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Executive summary

oooooooooooooooooooooooooooooooooooooooooooooooooooooooooooooooooooooooooooooooooooooooooooooooooooooooooooooooooo

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), that includes impacts on safety,
environment, economy and society.

This report focuses on urban transport, more precisely on automated urban shuttle services
(AUSS). The report provides an analysis for the long-term impacts of different urban
transport sub-use cases. The impacts to be studied have been defined in Deliverable 3.1
(Elvik et al., 2019), which provided a preliminary taxonomy of the potential impacts of
CCAM. The long-term impacts of CCAM developed in the present report are those described
as wider impacts; namely changes occurring both inside and outside the scientifically
examined transport system. More precisely, road safety, emissions, energy efficiency,
parking space, public health, accessibility in transport and commuting distances are
considered. After an extensive literature review and a Stakeholder Reference Group (SRG)
workshop, a preliminary list of the urban transport sub-use cases was developed, presented
in 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 the point-to-point automated urban shuttle service, and
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 short-term impacts are presented in Deliverable 5.2 (Roussou et al.,
2021) and the medium-term impacts of CCAM on urban transport are presented in
Deliverable 5.3 (Roussou et al., 2021); the impacts are covered in a manner similar to the
present report. The long-term impacts presented in this report were quantified using
microscopic simulation, system dynamics, road safety impact assessment method and the
Delphi method. Microscopic simulation is used to quantify 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 expected road safety impacts related to CCAM are quantified to the extend that is
possible by combining different methods. Impacts on crashes between motorized vehicles
are estimated by means of microsimulation. Impacts on crashes between vulnerable road
users and motorized vehicles are estimated by a statistical approach and certain rebound
effects are estimated by combining information on crash rates and changes in distance
travelled by various traffic modes. System dynamics is a modelling technique where the
whole system is modelled at an abstract level by modelling the sub-systems at component
level and aggregating the combined output. This method was used to quantify the changes
on parking space required and on commuting distances. The Delphi method is a process
used to arrive at a collective, aggregate group opinion or decision by surveying a panel of
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experts. Within LEVITATE, the Delphi method was used to determine all impacts that cannot
be defined by the other quantitative methods. Regarding the long-term CCAM impacts, this
method was used to identify the changes on parking space required, energy efficiency,
public health and accessibility in transport.

The overall results of the impact assessment demonstrated that the introduction of the
studied automated urban shuttle services in the urban transport will positively affect road
safety and accessibility in transport. The use of CCAM in urban transport will reduce
emissions and increase energy efficiency, and thus improve public health. The results on
parking space required by the different impact assessment methods used were controversial
and depend on the methods’ assumptions. Commuting distances will be slightly increased
by the introduction of AVs and by the last-mile AUSS. The results regarding the long-
term/wider impacts of CCAM will be included in the final LEVITATE product which is the
LEVITATE Policy Support Tool (PST).

LEVITATE | Deliverable D5.4 | WP5 | Final 4
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1 Introduction

oooooooooooooooooooooooooooooooooooooooooooooooooooooooooooooooooooooooooooooooooooooooooooooooooooooooooooooooooo

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:

e 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

e 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.

e 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.

e 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 5 and Deliverable 5.4 within
LEVITATE

Work package 5 (WP5) focuses on the impacts that the deployment of cooperative,
connected and automated vehicles (CAV) 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 automation levels of the Society of Automotive Engineers (SAE): urban
shuttle modes are directly considered at SAE Level 4. Forecasting will be based on the
methodology developed in WP3 (Elvik et al., 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 WP5 are:
e To identify how each area of impact (safety, mobility, environment, economy, and
society) will be affected by Cooperative, Connected and Automated Mobility (CCAM) in
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urban transport operations, with focus on the transition towards higher levels of
automation. Impacts on traffic will be considered cross-cutting the other dimensions.
e 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 5.4 is to present the long-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
long-term impacts of CCAM developed in the present report are those described as wider
impacts; are changes occurring inside and outside the transport system and more precisely
road safety, emissions, energy efficiency, parking space, public health, accessibility in
transport and commuting distances. The main methodological approaches to forecast the
long-term impacts are microscopic simulation, road safety impact assessment, system
dynamics 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 long-term impacts for this deliverable.

Impact

Description

Method

Long term impacts / wider impacts

Road safety

Number of traffic crashes per vehicle-kilometer driven
(temp. until crash relation is defined).

Road safety method

Parking space

Required parking space in the city centre per person
(m2/person)

System dynamics/Delphi

Energy efficiency

Average rate (over the vehicle fleet) at which
propulsion energy is converted to movement

Delphi

NOx due to vehicles

Concentration of NOx pollutants as grams per vehicle-
kilometer (due to road transport only)

Microscopic simulation

CO:z due to vehicles

Concentration of CO: pollutantsas grams per vehicle-
kilometer (due to road transport only)

LEVITATE | Deliverable D5.4 | WP5 | Final
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PMio due to vehicles

Concentration of PMio pollutantsas grams per vehicle-
kilometer (due to road transport only)

Microscopic simulation

Subjective rating of public health state, related to

Public health transport (10 points Likert scale) Delphi
The degree to which transport services are used by
Accessibility of transport socially disadvantaged and vulnerable groups including Delphi

people with disabilities (10 points Likert scale)

Commuting distances

Average length of trips to and from work (added
together) in km

System dynamics

LEVITATE | Deliverable D5.4 | WP5 | Final
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2 Sub-use cases

oooooooooooooooooooooooooooooooooooooooooooooooooooooooooooooooooooooooooooooooooooooooooooooooooooooooooooooooooo

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
(described in detail in Deliverable 5.1 - Roussou et al., 2021):

e 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.

e Roadmaps: They indicate the relevance of sub-use cases from the industrial/
political point of view, independent of available scientific methodologies.

e 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:
e 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
e On-demand 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” (EAaiwvacg) with the Athens intercity bus hub. This
small-scale service was studied in order to design the system and verify the selected
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parameters before assessing the impacts of the introduction of this SUC at the city level.
The point-to-point AUSS in a large-scale network, was designed as an automated shuttle
service, consisting of shuttle buses with a capacity of 10 passengers, 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 the automation
technology and the 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. Autonomous
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 autonomous 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 (Prokos, 1998; Pruis,
2000; Bootsma & Koolen; 2001, Ritter, 2017). Both projects revealed the efficiency of
autonomous 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 autonomous
vehicles for connecting Heathrow Airport in London with the business car park within the
CityMobil European Project (City Mobil European Project — Alessandrini, 2018). Autonomous
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 autonomous shuttle bus on traffic conditions,
safety and environment in order to make them more attractive to passengers. The issue of
scheduling autonomous 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 autonomous 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 (Emirler et al., 2016; Wang et al. 2018, Ararat & Aksun-
Guvenc, 2018;), 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 on-
demand AUSS are automated shuttle buses of 8 and 15 people capacities.

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
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people directly from their homes to their destinations. It is well established that this gap in
the public transport network is a major reason why many people prefer the convenience of
private cars over taking public transport (Bunting, 2004). 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
and Mdller, (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. Autonomous 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 on-
demand automated urban shuttle service. Small, automated cars for people or good transfer
were designed within the framework of CyberCars (www.2getthere.eu) and CyberCars2
(http://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 autonomous shuttle system was developed based on on-demand
scheduling providing transfer of both passengers and goods. The project results also
suggested that safety is ensured in all operating modes (Diethelm et al., 2005; Giese &
Klein, 2005; Khendek & Zhang, 2005). The autonomous on-demand services in public
transportation have also been investigated by Vernier et al. (2016), Chong et al., (2013)
and Salazar et al. (2018). In addition, Gelbal (Gelbal et al., 2017) proposed an architecture
for automated driving using passenger cars and an autonomous 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
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compliment the existing urban transport system. More precisely, last-mile AUSS enables
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 considerably researched 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

oooooooooooooooooooooooooooooooooooooooooooooooooooooooooooooooooooooooooooooooooooooooooooooooooooooooooooooooooo

A taxonomy of potential impacts of connected and automated vehicles at different levels of
implementation (Elvik et al., 2019) have 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 long-
term impacts described in this deliverable, we refer to results from the microscopic traffic
simulation, system dynamics, road safety impact assessment 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. For the sake of simplicity
and transferability of assessment methods, it is assumed that for the appropriate 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.

Table 3.1: Overview of methods applied to the sub-use cases and their scenarios. The methods used to show the
long-term impacts in this Deliverable are highlighted in green.

Method
Subuse Scenario Microscopic Mesoscopi . | System Road safety
Case . . C Delphi . impact
simulation . . Dynamics
simulation assessment

Point to

point with X X X
Point to two modes
point Point to
AUSS point large

X X X

scale

network

Anywhere-
On- to- X X X X
demand anywhere
AUSS Last mile X X X X X

E-hailing X X X

3.1 System Dynamics

System Dynamics in Levitate is used as a supplementary approach, in order to investigate
several longer-term impacts which cannot be covered by other methods: the modal split
(for use of public transport as well as active modes), the demand for public parking space
and the (average) commuting distance. While the modal split is already covered in WP5
by mesoscopic simulations in Deliverable 5.3 (Roussou et al., 2021), the demand for public
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parking and the commuting distance rely on system dynamic results. In particular, for the
commuting distance, no other method is in a position to provide results currently.

A full introduction of system dynamics as a method to assess certain impacts of connected
and automated vehicles is given in Deliverable D6.3 (Sha et al., 2021) - where it is used
for a wider range of SUC. In the following sections, a summary of the used base model
across all SUC is given, followed by detailed information on the data used, the definition
of zones and the calibration of the model. Finally, the implementation of the AUSS sub-use
case in the system dynamics model is described.

3.1.1 Description of the base System Dynamics model

The basic system dynamics model used in Levitate can be considered as three sub-models
which are interacting with each other, as depicted in Figure 3.1:

e At the core, the Transport Model is modelling the travel demand and trips (based
on segmentation of the target area into geographical zones and the mode of
transport). Both the change of total demand and the shift between several modes
are influenced by the generalized costs. Total modal split, i.e. modal split using
active travel (e.g., walking, cycling), modal split using public transport and private
cars is the most important impact variable calculated in this model.

e In order to generate and drive the demand, a precise population model has been
implemented (segmentation into age groups, zone and income groups). Further this
model is used to calculate the average commuting distance impact variable.

e Finally, the use of public space is modelled on zone level, distinguishing between
parking space, driving lanes and other purposes. The relative demand for parking
space is calculated in this model.

The generalized costs for travelling are composed by four influencing variables in the
following way:

Generalized Costs = Travel Costs + Travel Time * Value of Travel Time — Attractiveness

Obviously, lower generalized costs might result from changes in any of these four variables,
and lead to an increase in corresponding trips. Such changes in the model are caused by
a) Increasing CAV penetration rate - the variable considered as the main parameter
in Levitate to investigate the development over time
b) Specific sub-use cases (SUC) considered on top of increasing CAV penetration rate

Despite the simplicity of the described model, certain impacts can be assessed in a
quantitative way, due to following features of the model:

e The system exhibits multiple (balancing) feedback loops, both within the sub-
models and between them: Higher share of private car trips, for example, will
increase the relative demand for parking space in an area, leading to higher parking
search time and consequently higher generalized costs which, result in decreasing
demand.

¢ While on high level of aggregation compared to micro-simulation and mesoscopic
simulation approaches, the model is segmented with respect to geographic zones,
age and income groups. This allows for calculation of much more specific
dependencies than considering only the average (aggregated) values of all system
variables.
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e Finally, the model has been fed with data to calibrate the system against the current
behaviour (i.e. the case of no automation), showing the observed modal split values
(for the case of Vienna) - this is explained in more detail in the next section.

Population (Age, zone,
income ...)

Loop2

 Commuting distance Demand / Trips (zone
OD, mode ..)) Public Space

Loop 1

Generalised Costs

AV / CCAM Travel Costs  Value of Travel Time _

Travel Time Attractiveness

SUC: Road UsePricing SUC: Automated Ride Sharing

SUC: AUSS (Last-Mile,

. . on-demand)
SUC: Parking Regulations

direction

Figure 3.1: High level overview of the Levitate System Dynamics Model, showing main sub-modules (boxes),
calculated impact variables (red) and implemented sub-use cases (yellow)

3.1.2 Model data, zones and calibration

The SUC scenarios were investigated in a SD model that is sharing the basic data on
population, area and trips with the MATSim model of Vienna, introduced in Deliverables
D5.2 (Roussou et al., 2021) and D6.2 (Haouari et al., 2021). This model has been used
for calibrating the SD model (providing the correct population structure, modal split etc.).
Therefore, also the SD model covers Vienna and its wider surrounding area shown in Figure
3.2, serving as a prototypical example for a historically grown (Yold” European) city. The
area is segmented into roughly ring-shaped domains that lie concentric around the city
centre. Borders between these domains are formed by major arterial (ring-)roads which
are used to circumvent crossing through more densely populated areas towards the city
centre.
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Figure 3.2: SD model total area overview (taken over from MATSim model). The color-shaded domains within
the model area cover the actual extent of the city of Vienna. The dashed line marks the wider model region
surrounding the city.

A major assumption of the employed model is that such domain structures can be defined
for most cities with a comparable structure and evolution.
The four defined domains are:
1. Zone 1 - City center (CC): mostly reduced vehicle traffic areas, restricted entry
is common
2. Zone 2 - Inner city (IC): containing a densely populated belt around CC with lots
of habitation areas
3. Zone 3 - Intra peripheral (IP): domain outwards from IC up to the city limits
which enclose the actual investigation area; habitation regions, some commercial,
light industrial areas, larger recreational zones
4. Zone 4 - Extra peripheral (XP): the remainder of the modelled area, defining the
outer boundary and conditions for the inner investigation area

The calibrated system dynamics model in the absence of automation (AV penetration rate

= 0) and any SUC / interventions (No Automation baseline) is very close to an equilibrium;
the calculated impact variables stay constant over time and represent the current values.
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3.1.3 Implementation of the AUSS sub-use case

Due to the highly aggregated level of the SD model, compared to other simulation methods,
only the SUC “"On-demand automated urban shuttle service” is considered, focusing on the
last-mile shuttle service. This is implemented in the following way.

The introduction of an AUSS in a certain part of the model region impacts two variables of
the SD model as shown in Figure 3.3:

1.

2.

The travel time for the Public Transport mode is reduced, because the access time
to public transport gets significantly smaller. More precisely, the access time in an
area where the last-mile shuttle is in operation (this is assumed to be in zone 3 only,
i.e. in the outer districts of Vienna), is multiplied with a factor (1 - 0.5 * Coverage),
where the Coverage parameter specifies which fraction of the actual demand can be
served by the the last-mile shuttle service. This is assumed to be 50%, resulting in
multiplying the original access time with 0.75 - i.e. a reduction of average acces time
to publc transport by 25% in zone 3. Note that this effect of travel time reduction
due to lower access time cannot be derived from the travel time results that have
been documented in D5.2, because those results include trips with a switch from car
to AUSS.

The attractiveness (which is contributing to the generalized costs in negative way
and can therefore be expressed in EUR, as perceived added value independent of
travel time) is increased by 1 EUR * Coverage, i.e. for trips by public transport
starting or terminating in zone 3, it is increased by 0.50 EUR in average.

Travel Time Attractiveness

SUC: AUSS (Last-Mile,
on-demand)

Figure 3.3: Impact of the introduction of AUSS on the variables of the SD Model

Below, the SUC specific parameters and assumptions are summarized.

Last Mile Shuttle Service is represented by a Coverage parameter (fraction of
demand / public transport trips that can be served) per zone
o This parameter is set to 0.5 (50%) in zone 3 (Intra peripheral area) and set
to O for other zones.
If a last-mile shuttle is used, the access time to public transport is reduced by 50%
in average.
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e If a last-mile shuttle is used, the increased attractiveness (perceived added value)
for the public transport trip is assumed as 1 EUR.

e Last Mile Shuttle Service is provided free of additional cost for users of the Public
Transport system.

e The value of travel time is not changed by the use of the Last Mile Shuttle Service.

3.2 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 different traffic volume levels, that the presence of automation features both on a
microscopic and a macroscopic level. Traffic microsimulation provides information related
to single vehicles, whereas a 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 data from various sources such as the road geometry and design, traffic volume,
modal split, O-D matrices etc. This analysis will examine impacts mainly on traffic,
environment and energy efficiency and will provide insights into the impacts of microscopic
flow characteristics of CCAVs. The tools used for this analysis mainly include microscopic
modelling tools for autonomous transport.

Microscopic simulation in urban transport studied three sub-use cases: i) The point-to-
point automated urban shuttle service connecting two modes of transport; ii) the point-
to-point AUSS in a large-scale network; and iii)on-demand AUSS.

The microscopic simulation and the setup for the sub-use cases are described in detail in
Deliverable 5.3 (Roussou et al., 2021, section 3.1).

3.3 Estimation of road safety impacts

Road safety impacts are estimated following a two-step approach. First, on the basis of
expert knowledge and literature, the ways in which road safety is impacted by the specific
sub-use case are identified. Second, different types of road safety impacts are quantified
to the extend that is possible by combining three approaches:
1. Impacts on crash rates of vehicle-vehicle crashes are estimated by postprocessing
microsimulation output using the software tool SSAM
2. Impacts on crash rates between vulnerable road users and vehicles are estimated
by using crash data and assumptions concerning types of crashes that can be
prevented by the specific SUC.
3. The estimated impacts on crash rates are combined with estimated impacts on
distance travelled that are determined via other methods within LEVITATE to
estimate the overall impact on the number of crashes.

Section 4.2 discusses road safety impacts of specific SUCs compared to a baseline scenario

of the network without the SUC. Increasing penetration levels of CAVs as such also
substantially affect road safety and these impacts are discussed in Weijermars et al (2021).
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3.4 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 (30-45 min
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. The complete method and the results analysis are
described in detail in Deliverable 5.2 (Roussou et al., 2021, section 3.2).
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4 Impacts

oooooooooooooooooooooooooooooooooooooooooooooooooooooooooooooooooooooooooooooooooooooooooooooooooooooooooooooooooo

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; travel time, vehicle
operating cost and access to travel. 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. Wider impacts are even broader changes occurring outside the
transport system, such as parking space required, road safety, accessibility in transport,
public health. 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 and
are described in the following sub-sections.

4.1 Parking space

4.1.1 Delphi results

Parking space is considered as the required parking space in the city centre per person
(m2/person). The estimate of the impact of automation on parking space was obtained by
the Delphi method. The general experts’ opinion was that the introduction of automation
in urban transport will reduce parking space required. More precisely, the introduction of
AVs in the baseline scenario will lead to a reduction of 22. 1% on parking space for 100%
AVs market penetration rate. Regarding the automated urban transport interventions,
point to point AUSS will reduce the most parking space required reaching -23.1% for 100%
AVs market penetration rate. Anywhere to anywhere AUSS, last-mile AUSS and e-hailing
will reduce parking space by 19.7%, 16,4% and 13.2% respectively when AVs market
penetration rate reaches 100%.
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Figure 4.1: 1st round Delphi parking space results

The majority of the experts participating in the 2" round stated that they agree definitely
(45%-56%) or moderately (44%) with the resulted trends. There were also some
suggestions that the baseline scenario, point-to-point AUSS and anywhere-to-anywhere
AUSS would not affect parking space requirements. On the other hand, 11% of the experts
stated that they slightly agree with the 1%t round results for last-mile AUSS and e-hailing
and suggested that these SUCs will reduce parking space by 20% and 25% respectively.

BASELINE LAST-MILE
W
11%

Moderately
44% Moderately
44%

Definitely
56%

Definitely
45%

Figure 4.2: 2nd round Delphi results Baseline scenario Figure 4.3: 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, only for the SUCs that system dynamics do not quantify.
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Table 4.1: Final PST coefficients for parking space
Baseline Point to | Anywhere Last-mile E-hailing
point AUSS | to anywhere | AUSS
AUSS
AV Aggr PST Aggr PST Aggr PST Aggr PST Aggr PST

penet | egate coeffi | egate coeffi | egate coeffi | egate coeffi | egate coeffi
ration | chan cients | chan cients | chan cients | chan cients | chan cients
rates | ge ge ge ge ge

20% 25% 0,975 0,2% 1,002 -1,1% 0,989 -0,6% 0,994 22% 0,978
40% -55% 0,945 -52% 0,948 -38% 0,962 -4,6% 0,954 -3,5% 0,965
60% -142% 0,858 -12,3% 0,877 -9,9% 0,901 -10,4% 0,896 -93% 0,907
80% -17,7% 0,823 -17,8% 0,822 -15,7% 0,843 -13,9% 0,861 -12,0% 0,880
100% | -21,1% 0,789 -222% 0,778 -18,9% 0,811 -16,6% 0,834 -13,7% 0,863

4.1.2 System dynamics results

As an alternative method, the demand for parking space was also calculated by the SD
model. The preconditions in this approach are slightly different compared to the Delphi
method, because the baseline here only considers the increasing market penetration rate
of (privately owned) CAVs and no expected side effects like automated ride sharing or
policy interventions to restrict individual traffic, since these are covered in corresponding
SUCs. This leads to a higher modal share of private cars for increasing CAV penetration
rate in the SD model - and consequently one might also expect an increasing demand for
parking space in the absence of further regulations.

In Figure 4.4 the baseline result is compared against the Last-Mile Shuttle Service case in
order to evaluate any possible influence of this single SUC on the demand for parking
space. The impact is shown based on the relative demand for public parking space (% of
the available public space) for zone 2 (inner city). As expected within this model, the
baseline shows increasing demand with increasing CAV penetration rate. Compared to the
baseline, the value for implementation of a Last Mile Shuttle Service in zone 3 (LMSZ3) is
slightly below, i.e. this SUC supports the reduction of demanded parking space. Compared
to other investigated SUC, however, which are part of WP6 (in particular road use pricing
and parking pricing), this influence should be considered as minimal.
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Figure 4.4: SD Results for demand for public parking space (baseline and last-mile shuttle in zone 3)

4.2 Road safety

Within LEVITATE, road safety impacts of both a general-traffic increasing penetration level
of CAVs in the vehicle fleet as well as the more specific interventions studied in the SUCs
are evaluated using multiple approaches. Firstly, input from the literature is used to
establish where and how increasing automation is expected to have a direct/indirect effect
on road safety. These results are summarized in Section 4.2.1. Secondly, the effects are
quantified using microsimulation in AIMSUN combined with the SSAM tool which identifies
potentially dangerous traffic interactions (also known as traffic conflicts). A prediction for
the resulting changes in the number of car crashes is made for both a general baseline
scenario (increasing penetration of CAVs without AUSS) as well as the AUSS scenarios
discussed in this Work Package. Third, the effects of a potential shift in modal split resulting
from increasing automation and AUSS have been quantified using mesoscopic modelling
techniques. The crash predictions and road safety impacts of a modal shift are described
for the three microsimulation sub-use cases in Section 4.2.2.

4.2.1 Expected road safety impacts impacts

Road safety is expected to be impacted by both a general increase in CAV penetration
levels (baseline scenario) as well as an automated urban shuttle system. These safety
impacts are summarized in Figure 4.5.

The general introduction and increasing penetration levels of Connected and Automated
Vehicles (CAVs) is expected to impact road safety in several direct and indirect ways. CAVs
are expected to have a lower risk of being involved in a crash than human drivers, as they
are expected to obey traffic rules, to not make mistakes that human drivers make, to have
lower reaction times and to exhibit less variability in driving behaviour. On the other hand,
certain new potential risks might be introduced by automated vehicles, such as system
failures, cyber security issues, and issues related to transition of control or mode confusion.
In addition, some rebound/indirect effects can be expected, caused by changes in broader
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factors that in turn affect road safety. Examples of these indirect impacts include changes
in road safety due to changes in total distance traveled, modal split, route choice and
changes in the behaviour of other road users. For a more detailed discussion of the road
safety impacts of increasing automation, see Weijermars et al (2021).

Regarding the more specific case of automated urban shuttle systems (AUSS), both direct
effects on traffic interactions as well as indirect effects on travel behaviour and
infrastructure are expected. Firstly, automated shuttles may drive comparatively slowly
relative to other traffic. When no dedicated lane is implemented, this can result in
dangerous interactions with human-driven vehicles, due to both speed differences and
irritation of human drivers. Previous studies have linked speed differences between
vehicles to increased crash rates (Aarts & Van Schagen, 2006), and a study regarding the
implementation of intelligent speed assistant (ISA) systems found that drivers exhibited
aggressive driving behaviours in response to the ‘slow’ driving vehicles (Rijkswaterstaat
Adviesdienst Verkeer en Vervoer, 2001).

To reduce these risks of mixed traffic, an existing traffic or bus lane may be converted to
a dedicated automated shuttle lane. Dedicated lanes are expected to be primarily relevant
in the case of point-to-point shuttles due to these vehicles having predetermined routes.
However, dedicated lanes also induce the risk that traffic intensity will subsequently
increase on non-dedicated lanes, potentially resulting in more conflicts or crashes in these
lanes. On-demand shuttles, on the other hand, by design do not need to follow
predetermined routes with designated boarding/alighting zones in the infrastructure.
Combined with the short trip distance and the number of passengers, it is likely that the
frequency at which a shuttle is parked alongside the road will increase. Due to the size of
the shuttle, visibility will be poor for other road users which increases the difficulty and
time of the manoeuvre required to drive around the shuttle and thus the potential for risky
interactions.

The effects of speed differences (excluding aggressive reactionary behaviour), dedicated
lanes (for point-to-point shuttles), and more frequent stops (for on-demand shuttles) on
traffic safety are considered in the microsimulation analysis described in the following
section.

Furthermore, depending on the convenience and reliability that the shuttles provide we
might see changes in modal split. If an AUSS attracts users of private, human-driven
vehicles, this is expected to positively impact road safety as the risk of an automated
vehicle is expected to be lower than the risk or a human driven vehicle. Changes in modal
split are quantified using mesoscopic simulation, and are then incorporated within the road
safety effects as a change in exposure in Section 4.2.2.
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General road safety impacts expected from increasing automation

Reduced traffic rule violations & instances of human error

Shorter reaction times than human drivers

Less variability in driving behaviour at full penetration (potentially more variability
with low penetration/mixed traffic)

Slight mode shift from public transport to private transport expected, increasing
exposure to safety risks: minimal impact on crash rate due to automation

Potential technological risks: system failures, cyber security issues, and issues with
transition of control to human drivers / mode confusion at lower levels of
automation

N N N N A

Road safety impacts expected from Automated Urban Shuttle
Systems (AUSS)

Speed differences in mixed traffic (shuttles expected to be slower)

Changes in modal split: a shift away from private cars expected to positively
impact road safety, a shift away from active modes expected to negatively
impact road safety

Point-to-point AUSS On-demand AUSS

- With dedicated lane: More frequent stops can
increase in traffic volume in increase number of risky
non-dedicated lanes interactions with other road

users

Figure 4.5: Road safety impacts of increasing CAV penetration

4.2.2 Quantification of traffic safety impacts

The effects on road safety of increasing automation of the vehicle fleet together with the
AUSS scenarios are quantified using microsimulation in AIMSUN combined with the
Surrogate Safety Assessment Model (SSAM) which identifies potentially dangerous traffic
interactions (traffic conflicts). SSAM, developed by the U.S. Federal Highway
Administration (FHWA), uses trajectory files from microscopic simulation to identify
instances where vehicles in the network overstep threshold values of Time to Collision
(TTC) and Post Encroachment Time (PET)?!, representing a potential crash-causing conflict.
Using the theoretical probabilistic method developed by Tarko (2018), a prediction is made
for the share of conflicts that result in a crash. These crash predictions are reported in the
following sections for both a general baseline scenario (increasing penetration of
automated vehicles without AUSS) as well as the AUSS microsimulation scenarios

1. The default values in AIMSUN for Time to Collision (TTC=1.5 s) and Post Encroachment Time (PET=5 s) are
adopted for human-driven vehicles. Due to the quicker reaction times expected for automated vehicles, 1st
generation AVs allow closer interactions (TTC= 1.0s) to be regarded as safe, and 2nd generation AVs can adopt
the shortest headways (TTC= 0.5s).
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discussed in this Work Package: point-to-point connecting two modes of transport, point-
to-point in a large-scale network, and on-demand AUSS.

Multiplying the change in risk rate of a certain mode of transport by its change in share of
the modal split gives an estimate of the change in the expected number of crashes. When
this is done for all modes of transport, a new total impact on the number of crashes can
be determined. We distinguish five different modes of transport within this approach:
Human driven cars, first and second generation CAVs, VRUs, and other vehicles which
describe buses and public transport. The changes in transport volume for the different
transport modes are estimated using system dynamics and mesoscopic simulation as
mentioned earlier. The risks for the different modes are a result of the microsimulation and
vulnerable road user methods described earlier in Chapters 3.2 and 3.3. Based on the
expected changes in risk and changes in exposure of the different transport modes, the
expected change in the number of crashes (% decrease or increase) can be calculated.

The microsimulation software is limited to the simulation of motor vehicles on the road,
and therefore does not simulate interactions involving vulnerable road users (VRUs) such
as pedestrians and cyclists. As was discussed in Weijermars et al. (2021), increasing
penetration levels of CAVs in general is expected to decrease fatalities among VRUs by
more than 90% in case of 100% penetration. The sub-use cases on automated urban
shuttles are not expected to have a large additional effect specifically on vulnerable road
users compared to the base scenario, and where larger potential impacts are expected
(e.g. on-demand shuttles stopping for boarding/alighting) it is not possible to quantify the
impacts with the available data and simulation methods. Therefore, impacts on VRUs are
not quantified for these sub-use cases.

4.2.2.1 Point to point AUSS connecting two modes of transport

In Figure 4.6, the predicted crash rates (crashes per vehicle kilometer travelled) during
several peak-hour and off-peak scenarios are visualized. In the almost all scenarios,
including the baseline, the crash rates present many oscillations. This can in part be
explained due to the smaller size of the network used in this point-to-point scenario (see
microsimulation methodology in Deliverable 5.3), making small variations in crash rates
more visible.

Generally, automation among the entire vehicle fleet (baseline scenario) as well as the
addition of point-to-point shuttles are expected to reduce the crash rates at high
penetration rates. At the highest penetration scenarios (0-20-80 and 0-0-100), all five of
the AUSS scenarios result in lower crash rates (77-95% reduction) than the baseline
scenario (66% reduction). However, the results at intermediate stages when human
drivers are still on the road are mixed. As is seen in several of the sub-use cases within
LEVITATE, a smaller effect and sometimes even an increase in crash rates can be seen at
lower penetration rates of automated vehicles. This is primarily due to interactions between
human-driven vehicles and automated vehicles, which are expected to have different
driving styles (eg. automated vehicles adopting shorter headways) and different
capabilities (eg. human drivers’ longer reaction times) which may lead to an initial increase
in risks when many human drivers are still on the road. Another contributing factor might
be the unfamiliarity of human drivers with overall CAV behavior on the road. The increase
predicted at the 60% penetration scenario (40-40-20) when 2" generation Automated
Vehicles first enter the simulation is expected to have the same cause due to their more
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aggressive, even shorter headways. These risks are partially accounted for in the dedicated
lane scenarios, the difference of which is particularly evident in off-peak conditions.

In the scenario in which an incident occurs, vehicles are forced to change lanes more often
in order to overtake the incident, resulting in a mostly higher crash rate than the other
peak-hour scenarios.

Total change in crashes per vehicle-kilometer travelled

20% SUC: Point-to-point AUSS connecting two modes

60%
==@==RBaseline
40%

20% Peak-hour;
Mixed traffic
0% «=@==Peak-hour;
Dedicated
shuttle lane
==@==Peak-hour;
Incident

-20%
-40%

-60% =@==(ff-peak; Mixed
traffic
-80%
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-100% Dedicated
shuttle lane
Q v, %, T, v, % % %
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Percentage Change in Crashes per 1000 veh-km (%)

Market Penetration Rate
(Human-driven - 1st generation AV - 2nd generation AV)

Figure 4.6: Predicted change in crashes per 1000 vehicle km for the simulation scenarios, measured in terms of
percentage change from the respective starting scenario at a 0% penetration rate of automated vehicles

Indirect impacts

The expected modal split changes caused by the implementation of an automated urban
shuttle service (see deliverable 5.3) will, through the change in exposure, impact road
safety. By combining the microsimulation results with the results on modal split we are
able to estimated the combined effect on road safety. The differences between predicted
crashes with and without modal split change are presented in Table 4.2 below.
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Table 4.2: Difference in road safety between results without modal split and results including modal split
changes. Rounded to nearest whole number.
Penetration | Baseline Peak Peak hour - | Peak Off Peak | Off Peak
Rate hour - Dedicated hour - hour - hour -
Mixed lane Incident Mixed Dedicated
traffic traffic lane
100-0-0 0% 0% 0% 0% 0% 0%
80-20-0 -4% -1% -1% -5% -5% -3%
60-40-0 -4% -1% -2% -1% -5% -3%
40-40-20 -1% -2% -1% -2% -5% -2%
20-40-40 0% 0% 0% 0% -1% 0%
0-40-60 0% 0% 0% 0% 0% 0%
0-20-80 1% 0% 0% 0% 0% 0%
0-0-100 1% 0% 0% 0% 0% 0%

A negative number indicates a prediction of further reduction in crash rates per 1000
vehicle kilometers. At lower penetration rates the inclusion of modal split changes results
in slightly lower crash rate predictions. This effect might be due to the interactions
between human driven vehicles and automated vehicles as also discussed earlier in this
document. The differences become less pronounced as the penetration rates increase.
Due to the small scale of this sub-use case the overall effects of modal split change are
limited, almost completely disappearing at higher penetration rates.

4.2.2.2 Point to point AUSS in a large-scale network

In Figure 4.7, the predicted crash rates (crashes per vehicle kilometer travelled) during
three peak-hour and off-peak scenarios are visualized for point-to-point shuttles at a city-
wide scale in Athens. In all scenarios, including the baseline (increasingly automated
vehicle fleet without shuttles), a large reduction in crash rate is expected due to
automation. As discussed in Section 4.2.2.1, the reduction is initially minimal at low
penetration rates due to potentially risky interactions between human drivers and
automated vehicles. However, at this larger city-wide scale, none of the scenarios predict
an increase in crash rates even at low penetrations.

Compared to the baseline scenario, both peak-hour scenarios exhibit roughly the same
trend in crash rates. Only at the 60-40-0 scenario does the addition of shuttles in peak-
hour traffic lead to a slightly higher crash rate, possibly due to the additional traffic volume
increasing congestion and therefore conflicts at a point with high levels of both human-
driven and automated vehicles. In the off-peak scenario, which has fewer total kilometers
traveled due to the lower traffic intensity, the crash rate is higher at all penetration rates.
This suggests that the predicted crashes in this scenario are not exactly proportional to the
total traffic intensity, but may be related to more specific types of interactions; however,
the differences between all scenarios remain minimal.
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Figure 4.7: Predicted change in crashes per 1000 vehicle km for the simulation scenarios, measured in terms of
percentage change from the respective starting scenario at a 0% penetration rate of automated vehicles

Indirect impacts
The expected modal split changes caused by the implementation of an automated urban
shuttle service (see deliverable 5.3 — Roussou et al., 2021) will, through the change in
exposure, impact road safety. By combining the microsimulation results with the results
on modal split we are able to estimated the combined effect on road safety. This total
effect is presented in Table 4.3 below. It is important to note that for this analysis we
assume that there are no significant changes in population size.

Table 4.3: Comparison of predicted change in crashes per 1000 vehicle km with and without modal split

change.
Baseline Peak-hour; Peak-hour; Off-peak;
Mixed traffic Dedicated lane Mixed traffic
Penetration | Without | With | Without | With Without With Without | With
Rate
100-0-0 0% 0% 0% 0% 0% 0% 0% 0%
80-20-0 -9% | -15% -11% | -16% -10% | -15% -4% -10%
60-40-0 -10% | -14% -6% | -10% -5% -9% -2% -6%
40-40-20 -20% | -22% -20% | -22% -20% | -22% -17% -19%
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20-40-40 -36% | -37% -36% | -37% -35% | -37% -29% -29%
0-40-60 -50% | -51% -50% | -50% -50% | -50% -40% -39%
0-20-80 -58% | -58% -59% | -58% -58% | -58% -50% -50%
0-0-100 -68% | -68% -68% | -67% -68% | -67% -58% -57%

At lower penetration rates the difference due to modal split is most apparent. This effect
might be due to the interactions between human driven vehicles and automated vehicles
as also discussed earlier in this document. The differences become less pronounced as the
penetration rates increase. Overall, there is a small effect on road safety indicators due to
the changes in modal split of travel with no difference between the scenarios.

4.2.2.3 On-demand AUSS

In Figure 4.8, the predicted crash rates (crashes per vehicle kilometer travelled) during
three peak-hour and off-peak scenarios are visualized for on-demand shuttles at a city-
wide scale in Athens. While in all scenarios a large reduction (63-67%) in crash rates is
predicted at full automation of the vehicle fleet, addition of the on-demand shuttles to the
network does result in higher predicted crash rates than the Baseline scenario during the
transition phases. This is especially true at lower penetration rates when there are still
many human-driven vehicles on the road, and when there are more shuttles on the road
(10% demand served) or more-frequently stopping shuttles (15-person capacity). As
discussed for the previous two SUCs, interactions between human-driven and automated
vehicles can pose a risk which initially mitigates some of the safety benefits expected from
automated vehicles. This is expected to be due to having different driving styles (eg.
automated vehicles adopting shorter headways) and different capabilities (eg. human
drivers’ longer reaction times) which may lead to an initial increase in risks when many
human drivers are still on the road. As was seen in Section 4.2.2.2 for the large-scale
point-to-point shuttles, the addition of shuttles to the network appears to put additional
pressure on these interactions in mixed traffic; most likely due to an increase in congestion
and/or lane-changing manoeuvres to overtake a stopping shuttle.
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Figure 4.8: Predicted change in crashes per 1000 vehicle km for the simulation scenarios, measured in terms of
percentage change from the respective starting scenario at a 0% penetration rate of automated vehicles.

Indirect impacts
The expected modal split changes caused by the implementation of an automated urban

shuttle service (deliverable 5.3 - Roussou et al., 2021) will, through the change in

exposure, impact road safety. By combining the microsimulation results with the results

on modal split we are able to estimated the combined effect on road safety. The

differences between predicted crashes with and without modal split change are presented
in Table 4.4 below.

Table 4.4: Difference in road safety between results without modal split and results including modal split

changes. Rounded to nearest whole number.

Penetration | Baseline | 8 pax - | 15 pax |8 pax- | 15 pax

Rate 5% - 5% 10% - 10%
demand | demand | demand | demand

served served served served
100-0-0 0% 0% 0% 0% 0%
80-20-0 5% 5% 6% 6% 6%
60-40-0 3% 3% 4% 4% 4%
40-40-20 2% 2% 2% 3% 2%
20-40-40 1% 1% 1% 1% 1%
0-40-60 -1% -1% -1% -1% -1%
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0-20-80 -1% -1% -1% -1% -1%
0-0-100 -1% -1% -1% -1% -1%

A negative number indicates a prediction of further reduction in crash rates per 1000
vehicle kilometers. At lower penetration rates the inclusion of modal split changes results
in slightly higher crash rate predictions. With only 20% penetration of CAVs, the crash
prediction including modal split changes ends 5% higher compared to the predictions made
without modal split change. This effect might be due to the interactions between human
driven vehicles and automated vehicles as also discussed earlier in this document. The
differences become less pronounced as the penetration rates increase, ending in a slight
reduction in predicted crash rates when including modal split change compared to the
results without modal split.

4.3 Energy efficiency

Energy efficiency is defined as the average rate (over the vehicle fleet) at which propulsion
energy is converted to movement (%). According to the Delphi method results the
introduction of automation in the urban environment will improve energy efficiency. The
baseline scenario will lead to an increase of 14.7% when AVs market penetration rate
reaches 100%. Based on the 15t round answers, anywhere-to-anywhere AUSS and point
to point AUSS will improve energy efficiency the most reaching an increase of 23.5% and
22.1% respectively for 100% AVs market penetration rate. Last-mile AUSS will increase
energy efficiency by 12% and e-hailing by 17.9% for AVs market penetration rate of 100%.

Energy Efficiency
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Figure 4.9: 1st round Delphi energy efficiency results

In the 2nd round all the experts agreed definitely (22%-44%) or moderately (56%-78%)
with the 1st round results, but there were suggestions that anywhere-to-anywhere AUSS
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and e-hailing will in fact reduce energy efficiency by 10% and 15% respectively, given the
fact that these vehicles will use the roads throughout the entire day.

POINT TO POINT E-HAILING

Definitely
Definitely 22%

44%

Moderately

56% Moderately

78%

Figure 4.10: 2nd round Delphi results point to point AUSS Figure 4.11: 2nd round Delphi results e-hailing
scenario scenario

Table 4.5: Final PST coefficients for energy efficiency

Aggr PST Aggr PST Aggr PST Aggr PST Aggr PST
egate coeffi | egate coeffi | egate coeffi | egate coeffi | egate coeffi
chan cients | chan cients | chan cients | chan cients | chan cients
ge ge ge ge ge

3,0% 1,030 4.2% 1,042 5,2% 1,052 4.2% 1,042 2,7% 1,027
7,1% 1,071 8,4% 1,084 9,3% 1,093 5,6% 1,056 2,7% 1,027
8,4% 1,084 15,6% 1,156 142% 1,142 8,4% 1,084 5,8% 1,058
15,7% 1,157 20,8% 1,208 18,6% 1,186 15% 1,115 13% 1,113
141% 1,141 211% 1,211 221% 1,221 15% 1,115 16,5% 1,165

4.4 Emissions

The environmental impacts were obtained by the microscopic simulation using the Aimsun
software for the three sub-use cases. More specifically, they were calculated applying the
formula developed by Panis et al. (2006). This model computes carbon dioxide (CO2),
nitrogen oxides (NOx) and particulate matter (PMio) emissions from instantaneous speed
and acceleration. The model's parameters for each vehicle type and pollutant were
configured for instantaneous emissions calculation and the corresponding emissions were
computed for each vehicle trip.

4.4.1 Point to point AUSS connecting two modes of transport

Concerning emissions according to Figure 4.12, CO2, NOx and PMio levels are significantly
lower when the number of autonomous vehicles is increased. More specifically, CO2, NOx
and PMio emissions were reduced for the shuttle service scenarios due to the appearance
of autonomous vehicles, compared to the baseline scenario. In the rest of the market
penetration rate scenarios when more autonomous vehicles existing the network, the
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different implementation types of the automated shuttle bus service did not seem to have
any significant differences for both peak and off-peak scenarios.
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Figure 4.12: Environmental Measurements for point-to-point AUSS conncecting two modes of transport

4.4.2 Point to point AUSS in a large-scale network

Concerning emissions according to Figure 4.13, the CO2, NOx and PMio levels are significant
lower when the number of autonomous vehicles is increased. In addition, the different
implementation types of the automated shuttle bus service do not seem to incur any
significant differences.
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Figure 4.13: Environmental Measurements for point-to-point AUSS in a large-scale network

4.4.3 On-demand AUSS

Concerning emissions according to Figure 4.14, the CO2, NOx and PMio levels are significant
lower when the number of autonomous vehicles was increased. In addition, the different
implementation types of the automated on-demand service do not seem to incur any
significant differences.

LEVITATE | Deliverable D5.4 | WP5 | Final 34



([ ]
[ J [ J
[ J

. 90
2 80
) 70
-

x 60

a 50
2 40

0
g 30
w 20
(s}
o 10
b 0 : : : : . -
0% 20% 40% 60% 80% 100% 100% 100%

— 270
3 a0 o policy
" 310 intervention
[=]
- —— 5% modal
x 180 split-8 pax
")

g 150 5% maodal
w 120 split-15 pax
E o0 == 10% modal
o 50 split-8 pax
X R =e—10% modal
g 30 » , split-15 pax

0% 20% 40% 60% 80% 100% 100% 100%
135

=@ 120

N 105

Q

- Q0

X

[} 75

c

2 60

7

2 45

E

frr] 30

=

= 15

0% 20% 40% 60% 80% 100% 100% 100%

Figure 4.14: Environmental Measurements for on-demand AUSS

4.5 Public health

Public health (subjective users’ rating of public health state, related to transport, such as
air quality, noise pollution) is also an impact estimated using the Delphi method. The
general experts' opinion in the 15t round was that all automated transport sub-use cases
including the baseline scenario will lead to a small improvement of public health, which is
compatible with the reduced emissions resulted in microsimulations. More precisely, it is
estimated that the baseline scenario will improve public health the least reaching a
maximum of 5%. Anywhere to anywhere AUSS will lead to a 6% of increase for 100% AVs
market penetration rate and last-mile AUSS will have the biggest impact on public health
for 40% AVs market penetration rate reaching an improvement of 7.4%. Point to point
AUSS will improve public health the most, according to 1%t round answers, reaching 13.5%
for 100% AVs market penetration rate. Finally, e-hailing will improve public health by 9.3%
when AVs market penetration rate reaches 100%.
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Figure 4.15: 1st round Delphi public health results

In the 2" round the majority of experts commented that they agree definitely (22%-45%)
or moderately (44%-78%) with the resulted trends. 11% of the experts stated that they
do not at all agree with the 15t round outcome, and proposed that given the negative impact
on modal split using active travel (walking, cycling) automation will not improve public
health but instead reduce it by 10%.

BASELINE E-HAILING
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56%
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44%

Figure 4.16: 2nd round Delphi results Baseline scenario Figure 4.17: 2nd round Delphi results e-hailing
scenario
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Table 4.6: Final PST coefficients for public health

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

Baseline
Aggr PST
egate coeffi
chan cients
ge

1,0% 1,010
1,0% 1,010
3,6% 1,036
2,2% 1,022
4,1% 1,041

Point to
point AUSS
Aggr PST

egate coeffi
chan cients

ge

-02% 0,998
3,7% 1,037
5,0% 1,050
8,0% 1,080

19% 1,119

Anywhere
to anywhere
AUSS

Aggr PST
egate coeffi
chan cients
ge

2,8% 1,028
4,1% 1,041
5,1% 1,051
2,5% 1,025
5,5% 1,055

4.6 Accessibility in transport

The accessibility in transport is the degree to which transport services are used by socially
disadvantaged and vulnerable groups including people with disabilities (10 points Likert
scale). The impact of the automated urban transport sub-use cases including the baseline
scenario (when no policy intervention is applied, apart from the introduction of AVs) was
estimated by the Delphi method. Based on the 15t round results experts suggested that
point to point AUSS, last-mile AUSS and e-hailing will not affect accessibility in transport
more than +/- 5%. The only automated urban transport intervention that will improve
accessibility in transport is anywhere to anywhere AUSS reaching 9% increase for AVs
market penetration rate of 100%. On the other hand, according to experts, the baseline
scenario, the introduction of AVs with no other intervention will improve accessibility in
transport by 24.4% for 100% AVs market penetration rate.
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Figure 4.18: 1st round Delphi accessibility in transport results

In the 2" round all the experts suggested that the resulted curves are definitely (33%) or
moderately (67%) compatible with their view of the future. Some suggested that none of
these scenarios will affect accessibility in transport.
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33%
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Figure 4.19: 2nd round Delphi results point to point AUSS Figure 4.20: 2nd round Delphi results last-mile
scenario AUSS scenario

Table 4.7: Final PST coefficients for accessibility in transport

Aggr PST Aggr PST Aggr PST Aggr PST Aggr PST
egate coeffi | egate coeffi | egate coeffi | egate coeffi | egate coeffi
chan cients | chan cients | chan cients | chan cients | chan cients

ge ge ge ge ge
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20% 4,4% 1,044 0,3% 1,003 0,3% 1,003 -11% 0,989 0,2% 1,002
40% 9,7% 1,097 -38% 0,962 -11% 0,989 -1,1% 0,989 1,7% 1,017
60% 139% 1,139 2,0% 1,020 -1,0% 0,990 -38% 0,962 -11% 0,989
80% 192% 1,192 -3,0% 0,970 03% 0,997 -18% 0,982 0,7% 0,993
100% | 22,5% 1,225 -44% 0,956 8,6% 1,086 08% 0,992 -14% 0,986

4.7 Commuting distances

This impact was only covered through the system dynamics model in a simplified way.
Based on the average distances of trips between the four zones and the geographical
distribution of work locations, a (rough) average commuting distance can be calculated in
the model. Assuming that this geographical distribution of work locations stays constant
over time, the average commuting distance will change only due to migration to or from
the defined zones. While this migration depends on a variety of influencing factors that are
by far out of scope of the model (and is considered as exogeneous), the additional impact
on migration from AVs and CCAM related SUCs can be made endogenous.

Similar to the dynamics of travel demand and the shifting between modes of transport, the
generalized costs for travelling, contributing to the total costs for living, are also assumed
to drive relocating decisions of people between zones: Taking into account, for example,
the reduced value of travel time saved due to AVs, the total cost of living might get lower
in zone 4 than in zone 2/3, while continuing to work in zone 1 - which would increase the
average commuting distance as a long-term effect.

Figure 4.21 shows the relative changes (compared to the case of no automation) of the
commuting distance for the baseline (no intervention, just showing the effect of increasing
AV penetration rate) and the implementation of last-mile shuttle service in zone 3. It can
be observed that the baseline shows the expected long-term increase of commuting
distance, even if this increase is quite small (~1% for 100% AV rate). Introduction of the
last-mile shuttle in zone 3, on the other hand, clearly overcompensates this effect, leading
to a slight decrease in average commuting distance compared to the ‘No Automation’
scenario. Looking into the detailed dynamics of the modelled system, this result is quite
plausible since zone 3 - with high population number - is made more attractive and
relocation into zone 4 is prevented.

As a final note, it has to be clearly stated here that the calculation of this impact has to be
considered with reservation. As the commuting distances in future will depend from a
variety of unknown factors and the relative changes calculated in this SD model are rather
small (in the order of 1%), they should mainly be considered as qualitative indicators if a
certain SUC / policy intervention may contribute towards reduction of commuting distances
or not.
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Figure 4.21: SD Results for average commuting distance changes (baseline and last-mile shuttle in zone 3 -
LMSZ3)
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5 Discussion

oooooooooooooooooooooooooooooooooooooooooooooooooooooooooooooooooooooooooooooooooooooooooooooooooooooooooooooooooo

Overall, the analyses regarding the long-term impacts of CCAM in urban transport reveal
several interesting findings. The introduction of the studied automated urban shuttle
services (AUSS) in the urban transport landscape will positively affect road safety and
accessibility in transport. The use of CCAM in urban transport will reduce emissions and
increase energy efficiency, and thus improve public health. The results on parking space
required by the different impact assessment methods used were controversial, and depend
on the methods’ assumptions. Commuting distances will be slightly affected by the
introduction of AVs and by the last-mile AUSS. Regarding the different assessed automated
urban transport SUCs, point-to-point AUSS, seems to present higher positive impacts on
parking space, public health and energy efficiency. On the other hand, accessibility is more
affected by the on-demand service. Road safety and emissions present similar trends with
the increase of CAVs MPR.

According to the literature, the large-scale introduction of CCAM in urban environments
will affect fundamentally urban transport and space (Fraedrich et al., 2019). The wide
adoption of automated passenger vehicles is expected to have a profound and prolonged
impact on land use (Bagloee, Tavana, Asadi, & Oliver, 2016). More specifically, research
suggests that there are two leading theories for potential impacts (Cavoli et al., 2017),
either the implementation of CCAM will contribute to a more dispersed and low-density
land-use, due to the improved geographic accessibility and the reduced travel time.
Alternatively, researchers predict a drastic reduction in land used for parking stimulating
urban growth in central districts, particularly under a scenario where the use of automated
public transport services is high. This would manifest as vehicles would serve many
customers, and would not need to park for a large amount of the day (Frisoni et al., 2016;
Fagnant et al., 2015; Anderson et al., 2014). The aforementioned reduction of parking
space required agrees with the Delphi method results about the impact of the studied SUCs
on parking space.

The results of the road safety impact assessment are also supported by the literature since
the benefits from fully automated public transport could include reduced crash rate,
increased punctuality, shorter headways and greater availability (Pakusch & Bossauer,
2017). The elimination of the human factor could lead to a substantial reduction of road
crashes with the widespread deployment of stage 4 or 5 AVs (International Transport
Forum, 2015). Alessnadrini et al. (2014) in the CityMobil2 project estimated that a
reduction of 40% of crashes is realistic after the introduction of AVs in the urban
environment. According to Logan et al. (2017), the US Federal Highway Administration
predicted that 50-80% of highway crashes could be eliminated with the adoption of
Automated Highway Systems. A more general assessment is provided by Fagnant and
Kockelman (2015) who suggested based on the fact that more than 40% of fatal crashes
in the US are due to alcohol, distraction, medication and/or fatigue, CCAM not affected by
these factors could have the potential to contribute at a reduction of at least 40% in
fatalities.

One of the most important impacts of the introduction of CCAM in urban transport
according to the literature is the potential to improve energy efficiency and decrease
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pollution generated by conventional road transport. This positive environmental impact of
the studied automated urban shuttle services is also supported by the outcomes of
microscopic simulation and the Delphi method. Autonomous public transport and new
mobility services will provide increased freedom of choice of the most suitable mobility
mode for each individual trip. By providing a wider palette of mobility solutions, users can
lower their dependency on private cars and start using a wider spectrum of services. This
can improve the resource efficiency and have a strong self-reinforcing effect on the
popularity of the active travel modes, such as walking and biking (Ainsalu et al., 2018).
Furthermore, automated urban shuttle services could have a positive impact on the
environment by reducing traffic in the cities, and shuttles could provide such services 24/7
by exploiting algorithms that could optimise the process of identifying the closest vehicle
and the number of passengers for a similar route. Changes in vehicle design could include
using lighter, less energy demanding materials for building the vehicles, since vehicles are
less likely to crash; this would allow energy saving gains (KPMG & Center for Automotive
Research, 2012). However, research also notes that this change would only occur under
high AV penetration scenarios, once all manually driven vehicles have been phased out of
the urban environment (Begg, 2014).

The potential effect of AVs on physical activity, and by extension public health, is not widely
addressed in the literature. On the one hand the aforementioned reduction of the pollution
could also improve public health, on the other hand the studied AUSS could cause people
to spend more time in the shuttles and consequently less time being physically active. In
the D5.3 experts in the Delphi method suggested that the introduction of AUSS will reduce
modal split using active travel. This decreased level of physical activity increases the risk
of adverse health impacts (Thomopoulos & Givoni, 2015). Additionally, AVs in the urban
environment might lead to an increase in vehicle-miles travelled, which might in turn lead
to lack of physical activity and increased obesity rates (Fagnant et al., 2015).

Similarly, to public health, accessibility in transport has not been widely addressed in
literature. Experts in the Delphi method suggested that the implementation of automated
urban shuttle services will improve accessibility in transport. A number of authors have
stressed the potential AVs have to improve accessibility for a range of people. Many authors
report that the use of AVs could enable elder persons, disabled and non-drivers, such as
underage children, to become more mobile (Fagnant et al., 2015; Ticoll, 2015).
Furthermore, Alessandrini et al. (2015), argue that shared AV shuttles have the potential
to improve accessibility for people living in areas that are not well connected to collective
transport.

The slight increase of commuting distances after the introduction of AVs in the urban
environment, indicated in the system dynamics results, is also supported by the literature.
Olsen & Sweet in their study used data from a 2016 survey of residents in Southern
Ontario, Canada, to estimate the characteristics and motivations of individuals indicating
the most interest in commuting further using AVs. Some of the expected benefits of AVs,
such as safety improvements, better reliability, improved parking, reduced congestion will
also motivate longer commutes (Kim et al., 2020).

Naturally, the present 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. More precisely, each quantitative method has
different parameters and is applied in a different city model, partly due to the resources in
which the LEVITATE partners had access to, for example the mesoscopic simulation
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(presented in D5.2 - Roussou et al., 2021) is using the MATSim model for Vienna, the
microscopic simulation (presented in D5.3 - Roussou et al., 2021) considers the AIMSUN
model for Athens, and on the other hand the Delphi method is a qualitative method, based
on the experts’ opinions and not on a specific city model. Regarding the Delphi method,
limitations are posed by the number of experts, the specificity of the scenarios and the
accuracy of their estimations. Thus, the Delphi results will be used to fill in the PST when
no other method can. Approaches such as Delphi can be updated when CCAM reach
increased maturity and revisited for future efforts either in projects such as LEVITATE or
in broader research. 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. 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.
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6 Conclusions and future work

oooooooooooooooooooooooooooooooooooooooooooooooooooooooooooooooooooooooooooooooooooooooooooooooooooooooooooooooooo

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 long-term/wider and presented in this
report; namely parking space required, road safety, emissions, energy efficiency, public
health, accessibility in transport and commuting distances. Four methods were used in
order to quantify these impacts; microscopic simulation, system dynamics, road safety
impact assessment and the Delphi method.

The findings of the methods used have demonstrated the benefits of automation in urban
transport as it has been also suggested by the relevant literature. More precisely,
microscopic simulation and the Delphi method indicated the reduction of emissions and the
improvement in energy efficiency respectively. Road safety impact assessment has
provided an extensive quantification of the impacts of the studied automated urban shuttle
services on road safety, indicating a reduction in crashes. System dynamics results
demonstrated an increase in parking space requirements in contrary to the Delphi method
where experts suggested a reduction in parking space required for all the studied SUCs.
This result is explained by the different assumptions in the two methods. System dynamics
also demonstrated a slight increase in commuting distances for higher AVs MPRs which is
also supported by the literature. Finally, public health and accessibility are the long-term
impacts with the least literature references, since they depend on various parameters.
Experts participating in the Delphi method stated that the studied SUCs will positively affect
both these impacts.

6.2 Future work

Further work to be carried out in WP5 includes the following tasks:
1. Formulation of policy recommendations (Task 5.5).
2. Provision of input to WP8 for the development of the PST regarding urban
transport.

The impact assessment outcomes from the Deliverables 5.2, 5.3 and 5.4 that present the
impacts of the introduction of urban transport related policy interventions in the short-,
medium- and long-term respectively, 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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