (2020), the effects of on-demand
systems on road capacity and other important traffic parameters like density and speed,
both in an artificial grid network and in a real urban environment, were studied for different
AV penetration rates, employing macroscopic fundamental diagrams (MFDs) and
microscopic simulation through SUMO. They discovered that the capacity grows quasilinearly with higher AV penetration rates, where, at maximum, penetration traffic flows
increase by 16-23%. Similarly, a total replacement of conventional vehicles by CAVs was
modelled using a POLARIS agent-based model, backed by several data-sources, regarding
demographics, transportation and more, and utilizing machine learning algorithms like k
Nearest Neighbours (kNN) and random forests. Results showed that traffic flows are most
likely going to be increased with the implementation of CAVs and that road properties, like
number of lanes, have the highest impact in average daily traffic (Parsa et al., 2020).
Furthermore, traffic safety is undoubtably of another field of critical importance. Since no
historical road safety data currently exist regarding innovative services that utilize
automated mobility, the only way to study their impacts on safety is through simulation
models. In Papadoulis et al. (2019), Vissim traffic simulator and its External Driver Model
API were employed in order to develop a decision-making CAV control algorithm. A real
motorway was then investigated, for varied traffic conditions and for a wide range of CAV
market penetration rates. Road safety evaluation through the Surrogate Safety Assessment
Model led to 12% to 94% reduction of vehicle conflicts for 25% and up to 100% CAV
penetration rates respectively, with efficient traffic flow. Finally, in the absence of any crash
data, novel approaches have taken place in the effort to evaluate road safety through
surrogate safety measures (SSM), which are indicators that identify unsafe traffic situations
through microscopic traffic data. The extensive evaluation of the reliability of existing SSMs
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and the novel methodology for calculating rear-end collision risk, utilizing a dataset of
microscopic car-following traffic data, that took place in (Nadimi et al., 2021), aids in
enhancing the road safety levels that can be achieved for innovative intelligent vehicles.
3.1.3.2
Problem setup
In order to model and optimize an on-demand automated shuttle bus service, an initial
step was to inspect the available data for the place where the service would be
implemented, namely, the city center of Athens, Greece. Accurate and reliable demand
data regarding the trips in the area of interest were accessible in aggregated OriginDestination (OD) form and in centroids of a few city blocks (Oikonomou et al., 2020).
Additionally, since the proposed service is an anywhere-to-anywhere on-demand
passenger transportation service, the optimization problem to be formulated and solved is
a variation of a DARP, which belongs to the broad family of VRPs. However, the available
data apart from being aggregated, included no time information, so this DARP variation
will not take time constraints into account.
To compensate for the lack of disaggregate trip information, the trips that would be served
by the automated shuttle bus service will be disaggregated to individual customer requests.
A sensitivity analysis, differentiating important characteristics like shuttle buses’ capacity
and the parts of the total trip demand they are going to undertake is warranted in order
for service representative scenarios to be produced. Afterwards, the DARP variation will be
solved so as to create routes for the entire fleet, and for every examined scenario.
Finally, from the optimization and simulation of the chosen scenarios, the service will be
analyzed, both in terms of its efficiency and the impacts it is going to induce on the
transportation system and the environment. The service will comprise a fleet of an optimized
number of automated shuttle buses of varied capacities, deployed from strategic depot
locations within the city center that will be optimally assigned and routed to customer
requests.
3.1.3.3
Scenario Formulation and impact assessment
While the demand data for the city center of Athens were obtained through an Aimsun
Next mobility simulation model and the output data of the optimization process will be fed
back into the Aimsun Next simulation, the optimization of the service fleet is achieved
externally, through a macroscopic, data driven approach. We first introduce a
disaggregation process to go from aggregated OD trip information in the city of Athens to
disaggregated ride requests, in order to portray the individuality of the calls both in the
assignment stage as well as in the pickup and drop-off stages. The disaggregated
information is further considered as customers’ requests for the on-demand service.
The service operational efficiency is demonstrated through a set of scenarios that vary in
terms of the demand to be served, the fleet size and the vehicle capacity, as shown on
Table 3.6. The sensitivity analysis consisted of assigning percentages ranging from 1% to
100% of the total demand to the new service, for shuttle bus fleets with proportionally
increased number of vehicles, which had capacities of 1, 4, 8 or 15 passengers. Finally,
the scenarios in Table 3.6 were selected to be examined extensively through the AIMSUN’s
software simulations: 5% and 10% of the total demand to be served by 50 and 100
automated shuttle buses of 8 and 15 people capacities, respectively. In addition, in the
traffic simulation model the shuttle bus characteristics were implemented. The dimensions
of the first type, with capacity of 8 passengers, were 4.5 meters in length and 2.5 meters
in width. The dimensions of the second type, namely the one with capacity of 15
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passengers, was 8 meters in length and 2.5 meters in width, respectively. In addition, the
maximum operating speed of the buses was 40.0 km/h and the mean speed was 25.0
km/h; these parameters were also inserted in the model. For the on-demand operation
scenarios, the existent public transport remained constant since the on demand automated
service was considered to be an additional service in the network.
Table 3.6: On demand service scenario specifications
No. of Scenario

Demand to be
served from total

Total trips to be
served

Initial Shuttle buses Shuttle bus capacity
provided

1

5%

338

50

8 people

2

5%

338

50

15 people

3

10%

909

100

8 people

4

10%

909

100

15 people

The factors that determined the final scenarios were applicability to real world situations,
for example 1% of the total demand was merely 26 trips which could not support the
existence of an on-demand service and beyond 20% exceeded the scope of this sub-use
case. 1 to 4 people capacities produced outcomes similar to taxi services, which again
deviated from the objective. Also, the range of different scenarios were limited by the time
needed to execute the extensive impact analysis simulation pipeline on the next step of
this paper. Finally, the above 4 scenarios were chosen, for being the most descriptive and
suitable for the needs of this sub-use case, to be optimized, simulated and investigated in
depth.
Furthermore, the number of the starting depot locations, was statically determined beforehand to be 10. This number was assigned as per by the EU guideline of 1 charging point
per 10 EVs, considering that the automated shuttle buses in this paper are electric and
these depots would be charging locations (Mathieu 2020). The initial shuttle buses that
were provided to the optimization algorithm were inflated and evenly distributed to the
starting depot locations, in order for feasible initial solutions to be achievable. The
optimization process would then minimize the number of shuttle buses used and optimally
utilize the vehicles located in each starting depot location.
It is noteworthy, that the demand percentages, given in the OD matrix of the city of Athens,
include trips that are located exclusively inside the city center of Athens, as that is the
most probable initial step of the implementation of such a service (Maurer et al. 2016).
This means that demand inflated centroids from the perimeter of the selected area of
interest were omitted from the optimization process.
3.1.3.4
Data preparation
The study network that has been used for the traffic microsimulation in AIMSUN software
is the city of Athens. The network is presented in Figure 3.6 and consists of 1,137 nodes
and 2,580 sections. In addition, the OD matrices consisted of 290×292 centroids of the
study network and a total number of 82,270 car trips and 3,110 truck trips for peak hour.
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Figure 3.6 The city of Athens network in AIMSUN software

The Athens transport network includes 170 public transport lines and 1.030 public
transport stations. More specifically, there are 95 bus lines, 14 trolley lines, 4 metro lines,
2 tram lines, 5 suburban train lines and 50 intercity bus lines which are presented in Figure
3.7 and were included in the simulation model, as well as their frequencies and waiting
times at stops.

Figure 3.7 The Athens transport network
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From the study’s network the following files were exported.
• The Origin-Destination (OD) matrix for the city center of Athens, consisting of 82,274
car trips during peak hours.
• A Distance matrix, with values derived from the simulation of the trips of the above
OD matrix, using the Aimsun Next software.
• A GIS file and a text file, which hold important spatial data, such as centroid
visualization and their exact coordinates.
Furthermore, visualization of any needed information such as centroid locations or
examination of produced shuttle routes was available via the Aimsun Next software.
We assume that the demand for the new service will be a subset of the original OD table,
meaning that the new service will attract private vehicles users. The new OD matrices, for
the proposed service scenarios, contain aggregated travel information that need to be
transformed to individual ride requests so that the on-demand service can feasibly operate.
To that end, and taking into account that in Google’s OR-Tools, a node can be visited only
once and can be either a pickup or a delivery location, a two-step process was developed,
as seen in Figure 3.8. Firstly, the demand was disaggregated to single trips for every
centroid, by creating dummy centroids in the vicinity of the original, with one, at most, trip
assigned to each of the dummy centroids but with zero distance from the original.
Subsequently, based on the Origins and Destinations of the trips, more dummy centroids
were created, again with zero distance from the original centroids, in order to represent
distinctive pickup and delivery nodes. The demand was positive in the pickup nodes and
negative in the delivery nodes, in order for both actions to be possible.

Figure 3.8: Schematic representation of the OD disaggregation process

3.1.3.5
Starting Depots Allocation
Next, a k-Means clustering algorithm, executed with 500 maximum iterations and 10
cluster centroid initializations, was implemented to specify the locations of the starting
depots for the new service. The required 10 clusters were provided from the algorithm,
based on the exact locations of the centroids in the Athens network and the total trip
demand each centroid had in the original OD matrix, and the centers of these clusters were
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selected as depots for the automated shuttle buses to originate from, at the start of the
optimization, as shown on Figure 3.9. The exact location of each depot was assigned to
the nearest centroid from the center of each cluster.

Starting Depot
location
Centroid
Cluster

Figure 3.9: Allocation of the shuttle service depots based on k-means clustering. In the left, centroid locations
from Athens’ network, in the right, the clusters and the depot locations (in green)

The output of the above data preparation process, is a 1D demand array, which contains
the positive and negative demands of all the created dummy centroids, a list of all the
pickup and delivery pairs, a list of the starting depot locations and a 2D distance array, that
contains the distances between every dummy centroid, derived from the centroid distances
of the original OD matrix.
3.1.3.6
Optimization problem parameters
The input data in Google’s OR-Tools, for the examined DARP variant, are the 2D distance
array, the number of vehicles to be used in each scenario, the 1D demand array, the
capacities of the shuttle buses of each fleet, the list of the pickup and delivery pairs, the
10 starting depot locations and a single arbitrary ending depot location. The impact
analysis will take place in the morning peak hour, so the shuttle buses are not required to
return to their depots, but instead they will end their routes at their last delivery location,
which is represented by the arbitrary ending depot location, which has zero distance from
every other centroid.
The maximum driving distance for every shuttle bus during the considered peak hour, is
set to be 10km, so that the shuttle buses are able to finish their optimized routes within
the Aimsun Next simulation, while impeded by heavy traffic and delays for picking up and
delivering passengers at every stop. Furthermore, a limit of 1000 solutions is set for every
scenario, to ensure the solver will not run indefinitely, due to the size of the optimized
problems, while sufficient investigation of the solution space will take place.
Finally, for every optimized scenario, the output for meta-analysis and impact analysis
included information about the number of shuttle buses used, the driven distance, total and
individual for every shuttle bus, depot utilization and centroid succession for every active
shuttle bus route.
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3.1.3.7
Assumptions and parameters
For the present sub-use case the assumptions made regarding the AVs and their driving
profiles are the same as presented in section 3.1.1.2.
The impact assessment of the shuttle bus service is analyzed for each one different
simulation set for different autonomous vehicles penetration rate in the prevailing traffic.
These market penetration rate scenarios are presented in Table 3.7.
Table 3.7: The CAV market penetration rate scenarios
Type of Vehicle

A

B

C

D

E

F

G

H

100%

80%

60%

40%

20%

0%

0%

0%

1st Generation (Cautious) CAV

0%

20%

40%

40%

40%

40%

20%

0%

2
Generation
CAV

0%

0%

0%

20%

40%

60%

80%

100%

100%

80%

40%

0%

0%

0%

0%

0%

0%

20%

60%

100%

100%

100%

100%

100%

Human-Driven Car
nd

(Aggressive)

Human-driven Truck
Freight CAV

Demand Percentage

3.1.3.8
Service optimization
As seen in Figure 3.10, which depicts the total distance that was covered by the entire
fleet for every scenario described in Table 1, using higher capacity vehicles greatly reduces
the total distance the shuttle buses travel, especially for higher demand.

564

10%

863
289

5%

365

0

200

400

600

800

1000

Kilometers
Capacity 15

Capacity 8

Figure 3.10: Total Distance travelled by the shuttle bus fleet in kilometers

Another important aspect of the service is the number of passengers that were served by
the shuttle bus fleet for each scenario. In Figure 3.11, the total passengers that were
served for each scenario can be seen, which are 338 passengers for the 5% scenario and
909 passengers for the 10% scenario in total, distributed to the total of shuttle buses that
served them. It can be seen that for both 5% and 10% scenarios, fewer vehicles are
needed to transport the same number of passengers and that higher capacity shuttle buses
server considerably more passengers individually.
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Figure 3.11: Passengers served by shuttle buses for every scenario

Figure 3.12 demonstrates more clearly the number of utilized shuttle buses for every
scenario. The significance of higher capacity vehicles in large demands can be observed.
While the difference of the number of shuttles buses is not considerable regarding the
scenarios with 8 people capacity shuttles buses, that difference is almost doubled for
scenarios with 15 people capacity.

Shuttle Buses

60

53

50
40
30

33
22

17

20
10
0

5%

Demand Percentage
Capacity 8

10%

Capacity 15

Figure 3.12: Total number of shuttle buses used in each scenarios’ fleet

In Figure 3.13, the occupancy of the two shuttle buses that served the most passengers
across the scenarios, one for each capacity configuration, can be seen for their entire
routes on an event-based sequence. This was calculated by dividing the number of people
inside the shuttle buses by the available seats for every event of a pickup or a delivery.
The mean occupancies for the entire fleet of every scenario, calculated as the overall mean
of the mean occupancies of every vehicle, are 43% and 50%, for the 8-passenger shuttle
buses and 51% and 57%, for the 15-passenger shuttle buses, for the 5% and 10%
scenarios respectively. The reason 15-passenger shuttle buses appear to have lower
occupancy rates than 8-passenger ones due to the fact that the optimization problem that
was solved did not include time windows, so the only main constraint defining the route
choices was distance and not passenger needs, such as total ride time or time boundaries.
This can also be observed again in Figure 3.13, where significant alterations in the
occupancy of the vehicles take place, especially for the 15-passenger capacity shuttle
buses.
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Figure 3.13: Percentile Occupancy for the two vehicles that served the maximum passengers across the examined
scenarios for both shuttle bus capacities

Shuttle Bus Stops

The proposed automated shuttle bus service does not have fixed stops, but instead their
number and location are shaped by the demand. In Figure 3.14, the average and maximum
shuttle bus centroid stops, both for pickup and delivery of passengers, can be observed.
60

55

50
40

39

33

30

28

20

17

24

20

17

10
0

5%

10%

Demand Percentage
Average-Capacity 8

Average-Capacity 15
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Figure 3.14: Centroid stops

Finally, since in the optimization problem more shuttle buses were fed than they were
ultimately used, as shown in Figure 3.15 and Figure 3.16, the utilization of the starting
depot locations and the percentile diagram for all 10 depots and with spatial perspective
are presented. Obviously, for the 10% scenarios the utilization of the majority of the depot
locations is increased for both shuttle buses capacities and decreased between the vehicle
capacities, lower being for the 15 people capacity. It is observed that some depots at the
edges of the selected area, furthest from the city central areas, are more intensively
utilized than innermost depots.
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Figure 3.15: Starting Depot Locations
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Figure 3.16: Utilization rates for every starting depot location for every examined scenario

3.2

Mesoscopic simulation

The mesoscopic simulation and the setup for the sub-use cases are described in detail in
Deliverable 5.2, section 3.1.
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3.3

Delphi method

The Delphi method is a process used to arrive at a collective, aggregate group opinion or
decision by surveying a panel of experts. Within LEVITATE, the Delphi method is used to
determine all impacts that cannot be defined by the other aforementioned quantitative
methods (traffic microsimulation, system dynamics, etc.). The Delphi method consisted of
two rounds of e-mails. During the first round, experts received a questionnaire (30-45min
duration) regarding a few (2-4) automation interventions related to automated urban
transport, automated passenger cars or automated freight transport, as per their specific
expertise. They were asked to evaluate the potential influence of the proposed
interventions on different impact areas. Their answers were then analyzed in order to
create anonymized summaries for the different CCAM related interventions, which were
sent during the second round of the Delphi, giving the experts the opportunity to change
their answer or retain the original. In total, 14 experts participated in the automated urban
transport delphi and 9 of them participated in round 2. The complete method and the
results analysis are described in detail in Deliverable 5.2, section 3.2.
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4

Impacts

In order to provide a structure to assist in understanding how CCAM impacts will emerge in
the short, medium and long-term, a preliminary taxonomy of the potential impacts of CCAM
was developed by Elvik et al. (2019). This process involved identifying an extensive range
of potential impacts which may occur from the future expansion of CCAM. A range of impacts
were classified into three categories, direct impacts, systemic impacts and wider impacts.
The short-term impacts of CCAM are those described as direct impacts. These impacts refer
to changes noticed by each road user on each trip and can be measured directly after the
introduction of intervention or technology. Systemic impacts are impacts wide enough to be
observed across the entirety of the transport system. These are measured indirectly from
direct impacts and are considered medium-term. The medium-term impacts for different
sub-use cases are described in the following sub-sections. Wider impacts are even broader
changes occurring outside the transport system, such as changes in land use and
employment. These are inferred impacts measured at a larger scale and are the result of
direct and system wide impacts. Wider impacts are considered to be long-term impacts
(presented in Deliverable 5.4).

4.1

Amount of travel

4.1.1 Microscopic simulation
4.1.1.1 Point-to-point AUSS connecting two modes of transport
Figure 4.1 illustrates that, if the shuttle bus drives on a dedicated lane, total distance
travelled remain the same during off peak hour for all mobility scenarios. Overall, the
existence of the shuttle bus service led to increased total distance travelled for the most
of market penetration scenarios. This can be explained by the fact that the service is
considered as an additional service complemented the existence public transport. Due to
the high traffic volumes during peak hour, the existence of a dedicated lane significantly
influences the traffic conditions. More specifically in this scenario, decreased travelled
distances are noticed for multiple market penetration rate scenarios. As can be observed,
total distance travelled values do not seem to be significant affected when the number of
automated vehicles is increased.
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Figure 4.1: Total distance travelled for point-to-point AUSS connecting two modes of transport

4.1.1.2 Point-to-point AUSS in a large-scale network
Figure 4.2 illustrates that, if the shuttle bus drives on a dedicated lane, total distance
travelled remain the same for all mobility scenarios. In addition, the existence of the
shuttle bus service does not significantly affect total distance travelled for all market
penetration scenarios. As can also be observed, total distance travelled values seem to
be increased when the number of automated vehicles is increased for the most of the
market penetration rate scenarios.

Figure 4.2: Total distance travelled for point-to-point AUSS in a large-scale network

4.1.1.3 On-demand AUSS
Firstly, according to Figure 4.3, it seems that the implementation of the automated
service leads to slightly increased values of total distance travelled for the last two
scenarios, while for the rest of the scenarios there is a decrease. The on-demand service
does not show any significant differences in total distance travelled.
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Figure 4.3: Total distance travelled for the on-demand AUSS

4.1.2 Mesoscopic simulation
In the mesoscopic simulation, the agents perform the same activities at the same locations
throughout all scenarios. Differences in the amount of travel are therefore only caused by
the use of different transportation modes. In Figure 4.4, the annual average trip distances
of all agents is shown. The dotted and dashed lines refer to different marginal utilities of
money (mUoM) indicating different economic situations of the agents. A higher value
(mUoM=1.05) means a worse economic situation with agents reacting more sensitive to
high prices for transport whereas agents care less about the price in scenarios with a lower
value (mUoM=0.95). This results in slightly longer trips for a lower mUoM since agents use
more public transport than active modes resulting in detours compared to direct walk or
bicycle routes. The differences are however marginal. The introduction of private CAVs
generally reduces the amount of travel which is assumed by more direct routes on less
congested roads.
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Figure 4.4: Average kilometers traveled per day for all trips in the city area for the anywhere-to-anywhere
scenario

4.1.2.1 Anywhere-to-anywhere AUSS
Figure 4.5 shows the relative changes in the amount of travel compared to the baselines.
The strongest increase is apparent for the scenarios with private conventional cars only.
Once private CAVs are introduced, the amount of travel only slightly increases or there is
even no effect visible. The drop in the amount of travel from scenarios in A to scenarios BH can be explained by the flow capacity factor which leads to a better flow in traffic. The
effect is non-linear and affects the amount of travel not that strong anymore when a higher
market penetration rate is reached. The larger the AUSS fleet, the more attractive the
service. Using the AUSS might lead to detours which is the reason why there is a higher
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amount of travel visible in the scenarios with a larger fleet size. The different marginal
utility of money parameters do not affect the amount of travel.

Figure 4.5: Relative change [%] in the amount of travel compared to baselines for all trips in the city area for
the anywhere-to-anywhere scenario and different marginal utilities of money (mUoM).

4.1.2.2 Last-mile AUSS
For the last-mile AUSS sub-use case, the drop between scenarios for conventional cars (A)
and the introduction of private CAVs (B-H) are not apparent since the AUSS trips are short
and not that strongly affected by the different flow capacity factor. The surplus in the
amount of travel is with 0.3% to 0.5% between the increase of amount of travel in the
anywhere-to-anywhere scenario. A larger fleet size only contributes to a very little
increase. Again, the marginal utility of money does not have any effect on the amount of
travel in this scenario.
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Figure 4.6: Relative change [%] in the amount of travel compared to baselines for all trips in the city area for
the last-mile scenario and different marginal utilities of money (mUoM).

4.2

Congestion

4.2.1 Point-to-point AUSS connecting two modes of transport
Figure 4.7 illustrates that, if the shuttle bus drives on a dedicated lane, the delay time
remains the same during off peak hour for all mobility scenarios. In general, the existence
of the shuttle bus service led to increased delays for the most of market penetration
scenarios. This can be explained by the fact that the service is considered as an additional
service complemented the existence public transport. Due to the high traffic volumes
during peak hour, the existence of a dedicated lane significantly influences the traffic
conditions. More specifically in this scenario, increased delays are noticed for multiple
market penetration rate scenarios. As can be observed, automation decreases delay time
during peak hour while during off peak remain constant.

Figure 4.7: Delay time for point-to-point AUSS connecting two modes of transport
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4.2.2 Point-to-point AUSS in a large-scale network
Figure 4.8 illustrates that, if the shuttle bus drives on a dedicated lane, the delay time
remains the same for all mobility scenarios. In addition, the existence of the shuttle bus
service does not significant affect delays for all market penetration scenarios. As can also
be observed, automation decreases delay time during both peak hour and off-peak hour
conditions for the last two market penetration rate scenarios while for the rest remain
constant.

Figure 4.8: Delay time for point-to-point AUSS in a large-scale network

4.2.3 On-demand AUSS
Firstly, according to Figure 4.9, it seems that the implementation of the automated service
leads to decreased delay times. More specifically, delay time values of the baseline scenario
are higher for all market penetration rates except from the last two, in which delay time is
almost the same for all different types of the on-demand service implementation.

Figure 4.9: Delay time for on-demand AUSS
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4.3

Modal split using public transport, modal split using
active travel and shared mobility rate

4.3.1 Mesoscopic simulation
In the mesoscopic simulation, agents maintain their activity chains and activity locations
across all scenarios. For this reason, general trends of increasing or decreasing travel
demand cannot be represented in this simulation. However, the mode that agents may use
may change if the new transportation options in the scenarios result in higher individual
utility. This is why modal shifts have been analysed for all simulated scenarios.
A sharp increase in AUSS as the longest distance mode is observed for all sub-use cases
and fleet sizes when private CAVs are introduced. In Scenario A, AUSSs always have a
relatively small share. The additional ridership for AUSSs mainly comes from existing car
drivers. When private CAVs are introduced, up to 3.7% of agents no longer use their cars.
Interestingly, active modes also increase in the modal split. There is a very weak linear
effect at different AV market penetration rates: as the share of conventional cars
decreases, the share of AUSS in the modal share increases. Once all private cars are CAVs,
the share of AUSS remains at the same level. The reduction in public transport can be
considered nearly constant across all fleet splitting rates and appears to be independent of
the proportion of cautious and aggressive CAVs.
A higher fleet size leads to a higher share of AUSS. The additional ridership is mainly
cannibalized by public transport riders and car users. The increase in active traffic
decreases slighlty.
Last-mile AUSS leads to a similar decline in car users as demand-responsive AUSS.
However, there are many fewer car drivers who switch to the new mode. In addition, even
more people are switching to active modes. The reason for the overall low share of lastmile AUSS is that travel distances are more limited due to the restricted operating area.
For Figures 4.10 to 4.13, the black frame indicates the modal split of the scenarios with no
introduction of AUSS shuttle while the numbers show the modal shifts (top: car, middle:
pt, bottom: walk and bike).
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4.3.1.1 Anywhere-to-anywhere AUSS

Figure 4.10: Modal Splits of trip distances per longest distance mode for all market penetration rates of the
anywhere-to-anywhere AUSS scenarios with a fleet size of 250 vehicles.

Figure 4.11: Modal Splits of trip distances per longest distance mode for all market penetration rates of the
anywhere-to-anywhere AUSS scenarios with a fleet size of 500 vehicles.
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4.3.1.2 Last-mile AUSS

Figure 4.12: Modal Splits of trip distances per longest distance mode for all market penetration rates of the lastmile AUSS scenarios with a fleet size of 1118 vehicles.

Figure 4.13: Modal Splits of trip distances per longest distance mode for all market penetration rates of the lastmile AUSS scenarios with a fleet size of 2338 vehicles.

4.3.2 Delphi method
The impact of the introduction of automation in urban transport on modal split using public
transport (percentage of trip distance made using public transportation) is also estimated
by the Delphi method. According to the 1st round replies, point-to-point AUSS and e-hailing
will not affect modal split using public transport regardless of the AVs market penetration
rates. The baseline scenario (no intervention) leads to a reduction of 32,4% on modal split
using public transport since more people will tend to use automated vehicles instead of
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public transport, given the fact that automation will also increase access to travel
(mentioned in deliverable 5.2). The introduction of anywhere-to-anywhere AUSS will also
reduce modal split using public transport reaching -18,2% for 100% AVs market
penetration rate, according to experts, since more people will prefer to use this automated
service instead of the conventional public transport services. On the other hand, the
introduction of last-mile AUSS will increase modal split using public transport given the
fact that last-mile services will make public transport (buses, metros, trains, etc.) more
accessible reaching an increase of 24,6% for 100% AVs market penetration rate.

Modal Split using public transport
30%

% impact change

20%
10%
0%
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-20%
-30%
-40%
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40%

60%

80%

100%

AVs Market Penetration Rate
baseline

point to point

anywhere to anywhere

last mile

e-hailing

Figure 4.14: 1st round Delphi modal split using public transport results

The majority of the 2nd round participants stated that they agree definitely (33%-56%)
or moderately (44%-67%) with the resulted trends. Regarding the 1st round results of the
point-to-point AUSS and anywhere to anywhere AUSS 11% of experts suggested that they
slightly agree with the curves and proposed an average percentage of 10% and 25%
respectively. On the other hand, 11% of experts stated that they do not at all agree with
the results of e-hailing and suggested that e-hailing will have a negative impact on modal
split using public transport as this intervention will replace more public transport than it
supports.
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Figure 4.15: 2nd round Delphi results point-to-point AUSS
scenario

Figure 4.16: 2nd round Delphi results e-hailing
scenario

The experts’ opinion regarding the 1st round results was used to calculate the final
coefficients that will be integrated in the PST.
Table 4.1: Final PST coefficients for modal split using public transport

AV
penet
ration
rates
20%
40%
60%
80%
100%

Baseline

Point-topoint AUSS

Aggr
egate
chan
ge
-3,8%
-10,6%
-14,9%
-25,5%
-31,0%

Aggr
egate
chan
ge
0,7%
-0,6%
0,1%
0,9%
-0,5%

PST
coeffi
cients
0,962
0,894
0,851
0,745
0,690

PST
coeffi
cients
1,007
0,994
1,001
1,009
0,995

Anywhere
to anywhere
AUSS
Aggr
PST
egate coeffi
chan
cients
ge
1,4%
1,014
-6,8%
0,932
-13,6% 0,864
-21,1% 0,789
-16,3% 0,837

Last-mile
AUSS

E-hailing

Aggr
egate
chan
ge
11,1%
15,9%
17,7%
22,1%
23,5%

Aggr
egate
chan
ge
3,7%
1,1%
3,4%
4,5%
5,1%

PST
coeffi
cients
1,111
1,159
1,177
1,221
1,235

PST
coeffi
cients
1,037
1,011
1,034
1,045
1,051

The impact of the automated urban transport services on modal split using active travel
(% of trip distance made using active transportation (walking, cycling)) has been also
estimated using the Delphi method. According to experts, point-to-point AUSS and lastmile AUSS will not affect modal split using public transport. The baseline scenario as well
as e-hailing and anywhere to anywhere AUSS will tend to have a negative impact on modal
split using active travel especially as the AVs market penetration rate increases, reaching
-18,8%, -22,1% and -21,7% respectively for 100% AVs market penetration rate. This
reduction of modal split using active travel is explained by the fact that using automated
vehicles and the anywhere-to-anywhere services people will not have to walk or cycle to
their destination as door-to-door travel will be possible.
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Figure 4.17: 1st round Delphi modal split using active travel results

In the second Delphi round experts stated that they agree definitely (44% & 45%) or
moderately (44% & 56%) with the curves of the 1st round. Regarding the point-to-point
AUSS and last-mile AUSS trends 11% of experts stated that they slightly agree with the
1st round results and suggested that both SUCs will also affect negatively (-20%) modal
split using active travel.
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Figure 4.18: 2nd round Delphi results Baseline scenario
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Figure 4.19: 2nd round Delphi results point-to-point
AUSS scenario

The experts’ opinion regarding the 1st round results was used to calculate the final
coefficients that will be added in the PST.
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Table 4.2: Final PST coefficients for modal split using active travel

AV
penet
ration
rates
20%
40%
60%
80%
100%

Baseline

Point-topoint AUSS

Aggr
egate
chan
ge
-3,4%
-4,7%
-14,9%
-16,2%
-17,6%

Aggr
egate
chan
ge
-0,6%
-0,6%
-3,2%
-6,1%
-5,4%

PST
coeffi
cients
0,966
0,953
0,851
0,838
0,824

PST
coeffi
cients
0,994
0,994
0,968
0,939
0,946

Anywhere
to anywhere
AUSS
Aggr
PST
egate coeffi
chan
cients
ge
-1,7%
0,983
-8,5%
0,915
-14,3% 0,857
-16,4% 0,836
-20,2% 0,798

Last-mile
AUSS

E-hailing

Aggr
egate
chan
ge
-4,5%
-6,1%
-3,5%
-3,8%
-4,1%

Aggr
egate
chan
ge
-5,6%
-9,7%
-11,4%
-18,6%
-20,3%

PST
coeffi
cients
0,955
0,939
0,965
0,962
0,959

PST
coeffi
cients
0,944
0,903
0,886
0,814
0,797

Using the Delphi method, the impact of automation on shared mobility rate (% of trips
made sharing a vehicle with others) has been estimated. According to experts shared
mobility rate will be increased after the introduction of AVs in the baseline scenario, as well
as after the implementation of the automated urban transport interventions. More
precisely, for 100% AVs market penetration rate shared mobility rate will increase by 26%
for the baseline scenario. Point-to-point AUSS will increase shared mobility rate by 24,7%
for 100% AVs market penetration rate, anywhere to anywhere AUSS will lead to an
increase shared mobility rate by 15,4% for 100% AVs market penetration rate and lastmile AUSS will increase the studied impact by 19,3%. Finally, the e-hailing sub-use case
will not affect shared mobility rate based on the experts' answers in the 1st round.

Shared Mobility Rate
% impact change

30%
25%
20%
15%
10%
5%
0%

20%

40%

60%

80%

100%

AVs Market Penetration Rate
baseline

point to point

anywhere to anywhere

last mile

e-hailing

Figure 4.20: 1st round Delphi shared mobility rate results

In the 2nd round questionnaires, the majority of experts agreed definitely (44% & 45%) or
moderately (44% & 56%) with the first-round curves. Regarding the baseline scenario,
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11% of experts stated that they not at all agree with the proposed trend, commenting that
this impact would be negative by 50% since people will not have to share their AV with a
driver as well as there will be no more the need to escort kids, the elderly, etc.

BASELINE
Slightly
0%

LAST-MILE
Not at Slightly
all
0%
0%

Not at all
11%

Moderately
44%

Definitely
45%

Moderately
56%

Figure 4.21: 2nd round Delphi results Baseline scenario

Definitely
44%

Figure 4.22: 2nd round Delphi results last-mile
AUSS scenario

These suggestions have been taken into consideration in order to form the final coefficients
to be introduced in the PST.

Table 4.3: Final PST coefficients for shared mobility rate

AV
penet
ration
rates
20%
40%
60%
80%
100%

4.4

Baseline

Point-topoint AUSS

Aggr
egate
chan
ge
0,7%
5,0%
18,0%
19,3%
21,6%

Aggr
egate
chan
ge
5,6%
11,2%
19,1%
22,3%
23,6%

PST
coeffi
cients
1,007
1,050
1,180
1,193
1,216

PST
coeffi
cients
1,056
1,112
1,191
1,223
1,236

Anywhere
to anywhere
AUSS
Aggr
PST
egate coeffi
chan
cients
ge
4,3%
1,043
4,7%
1,047
10,2%
1,102
13,0%
1,130
14,8%
1,148

Last-mile
AUSS

E-hailing

Aggr
egate
chan
ge
4,2%
5,7%
13,3%
16,7%
18,4%

Aggr
egate
chan
ge
0,2%
1,6%
3,1%
3,1%
3,1%

PST
coeffi
cients
1,042
1,057
1,133
1,167
1,184

PST
coeffi
cients
1,002
1,016
1,031
1,031
1,031

Vehicle utilization rate

4.4.1 Mesoscopic simulation
In the mesoscopic simulation, we refer to the vehicle utilization rate as the vehicle
kilometers that an AUSS was transporting passengers and performing service trips (empty
kilometers).
The fewer AUSS vehicles are available, the higher is the average trip distance per vehicle.
In the case of anywhere-to-anywhere AUSS, it ranges from 250 to more than 350
km/vehicle for smaller fleet sizes and from 200 to more than 250 km/vehicle for larger
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fleet sizes. For the last-mile AUSS, the average distance of a vehicle is only part of that in
the anywhere-to-anywhere AUSS. It ranges from 60 to 80 km/vehicle for small fleet sizes
and 30 to 40 km/vehicle for larger fleets.
Distances remain nearly the same once private CAVs are introduced and increase only
slightly with a higher proportion of aggressive CAVs.
The proportion of empty vehicle miles is lower for smaller fleet sizes. This is due to better
availability of AUSS vehicles, which leads to a higher number of service trips. AUSS empty
vehicle miles also increase for all sub-use cases with a higher CAV market penetration rate.
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Figure 4.23: Average kilometers driven per vehicle (km/veh) for the different fleet sizes and different scenarios.

4.4.2 Delphi method
Vehicle utilisation rate is considered as the percentage of time a vehicle is in motion (i.e.
not parked). The impact of the introduction of automation in urban transport is calculated
based on the experts' answers in the Delphi questionnaires. The overall experts’ opinion is
that the introduction of automation in the urban environment will lead to an increase of
vehicle utilisation rate, which is compatible with the resulted impact on access to travel,
on the amount of travel (chapter 4.1) and on modal split. More precisely, the baseline
scenario (no intervention) will have the biggest impact on vehicle utilisation rate leading
to an increase of 43,6% for AVs market penetration of 100%. Regarding the automated
urban transport interventions, point-to-point AUSS, anywhere to anywhere AUSS and ehailing they will lead to an increase of vehicle utilisation rate of 20,8%, 37,5% and 23,2%
respectively for 100% AVs market penetration rate.
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Vehicle Utilisation Rate
50%

% impact change
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anywhere to anywhere
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Figure 4.24: 1st round Delphi vehicle utilisation rate results

According to the 1st round results, last-mile AUSS will not affect shared mobility rate, but
on the 2nd round questionnaires 11% of experts suggested that this sub-use case would
also lead to a 50% increase of vehicle utilisation rate. Regarding the other scenarios the
2nd round results indicated that experts agreed definitely (33%-56%) or moderately (44%56%) with the resulted trends.

Slightly
0%

LAST-MILE
Not at all
11%

Definitely
33%

Moderately
56%

Figure 4.25: 2nd round Delphi results last-mile AUSS
scenario
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Figure 4.26: 2nd round Delphi results e-hailing
scenario
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Table 4.4: Final PST coefficients for vehicle utilisation rate

AV
penet
ration
rates
20%
40%
60%
80%
100%

4.5

Baseline

Point-topoint AUSS

Aggr
egate
chan
ge
4,3%
14,3%
26,0%
38,0%
41,7%

Aggr
egate
chan
ge
0,2%
3,0%
5,8%
10,6%
19,8%

PST
coeffi
cients
1,043
1,143
1,260
1,380
1,417

PST
coeffi
cients
1,002
1,030
1,058
1,106
1,198

Anywhere
to anywhere
AUSS
Aggr
PST
egate coeffi
chan
cients
ge
5,7%
1,057
12,5%
1,125
23,2%
1,232
28,7%
1,287
35,9%
1,359

Last-mile
AUSS

E-hailing

Aggr
egate
chan
ge
5,1%
3,8%
3,8%
6,9%
6,9%

Aggr
egate
chan
ge
5,7%
9,9%
17,3%
17,7%
22,2%

PST
coeffi
cients
1,051
1,038
1,038
1,069
1,069

PST
coeffi
cients
1,057
1,099
1,173
1,177
1,222

Vehicle occupancy

4.5.1 Mesoscopic simulation
In the mesoscopic simulation, ridesharing for private vehicles is not implemented.
Therefore, the vehicle occupancy in the baseline is 1 and cannot be taken as a valid
reference for comparison. This is the reason why the presented numbers in following refer
to the AUSS only.
Figure 4.27 shows the utilization rate of the demand-driven AUSS which corresponds to
the average utilization rate of private vehicles in Austria (1.3, Tomschy et al., 2016). In all
scenarios of the last-mile scenario, the utilization rates are lower. The reason is that
sharing a vehicle with other passengers is not as useful for these short trips. The larger
the AUSS fleet, the higher the vehicle occupancy rate tends to be. There are no significant
changes for different CAV market penetration rates.
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Figure 4.27: Average vehicle occupancy rate [person/vehicle] for AUSS shuttles with a maximum occupancy of
4 people/vehicle.

4.5.2 Delphi method
The Delphi method was also used to estimate the impact of automation on vehicle
occupancy (average % of seats in use). According to experts e-hailing and anywhere to
anywhere to anywhere AUSS will not affect vehicle occupancy. On the other hand, the
introduction of AVs (baseline scenario), point-to-point AUSS and last-mile AUSS will
increase progressively vehicle occupancy reaching 20,8%, 20,4% and 16,4% respectively
for 100% AVs market penetration rate.
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Vehicle Occupancy
% impact change
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Figure 4.28: 1st round Delphi vehicle occupancy results

In the 2nd round of Delphi questionnaires, the majority of experts stated that they agree
definitely (33%-56%) or moderately (with the resulted curves. Regarding point-to-point
AUSS 11% of experts suggested that they slightly agree with 1st round results because
after implementing this sub-use case vehicle occupancy will be reduced by 30% since more
people will use this service instead of the vehicles.

BASELINE

POINT TO POINT

Not
Slightly
at all
0%

Slightly
11% Definitel
y
Moderat
45%
ely
44%

Moderately
56%

Definitely
44%

Figure 4.29: 2nd round Delphi results Baseline scenario
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Figure 4.30: 2nd round Delphi results point-to-point
AUSS scenario
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Table 4.5: Final PST coefficients for vehicle occupancy

AV
penet
ration
rates
20%
40%
60%
80%
100%

Baseline

Point-topoint AUSS

Aggr
egate
chan
ge
1,6%
5,8%
9,2%
16,1%
19,8%

Aggr
egate
chan
ge
2,9%
4,4%
9,9%
14,4%
18,2%

PST
coeffi
cients
1,016
1,058
1,092
1,161
1,198
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PST
coeffi
cients
1,029
1,044
1,099
1,144
1,182

Anywhere
to anywhere
AUSS
Aggr
PST
egate coeffi
chan
cients
ge
1,6%
1,016
1,7%
1,017
0,3%
1,003
-2,7%
0,973
-1,4%
0,986

Last-mile
AUSS

E-hailing

Aggr
egate
chan
ge
1,5%
4,4%
8,8%
12,0%
15,7%

Aggr
egate
chan
ge
-1,1%
-1,1%
-2,8%
-1,0%
-1,3%

PST
coeffi
cients
1,015
1,044
1,088
1,120
1,157

PST
coeffi
cients
0,989
0,989
0,972
0,990
0,987
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5

Discussion

Overall, the analyses regarding the medium-term impacts of CCAM in urban transport
reveal several interesting findings. Regarding the studied automated urban transport SUCs
both methods, mesoscopic and microscopic simulation, suggested that the amount of
travel will reduce with the increase of AVs MPRs. Thus, if implemented, the proposed
services will contribute to the amelioration of traffic conditions and the reduction of delay
times. The mesoscopic simulation indicated that there will be a slight increase of modal
split using active travel and a reduction of public transport use, when the anywhere to
anywhere and last-mile AUSS are introduced. On the other, the Delphi method, presents
different results for modal split depending on the intervention, suggesting that the
anywhere-to-anywhere AUSS will have a negative impact on modal split using public
transport and active travel, and that the last mile AUSS will enhance the use of public
transport and active travel. The point-to-point AUSS will not significantly affect modal split
allocations, and e-hailing will lead to the reduction the use of active travel modes.
Regarding, the shared mobility rate, experts in the Delphi method agree with the
mesoscopic simulation results, that indicate an increase of shared mobility rate with the
increase of CAV MPRs and the introduction of the different automated urban shuttle
services. Vehicle utilization rate will increase with the increase of AVs MPRs which is
compatible with the aforementioned impact on modal split. Vehicle occupancy is expected
to increase for all studied scenarios based on the mesoscopic simulation and the Delphi
method results.
One of the most important effects that the advent of automation is expected to have in
the urban environment is the amelioration of traffic conditions. The results of microscopic
and mesoscopic simulation suggesting the reduction of the total distance travelled and of
delay time after the introduction of the studied automated urban shuttle services, are also
supported by the literature. More precisely, during the transition period when vehicles of
various automation levels will share the roads along with conventional vehicles, travel time
may increase. In contrast, when the CAV MPR reaches higher levels, the connected systems
will self-balance and optimize traffic flow and reduce congestion (Folsom, 2012). The
International Transport Forum (2015), simulated different scenarios of automated
transport systems, penetration rates and availability of high-capacity public transport. This
report stated that automated shuttles could replace conventional vehicles, offering equal
levels of mobility with up to 89.6% (65% during rush hour) fewer vehicles on the roads,
reducing congestion. Finally, according to the outcomes of hypothetical and realistic
simulations in the city of Zurich, one shared automated vehicle could replace approximately
10 to 14 conventional (unshared) vehicles contributing to the amelioration of traffic
conditions (Boesch et al., 2016; Zhang et al., 2015).
Regarding modal split and ridesharing the mesoscopic simulation and Delphi method
present different results for the different automated shuttle services. These results are also
supported by the literature. Studies have shown that the introduction of automation in the
urban environment will increase sharing which will lead to a slight overall decline in public
transit use and an increase in alternative modes, such as walking, bicycling, and carpooling
(Martin & Shaheen, 2011). On the other hand, experts in the Delphi method suggested
that the anywhere to anywhere-to-anywhere AUSS will in fact reduce modal split using
public transport and active travel since using these services people will not have to walk
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or cycle to their destination as door-to-door travel will be possible. Studies that investigate
impacts on mode share by modelling a competition of CAVs with currently existing modes
mostly indicate that AVs lead to a reduction in public transport and slow modes share
(Correia & van Arem, 2016; Kim et al., 2015a; Kröger et al., 2018). Additionally, the
introduction of automated shuttle services such as the anywhere-to-anywhere AUSS lead
to the reduction of the use of public transport and also lower the private car modal split
(Boesch et al., 2018). The increase of CAV MPR will also increase the private AV availability
for all (even people without driving license, children, elderly and mobility-impaired people),
leading to an increase of private car share (Soteropoulos et al., 2019). These studies also
support the increased vehicle utilization rate and vehicle occupancy that was indicated by
the mesoscopic simulation and the Delphi method. Studies on last-mile AUSS which
assume a complete ban of privately owned vehicles and high operating costs of
conventional vehicles (Childress et al., 2015; Heilig et al., 2016) report increases in public
transport and slow mode shares because of people using these services for short trips to
avoid costs. All relevant studies results are strongly dependent on model assumptions, and
the same applies to the LEVITATE methodology.
Naturally, the present impact assessment approach adopted within LEVITATE has some
limitations. First of all, a certain degree of uncertainty is underlying in every method, while
this quantity is inherently different for each method. Additionally, each quantitative method
has different parameters and is applied in a different city model, for example the
mesoscopic simulation is using the MATSim model for Vienna (presented in LEVITATE D5.2)
and the microscopic simulation considers the AIMSUN model for Athens, partly due to the
resources in which the LEVITATE partners had access to. Regarding the Delphi method,
limitations are posed by the number of experts, and the accuracy of their estimations.
Thus, the Delphi results will be used to fill in the PST when no other method can provide
outputs. Approaches such as Delphi can be updated when the CCAM reach increased
maturity and revisited for future efforts either in projects such as LEVITATE or in broader
research. Furthermore, all methods are bound to specific MPR scenarios, with the aim to
create a functional PST, and thus the results lack degrees of freedom they might otherwise
have. Finally, another limitation of the LEVITATE project is that there was enough capacity
to examine only two CAV profiles, even though it is probable that much more granular CAV
profiles will function in the future network. Ultimately, the PST user will be informed
regarding transferability of results and will be able to receive an educated estimate of how
to use these results for CCAM-related predictions or design.
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6

Conclusions and future work

6.1

Conclusions

The advent of automation is expected to considerably transform the transport market. For
transport researchers, practitioners and stakeholders alike, it is prudent to anticipate and
plan for the impacts that the introduction of automation will introduce. For the purposes of
this project, short-, medium- and long-term impacts would be those defined by Deliverable
3.1 (Elvik et al., 2019) as direct, systemic and wider impacts, respectively. Based on that
taxonomy, seven impacts were considered as medium-term/systemic and presented in this
report; namely amount of travel, congestion, modal split using public transport, modal
split using active travel, shared mobility rate, vehicle utilization rate and vehicle occupancy.
Three methods were used in order to quantify these impacts; microscopic simulation,
mesoscopic simulation and the Delphi panel method.
The results demonstrated that the introduction of CCAMs in the urban transport will reduce
congestion and the amount of travel, especially for high CAV market penetration rates
since more people will use the urban transport services thus reducing traffic. Modal split
using public transport is expected to slightly increase since the last-mile AUSS will connect
various public transport stations with suburban areas or lower-density areas. On the other
hand, active travel may be negatively affected due to the more transport possibilities that
will be available. The shared mobility rate, vehicle utilization rate and vehicle occupancy
will significantly increase after the implementation of the on demand AUSS since more
people will be able to travel using urban transport even if they do not possess a private
vehicle. The majority of the Delphi method participants agreed definitely or moderately
with the resulted trends for all the impacts and all the studied SUCs, verifying that the
obtained results are reasonable, as it was also supported by the literature.

6.2

Future work

Further work to be carried out in WP5 includes the following tasks:
1. Analysis of long-term impacts using appropriate methodologies (Task 5.4).
2. Formulation of policy recommendations (Task 5.5).
3. Provision of input to WP8 for the development of the PST regarding urban transport.
Task 5.4 will assess long-term impacts, as they are presented in Deliverable 3.1 of
LEVITATE (Elvik et al., 2019). Each type of impact will be forecasted using the appropriate
assessment methods. These methods are microscopic simulations used to identify the
medium-term impacts, system dynamics that is a system level analysis providing longterm impacts analysis, and the Delphi method for the impacts that the aforementioned
methods cannot quantify. The impact assessment outcomes will be synthetized in Task 5.5
in order to provide a comprehensive overview of the impacts of CCAM in urban transport
and produce guidelines and policy recommendations. All the obtained results will inform
the PST development and will be integrated into WP8 for the creation of the online dynamic
tool.
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