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Technical definitions

Indicator
Amount of
travel

Emissions

Energy
efficiency

Inequality of
transport

Modal split

Parking space

Public health

Road safety

Definition or operationalisation (and relevance)

The amount of travel is defined as the number of person (or vehicle) kilometres
travelled in a year in a particular study area, region or country. This is generally a
measure of mobility and reflects the total displacement of people, goods and vehicles
in a given time period and region. This can be disaggregated to reflect for example
specific modes or commodities. In Levitate we generally refer to person-km travelled.

The amount of travel has an obvious relevance for transport policy and is a primary
indicator of mobility. Changes in mobility needs impact on traffic safety, environment,
accessibility, infrastructure provision and other policy domains.

In Levitate the emissions are defined as the (total) amount of vehicle exhaust
emissions and expressed by the amount of carbon dioxide (CO2), nitrogen oxides
(NOX) and particulate matter (PM10) emissions in kilogrammes/km or kilotons. In the
synthesis reports for WP5, 6 and 7, the focus is on carbon dioxide emissions although
particulates and NOX are also briefly discussed.

Energy efficiency was defined as the average rate (over the vehicle fleet) at which
propulsion energy is converted to movement (%).

The inequality in transport was defined as the degree to which transport services are
used by socially disadvantaged and vulnerable groups including people with
disabilities.

Modal split (or modal share) describes the relationship between the means of
transport (the modes) and the volume (number) of persons or commodities
transported by each mode within a region. So, in effect it is the proportion of
travellers using a specific type of transport. By modal split we typically refer to the
percentages of people travelling on foot (walking); cycling; by bus, train or other
public transport, in private cars etc. In freight transport we may distinguish on the
basis of the mass (or volume) of specific (categories) commodities being transported
by specific vehicle types.

Modal split is one of the most essential inputs for transportation planning and
modelling and is equally important for transport policies. For example, an increasing
demand for travel by private cars in favour of public transport is generally enough
incentive for decision makers to take steps to improve public transport or to
discourage private transport through pricing or other disincentives.

Parking space is defined as the required parking space in the city centre per person
(m2/person).

Public health was operationalised as a subjective rating of public health state, related
to transport.

Within LEVITATE, road safety impacts were estimated from a combination of the
AIMSUM microsimulation using the Surrogate Safety Assessment Model (SSAM),
estimates of crashes involving vehicles and vulnerable road users and other secondary
impacts. In the microsimulation estimates crashes involve only motorised vehicles

(cars, buses and trucks) whereas crashes involving vulnerable road users (cyclists and
pedestrians) were estimated from accident statistics, based on data from Austria and
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Definition or operationalisation (and relevance)

Vienna. In the estimation of road safety impacts crashes for motorised traffic (from
SSAM) were expressed as crash rates (crashes per 1000 veh-km) and for crashes
involving vulnerable road users as absolute numbers. For both these the effect on
CAV introduction was expressed as a percentage change.

The shared mobility rate in Levitate is defined as the proportion of trips that are made
by persons sharing a particular mode of transport with others and is a proxy to
vehicle occupancy. This aspect is also relevant for transport policy particularly where
large numbers of private cars are used to transport relatively low numbers of people.
Influencing vehicle occupancy may hold significant benefits for reducing the demand
for road space by reducing the number of vehicles. This has significant benefits for all
policy domains.

Within Levitate the vehicle utilisation rate is considered as the percentage of time a
vehicle is in motion (not parked). Vehicle utilisation is particularly relevant for freight
and public transport vehicle operators where vehicles need to be optimally utilised to
minimise operating costs. For road authorities this is an indicator for, for e.g., the
demand for parking versus the demand for road capacity.

LEVITATE | Deliverable D6.5 | WP6 | Final iii
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About LEVITATE

Societal Level Impacts of Connected and Automated Vehicles (LEVITATE) is a European
Commission supported Horizon 2020 project. It has as objective to prepare a new impact
assessment framework to enable policymakers to manage the introduction of connected
and automated transport systems, to maximise the benefits and to utilise these
technologies to achieve societal objectives.

Connected and automated transport systems (CATS), or recently the more accepted term
Cooperative, Connected and Automated Mobility (CCAM), are expected to be introduced in
increasing numbers over the next decade. Automated vehicles have attracted the public
imagination and there are high expectations in terms of traffic safety, mobility,
environment, and economic growth. With such systems not yet in widespread use, there
is a lack of data and knowledge about impacts.

The potentially disruptive nature of highly automated vehicles makes it very difficult to
determine future impacts from historic patterns. Estimates of future impacts of automated
and connected mobility systems may be based on forecasting approaches, yet there is no
agreement over the methodologies nor the baselines to be used. The need to measure the
impact of existing systems as well as forecasting the impact of future systems represents
a major challenge. The dimensions for assessment are themselves quite broad ranging
from impacts on traffic safety to the environment and potentially including sub-divisions
within the domains which adds to the complexity of future mobility forecasts.

Specifically LEVITATE has four key objectives:

1. 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.

2. 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.

3. 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.

4. 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 toolbox allowing the impact of
measures to be assessed individually. A Decision Support System will enable users to
apply back casting methods to identify the sequences of CCAM measures that will result
in their desired policy objectives.

LEVITATE | Deliverable D6.5 | WP6 | Final iv
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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 connected and automated transport
systems, maximise the benefits and utilise the technologies to achieve societal objectives.
As part of this work, LEVITATE seeks to forecast societal level impacts of connected and
automated transport systems (CATS) or, as these systems are more recently referred to,
cooperative, connected, and automated mobility (CCAM). These impacts include effects on
mobility, safety, environment and economy. Work Package 6 (WP6) considers the societal
impacts of automated passenger car use in urban environments. Within WP6, the impacts
of six policy measures related to particular developments in automated passenger cars are
considered in what are termed sub-use cases (SUCs).

The goal of this Deliverable is to summarize the more detailed results presented in
deliverables D6.2-D6.4 (Haouari, et al., 2021; Sha, et al., 2021; Chaudhry et al., 2021),
to provide an overview of the main expected trends for each of the quantified impacts (e.g.
emissions, congestion). Four methods were employed to quantify the future impacts of
connected and automated vehicles: microsimulation, mesosimulation, system dynamics,
and Delphi. Estimates derived from the microsimulation are based on models from the road
networks in three European cities: Manchester, Santander and Leicester. The
mesosimulation and system dynamics models are based on road networks from the city of
Vienna, and the Delphi survey is not location-specific and relies on consensus-based
estimates of a group of experts in the topic field. The methods were applied based on their
strengths and capabilities to derive different impacts of an increasing penetration rate of
CAVs within the total vehicle fleet, together with the deployment of each of the following
Six passenger car sub-use cases (SUCs):

Provision of dedicated lanes for CAVs (microsimulation, Delphi)

Replace on-street parking with other facilities (microsimulation, system dynamics, Delphi)
Road use pricing (mesosimulation, system dynamics, Delphi)

Parking price regulation (microsimulation, system dynamics, Delphi)

Green light optimal speed advisory (GLOSA) (microsimulation, Delphi)

Automated ride sharing (microsimulation, system dynamics, Delphi)

For each of these six SUCs, several implementation scenarios were estimated, varying for
example the type of road use pricing (static or dynamic) or the various alternatives which
may replace on-street parking (e.g. a driving lane or public space). For each impact, a
baseline scenario is estimated; the baseline scenario refers to a “no intervention” scenario,
representing the expected transition (autonomous development) of vehicle operations
from human-dependence to fully automated vehicles. Any additional effect of the SUC
interventions can be determined by comparing the baseline situation for a given
penetration rate with the specific SUC results; the difference between the baseline and the
SUC is the added effect produced by implementing the specific SUC intervention in the
simulated network.

LEVITATE | Deliverable D6.5 | WP6 | Final 1
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Approach to summarizing LEVITATE results

To summarize the many results from the three deliverables of Work Package 6 (Haouari,
et al., 2021; Sha, et al., 2021; Chaudhry et al., 2021), a selection of sub-use case
scenarios are presented in overview tables with their predicted trend for each of the
considered impacts. Depending on the sub-use case, this meant excluding some scenarios
from the overview which provided similar insights to other scenarios (e.g. lower demand
shares within automated ride sharing) or represented less realistic extremes (e.g. cars not
parking and remaining on the roads due to parking price regulation). For some sub-use
cases, an average is taken of a few scenarios which consist of small variations of the same
intervention and show similar results (e.g. different placements of a dedicated lane for the
UK context). An average was chosen in order to 1) provide a more generalised trend for
the SUC less specific to the simulation parameters and 2) due to the largely similar results
between scenarios suggesting an overarching trend regardless of scenario. In addition, for
some impacts where estimates are calculated by both a simulation/modelling method
(microsimulation, mesosimulation, system dynamics) as well as the Delphi survey, Delphi
results are excluded from the overview due to the other methods being considered the
more rigorous methods within LEVITATE.

The predicted trends for each sub-use case scenario are quantified in terms of percentage
changes reported across an increasing market penetration rate of connected and
automated vehicles (CAVs) in the network vehicle fleet (see Figure 1 below). For each
impact, the overview tables distinguish between the:
e Baseline development (no intervention): the expected development as the
proportion of CAVs in the traffic network increases to 100%
e Intervention-based development (SUC): the expected development of the same
impact when both the sub-use case intervention and increasing penetration levels
of CAVs are at work

As illustrated in Figure 1, the percentage change takes the first stage of the baseline
scenario as the reference point (zero percentage change). At this starting point of the
baseline, no intervention has been implemented and no automated vehicles are present in
the network (0% penetration of CAVs). The development of impacts (expressed as
percentages indicating a decrease or increase from the initial value) under the baseline
indicates the sole expected effect of increasing CAV penetration in total traffic. The
development of impacts under the intervention-based condition indicates the expected
effect of the combination of the SUC intervention and the growing automation level. The
specific effect or impact of the SUCs can be determined by comparing the baseline situation
for any given penetration rate with the specific SUC results; the difference between the
baseline and the SUC is the added effect produced by implementing the specific SUC
intervention in the simulated network.

Because of differences between the four studied cities’ road networks and traffic conditions,
as well as differences in each methodology’s assumptions and scale, impact estimates
across methods and cities can vary. This also results in variations in the baseline
estimations for a given impact, depending on the city/method applied. Generalising the
specific results is therefore not advised unless these are applied to similar conditions as
adopted in Levitate. However, the estimates within and across methods and cities are
indicative of expected trends for the SUCs tested.

LEVITATE | Deliverable D6.5 | WP6 | Final 2
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Figure 1: Illustration of overview tables
Increasing penetration rates of automated vehicles (CAVs) in traffic
100% 100%
human-driven « « = =« = = = = = = s = = = = = = = = = = = =« =« = =« p AUtomated
vehicles vehicles
1 2 3 4 5 6 7 8
Impact Baseline - no 0% % % % % % % %
(e.g., intervention (reference) change change change change change change change
emissions, .
roald slafety Intervention % % % % % % % %
congestion)’ (sub-use case) change change change change change change change change

Findings

The main findings from the work done in WP6 on expected developments from the six
major SUCs and the various scenarios are presented below. It should be noted that the
impacts of some of the SUCs have been estimated using one or more of the different
methods: microsimulation, mesosimulation, system dynamics and Delphi method. The
microsimulation method was applied to 5 sub-use cases, the mesosimulation was
appropriate to evaluate 1 sub-use case, the system dynamics method was utilized to
evaluate 4 of the sub-use cases, while the Delphi method was applied to all 6 sub-use
cases. The four different methodologies (microsimulation, mesosimulation, system
dynamics, Delphi) were also each used to calculate a different set of mobility,
environmental and societal/safety/economic impacts depending on the method’s
characteristics (e.g. microsimulation is more suitable to small-scale traffic analysis while
mesosimulation and system dynamics take systemic/wider impacts into account). Some
impacts were calculated by multiple methods (but as explained earlier, not all are
presented in this synthesis). In Table 1, the impact definitions and methodologies are
described.

Table 1: Illustration of overview tables

Polic s e
areay Impact Definition Methodology
CO2 emissions due to |Concentration of CO: pollutants as grams per vehicle- . . .
. - . g Microsimulation
Environ- vehicles kilometre (all road traffic)
ment - Average rate (over the vehicle fleet) at which propulsion .
Energy efficiency energy is converted to movement (all road traffic) Delphi
! Average duration of a 5 Km trip inside the city centre (all |Microsimulation/
Travel time ) - A
traffic) Mesosimulation
The opportunity of taking a trip whenever and wherever .
Access to travel wanted (10 points Likert scale) Delphi
Amount of travel per |Kilometres of travel per person in an area (all traffic) . .
person Mesosimulation
Total kilometres travelled|Total vehicle kilometres travelled in the network (all traffic) | Microsimulation
Mobility . Average delays to traffic (seconds per vehicle-kilometre) as| ,,. . .
Congestion a result of high traffic volume (all traffic) Microsimulation
. . % of network trip distance (all traffic) made using active Delphi / System
Modal split: Active travel (walking, cycling) transportation dynamics
Modal split: Public % of network trip distance (all traffic) made using public Delphi / System
transport transportation dynamics
Shared mobility rate |% of trips made sharing a vehicle with others Delphi
Vehicle utilisation rate |% of time a passenger vehicle is in motion (not parked) Delphi
LEVITATE | Deliverable D6.5 | WP6 | Final 3
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Vehicle occupancy % of kilometres a vehicle is occupied by passengers Delphi
Vehicle operating cost Direct outlays for operating a vehicle per kilometre of Delphi

travel averaged over all traffic

Parking space demand |Required parking space in the city centre per person Dynamics

Delphi / System

Number of predicted crashes per vehicle-kilometre driven
Road safety

Microsimulation

Society, (all traffic)
safety, . Subjective rating of public health state, related to transport .
economy Public health (10 points Likert scale) Delphi
Degree to which transport services are used by socially
Accessibility of transport |disadvantaged and vulnerable groups incl. people with Delphi
disabilities (10 points Likert scale)
Average commuting . . System
distance Average length of trips to and from work (all traffic) Dynamics

Baseline developments

The increasing penetration levels of connected and automated vehicles (CAVs) in the urban
city area is estimated (for most baselines) to have a positive impact on the environment
(less emissions, higher energy efficiency), on society, safety & economy (improved road
safety, public health, and lower vehicle operating costs) and on most mobility indicators
(more access to travel and less congestion). In the absence of policy interventions, some
potentially negative effects could be realised if private automated vehicle transport leads
to a decline in walking, cycling, and/or public transport trips.

The impacts for the various SUC are measured relative to the baseline starting point: the
situation with no intervention or presence of automated passenger cars. Important to note
is that baseline estimated vary across methods and the city networks to which CAVs and
the SUCs were applied. In the microsimulation, results for the baseline estimates differ
between SUCs due to different networks being studied for each SUC. For the
mesosimulation and system dynamics impacts, one baseline was calculated for the entire
city of Vienna, which may also show different effects from the networks used in the
microsimulation. Also the baseline estimates in the Delphi method differ across SUCs
because different expert groups evaluated different SUCs. The results therefore reflect the
implementation of CAVs under a wide range of conditions, networks, and methodologies.
The results serve as indicative of impact ranges rather than definitive estimates, which
would have required a much larger study as well as more observational data which is
unavailable due to the early stages of automated technology. Care must be taken in
generalising the results to situations to those which are comparable to those modelled in
Levitate. The results are transferable in as far as they are applied to networks that are
comparable to those used in Levitate (Haouari et al., 2021; Sha et al., 2021; Chaudhry et
al., 2021).

The following points summarise the primary baseline results:

e Environment: For the CO2-emissions, in all five sub-use case networks a substantial
positive baseline development was estimated, even at low levels of CAV penetration
(CO2 emissions reduction of 20% at 20% CAV penetration rate). This is due to the
assumption that all CAVs are electric vehicles. Out of the six estimated baseline
scenarios for the development of energy efficiency, all expert groups predicted that
energy efficiency will improve once CAV penetration exceeds 60% (5% to 31%
improvement at full penetration). For two of these baseline estimates, a slight initial
decrease in energy efficiency is predicted at low CAV penetration rates.

LEVITATE | Deliverable D6.5 | WP6 | Final 4
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Mobility: For the mobility domain, on the positive side most (4 out of 5) baselines predict
a reduction of congestion (between 9% and 13% reduction), most predict an increase
in shared mobility rates (between 11% and 41% increase at 100% CAV penetration
level), and most baselines predict an increase in the vehicle utilisation rate (four out
of the six baselines estimate an increase between 43% and 50% increase at 100% CAV
penetration level). However, on the negative side, most baselines in both the Delphi
study and system dynamics model predict a reduction in the modal split of active
transportation (between 13% and 56% reduction at 100% CAV penetration level) and
public transport (between 10% and 29% reduction at full automation) in favour of
CAVs. For total kilometres travelled, travel time and vehicle occupancy rates,
different baselines produce very different results; there seems to be no clear pattern
for these impacts.

Road safety: Regarding safety, for all the baseline networks, a substantial improvement
in road safety is predicted at full penetration of automated vehicles (67% to 92%
reduction in crash rates of crashes between passenger vehicles). At lower penetration
rates when there is still mixed traffic on the road, the impact on crash rates is more
gradual. For three out of the five baselines, an improvement in road safety is already
clear with the presence of 40% CAVs on the road (11% to 25% reduction in crash rate).
For the other two baseline networks (Santander and the GLOSA network from
Manchester), a temporary increase in crash rates is predicted in low penetration rates
when many human-driven vehicles are still on the road. This is likely due to interactions
between human-driven vehicles and CAVs, whose different driving styles may cause
some additional conflicts. Once human-driven vehicles are no longer on the road, all
baselines show a large decrease.

Society/Economy: Most baselines (5 out of 6) predict an improvement in public health
(2% to 12% improvement), and all 6 baselines predict an improvement in equal
accessibility of transport (mostly between 4% and 25%). Effects on vehicle
operating costs are mixed as CAV penetration increases to 100% (-20% to +13%),
but at lower penetrations (20% to 40% CAVs) all baselines predict vehicle operating
costs to at least temporarily increase. The results for parking space demand
estimated by system dynamics predict parking space demand to increase as CAVs
become more widespread. This is due to a predicted mode shift towards private
automated vehicle travel from other modes (e.g. public transport), thus increasing the
demand for parking if no further policy measures are taken.

The effect of the SUC interventions
Below is a summary of the findings from the six major sub-use cases and their
implementation scenarios:

1.

Road use pricing: Road use pricing is expected to lead to a number of additional
benefits over the baseline impacts: better energy efficiency (dynamic toll more than
static toll or empty km pricing), less reduction in the use of active modes and public
transport, higher vehicle occupancy rate, and lower parking space demand. On
the negative side, road use pricing is expected to lead to increase in vehicle
operating costs, and less equal accessibility of transport. The scenario "empty
km pricing” is expected to contribute more positively towards keeping vehicle
operating costs within bounds compared to the “static toll” and “dynamic toll”
scenarios. The “static toll” scenario is expected to result in the highest shares in active
transport modes and public transport. The “dynamic toll” scenario is expected to lead
to the highest vehicle occupancy rates.
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2. Dedicated CAV lanes: Compared to the baseline, dedicated lanes for CAVs do not make
a clear difference for emissions, travel time, kilometres travelled, and road safety. On
the positive side, dedicated lanes are expected to lead to better access to travel
when lanes are “dynamic,” slightly reduced congestion in mixed human-driven/CAV
traffic, a higher vehicle utilisation rate, higher vehicle occupancy rate, and lower
vehicle operating costs. The “dynamic” lanes scenario performs better than the
“fixed” lane scenarios in terms of improvements on energy efficiency, access to travel,
vehicle occupancy rate, vehicle operating costs, and in terms of a lesser decrease of
the active mode share.

3. Parking price requlation: Parking price regulation does not seem to make a noticeable
difference on CO2 emissions or shared mobility rate. On the positive side, parking price
regulation is expected to compensate some of the negative impacts of CAVs on the
mode share of public transport and active modes, resulting in more walking,
cycling and public transport use than in the baseline development. However, in both
cases these interventions cannot overcompensate for the negative impact that CAVs
are expected to cause to the modal share of public transport and active modes. Less
private vehicle use than in the baseline also results in a reduced demand for parking
space, according to the system dynamics model. The alternative parking behaviours
resulting from parking price regulation are predicted to have some potentially negative
(or less positive) effects compared to the baseline development on: energy
efficiency, travel time and congestion, and road safety. However, these negative
effects predicted by microsimulation and Delphi do not take into account the effects
on modal split predicted by system dynamics which may counteract these effects to a
certain degree if private vehicle transport is reduced. Reduced benefits are also
predicted for access to travel, equal accessibility of transport, vehicle
utilisation rate, and vehicle operating costs, due to the increased costs of parking
in central locations.

4. Replacing on-street parking: The interventions aimed at replacing on-street
parking show similar results to the baseline (no added effect) in terms of CO:2
emissions. Positive effects on mobility in terms of reduced travel time and
congestion are predicted due to the reduction in parking manoeuvres. For many of
the impacts, the effect of replacing on-street parking was dependent on the scenario:
removing half of spaces, replacing with driving lanes, replacing with pick-up/drop-off
spaces for shared CAVs, or replacing with public space or cycling lanes. Replacing with
“public space” was found to be particularly beneficial for energy efficiency, shared
mobility rate, modal splits of active and public transport, vehicle occupancy
rate, vehicle operating cost, road safety, and public health, but negative in terms
of access to travel. Meanwhile, replacing on-street parking with “driving lanes” is
expected to improve access to travel and use of active modes (to a lesser degree
than public space), but reduce the mode share of public transport and negatively
impact public health and parking space demand. The scenario “pick-up/drop-off”
generally performs worse than the other scenarios in terms of energy efficiency,
travel time, kilometres travelled, congestion, shares of active transport modes
and public transport, shared mobility rate, and road safety. On the positive side,
the “pick-up/drop-off” scenario is expected to result in better results for access to
travel and equal accessibility of transport than the other scenarios in the replacing
on-street parking SUC.
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Automated ride sharing: Automated ride sharing does not make a noticeable difference
for CO2 emissions or parking space demand. Compared to the baseline, extra benefits
are expected in terms of energy efficiency, access to travel, public transport
use, shared mobility rate (at lower CAV penetrations), vehicle occupancy rate,
and vehicle operating costs. Compared to the baseline, it has a negative impact on
congestion (due to empty vehicle kilometres needed to reposition vehicles), travel
time, use of active modes, and vehicle utilisation rate. The impact on road safety
is mixed: at low CAV penetrations, automated ride sharing improves safety by serving
a share of otherwise human-driven trips. However, as all trips become automated the
added benefit reduces and the extra congestion caused by ride sharing rather serves
to slightly increase crash rates compared to the baseline at high penetration rates.
Furthermore, the impacts of automated ride sharing depend on what share of the users
are willing to share trips with other users. When willingness to share is low (20%
scenario), less positive results are predicted for mobility and road safety due to the
larger number of trips and vehicles needed to serve the demand (travel time and
congestion increase; kilometres travelled and road safety decrease).

GLOSA: The GLOSA sub-use case is associated with no noticeable additional impacts
on COz emissions or kilometres travelled. Compared to the baseline it shows positive
impacts on travel time, congestion, public transport use, road safety, and
vehicle operating costs. A negative (or less positive) impact compared to the
baseline is predicted for access to travel, active mode share, shared mobility
rate, vehicle utilisation rate, public health, and equal accessibility of
transport.

Overall conclusions

In summary, the following primary conclusions were drawn:

Increasing penetration levels of connected and automated vehicles in the urban city
area are estimated (for most baselines) to have positive impacts on the environment
(less emissions, higher energy efficiency), on society and economy (improved road
safety, public health, and lower vehicle operating costs) and on mobility (more access
to travel and less congestion). The predicted decrease in the modal share of public
transport, walking and cycling in favour of automated passenger cars, however, may
lead to some undesirable effects (such as the predicted increase in demand for parking
space) without further policy measures.

Road use pricing is expected to lead to a number of benefits above baseline
developments, especially regarding mobility and environmental concerns: better energy
efficiency, less reduction of active mode share, higher vehicle occupancy rate, less
negative impact on public transport mode share, and less parking demand. On the
negative side, road use pricing is expected to lead to an increase in vehicle operating
costs, and lower accessibility to transport.

Dedicated CAV lanes are predicted to have limited additional impacts on most
indicators. Slight benefits were estimated for congestion, vehicle operating costs,
vehicle utilisation and occupancy rates, as well as public health.

Parking price regulations causing CAVs to return to other locations to park or drive
around while waiting for passengers showed mixed results. Some negative effects are
predicted on mobility (e.g. congestion), as well as the environment (energy efficiency),
road safety, public health and accessibility of transport. These negative effects are
primarily due to extra empty vehicle kilometres needed to reposition vehicles after
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passenger drop-off. However, increased parking costs also have the potential to
stimulate a moderate mode shift away from private vehicle transport, which may benefit
use of active modes of travel and decrease the demand for parking space. Results
regarding the effects on public transport use are mixed.

Of the six major sub-use cases, replacing on-street parking is associated with a wide
range of positive benefits over the baseline, including a large improvement in traffic
conditions (reduced travel time and congestion), more positive development in active
mode share, more shared mobility, better development of road safety and lesser
demand for parking space. The facilities chosen to replace on-street parking also
influence the impacts. Replacing on-street parking with public space is particularly
associated with societal and environmental benefits (e.g. road safety, public health,
energy efficiency) and is beneficial for shared, public, and active forms of mobility.
Replacing on-street parking with driving lanes or pick-up/drop-off points is generally
associated with lesser benefits, except for improved access to travel. Pick-up/drop-off
points or removing only half of spaces also reduce the benefits to congestion due to
maintaining some of the parking manoeuvres.

Automated ride sharing is expected to benefit vehicle sharing, accessibility, and
energy efficiency. While it is predicted to attract a moderate mode shift away from
private vehicle transport, automated ride sharing is also predicted to attract trips away
from walking and cycling. Furthermore, the additional empty vehicle kilometres
necessary to reposition the vehicles to pick up their next passengers may lead to an
increase in congestion, counteracting the benefits of the trips which can be shared. The
impact of an automated ride sharing system is also dependent on the population’s
willingness to share trips with other travellers: a higher willingness to share is associated
with less negative effects on congestion and marginally better road safety.

GLOSA is not predicted to have large additional impacts on most indicators. Slight
benefits to the traffic conditions are predicted (reduced congestion and travel time) as
well as less decrease in public transport use and reduced vehicle operating costs.
Potential negative effects on shared mobility rate, active travel, vehicle utilisation and
occupancy rates, access to travel and public health are predicted. These negative effects
may be due to a predicted increase in private vehicle travel with implementation of
GLOSA.

The policies considered in the SUCs have little additional impact on generated
emissions; the large, expected reductions are primarily driven by the transition to CAVs
which are assumed to be electric vehicles. The large, expected improvements in road
safety with increasing automation are also driven by behavioural differences in CAVs
(e.g. quicker reaction times) compared to human-driven vehicles, which is impacted
minimally by SUC policies.

Sub-use case related recommendations

Automated vehicles may provide benefits such as additional comfort, efficiency, the
potential for multitasking, and accessibility to travellers who are not able to drive a
vehicle themselves. This may cause a potential modal shift from other modes of travel
(e.g. public transport, cycling, walking) towards private vehicle travel, which may be
undesirable to cities for a number of reasons (e.g. energy usage, public health, use of
public space). In order to limit potential increases in private vehicle transport, road use
pricing, replacing on-street parking with public space, and parking price regulation may
be useful policy measures.

Replacing on-street parking with public space is predicted to be associated with more
benefits than replacing the space with driving lanes, provided care is taken that
sufficient accessibility is retained.
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e The benefits of an automated ride sharing system are highly dependent on the users’
willingness to combine trips and it has the potential to increase congestion due to empty
repositioning trips. Therefore, the suitability of local conditions for an automated ride
sharing system should first be studied before implementation.

e GLOSA is associated with some moderate benefits to traffic conditions, although more
efficient traffic flow may also attract more private vehicle use. Therefore, GLOSA may
be best paired with other measures to encourage practices such as vehicle sharing and
active travel.

Strengths and limitations of Levitate

The followings observations pertain to strengths and limitations of research within WP6
LEVITATE. A potential strength of the LEVITATE project is that both smart city transport
policy interventions and the associated impacts have been selected by a diverse group of
stakeholders. A wide variety of impacts were studied at the same time and the project
tried to capture interdependencies. The best available methods - microsimulation,
mesosimulation, Delphi, and other complementary methods such as system dynamics and
operations research - were used to study and quantify the expected impacts of mobility
interventions intended to support CAV deployment and sustainable city goals. Within
LEVITATE project these impacts provide essential input for developing a practical Policy
Support Tool for city policy makers.

Concerning limitations, it should be pointed out there are general scientific difficulties in
predicting impacts of connected and automated mobility due to uncertainties about
propulsion energy, future capacity of power grids, employment, development of costs, and
about the behaviour and acceptance with regard automated vehicles. The results of the
models in LEVITATE are dependent upon specific assumptions. The simulation models used
examined only two CAV profiles (aggressive vs. cautious); future work may extend the
number of profiles. The safety results of the microsimulation did not include crashes where
vulnerable road users are involved.

Given the many uncertainties in prediction, it is obvious that any predicted values are
associated with large uncertainty. For WP6, it was decided not to include estimates of
confidence intervals based on the standard error, derived from repeated trail runs of
models, as a standard output since these intervals would be broad and non-informative.
Also, the estimation of these intervals would tend to be biased in itself since the input
variables and assumptions in the models are very likely much stronger determinants of
predicted values than the variability in sample runs.
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1 Introduction

Vehicle automation technology is expected to impact many areas of society.
Highly automated vehicle technologies, complying to SAE levels 4 and higher, are
expected to stimulate new innovations and policy interventions across the
transport sector. These could include, for example, new vehicle types, new
transport services and changes to infrastructure. The LEVITATE project is
directed at studying—and where possible, quantifying—the expected impacts of
vehicle automation on society and on mobility, safety, the environment, and the
economy. This report provides a synthesis of the results achieved in Work
Package 6 which studied the impacts of six sub-use cases within the broader
domain of automated passenger cars. This specific chapter introduces the general
scientific approach and methodology adopted by LEVITATE. Furthermore, it
describes the aims of and Work Package 6 and provides an overview of the
structure of the report.

1.1 General Levitate approach

Within LEVITATE, a range of cooperative, connected, and automated mobility (CCAM)
applications and interventions are studied under three use cases: automated urban
transport, automated passenger cars and automated freight transport. These
correspond to Work Packages (WP) 5, 6 and 7.

In each Work Package, a stakeholder reference group workshop was organised among city
administrators, industry representatives and transport specialists to gather views on the
future and impacts of CCAM on these three primary use cases. Part of the workshop aimed
at identifying specific developments, applications, or policy interventions within each sector
(or use case). These were termed sub-use cases. Within LEVITATE, these lists were
subsequently prioritized and refined in order to inform the interventions and scenarios
related to urban transport, passenger cars or freight transport. The prioritisation of the
sub-use cases mainly took three input directions into account: the scientific literature;
roadmaps detailing the deployment of CCAM; and a workshop among stakeholders. This
resulted in 13 sub-use cases covering 3 use cases as listed in Table 1.1.

Table 1.1: Sub-use cases (SUCs) investigated in LEVITATE.

Urban transport (WP5) Passenger vehicles (WP6) Freight transport (WP7)
Point to point automated urban shuttle Provision of dedicated lanes for ~ Automated urban freight
service connecting two modes of transport CAVs delivery
Point to point automated urban shuttle Replace on-street parking with Automated freight consolidation
service in a large-scale network other facilities
On-demand automated urban shuttle Road use pricing Hub to hub automated delivery
service

Last mile automated urban shuttle service Parking price regulation

Green light optimal speed
advisory (GLOSA)

Automated ride sharing
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Within LEVITATE, the impacts of the cooperative, connected and automated mobility
(CCAM) sub-use cases are evaluated at three impact levels: direct, systemic, and wider.
Direct impacts are changes that are noticed by each road user on each trip (Elvik et al.,
2020). These impacts are considered as short-term and can be measured directly after the
introduction of an intervention or technology, such as changes in travel time or costs.
Systemic impacts are system-wide impacts within the transport system which are typically
secondary effects resulting from direct impacts. These include measures such as
congestion or modal split. These are considered as mid-term impacts. Wider impacts are
those aspects on which transport systems rely to make mobility possible and those which
are in essence a by-product of mobility. Examples of wider impacts are changes in land
use and employment, energy demand and public health. These are inferred impacts
measured at a larger scale and are the result of direct and system wide impacts. They are
considered as long-term impacts (Elvik et al., 2020). Table 1.2 presents the impacts
considered within WP6, their impact level and the policy area(s) to which they are most
related.

Table 1.2: Overview of (estimated) impacts in relationship to policy, scale, term and method.

Quantific_-:d impacts Impact I_evel Relevant policy
see D6.2-6.4 (Haouari et al., 2021; Sha et al., see D3.1 (Elvik et al., areas
2021; Chaudhry et al., 2021) 2020)
Travel time Mobility
Vehicle operating cost Direct Society, economy
Access to travel Mobility, society
Congestion Mobility, society
Total kilometres travelled Mobility, society
Amount of travel per person Mobility, society
Modal split of travel using public transport ) Mobility, society
- - - Systemic — -

Modal split of travel using active travel Mobility, society
Shared mobility rate Mobility, society
Vehicle utilisation rate Mobility, society
Vehicle occupancy Mobility, society
Demand for Parking Mobility, society
Road Safety (crash rate) Safety
Energy Efficiency Environment, economy
Emissions Wider Environment
Public Health Society
Inequality in Transport Society
Commuting Distances Mobility, society

LEVITATE considers the impacts of two simultaneous developments: an expected growth
in the popularity of connected and automated vehicles (CAVs) over time (autonomous
development driving the penetration of CAV technology), as well as the policy interventions
defined in the sub-use cases. These are specified in terms of scenarios, for which the
impacts in Table 1.2 are estimated:

e Baseline scenario: growing penetration of connected and automated vehicles
(CAVs) WITHOUT a policy intervention
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e Sub-use case scenarios: growing penetration of connected and automated
vehicles (CAVs) WITH a policy intervention implemented in the network (see Table
1.1)

For all scenarios it is assumed that the percentage of CAVs in the vehicle fleet will increase
over time and that CAVs will be SAE level 5 (fully independent of human drivers). As the
exact timescale of SAE level 5 vehicle development and adoption is still undefined, this
expected growth is quantified in so-called “deployment scenarios” with varying market
penetration rates of CAVs (see Table 1.3). These penetration rates reflect the transition
from a driver-dependant vehicle fleet (100% human-driven vehicles) to a driverless vehicle
fleet (0% human-driven vehicles).

In addition, two types of CAVs are distinguished in the deployment scenarios to represent
an expected evolution in technology (Table 1.3). Within LEVITATE, first-generation
automated vehicles have been defined as vehicles with limited sensing and cognitive
ability. When compared to human driven vehicles, these 15t generation CAVS are assumed
to have longer headways (following gaps), earlier anticipation of lane changes and longer
reaction times (more time required in give way situations). Second generation automated
vehicles have been defined as having advanced sensing and cognitive ability utilising data
fusion usage allowing greater confidence in taking decisions, shorter headways (small
following gaps), earlier anticipation of lane changes than human driven vehicles and less
time in give way situations (Haouari et al., 2021). As less is known about the development
of freight CAVs, only one type of automated freight vehicle is distinguished which adopts
similar behaviour to 1St generation CAVs. These differences in driving style are
implemented within the microsimulation models used in the impact quantification in WP6.
The behavioural parameters chosen for 15t and 2" generation CAVs in the microsimulations
are explained in full in Appendix B.

Table 1.3: CAV Baseline deployment scenarios used within LEVITATE

Deployment scenarios

Type of vehicle A B C D E F G H
Human-Driven 100% 80% 60% 40% 20% 0% 0% 0%
Vehicle
1%t generation CAV 0% 20% 40% 40% 40% 40% 20% 0%
2" generation CAV 0% 0% 0% 20% 40% 60% 80% 100%
Human-driven 100% 80% 40% 0% 0% 0% 0% 0%

freight vehicle

Freight CAV 0% 20% 60% 100% 100% 100% 100% 100%

1.2 Work Package 6

Work Package (WP) 6 considers the specific case of passenger cars which are used across
the transport system, mainly urban but extending to rural and highways. Work undertaken
in WP6 is based on the methodology developed in WP3 and the scenarios developed in
WP4 to identify and test specific scenarios regarding the impacts of CCAM on passenger
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cars. Findings complement those of WP5 (Urban transport) and WP7 (Freight) and feed

into developing the LEVITATE Policy Support Tool (PST) in WP8. More specifically, the

purpose of WP6 is to:

e identify how each area of impact (safety, environment, economy, and society) will be
affected by the transition of human driven passenger cars into (driverless) connected
and automated mobility (CCAM).

e assess the short-, medium- and long-term impacts, benefits, and costs of cooperative
and automated driving systems for passenger cars.

e test interactions of the examined impacts in passenger cars, and

e prioritise considerations for a public policy support tool to help authority decisions.

Work Package 6 consists of five Deliverables in total (see Table 1.4), covering the initial
exploration phase (6.1), quantification of the impacts using four methodologies (6.2-6.4),
and a final synthesis of the main results and policy relevance (6.5). More specifically, the
purpose of this Deliverable (6.5) is to summarise the results of the short-, medium- and
long-term effects of automated passenger cars and their impacts on society, economy,
environment, and safety as presented and discussed in Deliverables 6.2-6.4 (Haouari, et
al., 2021; Sha, et al., 2021; Chaudhry et al., 2021).

Table 1.4: Methods used to evaluate and quantify the expected impacts of automation within the urban
transport sector

Goal Method Explanation Deliverable
Literature Existing literature on CCAM/CAVs/ADAS 6.1
review
Exploration | Stakeholder A group of key stakeholders - international/ twinning 6.1

workshop  partners, international organisations, road user groups,
actors from industry, insurances and health sector
support the project and participated in workshops

Delphi study The Delphi method was used to determine those 6.2,6.3,6.4
impacts that cannot be defined by the other
quantitative methods

Traffic micro- AIMSUN microsimulation of traffic at the city-district 6.2,6.3,6.4
simulation level (based on modelling individual vehicles)

System Investigates several longer-term impacts which cannot 6.3, 6.4
Dynamics  be covered by other methods. Consists of 3 interacting
sub-models:
. 1. A Transport Model modelling travel demand and
Quantifi- trips
cation

2. A population model used to calculate demand (which
also calculates the average commuting distance)

3. A Public Space model based on modelling public
space at a zone level, distinguishing between parking
space, driving lanes and other uses. The relative
demand for parking space is calculated in this model
(see Sha et al., 2021b)

Traffic meso- MATsim activity-based modelling of behaviours and 6.2,6.3
simulation  choices of individuals (based on groups or streams of
vehicles) at the city level
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Synthesis & Environment, Mobility and Society/ Economy/ Safety
discussion Policy Recommendations & considerations for 6.5
considerations policymakers based on the wider literature

1.3 Purpose and structure of report

The purpose of this synthesis report is to present the expected impacts of a range of
mobility policies in the urban transport domain, particularly those relevant to passenger
cars, against the background of increasing CAV deployment in the urban vehicle fleet on
the environment, mobility, society, safety, and economy.

This report is structured as follows; following this general introduction to the LEVITATE
project, Chapter 2 provides a more detailed theoretical and empirical background to the
expected impacts of automated urban transport, and it describes which approach was used
to summarise the various impact results from earlier LEVITATE Deliverables D6.2, D6.3
and D6.4 (Haouari, et al., 2021; Sha, et al., 2021; Chaudhry et al., 2021). Chapter 3
presents the main summarised findings of the quantitative analyses which were reported
in more detail in deliverables D6.2 to D6.4. In Chapter 4, the strengths and limitations of
the LEVITATE approach are discussed and broader policy considerations regarding the
potential impacts of CCAMs are reflected upon. In Chapter 5, final conclusions and
recommendations are drawn.
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2 Background

The transition towards cooperative, connected and automated mobility (CCAM)
is expected to contribute to the goals of smart and sustainable cities. In
LEVITATE, the impacts of CCAM including automated passenger cars in urban
transport on these goals have been studied by adopting various methods on
different sub-use cases. This Chapter describes the contributions of automated
urban mobility on major policy goals (Section 2.1), how the various impacts are
interrelated and contribute to the policy goals (Section 2.2). In Section 2.3, the
expected impacts of automated passenger cars are described. The sub-use cases
are further described in Section 2.4. The approach taken to summarise the impact
results is explained in Section 2.5.

2.1 Urban mobility and transport goals

There is no standard European approach for defining goals and indicators for the further
development of smart cities. In WP4 of the LEVITATE project, two existing city transport
strategies from Greater Manchester (UK), and Vienna (Austria) have been looked at in
more detail, specifically in terms of high-level goals on transport developments (Papazikou
et al., 2020). WP4 covers the effects of autonomous vehicle share on the goals set out by
policymakers of these cities (Papazikou et al., 2020).

The Greater Manchester Transport Strategy 2040 follows the vision “*World class
connections that support long-term, sustainable economic growth, and access to
opportunity for all”. The strategy has seven core principles to be applied across their
transport network (City of Manchester, 2017):

Integrated - allow individuals to move easily between modes and services
Inclusive - provide accessible and affordable transport

Healthy — promote walking and cycling for local trips

Environmentally responsible — deliver lower emissions, better quality vehicles
Reliable - confidence in arrival, departure, and journey times

Safe and secure - reduce road accidents especially injuries and deaths

Well maintained and resilient — able to withstand unexpected events and weather
conditions

NouAsWwNE

Table 2.1 summarizes the Greater Manchester Transport Strategy 2040 goals and a
method to measure the impacts. For example, under the policy field, the goal is to improve
road safety, this will be measured by the number of injury or fatalities, as well as the
perception of personal security by transport mode.
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Table 2.1: Overview of goals of the City of Manchester for a viable transport system of the future and
corresponding impact targets (City of Manchester, 2017).

Policy field

Policy goal

Measured impact

Environment

Reduced greenhouse gas emissions
Best use of existing infrastructure in
order to reduce environmental
impacts

CO2 and NO2 emissions

Percentage of new homes having > level
4 accessibility to the public transport
network

Mobility More reliable journey times departure/arrival time reliability by mode
of transport
Reduced congestion Journey duration by mode
Increase use of sustainable transport Modal split of sustainable transport
(reduce negative impact car use) Share of non-sustainable transport
modes
Safety Improved safety and personal Number of killed and seriously injured
security Perception of personal security by
transport mode
Society Greater health Number of walking and cycling trips

Better access to services

Sustainable transport catchment
population for key locations — town
centres/hospitals

The second relevant transport strategy is The Viennese Urban Mobility Plan, under the
“STEP 2025 Urban Development Plan”. It includes the following goals (City of Vienna,

2015):

1. Fair - street space is allocated fairly to a variety of users and sustainable mobility
must remain affordable for all.

2. Healthy - the share of active mobility in every-day life increases; accident-related

personal injuries decline.

Compact - distances covered between work, home, errands and leisure activities
are as short as possible.

Eco-Friendly — mobility causes as little pollution as possible, the share of eco-
mobility in the trips made in Vienna and its environs is rising. The relative change
in the modal shift will be largest in bicycle traffic. In absolute figures, the largest
increase in the number of trips will be attributable to public transport.

Robust - mobility is as reliable and crisis-proof as possible. Mobility should be
possible without necessarily owning a means of transport.

Efficient — resources are used in a more efficient way, helped by innovative
technologies and processes.

The goals for Vienna span four policy domains and were subdivided into specific policy
goals for each domain (Table 2.2), each with its own impact measure.
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Table 2.2: Overview of goals of the City of Vienna for a viable transport system of the future and corresponding

impact targets (WP4).

Policy field

Policy goal

Measured impact

Environment

Mobility causes as little pollution as
possible

Modal split changes

Mobility Resources are used in a more efficient Absolute final energy consumption of the
way Vienna transport system
Distances covered between work, The share of trips done on foot or by bike
home, errands and leisure activities to shop for supplies or accompany
are as short as possible someone as well as distances covered for
leisure time activities
Mobility is reliable and crisis-proof Bicycle availability
Safety Safe road travel The number of traffic casualties and
persons injured in traffic accidents
Society Better health: The share of active The share of people in the Viennese

mobility in every-day life increases

Fairness: Street space is allocated
fairly to a variety of users and

population who are actively in motion for
30 minutes daily as they run their daily
errands

The total sum of spaces for cycling,
walking and public transport in all

sustainable mobility must remain
affordable for all

conversion and urban renewal projects

These two city transport strategies reveal that CCAM could contribute toward achieving
these goals although specific policy will need to be adopted to make that achievable. For
each of the Policy domains described above, one or more key impact indicators have been
defined/operationalized for the Policy Support Tool that is intended to help policy makers’
decision-making concerning interventions that may support automated driving.

2.2 Expected impacts automation

It is expected that CCAM will have substantial impacts on road transport. Deliverable 3.1
(Elvik et al., 2019) presented a taxonomy of potential impacts of CCAM/CATS which makes
a distinction between direct, systemic, and wider impacts. Direct impacts are changes
that are experienced by each road user on each trip. Systemic impacts are system-wide
impacts within the transport system and wider impacts are changes that occur outside
the transport system, such as changes in land use and employment. Moreover, a distinction
is made between primary impacts and secondary impacts. Primary impacts are
intended impacts that directly result from the automation technology, whereas secondary
impacts (rebound impacts) are generated by a primary impact.

Figure 2.1 presents the various impacts of the taxonomy and their expected interrelations
(based on scientific literature and expert consultation). In the figure, impacts are ordered
from those that are direct, shown at the top, to those that are more indirect or wider,
shown further down in the diagram. The diagram is inspired by the detailed model of
Hibberd et al. (2018).
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Figure 2.1: Taxonomy of impacts generated by transition to connected and automated vehicles

Figure 2.1 shows the different paths by which impacts are generated by automation
technology. Three automation technology aspects are identified: vehicle design, level of
automation (SAE 1 to 5), and connectivity (Elvik et al., 2019). These characteristics of
technology can give rise to different impacts. For example, vehicle design - which includes
aspects such as vehicle size, setup of electronic control units, powertrain (fossil fuel or
electric) and ease of getting in or out the vehicle — will, through the technology built into
connected and automated vehicles, influence both vehicle ownership cost and vehicle
operating cost (Elvik et al., 2019). The choice of powertrain will influence propulsion energy
and energy efficiency of the engine. Vehicle design may also influence infrastructure design
and infrastructure wear, depending on, for example, the mass of the vehicle and the ability
for vehicle to infrastructure communication (Elvik et al., 2019). Finally, vehicle design may
influence travel comfort and individual access to transport. As an example, vehicles with
high ground clearance and no ramps will be difficult to access for wheelchair users.

Another example of pathways in Figure 2.1 concerns the primary impacts of CCAMS on
road safety. Road safety is influenced by level of automation, as human operator errors
will be eliminated at the highest level of automation (there may still be software errors in
computer programmes operating the vehicle, but there will be no driver who can make
mistakes) (Elvik et al., 2019). The level of automation may also influence road safety
indirectly (e.g. through trust in technology), before the highest level of automation is
attained. However, even fully automated vehicles will have to interact with non-automated
road users, who may place excessive trust in the capabilities of the technology to detect
them, brake or make evasive manoeuvres. Connectivity will influence safety by reducing
or eliminating speed variation between vehicles travelling in the same direction and by
shortening reaction times in case of braking (Elvik et al., 2019). Finally, road safety and,
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in turn, public health (as related to transport) will be influenced by potential changes in
the level of congestion, vehicle kilometres of travel, changes in the modal split of travel
and optimisation of route choice (Elvik et al., 2019).

2.3 Expected impacts of automated passenger cars

Literature related to the effects of connected and automated passenger cars on the road
transport system is increasingly available. The literature can be divided into five main
policy areas covered by LEVITATE (see Table 1.2 and Table 1.3), namely mobility, safety,
economy, environment and society. The following paragraphs summarize the literature
related to the impacts in each policy domain and based on the findings of the detailed
literature review and stakeholder workshop as described in D6.1 (Boghani et al., 2019).

2.3.1 Mobility impacts

Adaptive Cruise Control (ACC) is expected to influence the capacity of roads. The
amount and direction of this change is not evident from the current research. Advanced
ACC systems might allow for smaller headways, increasing traffic flow according to
simulations (Chira-Chavala & Yoo, 1994). However, when headway preferences higher
than 1 second are maintained during field tests or simulations, a decrease in capacity
occurs (Alkim et al., 2007; Chira-Chavala & Yoo, 1994; Morskink et al., 2007). In general,
ACC has been shown to improve mobility.

Simulation studies with intelligent speed assist (ISA) systems found that ISA leads to
slight increases (2,5% on average) in travel time (Carsten & Tate, 2000; Morskink et al.,
2007; Vaa et al., 2014). An increase in travel time of up to 5.6% is estimated for strict
adherence to speed limits (Vaa et al., 2014). Field trials show no significant increase in
travel time for urban areas (Biding & Lind, 2002). In general, ISA can negatively
impact mobility.

Dedicated AV lanes have been the topic of research for several research papers and
European literature (Mohajerpoor & Ramezani, 2019; Vander Laan & Sadabadi, 2017; Ye
& Yamamoto, 2018). Theoretically, the introduction of dedicated AV lanes is supposed to
provide an incentive to people to buy an automated vehicle. However, during the first years
of AV implementation the interaction between humans and AVs which could prove to be
problematic. Several simulation studies have been carried out to evaluate the impact of
providing dedicated lanes for CAVs. These studies found that when the proportion of CAVs
is much lower or higher than the proportion of normal cars, then dedicated-AV lanes do
not show great impact on capacity. In addition, when the percentage of CAVs are 10-40%
of all traffic, then only one dedicated lane provides optimal capacity. Whereas when the
percentage of CAVs are 50-90%, then two dedicated lanes provide optimal capacity (Ma &
Wang, 2019).

Mohajerpoor & Ramezani (2019) found that the best lane-allocation policy on a two-lane
road was found to be:
e One lane for mixed (AV and non-AV), and one lane only for non-AV is ideal for when
penetration rate is between 0% and 50%
e One dedicated AV-lane and one dedicated non-AV-lane is ideal for when penetration
rate is between 50% and 65%
e One mixed (AV and non-AV), and one dedicated AV-lane is the best policy for when
penetration rate is more than 65%
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Van der Laan & Sadabadi (2017) conducted a similar study. The impact of introducing an
AV-only lane was assessed at various AV-penetration rates, with Vehicle Hours Travelled
(VHT), Vehicle Miles Travelled (VMT), average speed and vehicle throughput all plotted
against AV penetration rate. The results showed that as penetration rates increased to 30,
40 or 50%, the overall corridor performance (VHT, VMT, speed, throughput) improved the
most when there was one fixed AV-only lane, at higher penetration rates the performance
started to diminish considerably.

Ye & Yamamoto (2018) used penetration rates, densities, dedicated lane numbers and
time in a simulation study and found that establishing CAV dedicated lanes degrades the
performance of the total traffic flow at a low CAV penetration rate, particularly at a low
traffic density (number of vehicles per kilometre) level. When CAVs become a significant
part of the total traffic (higher penetration rate), the benefits of providing dedicated lanes
diminish as well. The benefit of establishing a dedicated CAV lane appears most feasible
within a moderate traffic density range. The performance of the CAV dedicated lane can
be improved by requiring CAVs to go at a faster speed than conventional vehicles on other
conventional lanes. Flow-density relationships were also looked at for 0, 1 and 2 CAV lanes,
with varying CAV penetration rates from 10% to 90%. A summary of the studies
(presented above) on implementing a dedicated lane for AVs identified that
penetration rates of between 30-60% could lead to the best outcomes for traffic
speed, speed variances, travel time and traffic density.

In general, on-street parking has a high association with traffic congestion. According to
Biswas et al. (2017), on-street parking normally reduces the road capacity in two ways:
firstly, on-street parking narrows the carriageway width at the expense of a potential
travelled lane affecting both flow and speed. Secondly, frequent parking manoeuvres
create congestion on the roads. Together this can result in up to 90% capacity loss (Biswas
etal., 2017). A study from Fadairo et al. (2013) indicated that nearly 14% of all congestion
on the urban road were caused by on-street parking or parking manoeuvring vehicles. Guo
et al. (2012) observed that traffic flow decreased when the proportion of parking
manoeuvres was increased.

There are a number of studies that investigated the relationship between on-street parking
and traffic delay. Nahry et al. (2019) examined the effect of on-street parking in Jakarta
by modelling the relationship between various variables, i.e., parking turnover, parking
index, flow-in and flow-out. The modelling results showed that parking turnover had a
significant impact on traffic delay. In other words, the higher the volume and the parking
turnover, the higher the delay. A similar finding was reported by Borovskoy & Yakovleva
(2017). The authors developed a dynamic simulation model that integrated Aimsun
software with a Vehicle Tracking application for AutoCAD to study parking turnover impact
on traffic delay. The results revealed that the increase in on-street parking turnover leads
to an increase in traffic delays. Sugiarto & Limanoond (2013) simulated the impact of on-
street parking manoeuvres on travel speed and capacity, using the urban arterial road
network of the city of Banda Aceh. The traffic simulation showed that with the presence of
on-street parking, the average delay time was increased by 32%, and the speed was
reduced by 24%. Several studies also indicated that the reduction in speeds of the traffic
stream on urban roads was an immediate consequence of parked vehicles (Biswas et al.,
2017). A study conducted by Praburam & Koorey (2015) also reported that on-street
parking has a significant impact on traffic speed. The results showed that the mean speeds
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were reduced by around 10km/h between empty and full on-street parking levels and fell
at a rate of 1km/h for an increase of 10% in the parking demand. A study by Chai et al.
(2020) showed that the shift from parking trips to drop-off and pick-up trips improves
traffic flow due to reduced parking search time and more efficient use of parking spaces.
In general, on-street parking can have a negative impact on mobility.

Another study also showed that the parking price could affect the travel time (Qian &
Rajagopal, 2014). Parking prices are introduced to reduce the personal and single
occupancy vehicles on the roads. These strategies also help in increasing the traffic flow,
decreasing the travel time (Qian & Rajagopal, 2014) and improving the safety of vehicles.
Several other studies also proved similar results to decrease the travel time with the
increasing MPR of CAVs. However, these studies were done for varying parking price
conditions. The results may be different when multiple parking choices are available to the
passengers. Present study examines different choices of parking to analyse the travel time
and delays of vehicles.

2.3.2 Safety impacts

Safety studies of CAVs utilize historic crash data (Farmer, 2008), simulation evaluation
data (Kusano & Gabler, 2012), or Field Operational Trial data (Rakha, Hankey, Patterson,
& Van Aerde, 2001) to compare the expected and actual impacts of CAVs to a base scenario
(Fildes et al., 2015). The following subsections adopt one of the mentioned methods to
evaluate the safety impacts of different systems.

Lane Change Assist (LCA) influences possible lane changing crashes. These crashes
account for around 5% of all reported crashes (Hynd et al., 2015). The LCA system was
expected to prevent 25% of relevant crashes, 9% of relevant fatal crashes and 11% of
injuries per year (Farmer, 2008; Jermakian, 2011). The overall actual effects on crash
involvements shows a reduction of 14% in relevant crashes and 23% reduction in relevant
crashes with injuries (Highway Loss Data Institute, 2019). These results indicate that the
implementation of LCA systems improves safety.

Lane Departure Warning (LDW) and Lane Keep Assist (LKA) systems influence
unintended lane departure crashes. In a simulation study, LDW (passive warning), showed
a reduction in injury crashes of 6% and fatal crashes of 10% (Hummel et al., 2011). LKA,
which is an active method of crash prevention, showed a higher improvement, with a
reduction of 5% of injury and 19% of fatal crashes (Jermakian, 2011). Another study
evaluated LDW which resulted in reduced relevant injury crashes by 21% (Highway Loss
Data Institute, 2019), and LKA reduced injury crashes by 30% (Sternlund 2017). However,
other studies considering all crashes show no significant improvement for both LDW (Moore
& Zuby, 2013) and LKA (Highway Loss Data Institute, 2012). In general, studies have
shown that LDW and LKA systems can improve safety.

In-vehicle curve speed warning systems influence crashes that happen due to unsafe
speeds in curves. These crashes make up around 4% of all crashes but close to 30% of all
fatal crashes (Davis 2018). Studies on expected safety impacts of curve speed warning
systems were not found. Actual effects of a curve speed warning system show a decrease
of speed by 10% on rural curves on a test track (Davis et al., 2018). A warning system
shows similar results to traditional transverse bars on the road, decreasing speed by
6km/h, while a speed limiter shows a decrease of 10km/h in a driving simulator (Comte &
Jamson, 2000). Actual safety impacts gathered from a limited number of studies indicate
that curve speed warning systems can improve safety.
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Forward Collision Warning (FCW) and Autonomous Emergency Braking (AEB)
systems influence rear-end crashes, accounting for close to 30% of all crashes (Jermakian,
2011). In a simulation study, FCW was shown to have a reduction in rear-end collisions
between 3% and 67 % (Kusano & Gabler, 2012; Kusano & Gabler, 2015). Studies into the
effects of FCW deployments showed an average reduction of 33% in rear end collisions
(Cicchino, 2017). The effects of AEB show an average 41% reduction in rear-end crashes
(Cicchino, 2017; Fildes et al., 2015). A combination of FCW and AEB showed an overall
reduction of 50% in rear-end injuries (Cicchino, 2017) and 23% reduction of all injury
crashes (Moore & Zuby, 2013). In summary, implementation of FCW and AEB systems
improves safety.

Adaptive Cruise Control (ACC) influences crashes related to vehicle headway and speed.
Initial studies and trials with ACC estimated that all injury crashes could be reduced by 3%
and 13% (Alkim et al., 2007; Chira-Chavala & Yoo, 1994; Vaa 2014). However, to date
the effects of wider deployment of ACC remain unclear. ACC can result in both higher and
lower mean speed (Morskink et al., 2007), and shows no significant impact on crashes
(Rakha et al., 2001). Based on these studies, the effects of ACC systems on safety
have not been established.

Intelligent Speed Assist (ISA) impacts on crashes related to speed. ISA was expected
to reduce overall crashes with injuries between 6 and 27% (AVV, 2001; Regan et al.,
2006). Actual effects on number of crashes are not known. ISA is reported to reduce
average speed by 2-7km/h (AVV, 2001; Morskink et al., 2007), which is expected to result
in a reduction of crashes. Studies in the UK, France and Australia have estimated strong
positive effects of compulsory ISA on the number of fatalities and serious injuries. Based
on these studies SWOV assumes crash reductions of 30% for fatal crashes and 25 for
serious injury crashes (SWQV, 2021). Therefore, the effects of ISA systems on safety
are expected to be positive, particularly with respect to compulsory systems
which reduce speeds and reduce the number of fatalities and serious injuries.

Bike and Pedestrian Detection systems can influence crash rates with pedestrians and
cyclists, accounting for around 1% of all crashes but more than 10% of fatal crashes
(Yanagisawa 2014). These systems reduced relevant injury crashes by between 4% and
24% for pedestrians and by 44% for cyclists (Hummel et al., 2011; Van der Zweep et al.,
2014). Another study showed a reduction of 35% in injury for pedestrians on a test-track
(Yanagisawa et al., 2014). No relevant data for cyclist crash reduction was found. The
research on this topic is still limited.

Intersection Movement Assist (IMA) and Turn Assist (TA) systems influence crossing
path crash rates on intersections and crossings, covering around 26% of all crashes
(Pierowicz et al., 2000). The systems were expected to reduce relevant crashes between
0% and 64% with warning only (Pierowicz et al., 2000; Scanlon, 2017), and 25% to 59%
when combined with AEB systems (Scanlon et al., 2017). More recent studies field trials
revealed reductions of between 0% to 26% in all crossing path crashes at intersections
(Wu et al., 2018). This range is dependent on the TTC. No reduction is found for TTC below
3 seconds, while 26% reduction is found for a TTC of 5 seconds. The studies on this system
are insufficient to draw a conclusion.

Other Studies
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On-street parking has been found to cause hazards and increases the risk to vulnerable
road users (Prakash et al., 2020; Biswas et al., 2017). In a complex urban environment,
drivers must monitor traffic movements in the immediate and surrounding environment
i.e., vehicles, pedestrians and other road users. Parked vehicles can increase the
uncertainty, mental load and potential risk associated with the road environment. Parked
cars may obstruct the view of the road ahead and make it more difficult to see pedestrians
crossing the road (Eddquis et al., 2012). There is a number of studies that found that child
injury on urban roads might have a strong relationship with on-street parking (Martin,
2006; Schwebel, 2012; DiMaggio & Durkin, 2002) because of children’s limited ability to
able to judge an oncoming vehicle given the decreased visibility due to parked cars (Biswas
et al., 2017).

2.3.3 Economic impacts

With the many different types of ADAS considered in the literature, no clear cost
implications can be extracted for the purpose of this report. However, it is clear that
vehicles equipped with these systems are more expensive to produce and to buy. The
installation, maintenance, and possible repair costs of ADAS equipped vehicles are higher
than comparable vehicles without these systems. The reduction in crashes due to these
systems result in lower long-term costs, ultimately benefitting both individuals and society.
No direct studies have been found in the literature regarding pricing, and safety
implications for the economy.

Regarding fuel consumption, field tests give insight on the impacts of ACC and ISA, with
ACCs reducing fuel consumption, due to lower speed deviations and smoother traffic flow,
by 3% overall (Alkim et al., 2007; Kessler et al., 2012). These results match those found
in earlier simulations (Bose & Ioannou, 2003). ISA also shows a reduction in fuel
consumption of 1,5% on motorways and 5% on urban roads (Kessler et al., 2012).
However, another study (Regan et al., 2006) found no significant change during similar
tests.

It is generally supported that the implementation of road-user pricing systems (specifically
cordon schemes of congestion pricing) in large urban areas could have a beneficial and
wider impact on society (IEA/OECD, 2015). Table 2.3 summarises the characteristics of
road-charging schemes in four cities.
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Table 2.3 Characteristics of existing road-use pricing schemes (IEA/OECD, 2009)
Town Name Date Scheme type  Area (km?) Operating Price Enforcement
implemented hours system
Singapore  Electronic 1975 Cordon ring 7 Mo-Sa Gentry / ime  Radiofrequencies
road pricing (in) 7.00-22.00  dependent + cameras
EUROto 1.5
London Congestion 2003 Cordon ring 40 Mo-Fr Flot rote, CCTV cameros
charge (in) 7.00-18.30  GBP 8/day
Stockholm Congestion 2006 (became Cordon ring 35 Mo-Fr EUR 1 to Laser + cameras
tax permanent (in and out) 6.30-18.30  2/erossing
in 2007) depending on
time of day
Milan Ecopass 2008 (lemporary  Cordon ring 8 Mo-Fr EUR 2 fo Digitel cameras
through end of (in) 7.30-19.30  10/day
2009; extension
possible]

Road user pricing (RUP) policies such as these appear to decrease congestion by reducing
traffic demand (and thereby volumes) and vehicle travel. Other beneficial impacts include
reduced emissions, CO2 emissions reductions and improved road safety (Transport for
London, 2007; Eliasson et al., 2009).

Liu et al. (2020) analysed the impact of pricing on public parking spaces. The author
concluded that increasing the parking price would increase the government revenue from
parking and buses. Further, the parking prices would discourage motorists from using
personal vehicles and promoting public transport. The maximum benefit of this scheme
could be obtained with optimal parking prices.

2.3.4 Environmental impacts

Reductions in fuel consumption translate into reductions in emissions. Further effects on
emissions are found in field tests and simulations with ACC which found 10% reduction in
emissions on motorways (Alkim et al., 2007; Bose & Ioannou, 2003). This was mainly due
to changes in speed variations. However, an increase of the average speed with ACC
increases regular emissions by 1-2% (Kessler et al., 2012). ISA, on the other hand can
lead to lower average speeds in turn leading to significant reductions in emissions (Kessler
et al., 2012; Regan et al., 2006). Combining ACC with ISA is considered beneficial since it
allows for a decrease in speed variations due to ACC, without the accompanying increase
in average speed by limiting maximum speed with ISA.

As mentioned above, the implementation of road-use pricing systems can lead to reduced
CO:2 emissions (Transport for London, 2007; Eliasson et al., 2009).

A study by Chai et al. (2020) indicated that too many drop-off and pick-up spaces instead
of parking spaces could increase CO2 emissions from vehicles that got stuck in traffic
congestion. They suggested that converting parking spaces to drop-off and pick-up spaces
should be street specific and dynamic over-time.
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2.3.5 Societal impacts

Because many of the current CAV systems are optional and not widely implemented, no
discernible impacts on society were found in the literature. Many of the systems reduce
driver stress during vehicle operation, potentially allowing more individuals to drive. This
effect might be strongest for older drivers, allowing them more mobility. This is particularly
relevant for the systems involved with backing up and parking assistance, such as rear-
view cameras. Questionnaires on these systems show a higher willingness to use parking
spaces and prevent avoidance of backing up (Jenness et al., 2007).

Results from ISA field trials show that while the system is accepted by the driver of the
vehicle, other drivers become more irritated (AVV, 2001). This is a result of the strict
adherence to speed limits, which forces other drivers to either adjust their speed
accordingly or overtake the equipped car. On average 2 out of 3 drivers experienced
negative interactions with other drivers, of which 17% were aggressive interactions (AVV,
2001). These interactions with irritated drivers were one of the main reasons the ISA
system was found disabled by the driver, accounting for 14% of all emergency
interruptions of the system (AVV, 2001).

Another study also showed that the parking price could affect the travel time (Qian &
Rajagopal, 2014). Parking prices are introduced to reduce the personal and single
occupancy vehicles on the roads. These strategies also help in increasing the traffic flow,
decreasing the travel time (Qian & Rajagopal, 2014) and improving the safety of vehicles.
Several other studies also proved similar results to decrease the travel time with the
increasing MPR of CAVs. However, these studies were done for varying parking price
conditions. The results may be different when multiple parking choices are available to the
passengers. Present study examines different choices of parking to analyse the travel time
and delays of vehicles.

On-street parking can significantly impact traffic performance and may create or
exacerbate various problems for urban cities. In this respect, a recent study conducted by
Haider et al. (2021) revealed the effects of on-street parking in Chittagong City,
Bangladesh. The results showed that on-street parking could have the following negative
effects: narrows down the road (47%); footpath crisis (29%); noise and air pollution
(23%), shops get blocked (5%), and loss of time (30%). Various research studies indicated
that the introduction of autonomous vehicles has the potential to reduce the urban space
requirements for roads and parking (Lyon et al., 2017; Cavoli et al., 2017; Anderson et
al., 2016; Chapin et al., 2016; Fagnant et al., 2015), and creating more space for the high-
quality, liveable area (Gonzalez et al., 2020; 2019), especially in the context of shared
autonomous vehicles (SAVs) that could reduce the number of the required parking spaces
due to the SAVs will be serving customers at different times (Othman, 2021).
Consequently, a large number of existing parking spaces will be gradually removed or
replaced or converted for other purposes, e.g., green and recreational spaces (Xia et al.,
2021; Milakis et al., 2017; Chapin et al., 2016).
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2.4 Sub-use cases

Findings from the stakeholders' reference group (SRG) meeting and recent literature
suggest that certain pricing policies and regulations (e.g., road use pricing, parking fee,
dedicated lanes, the cost of owning and operating a car, etc.) can directly influence the
impacts of increasing automation. Within Work Package 6 of LEVITATE, the following six
policies and technologies are selected for further analysis in what are called sub-use cases
(SUCs):

Road-use pricing

Provision of dedicated lanes for CAVs on urban highways

Parking price regulation

Replacing on-street parking

Automated ride sharing

Green Light Optimal Speed Advisory (GLOSA)

AR

Besides the overall impacts of an increasing number of CAVs on the road, the impacts of
automation combined with each of these six measures is quantified within the SUCs. The
methods and full results of this quantification are described in full in deliverables D6.2-
6.4 (Haouari et al., 2021; Sha et al., 2021; Chaudhry et al., 2021). These results are
summarised in this synthesis report and Sub-sections 2.4.1-2.4.6 describe each SUC in
more detail.

SUC methodologies

The impacts of the SUCs are quantified using four methodologies: microsimulation,
mesosimulation, system dynamics (SD) and Delphi. In Appendix A, the methodologies are
explained in more detail. Depending on the methodology and sub-use case, impacts are
estimated based on four cities—Vienna (Austria), Manchester (UK), Leicester (UK), and
Santander (Spain)—or based on one of the expert groups consulted for the Delphi study,
which is not location specific. In Appendix C, these networks are described.

Methodologies were applied to different sub-use cases and impacts based on their
strengths and capabilities. Table 2.4 gives an overview of which methodologies were used
to estimate the SUC impacts. Microsimulation was well-suited for modelling dynamics in
traffic where individual car behaviour is important, such as congestion or road safety.
Mesoscopic simulation and SD modelling, on the other hand, were better suited to
considering indirect effects and changes in travel behaviour (e.g., a modal shift, amount
of travel per person). Because road-use pricing is primarily focused on changing travel
behaviour choices, it was not estimated with microsimulation.

For impacts which could not be estimated by any of the three modelling methods, expert
opinion was evaluated using a Delphi study. Some impacts were also calculated by both
the Delphi study and one of the other methods. For the complete set of Delphi results in
Work Package 6, see deliverables 6.2 through 6.4 (Haouari et al., 2021; Sha et al., 2021;
Chaudhry et al., 2021).
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Table 2.4: Methodologies used per sub-use case and per quantified impact in Work Package 6
Sub-use cases
. . 3.Parking 4.Replacing
P:"I;y Impact 1.Ror?gnuser Zéaf/dllgigesd price on-street Sr}/dqg?lg ;a_ii)ed 6.GLOSA
p 9 regulation parking g
) CO2 emissions Microsimulation | Microsimulation | Microsimulation | Microsimulation | Microsimulation
= ue to vehicles Manchester Santander Leicester Manchester Manchester
Environ d hicl ( h )] ( der) ( ) ( h )| ( h )
ment
Energy efficiency Delphi Delphi Delphi Delphi Delphi Delphi
Travel time* Mesosimulation | Microsimulation | Microsimulation | Microsimulation | Microsimulation | Microsimulation
(Vienna) (Manchester) (Santander) (Leicester) (Manchester) (Manchester)
Access to travel Delphi Delphi Delphi Delphi Delphi Delphi
Amount of | Mesosimulation
travel per person* (Vienna)
Total kilometres Microsimulation | Microsimulation | Microsimulation | Microsimulation | Microsimulation
travelled (Manchester) (Santander) (Leicester) (Manchester) | (Manchester)
Congestion Microsimulation | Microsimulation | Microsimulation | Microsimulation | Microsimulation
ili 9 (Manchester) (Santander) (Leicester) (Manchester) (Manchester)
Mobility Modal split: | SD (Vienna), Delohi SD (Vienna), | SD (vienna), | SD (Vienna), Delohi
Active travel Delphi P Delphi Delphi Delphi P
Modal split: SD (Vienna), Delphi SD (Vienna), SD (Vienna), SD (Vienna), Delphi
Public transport Delphi elph Delphi Delphi Delphi elph
Shared mobrlggg Delphi Delphi Delphi Delphi Delphi Delphi
Vehicle Utlllsaﬁla(ig Delphi Delphi Delphi Delphi Delphi Delphi
Vehicle occupancy Delphi Delphi Delphi Delphi Delphi Delphi
Vehicle operaélonsgt Delphi Delphi Delphi Delphi Delphi Delphi
Parkldnegnfgr?dCE SD (Vienna) SD (Vienna) SD (Vienna) SD (Vienna)
Society, Road safet Microsimulation | Microsimulation | Microsimulation | Microsimulation | Microsimulation
safety, Y (Manchester) (Santander) (Leicester) (Manchester) (Manchester)
economy Public health Delphi Delphi Delphi Delphi Delphi Delphi
Accestsljg;:;tgo()ﬂf Delphi Delphi Delphi Delphi Delphi Delphi
Average cg?sﬂtna'lrl;lég SD (Vienna) SD (Vienna) SD (Vienna) SD (Vienna)
*The Delphi method was also used to estimate a simplified form of these impacts but is excluded from this synthesis
report. For Delphi results on travel time see Haouari et al. (2021), for amount of travel see Sha et al. (2021), and for
parking space demand see Chaudhry et al. (2021)

2.4.1 Road-use pricing
The term road-use pricing refers to charges for the use of infrastructure, including distance
and time-based fees, road tolls and various charges with the scope to discourage the
access or long-stay of vehicles within an area.
Within LEVITATE, two different price charging schemes are considered for all passenger
vehicles entering a commercial mixed traffic zone, namely a dynamic toll and a fixed static
charge. Here, “dynamic toll” is to be understood as a toll with dependency on occupancy
(e.g., driver only/empty km or car sharing), time in the affected zone (system entry time),
and space (road class or/and which zone). The pricing for those parameters could be fixed
per respective unit (e.g., peak-hours/off-peak hours, km, persons etc). Differently, the
“static toll” refers to a fixed fee or tax paid by users when entering a tolling area.

The road-use pricing SUC is evaluated using mesosimulation and system dynamics, both
on the street network of Vienna (Austria), as well as the Delphi expert survey. In the
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mesosimulation, the static toll is considered as a fixed fee to enter the city centre of Vienna
at a price of €5, €10 or €100. The dynamic toll is implemented as a fee per kilometre
travelled within the city centre, again with three pricing levels. The per kilometre tolls are
set such that a trip to cross the entire city centre of Vienna (roughly 7 kilometres) would
again be equal to €5, €10 or €100. This results in dynamic tolls of €0,71 per km, €1,43
per km or €14,29 per km. System dynamics considers just a static toll with a level of €10
for the city centre of Vienna, while the Delphi study considers three scenarios—empty
kilometre pricing, static toll, and dynamic toll—in a more abstract form not specific to a
certain price or location.

2.4.2 Provision of dedicated lanes for CAVs on urban highways

According to the Connected Automated Driving Roadmap from ERTRAC (2019), a dedicated
AV Lane is a lane which only allows vehicle(s) with specific automation level(s). Automated
vehicles are, however, not physically confined to the dedicated lane, which would instead
be referred to as a physically separated lane. It is envisaged that where a dedicated public
transport lane is in operation, the dedicated AV lane would be shared with the dedicated
public transport lane, allowing both types of vehicles (as is the case with current High
Occupancy Vehicle (HOV) lanes). Such a dedicated lane may be fixed (dedicated to CAVs
at all times), or it may be dynamically controlled to vary based on the traffic situation.

The dedicated CAV lane SUC is evaluated using microsimulation in a portion of the Greater
Manchester (United Kingdom) network, as well as the Delphi expert survey. The
microsimulation considers, for a portion of the network surrounding the centre of
Manchester, what the impacts may be of a fixed dedicated lane on an A-level road and/or
a motorway in the following scenarios: motorway and A-roads, A-road only rightmost lane,
A-road only leftmost lane, and motorway only. The Delphi method considers four scenarios
of a fixed dedicated lane (Outermost motorway lane, Innermost motorway lane, Outermost
motorway lane & A-road), as well as a dynamically controlled CAV dedicated lane.

2.4.3 Parking price regulation

In the Stakeholder group (SRG) meetings, parking and related issues were identified as an
additional subject warranting its own use case or sub-use case. The opinion of stakeholders
was that for CAVs to be successfully implemented, challenges related to parking (location,
space availability, pricing, etc.) would require attention. Unlike human-driven vehicles,
which are typically parked at or near the destination (if not transferring to another mode
of transportation), full automation could allow vehicles to park at a different location after
dropping off passengers at the destination. This parking price sub-use case investigates
the potential impacts of discouraging inner-city parking by increasing the fees to park
within a certain area. It is assumed that as a result of changes in parking fees, some
automated vehicles may either drive around while waiting for passengers or park at a
cheaper location outside the area.

The parking price regulation SUC is evaluated using microsimulation in the network of
Santander (Spain), system dynamics modelling based on the city of Vienna (Austria),
and the Delphi expert survey. Rather than implementing an actual increased parking fee,
the effects of which on choice behaviour are outside of the scope of microsimulation, the
microsimulation considered the effects of resulting changes in parking behaviour. Four
possible parking behaviours were identified, shown in Figure 2.2, where the “area” is
defined as the city centre which would have a higher cost of parking:
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Figure 2.2: CAVs Simulated parking behaviours resulting from parking price regulation

From these four parking behaviour options, the microsimulation simulated four scenarios
using the network of Santander:
1. Baseline scenario: increasing penetration of automated vehicles without a policy
intervention to change parking behaviour (cars park within central area)
2. Drive-around scenario: all cars drive around without parking until the passenger is
ready to be picked up
3. Balanced scenario: cars park either inside centre (13%), return to origin (22%),
drive outside centre to park (45%), or drive around until passenger is ready (20%)
4. Return to origin and Park outside: cars either return to origin (33%) or drive outside
centre to park (67%)

The system dynamics model, which is able to explicitly consider choice behaviour and
indirect effects such as a mode shift, implemented the same "“balanced scenario” for
automated vehicle parking behaviour with the additional inclusion of a 5 euro average
parking fee. The Delphi study evaluated the expected effects of each of the four behaviours
described in Figure 2.2 separately in the following scenarios: baseline, park inside, return
to origin, drive around and park outside.

2.4.4 Replacing on-street parking

On-street parking is the most common parking provision provided for all paid and unpaid
parking activities along roadsides in urban cities (Biswas et al., 2017). It allows drivers to
park their vehicles relatively close to their destinations and share the available road space
with other vehicles moving on the street (Prakash et al., 2020). On-street parking has
some natural contributions to the economy. However, the negative effects have drawn
attention from governmental bodies and academic institutions in terms of causing
congestion, capacity reduction and increasing road traffic crashes. Theoretically, the
introduction of autonomous vehicles offers the potential to reduce the urban space
requirements for roads and parking, as automated vehicles are able to park elsewhere
after dropping passengers off at the destination (as discussed in the previous SUC on
parking price regulation). This opens up new opportunities to create more space for high-
quality and liveable areas (Gonzalez et al., 2020; Gonzalez et al., 2019). In LEVITATE WP6,
we assess the impacts of replacing on-street parking with other facilities given the
autonomous development of CAVs.

The replacing on-street parking SUC is evaluated using microsimulation in the city centre
network of Leicester (United Kingdom), system dynamics modelling based on the city of
Vienna (Austria), and the Delphi expert survey. The microsimulation considers the
following six scenarios for removing on-street parking facilities:
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1. Baseline scenario: increasing CAV penetration without replacing on-street parking.
Includes a total of 52 streets with 138 parking bays for 4 parking zones (see Figure
2.3a).

2. Removing half of the on-street parking spaces: the on-street parking spaces for 4
parking zones were reduced by 50%, resulting in 28 streets with 79 parking bays.

3. Replacing on-street parking spaces with driving lanes: on-street parking spaces are
converted to driving lanes (shown in Figure 2.3b).

4. Replacing on-street parking spaces with cycling lanes: on-street parking spaces are
converted to a dedicated cycle lane (shown in Figure 2.3c), which means other vehicle
types are not allowed to use the cycle lane. It should be noted that the bicycle traffic
could not be explicitly simulated due to software limitations.

5. Replacing on-street parking spaces with pick-up and/or drop-off points (see Figure
2.3d): The scenario assumes the CAVs are shared CAVs. As a result, after the vehicle
picks up or drops off the passenger, the vehicle will exit the study area to return home
or to serve another customer.

6. Replacing on-street parking spaces with public spaces. In this scenario, on-street
parking spaces were converted to public spaces, e.g., green, and recreational spaces
(shown in Figure 2.3e).

Figure 2.3: Replacing on-street parking with driving lane, cycle lane, pick-up/drop-off points, or public spaces
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For system dynamics, only the first three scenarios were considered: baseline, removing
half of on-street parking spaces, and replacing on-street parking with driving lanes. Unlike
microsimulation, which focuses on the more direct effects on traffic, system dynamics also
considered the effects of parking availability on mode choice (longer parking search times
increase the “costs” of choosing to use a private car).

2.4.5 Automated ride sharing

Conventional ride sharing is a model where the private car is shared via pre-arranged
journeys. Ride sharing is pre-arranged within, for example, neighbourhoods, community,
the workplace, informally via ride-matching web and apps. In terms of CCAM, this is seen
as having a minor role as there is not much change in its operation.

Sharing taxis has been done informally at taxi stands by identifying passengers sharing
similar destinations via ‘word of mouth’. However, app-based taxi sharing is an emerging
business model where the user can call a taxi via the app and share it with other passengers
if they wish to share. Matched ride options are also available to users via apps and these
are handled by optimising algorithms. CCAM will play a significant role in this model as
connectivity will enhance the taxi sharing options, and automated vehicles are speculated
to reduce taxi costs.

Micro-transit services or-demand mini-bus services are services operating along fixed or
flexible routes and based on demand. These are usually commercial services, and the
number of seats is usually greater than those of taxis. This option overlaps with the urban
shuttle sub-use case in LEVITATE’s Work Package 5 and does not seem to be a passenger
car sub-use case so is not further considered.

Out of these options, it has been recognised that automated taxi ride sharing is the fastest
emerging business and is already in operation in many cities worldwide. Given the above
arguments regarding the suitability of these use cases, only the automated taxi ride
sharing has been taken forward as a preferred sub-use case to investigate within this work
package.

The automated ride sharing SUC is evaluated using microsimulation on a portion of the
Greater Manchester (United Kingdom) network, system dynamics modelling based on
the city of Vienna (Austria), and the Delphi expert survey.

The microsimulation of automated ride sharing considers many scenarios but varying two
parameters: the percentage of total private vehicle trips replaced by automated ride
sharing (5%, 10%, or 20%), as well as the willingness of ride sharing passengers to share
their trip with other travellers (20%, 50%, 80% or 100%). Automated ride sharing vehicles
are assumed to be a fully autonomous, on-demand service which picks passengers up at
their origin and drops them off at their destination and, if possible, combines this trip with
another passenger’s trip. Trips are only shared when all passengers are willing to share
trips (randomly assigned based on the willingness to share scenarios) and each passenger’s
acceptable detour time (normally distributed between 5 and 10 minutes) is not exceeded.
The fleet sizes of ride-sharing vehicles are optimised based on travel demand and
willingness to share.

Regarding travelled distance, Figure 2.4 shows that a higher willingness to share scenario
reduced the total and empty travelled distance covered by the SAV fleet in all scenarios.
The results also revealed that with higher demand, the distance will be gradually increased.
This increase is obtained not just because of serving more passengers but also because of
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the empty repositioning trips that SAVs need to perform to pick up passengers that
represent a significant share of the overall trips.
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Figure 2.4: Total distance travelled by the shared autonomous vehicle (SAV) fleet in kilometres with different
served demand and passengers willingness to share (WTS) percentages

The other two methods used to analyse automated ride sharing considered just one
scenario each. System dynamics considered automated ride sharing serving 20% of the
travel demand with 100% willingness to share, while the Delphi survey considered one
more general automated ride sharing service scenario without specified parameters.

2.4.6 Green Light Optimal Speed Advisory (GLOSA)

Cooperative Intelligent Transport Systems (C-ITS) functions are employed to improve
traffic safety and efficiency and are realized through communication between road vehicles
and infrastructure together with on-board vehicle software. Among these, there are the
so-called Day 1 services that build on mature technologies and are expected to be available
in the short term (Mellegard & Reichenberg, 2020).

Green Light Optimal Speed Advisory (GLOSA) is a traffic signal application at signalised
intersections. The application utilises traffic signal information and the current position of
a vehicle to provide a speed recommendation in order for the drivers to pass the traffic
lights during the green phase and, therefore, reduce the number of stops, fuel
consumption, and emissions. The distance to stop, the plans for signal timing and the
speed limit profile for the area are taken into account to calculate the speed
recommendation displayed to the driver. The GLOSA service is provided into the on-board
computer of the vehicle or via mobile network to a smartphone app.

In recent years, technological achievements have made wireless communications with and
between vehicles possible. Connected vehicle technology includes vehicle to vehicle (V2V)
and vehicle to infrastructure (V2I) and communication has several safety and mobility
applications (Radivojevic et al., 2016). As traffic information becomes accessible,
connected vehicles are able to adapt their movement according to traffic conditions which
can contribute to beneficial changes in traffic flow and emissions (Masera et al., 2019).
One emerging V2I application that intends to improve emissions through optimizing traffic
flow on signalized road networks is the Green Light Optimal Speed Advisory (GLOSA). The
basic concept and working of the system is schematically illustrated in Figure 2.5.
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Figure 2.5: GLOSA system and application overview: (a) Communication initiated when current phase is Green,
(b) Communication initiated when current phase is Red

In the automated and connected vehicles era, it would be useful for cities, various
stakeholders, and transport planners to assess the societal impacts of such an application
in an urban area and attempt to evaluate the benefits in relation to the relevant costs.

The GLOSA SUC is evaluated using microsimulation on a portion of the Greater
Manchester (United Kingdom) network as well as the Delphi expert survey. For
implementing GLOSA in microsimulation, a corridor near the Salford area was selected in
Manchester with three signalized intersections sufficiently distant from each other. The
impact of GLOSA was analysed for peak-hour traffic conditions, with scenarios considering
none (baseline), one, two, or three signalized intersections to be GLOSA-equipped. The
Delphi survey considered GLOSA more generally, as either present or not (baseline).

2.5 Approach to synthesizing results

The goal of this Deliverable is to summarize the more detailed results presented in D6.2-
D6.4 (Haouari et al., 2021; Sha et al., 2021; Chaudhry et al., 2021). As has been explained
in Section 1.2, the impacts expected from an increasing penetration rate of CAVs in the
total vehicle fleet as well as the implementation of different SUCs were studied using four
primary methods: microsimulation, mesosimulation, system dynamics, and Delphi
consultation. In each method, results were estimated based on either multiple simulation
runs or multiple rounds of the Delphi survey, averaged to an expected impact for each
penetration scenario. In this synthesis, these impacts are presented in terms of percentage
changes from the starting point or baseline scenario (no SUC implemented; 0% automated
vehicles).

Given the many uncertainties in prediction for a technology which is not yet widely
available, it is obvious that any predicted values are associated with large uncertainty. The
impacts calculated within LEVITATE are therefore intended to be understood more broadly
as an indication of the expected trends, rather than a precise prediction. For WP6, it was
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decided not to include all estimates of confidence intervals based on the standard error,
derived from repeated trial runs of models in the simulation methods, as a standard output
since these intervals would be broad and non-informative. Also, the estimation of these
intervals does not capture the entire uncertainty in itself since the input variables and
assumptions in the models are very likely much stronger determinants of predicted values
than the variability in sample runs. Nevertheless, the standard deviations between
simulation runs can give some insight into the random variation in the models and have
therefore been calculated for the baseline scenario in the three city-level microsimulation
networks: Manchester, Leicester and Santander (see Appendix C).

For each of the six sub-use cases, a number of scenarios were estimated including both a
Baseline and different variations of the measure’s implementation (see Table 2.5). As
described in Section 2.4, not all methods were equally well-suited to estimate the impacts
of all sub-use cases and scenario’s (e.g. road use pricing impacts were best estimated by
the larger-scale mesosimulation and system dynamics methods). For the purposes of this
synthesis, the results estimated as part of WP6 and described in D6.2, D6.3 and D6.4
(Haouari et al., 2021; Sha et al., 2021; Chaudhry et al., 2021) were aggregated and
summarised to provide an overall overview. Depending on the sub-use case, this meant
excluding some scenarios from the overview which provided similar insights as other
scenarios (e.g. lower demand shares of automated ride sharing) or represented less
realistic extremes (e.g. all cars not parking and remaining on the roads due to parking
price regulation). For some sub-use cases, an average is taken of a few scenarios which
consist of small variations of the same intervention and show similar results (e.g. different
placements of a dedicated lane for the UK context). An average was chosen to provide a
more generalized trend for the SUC less specific to the simulation parameters and because
the largely similar results between scenarios suggest an overarching trend regardless of
scenario. The full results, broken down per scenario, can be found in Appendix D. In
addition, some estimates of the confidence intervals calculated from the microsimulation
results (in particular travel time, congestion and total km travelled), are provide in
Appendix D.

Table 2.5: Synthesized automated passenger car sub-use case scenarios from Deliverables 6.2-6.4

Method Sub-use case Scenarios covered by SUC Synthesized results
applied to applied to (impacts estimated as %

assess change)
impacts

Dedicated lanes for| e Baseline e Baseline
CAVs e Motorway and A-roads e Dedicated lane (fixed)

(Manchester network)| ¢ Motorway only most lane, Motorway only

e A-road rightmost lane Average: Motorway and A road, A
e A-road leftmost lane road right most lane, A road left

Micro-

simulation Parking price e Baseline « Baseline

e Balanced scenario: cars park (Balanced scenario)

(several city

(Santander network) | e Return to origin (33%) or park (20%)
outside city centre (67%)

either inside city centre (13%), Balanced scenario: cars park
networks) return to origin (22%), drive either inside centre (13%), return
outside city centre to park to origin (22%), drive outside
(45%), or drive around until centre to park (45%), or drive
passenger is ready (20%) around until passenger is ready

regulation e Drive around without parking e Adjusted parking behaviour
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Method Sub-use case Scenarios covered by SUC Synthesized results
applied to applied to (impacts estimated as %
assess change)
impacts
Replacing on-street| e Baseline e Baseline
parking ¢ Removing half on-street parking| ¢« Removing half on-street
spaces parking spaces
e Replacing with driving lanes ¢ Replacing with driving lanes
e Replacing with pick-up/drop-off | « Replacing with pick-up/drop-
points off points
e Replacing with public spaces ¢ Replacing with public spaces
(Leicester network) | e Replacing with cycling lanes e Replacing with cycling lanes
Automated ride e Baseline e Baseline
sharing ¢ 5% travel demand served: e 20% travel demand served &
020% willingness to share 20% willingness to share
0 50% willingness to share ¢ 20% travel demand served &
080% willingness to share 100% willingness to share
0100% willingness to share
e 10% travel demand served:
020% willingness to share
050% willingness to share
080% willingness to share
0100% willingness to share
e 20% travel demand served:
020% willingness to share
0 50% willingness to share
(Manchester network)| o 80% willingness to share
0 100% willingness to share
Green Light e Baseline e Baseline
Optimised Speed | ¢ GLOSA on 1 Intersection e GLOSA on 3 Intersections
Advisory (GLOSA) | e GLOSA on 2 Intersections
e GLOSA on 3 Intersections
(Manchester network)
Road-use pricing | ¢ Baseline: Zero charge e Baseline
o Static toll (to enter city centre): | o Static toll: 10 euro
o5 euros e Dynamic toll: 1,4 euro/km
010 euros
Meso- 0100 euros
simulation e Dynamic toll (€/km in city
centre):
(Vienna o5 euros to cross city
network) (€0,7/km)
010 euros to cross city
(€1,4/km)
0100 euros to cross city
(€14/km)
Road-use pricing | o Baseline e Baseline
System « Static toll: 10 euros * Static toll: 10 euros
dynamics Parking price Baseli e Baseline
) regulation * paseine : e Adjusted parking behaviour
(Vienna e Balanced scenario (same as .
network) microsimulation) + 5 euro Balanced scenario (same as
- microsimulation) + 5 euro
average parking fee .
average parking fee
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Method Sub-use case Scenarios covered by SUC Synthesized results
applied to applied to (impacts estimated as %
assess change)
impacts
Replacing on-street| e Baseline e Baseline
parking e Remove half of public parking ¢ Removing half on-street
space parking spaces
e Replace on-street parking with ¢ Replacing with driving lanes
driving lanes
AUtosnr?::%d 19€ | « Baseline . g(a)ﬁ/e I::nfedemand & 100%
9 e 20% travel demand served & willion to share °
100% willingness to share 9
Road use pricing | e Baseline o Baseline
e Empty km pricing o Empty km pricing
e Static toll o Static toll
e Dynamic toll e Dynamic toll
Dedicated lanes for e Baseline
CAVs e Baseline e Dedicated CAV lane (fixed)
e Outermost motorway lane Average: Outermost motorway
e Innermost motorway lane lane, Innermost motorway lane,
e Outermost motorway lane & A- Outermost motorway lane & A-
road road
e Dynamically controlled CAV e Dedicated CAV lane (dynamic)
dedicated lane Dynamically controlled AV
dedicated lane
Delphi stud Parking price . . e Baseline
P Y regulation Basel'me' e Adjusted parking behaviour
e Park inside ) . s
R L. Average: Park inside, Return to
e Return to origin . . .
(expert survey) « Drive around origin, Drive around, Park outside
« Park outside (comparable with microsimulation
balanced scenario)
Replacing on-street| ¢ Baseline e Baseline
parking e Space for public use e Space for public use
e Driving lanes e Driving lanes
e Pick-up/drop-off e Pick-up/drop-off
Automated ride ) .
sharing e Baseline e Baseline
e Automated ridesharing e Automated ridesharing
Green Light . .
Optimised Speed | ® Baseline e Baseline
Advisory (GLOSA) | ® GLOSA e GLOSA

The synthesised results are discussed in Chapter 3 and the way in which these are
presented is illustrated in Table 2.5. The following approach was adopted to summarize
and structure the quantified results for WP6:
e Impacts are presented as a percentage change from the Baseline 100-0-0 scenario,
i.e. where no SUCs have been implemented in the network and all vehicles are human-
driven. These percentage changes are reported across increasing market penetration
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rates of CAVs throughout the entire vehicle fleet in the network, as used throughout
LEVITATE. See Table 2.6.

e The Baseline refers to a “no intervention” scenario which is essentially the expected
autonomous development of CAVs from human dependence to human independence
(see Section 1.1). In the Baseline scenarios there is no policy intervention SUC added
to the network.

e The impacts of CAVs alone on network performance can be established by comparing
the Baseline 0-0-100 scenario (0% human-driven vehicles) to the Baseline 100-0-0
scenario (100% human-driven vehicles).

e The specific effect of a sub-use case can be determined by comparing the Baseline
situation at a given penetration rate with the respective SUC results; the difference
between the baseline and the SUC is the added effect created by implementing the
specific SUC intervention in the simulated network.

Table 2.6 Illustration of how to read overview tables in Chapter 3

Impact |Baseline - no 0% % % % % % % %
intervention (reference) change change change change change change change
Intervention % % % % % % % %

change change change change change change change change
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3 Main findings: quantified impacts

This Chapter presents a summary of the impacts that were quantified in the
LEVITATE Deliverables 6.2 to 6.4. The findings are presented for all 5 policy
domains selected within LEVITATE, namely Environment (Section 3.1), Mobility
(Section 3.2), and Society/Safety/Economy (Section 3.3). These sections
describe the synthesised results according to each of the applied methods as
described in Section 2.5 and Table 2.4. More detailed findings from D6.2 to 6.4
including all of the estimated sub-use case scenarios can be found in tables in
Appendix D.

3.1 Impacts on the environment

In LEVITATE, four indicators were used to measure impacts on the environment: carbon
dioxide (CO2) emissions, nitrous oxide (NOx) emissions, particulate (PMi1o) emissions, and
energy efficiency. Their importance for the environment has been widely documented
(e.g., EEA, 2020). In this WP6 synthesis report, we describe the environmental impacts
using CO2 emissions and energy efficiency (see Table 3.1). Carbon dioxide emissions are
the primary driver of global climate change, and it is widely recognised that in order to
decrease the negative impacts on climate change, the world needs to urgently reduce these
emissions. Improving the efficiency of urban transport services and technologies that use
energy from fossil fuels will help reduce emissions. Detailed information on the other
indicators (NOx and particulate emissions) can be found in the underlying study reports
(Haouari, et al., 2021; Sha, et al., 2021; Chaudhry et al., 2021). To estimate the effects
of the indicators, two methods are used: Microsimulation for the CO:2 effects and the Delphi
method for energy efficiency.

Table 3.1: Environmental impact definitions

Impact Definition Methodology
CO, emissions due to | Concentration of CO; pollutants as grams per ) o )
vehicles vehicle-kilometre (all road traffic) Microscopic simulation
Average rate (over the vehicle fleet) at which
Energy efficiency propulsion energy is converted to movement (all Delphi

road traffic)

The following sections summarise the results from the two methods on the environmental
effects of the sub-use case scenarios.

3.1.1 Environment: Microsimulation results

Table 3.2 presents the results from each scenario of a sub-use case given different
connected and automated vehicles (CAV) penetration rates. Three vehicle types are
considered: 1) Human-drive vehicle, 2) 1%t generation CAV, and 3) 2" generation CAV (see
Appendix B for behavioural parameters). In general, looking at the results, it is clear that
regardless of the sub-use case or its penetration scenario, the increasing CAV penetration
rate in the vehicle fleet reduces CO2 emissions. This reduction is the highest once human
driven vehicles no longer are a part of urban traffic (reductions of at least 97% at 0-40-
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60; 0-20-80 and 0-0-100 penetration scenarios). An important assumption underpinning
these results is that all CAVs introduced into the network are electric vehicles, so non-
tailpipe emissions (e.g. due to electricity generation) are outside the scope of this study
and therefore excluded. Human-driven vehicles in the network are assumed to use
combustion engines powered by fossil fuels. The reductions are thus largely driven by the
increasing penetration rates of 1stand 2"9 generation (electric) CAVs. Differences between
the proportion of CAVs in the network and the reduction in total CO2 emissions are related
to two factors: a small humber of non-electric public transport vehicles (share depends on
the network considered), as well as variations in the traffic situation (e.g. congestion)
which affect the vehicle kilometres travelled within a simulation run. Indirect effects, such
as a modal shift or change in travel demand, are outside the scope of microsimulation and
therefore not reflected in these results.
The results are estimated for all motor vehicle road transport within the network across
different CAV penetration rates, with and without policy interventions in networks from
three European cities: Manchester, Santander and Leicester. Readers are reminded that
differences in the baseline impacts (with no CAV or intervention) reflect differences in the
underlying road networks and varying traffic conditions modelled in the simulations of
these cities.
Table 3.2 Estimated impacts of CAVs on CO2 emissions using the microsimulation method. Percentages indicate
the difference relative to the SUC’s Baseline at 0% penetration of CAVs (100-0-0).
Deployment scenarios:
Market penetration rate of CAVs in entire
vehicle fleet
(Human-driven vehicle - 1% Generation CAV - 2™
Generation CAV)
100- 80- 60- 40- 20- 0-40- 0-20- 0-0-
0-0 20-0 40-0 40-20 40-40 60 80 100
Impact | Sub-use case Scenario % % % % % % % % City
Dedicated lanes |Baseline 0,0 | -20,2 4777 BEens
Manchester
for CAVs Dedicated lane (fixed) - 21,9 -49,1 -76,5 - - -
) . Baseline 0,0 -19,3 -38,8 -59,0 -79,2
Parkmlg price Adjusted parking Santander
ti - B ; ; ;
regulation 1V aviour 17,8 -40,0 -58,6 -78,5
Baseline 0,0 -19,6 -49,5 -77,4
Removing half of spaces -5,6 -24,7 -51,2 -78,6
i } ivi -13,3 -30,6 -56,2 -81,0
Co, Rteplatcmgk(?n Driving lanes Leicester
emissions| StTEEtPATKING Ipjck-up/drop-off points -9,7 -24,8 -52,7 -79,3
Public spaces -13,0 -29,7 1=55;5 =800
Cycling lanes -11,7 -30,3 -55,5 -81,0
Automated ride |Baseline 0,0 -20,9 4S5 S
sharing 20% willing to share - -22,0 -49,9 -77,1 Manchester
(20% of demand) 1, 560/, willing to share - -19,4 -47,8 -758
Green Light Baseline 0,0 -20,7 -48,8 -76,9
Optimised Speed Manchester
Advisory (GLOSA)|GLOSA on 3 Intersections 0,0 -20,8 -48,7 -76,9

Looking at the different baselines estimated, all networks showed a similar nearly 100%
reduction in expected emissions. Of the cities, the three Manchester networks show the
largest reductions at full CAV penetration, while the Leicester simulation ends with a
slightly lower reduction at full penetration. These variations are largely due to emissions
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from a small number of public transport buses, which are not simulated to be electric
vehicles and are more present in the Leicester and Santander networks.

The sub-use case dedicated lanes for CAVs shows that a dedicated CAV-lane does not
have much additional benefit in terms of reduced CO2 emissions when compared to the
baseline. As with the baseline, the environmental impacts of increased CAV penetration
rate are positive. These results support previous findings in the literature as mentioned in
section 2.3.4.

The second sub-use case, parking price regulation, shows a similar trend in CO:2
emissions for the baseline and the scenario “adjusted parking behaviour.” Because only
CAVs adopt the adjusted parking behaviour, behaviour of the CO2-emitting human-driven
vehicles remains largely unchanged. Both scenarios show an over 98% reduction in
emissions.

The sub-use case dealing with replacing on-street parking shows a decrease in CO:2
emissions with the implementation of all SUC scenarios (removing half on-street parking
spaces, replacing with driving lanes, replacing with pick-up/drop-off points, replacing with
public spaces, and replacing with cycling lanes). Comparing the parking removal scenarios
with the baseline, it is clear that once the levels of human-driven vehicles drop to 20%
and below, the removal of parking spaces shows no added benefit in terms of CO:2
emissions. However, at lower CAV penetration rates, the removal of on-street parking
leads to a larger reduction in emissions than the baseline scenario. This is likely related to
the reduction in traffic congestion (see Section 3.2.1) in the network resulting from the
removal of on-street parking spaces. For the two SUC scenarios in which on-street parking
spaces are still partially used (removing half of the on-street parking spaces and replacing
with pick-up/drop-off points), the difference from baseline is correspondingly lower.

The automated ride sharing (ARS) SUC is expected to be beneficial for CO2 emissions if
drivers of non-CAV/non-electric vehicles participate in ARS, mainly due to trip sharing
reducing the total vehicle kilometres travelled. Since CAV vehicles are assumed to be
electric and therefore have limited/no impact on emissions, ARS were predicted to have
little or no added impact at high CAV penetration rates. Therefore, the results show a
similar trend in CO2 emissions throughout all scenarios (baseline, 20% of demand & 20%
willing to share, and 20% of demand & 100% willing to share). Of all the estimated ARS
scenarios (see Appendix D.1), most scenarios showed a slightly reduced environmental
benefit at lower CAV penetration rates compared to the baseline. This includes the scenario
of serving 20% of demand with 100% willingness to share. The exception to this finding is
the 20% of demand & 20% willingness to share scenario, which increases congestion due
to the high number of ARS vehicles travelling in the network. This congestion serves to
reduce the number of human-driven vehicle kilometres within a simulation run and
therefore the predicted CO2 emissions. This finding is therefore more related to specific
characteristics of the microsimulation method and does not necessarily represent an
improvement in environmental performance. In general, the network effect of 20% of all
private vehicle trips switching to ARS on overall emissions is negligible in the modelled
scenarios.

Like in the previous sub-use cases, the GLOSA scenarios have a similar trend in reducing
and eventually eliminating road related CO2 emissions. However, when compared to the
baseline, GLOSA as simulated here, has no real added benefits in terms of reducing
emissions. Because GLOSA was implemented on a small scale (3 intersections) in the
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simulation, the effect on traffic in the overall network is not large enough to be seen back
in a change in CO2 emissions compared to the baseline electrification trend.

In summary, increasing penetration levels of (electric) CAVs are expected to progressively
reduce emissions as they replace combustion engines in the vehicle fleet. Of the SUCs
evaluated here, only replacing on-street parking shows potential to further reduce
emissions compared to the baseline scenario when penetrations of CAVs are relatively low.

3.1.2 Environment: Delphi results

Table 3.3 presents the estimated impacts on energy efficiency for each SUC-scenario given
different CAV penetration rates and as estimated by experts in the Delphi study. Because
a different panel of experts was consulted for each SUC (in order to keep questionnaire
length manageable), baseline estimates also vary across SUCs. For any given impact, if
the baseline estimates observe similar trends, experts were likely to be more in agreement
with their expectations. A high amount of variation across baselines suggests the expert
groups had more divergent expectations. For more information, see Appendix A.

From these results it is clearly evident that the estimates from the Delphi study are of a
totally different magnitude than the emission reduction estimates (Section 3.1.1). This is
in itself strange since emissions and energy efficiency are closely related. The difference is
estimate size may well be explained by the different approaches in developing the
estimates and the details available to define the baseline and SUC scenarios.

Table 3.3 Estimated impacts of CAVs on energy efficiency using Delphi method. Percentages indicate the
difference relative to the SUC’s Baseline at 0% penetration of CAVs.

Deployment scenarios:
Market penetration rate of CAVs in entire
vehicle fleet
1] 20 40 60 80 100
Impact Sub-use case Scenario % % % % % %
Baseline 0,0 -1,9  -3,8 3,7 9,9 7,6
n Empty km pricing - 6,9 6,9 6,9 8,8 8,8
Road use pricing )
Static toll - 7,5 9,2 9,2 7,4 5,6
Dynamic toll - 13,1 13,1 12,7 12,7 12,7
Baseline 0,0 0,3 -3,7 0,3 0,3 4,9
Dedicated lanes for CAvs | Dedicated CAV lane (fixed) - -1,1 -2,9 3,7 5,4 6,8
Dedicated CAV lane (dynamic) - 4,2 4,2 6,4 6,3 6,3
parki . lati Baseline 0,0 6,0 14,0 23,1 25,4 30,6
arking price regulation
Energy 9P 9 Adjusted parking behaviour - 23 46 80 87 10,3
efficiency

Baseline 0,0 0,3 4,4 11,3 12,5 12,9
Rep'acing on-street Space for publIC use - 6,8 8,8 10,8 10,8 13,3
parking Driving lanes - -3,7 -38 -61 -2,1 -2,7
Pick-up/drop-off - -10,2 -3,8 -3,6 -2,6 -7,1
. . Baseline 0,0 9,8 10,3 11,1 14,2 14,2

Automated ride sharing . )
Automated ridesharing - 6,3 9,8 13,8 20,0 20,0
Green Light Optimised | Baseline 00 98 103 11,1 142 14,2
Speed Advisory (GLOSA) | GLosA - 9,4 14,8 18,7 27,9 27,9
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For the baseline scenarios, the Delphi experts estimate that increasing penetration of
CAVs will lead to an improvement of roughly 5-31% in energy efficiency across all
considered SUCs. Expert groups were in agreement that at high CAV penetration rates, an
improvement in energy efficiency is expected, although some predicted a slight decrease
initially at lower penetration rates. (20-40% CAVs).

Regarding the policy interventions, the highest additional improvement is expected in the
GLOSA sub-use case, where experts estimate that the implementation of GLOSA will lead
to an additional benefit in energy efficiency (e.g. at 100% CAV penetration GLOSA
improves the baseline estimate from 14% to 28%). For a few scenarios regarding parking
price regulation, replacing on-street parking, or road use pricing, fewer benefits are
expected than in the baseline.

In the road use pricing SUC, the “"dynamic toll” scenario is estimated to further improve
energy efficiency the most at all penetration levels. Introducing a dynamic toll in situations
where 20-100% of the vehicles are electric CAVs is expected to further improve energy
efficiency by 3-17% more than baseline values. Both the static and dynamic tolls are
expected to have the most added benefit when human-driven vehicles still make up around
half of the vehicle fleet, while empty kilometre pricing is expected to become more
beneficial at higher CAV penetration levels.

For dedicated lanes for CAVs, although initially a higher improvement in energy
efficiency is observed with the "dynamic dedicated lane”, at penetration rates higher than
60%, the “fixed dedicate lane” has a slightly higher positive impact on energy efficiency.

For the parking price regulation scenarios, it is interesting that the baseline scenario
has a much higher positive impact (31%) compared to the “adjusted parking behaviour”
scenario (10%) where automated vehicles would largely avoid parking in city centres and
instead drive around empty or leave the centre to park. Especially the “drive around”
scenario (see Appendix D) is predicted to have a negative effect on energy efficiency.

Experts in the Delphi survey estimate that Replacing on-street parking with “space for
public use” will have a similar or slightly higher positive impact on energy efficiency
compared to the baseline. However, experts predict that replacing on-street parking with
a “driving lane” or “pick-up/drop-off” spaces for shared vehicles will have a negative impact
on energy efficiency.

The estimates for the Automated ride sharing and GLOSA sub-use cases also indicate
a higher positive impact on energy efficiency compared to their baseline cases. For both
sub-use cases, especially at higher CAV penetration rates, the introduction of these SUCs
is expected to have an additional positive impact.

To summarise, compared to the baseline with only human-driven vehicles, Delphi experts
estimate that the introduction of most sub-use case scenarios will result in an improvement
of energy efficiency. However, this improvement is in most cases similar to the expected
baseline improvement, suggesting that experts do not expect most of these interventions
to have a large additional effect on energy efficiency (over and above what is expected
from increased CAV penetration). SUC scenarios like dynamic toll, automatic ride sharing
and GLOSA are estimated to have additional positive impacts for energy efficiency whereas
replacing on-street parking with driving lanes or pick-up/drop-off points are estimated to
have a detrimental effect.
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3.2 Impacts on mobility

This section presents the estimated impacts that increasing levels of CAVs and the
introduction of six SUCs considered in WP6 could have on mobility. Twelve indicators were
used to evaluate the impacts (Table 3.4). The methods used to evaluate these impacts are
microsimulation, mesosimulation, system dynamics and Delphi.

Table 3.4: Mobility impact definitions

Impact Definition Methodology
Average duration of a 5 Km trip inside the Microscopic simulation /
Travel time city centre (all traffic) Mesoscopic simulation /
Delphi*
The opportunity of taking a trip whenever and )
Access to travel wherever wanted (10 points Likert scale) Delphi

Amount of travel per

Kilometres of travel per person in an area (all

Mesoscopic simulation /

person traffic) Delphi*
Total kilometres Total vehicle kilometres travelled in the network Microscopic simulation
travelled (vehicle km) (all traffic) P

Congestion

Average delays to traffic (seconds per vehicle-
kilometre) as a result of high traffic volume (all
traffic)

Microscopic simulation

Modal split using active

% change in network trip distance (all traffic)

travel made using active (walking, cycling) transportation Delphi
Modal split using public % change in network trip distance (all traffic)
p 9p made using public transportation % of trip distance | Delphi
transport . . .
made using public transportation
P - - -
Shared mobility rate Yo change in number of trips made sharing a Delphi

vehicle with others

Modal split Vienna:
Active modes

% of Vienna network trip distance (all traffic)
made using active transportation (walking, cycling)

System dynamics

Modal split Vienna:
Public transport

% of Vienna network trip distance (all traffic)
made using public transportation

System dynamics

Vehicle utilisation rate

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

Delphi

Vehicle occupancy

% of kilometres a vehicle is occupied
by passengers

Delphi

* The Delphi method was also used to estimate a simplified form of these impacts but is excluded from this
overview. For Delphi results on travel time see Haouari et al. (2021) and for amount of travel see Sha et al.

(2021).

The modal split results were calculated using two methods: Delphi and system dynamics.
The Delphi results discuss the general expected development (in relative percentages)
according to the expert panel (see Section 3.2.4) for active modes (walking & cycling),
public transport, as well as shared mobility. System dynamics estimated the effects of on
the modal split of the city of Vienna, Austria (see Section 3.2.3).

3.2.1 Mobility: Microsimulation results

Table 3.5 provides estimates of the impacts on mobility (measured in travel time, amount
of travel and congestion, see Table 3.4) as obtained from the microsimulation model results
for the various SUC intervention scenarios. Important to note is that each SUC was
estimated on a different road network taken from one of three cities (Manchester and
Leicester in the UK and Santander in Spain) in order to divide the workload. As a result,
baseline estimates vary across SUCs due to differences in the networks (e.g. road
geometry, traffic volumes). Even within the same city (Manchester), baseline estimates
can vary due to analysing different sections of the network for each SUC. The networks
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are described in Appendix C. The results across the modelled networks show an expected
range of results and serve as indicative given the type and size of network modelled. For
the smaller networks used (especially from Santander for parking price regulation as well
as the GLOSA network) more random variation in the simulation can be expected to be
more visible in the results. For transferability of results purposes, it is important to consider
networks and conditions similar to those modelled in Levitate (see the underlying reports
for details).
Table 3.5 Estimated impacts of CAVs on mobility using microsimulation method. Percentages indicate the
difference relative to the SUC’s Baseline at 0% penetration of CAVs (100-0-0).
Deployment scenarios:
Market penetration rate of CAVs in entire
vehicle fleet
(Human-driven vehicle - 1% Generation CAV - 2™
Generation CAV)
100- 80- 60- 40- 20- 0-40- 0-20- 0-0-
0-0 20-0 40-0 40-20 40-40 60 80 100
Impact Sub-use case Scenario % % % % % % % % City
_ Baseline o0 00 72 -01 53 42 18 1,0
Dedicated lanes for CAVs Dedicated lane (fixed) ) 1,6 0,7 2.8 3,0 ) ) ) Manchester
_ _ ~ |Baseline 00 28,0 186 242 6,0 16,9 0,4 -0,1
Parking price regulation | | .. ted parking behaviour | - 16,3 19,5 16,4 14,4 259 19,4 23,3| Santander
Baseline 00 44 26 -7,3 -21 -47 -52 -6,5
Removing half of spaces -3,4 -70 -6,4 -108 -12,1 -12,8 -8,0 -10,9
. Rep|acing (.)n-street Driving lanes -30,7 -30,9 -32,7 -35,6 -35,2 -34,2 -34,3 -34,4 Leicester
Travel time parking Pick-up/drop-off points -8,7 -10,1 -13,6 -18,0 -15,3 -15,1 -16,1 -16,6
Public spaces -29,6 -28,6 -30,1 -33,8 -32,3 -32,0 -31,7 -32,9
Cycling lanes -28,4 -29,7 -30,2 -33,9 -33,6 -32,2 -32,6 -32,2
Baseline 00 -1,0 -32 -49 -3,1 12 -19 -2.2
Automated ride sharing | 5o, yilling to share - 81 57 64 106 13,1 14,4 12,7|Manchester
(20% of demand) .
100% willing to share - 4,1 6,5 5,5 1,6 3,9 2,7 -1,5
Green Lig.ht Optimised Baseline 0,0 0,4 0,0 0,2 1,2 2,2 3,6 3,7 Manchester
Speed Advisory (GLOSA) |GLOSA on 3 Intersections o0 o00 -0,5 -09 -0,1 00 20 1,9
_ Baseline 00 -48 -01 -35 -27 -94 36 0,7
Dedicated lanes for CAVs Dedicated lane (fixed) ) 0,9 -09 0,9 -84 ) ) _ | Manchester
Parking price regulation Ba_seline . . 0,0 -27,4 -31,0 -23,3 -34,1 -22,6 -24,3 7,2 Santander
Adjusted parking behaviour - -32,4 -42,3 -289 -39,1 -32,6 -26,9 -20,9
Baseline 00 -2,4 -11,0 85 -1,7 -91 2,0 -63
Removing half of spaces -9,2 -6,2 -70 -7,2 -54 -5,5 -9,0 1,7
ki|::1teatlres Replacing on-street D.riving lanes . 10,6 11,3 8,7 11,6 11,1 12,2 12,4 13,1 Leicester
travelled parking Pick-up/drop-off points -150 -1,4 -56 -29 -166 -2,8 -7,3 -1,8
(vehicle km) Public spaces 9,6 108 88 11,3 10,2 11,9 12,0 11,5
Cycling lanes 11,1 10,7 10,1 9,1 11,9 8,0 11,7 12,2
Baseline 00 -60 -13,0 -83 -59 -50 -9,9 -8,1
Automated ride sharing |50, \illing to share - 7,0 -11,7 -13,6 -19,0 -17,2 -12,9 -9,1 |Manchester
(20% of demand) .
100% willing to share - -10,7 -9,5 -7,1 -2,2 -1,3 0,1 4,2
Green Light Optimised Baseline 00 00 -04 -04 -1,1 -05 -1,6 -0,9 Manchester
Speed Advisory (GLOSA) |GLOSA on 3 Intersections o0 o0 -03 -04 -1,0 -0,3 -1,5 -0,8
_ Baseline 00 -1,2 9,7 -39 42 -0,7 -44 -7,1
- Dedicated lanes for CAVs Dedicated lane (fixed) ) 07 -1,7 03 -08 ) ) _ | Manchester
Congestion - "~ |Baseline 0,0 37,2 245 31,0 69 201 -1,3 -31
Parking price regulation |, ;. cted parking behaviour | - 22,2 26,2 20,9 18,5 32,7 23,7 28,6 Sontander
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Baseline 00 57 24 -129 -6,2 -10,8 -11,3 -13,4
Removing half of spaces -5,0 -10,8 -10,8 -17,9 -20,6 -22,5 -15,7 -19,9
Replacing on-street  |Driving lanes -44,8 -45,8 -49,2 -54,2 -54,3 -53,8 -54,0 -54,1 Leicester
parking Pick-up/drop-off points -12,5 -15,5 -21,2 -28,5 -25,3 -259 -27,3 -28,1
Public spaces -43,1 -42,5 -454 -51,6 -50,1 -50,6 -50,2 -51,9
Cycling lanes -41,4 -44,1 -45,6 -51,7 -52,0 -50,9 -51,5 -50,8
d ride sh Baseline o0 -25 -73 -11,6 -9,7 -43 -9,7 -11,4
Automated ride sharing o willi _
(20% of demand) 20% willing to share 12,7 75 69 12,6 158 17,5 14,6 |Manchester
100% willing to share - 4,8 7,8 53 -2,1 06 -18 -8,6
Green Light Optimised [Baseline 60 -1,1 -45 -63 -61 -61 -2,8 -2,4
: . Manchester
Speed Advisory (GLOSA) [GLOSA on 3 Intersections 00 -1,9 -57 -87 -9,2 -11,2 -6,5 -6,5

Travel time

Looking at the impacts on travel time across the 3 different networks used in the
microsimulation, a -6,5% to +3,7% effect on average travel times is found in the baseline
scenario at full penetration of CAVs (0-0-100). The effect of automation on average travel
times is therefore predicted to vary somewhat depending on the network modelled. For
the larger networks (dedicated lanes, replacing on-street parking, and automated ride
sharing), only slight baseline changes are predicted in suburban Manchester and while a
moderate reduction in travel time is predicted for central Leicester. Implementing the sub-
use case policy interventions in the network showed a variety of effects: from a large
additional reduction in average travel times of up to -35% (at 80-20-0 and 60-40-0
implementation) by replacing parking spaces with driving lanes in Leicester to large
increases in travel time of up to +23% by introducing parking pricing policies that
dramatically affect parking utilisation in Santander.

Introducing dedicated lanes for CAVs is predicted to have a marginal positive effect on
travel times (less increase) when compared to the baseline at some low penetration levels
of 1stgeneration CAV (60-40-0 and 20-40-40). When roughly equal numbers of CAV and
non-CAVs use the network travel times may, however, increase compared to the baseline.
In the stages of penetration where both CAVs and non-CAVs share the road, the baseline
scenario shows an increase in travel time (up to 7%). The dedicated lane for CAVs seems
to reduce these congesting effects of interactions between 15t generation CAVs and human-
driven vehicles particularly when there is a large share of both vehicle types in the network
(60% human-driven vehicles, 40% 1t generation CAV).

For parking price regulation, the implementation of an “adjusted parking behaviour”
increases travel time by up to 26% (compared to 17% in the baseline, an effective further
increase in travel time of 9% as a result of the pricing policy adopted). In this scenario,
the majority of CAVs which would otherwise park at the destination instead choose one of
the following options due to higher parking prices at the destination: return to origin
(22%), drive outside centre to park (45%), or drive around until the passenger is ready to
be collected (20%). While increases are also seen in the baseline for the Santander
network, these increases are mostly less than when parking price regulation is
implemented especially once human-driven vehicles make up 20% or less of the vehicle
fleet. At high CAV penetrations, more of the vehicle fleet exhibits the adjusted parking
behaviour, therefore causing more congestion and increases in travel time due to the larger
number of empty kilometres driven.

In general, replacing on-street parking with any of the scenarios (removing half on-
street parking spaces, replacing with driving lanes, replacing with pick-up/drop-off points,
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replacing with public spaces, and replacing with cycling lanes), improves travel time. In
the microsimulation, parking manoeuvres are a source of congestion which can increase
travel times; therefore, the scenarios where on-street parking is completely removed
(replaced with driving lanes, public space, or cycling lanes) have the largest effects on
travel time. The scenario that improves travel time the most is “replacing on-street parking
with driving lanes” which is expected since it provides more capacity. The baseline scenario
also improves travel time but much less than the sub-use case scenarios.

Automated ride sharing is not predicted to improve travel times compared to the
baseline scenario. This can largely be explained by the increase in empty kilometres driven
with implementation of an automated ride sharing system (see Section 2.4.5), as the
automated ride sharing vehicles circulate in the network to pick up the next passenger.
Even when willingness to share is high, not every trip will be suitable for sharing as the
choice to share cannot cause large delays to the other passenger(s). The additional empty
kilometres therefore have the potential to overcompensate for benefits due to trip sharing,
especially when willingness to share is low, and can cause increased congestion and travel
times. In addition, travel times may increase slightly during shared trips due to picking up
and/or dropping off additional passengers. The baseline scenario has a small improvement
in travel time, but the sub-use case scenarios mostly increase travel time. For higher CAV
penetration rates the “20% willing to share” has a higher travel time impact (between 13%
and 14%) compared to the “100% willing to share” scenario which has a slight
improvement (1,5%) in travel time at the 0-0-100 penetration rate. This suggests that the
willingness of users of automated ride sharing to share trips with other travellers can have
an important effect on the traffic situation by reducing the number of automated taxi
vehicles and trips present in the network.

The last sub-use case applied to travel time is GLOSA. For the baseline, travel time
increases as CAV penetration rate increases. However, implementing the "GLOSA on three
intersections” initially reduces travel time, and only increases travel time at a penetration
rate of 0-20-80 (2%), but not as high as the baseline scenario (4%). It must be mentioned
that GLOSA affects only 3 intersections in the network and therefore the overall network
effects are small.

Total kilometres travelled

The second mobility indicator estimated with microsimulation was the total kilometres
travelled in the modelled networks. As travel demand remains constant in the
microsimulation, an increase or decrease in total kilometres travelled generally reflects
changes to the traffic situation: when traffic flows more smoothly with less congestion,
more trips are able to be completed in one simulation period. Therefore, an increase in
kilometres travelled is considered here to be a positive development (increase is indicated
in green in Table 3.5) as it represents an improvement in mobility and accessibility of the
network. However, an actual increase in total kilometres travelled by motor vehicles due
to an increase in travel demand or a modal shift could also bring about negative
environmental and/or societal externalities. More kilometres travelled may, for example,
use more energy, represent a modal shift from public transport/active modes to private
vehicles, increase exposure to traffic safety risks, or use more public space. These potential
negative effects are not considered in these results as changes to travel demand or modal
split are outside the scope of microsimulation.

Across the different networks studied, the baseline impacts for the different SUCs show a
change in total kilometres travelled at full penetration (0-0-100) of between +7% (parking
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price regulation network) and -8% (automated ride sharing network) when compared to
the starting point with only human-driven vehicles (100-0-0). Across the different
penetration rates, total kilometres travelled vary without a clear trend relating to
increasing CAV penetration. As with travel time and congestion, the effect of automation
on travelled kilometres is predicted to vary depending on network conditions. The largest
baseline variations in total kilometres travelled are seen in the Santander network used
for parking price regulation; this may be related to the relatively small size of the network
used (see Appendix C).

Looking at the dedicated lanes for CAVs SUC, implementing a “fixed dedicated lane”
shows a similar trend to the baseline which varies between a slight decrease and a slight
increase in kilometres travelled. The last three penetration rates cannot be compared
because no values were calculated for the “fixed dedicated lane” as there is 100% CAV
penetration and therefore all lanes are only used by CAVs.

The parking price regulation scenario “adjusted parking behaviour”, shows a large
reduction in the total kilometres travelled (ranging from 30% to 42%) across different
penetration rates. As mentioned, a decrease in kilometres travelled is seen as a negative
impact since it is largely caused by congestion in the network and therefore suggests a
decline in accessibility and mobility. In the baseline, there is also a decrease in kilometres
travelled except for the last penetration level (0-0-100), where there is a 7% increase in
kilometres travelled. At all penetration rates, the shift from parking in the city centre of
Santander (baseline) to driving around or parking elsewhere (adjusted parking behaviour)
appears to increase the total amount of congestion in such a way that less kilometres can
be travelled during a simulation period.

For the replacing on-street parking sub-use case, different results are observed per
scenario. For the baseline scenario there is a mostly negative development in total
kilometres travelled. Out of the five scenarios in this sub-use case, two of the scenarios,
“removing half on-street parking spaces”, and “replacing with pick-up/drop-off points” also
show a general negative impact on kilometres travelled. The other three scenarios,
“replacing with driving lanes”, “replacing with public spaces”, and “replacing with cycling
lanes” show an increase in total kilometres travelled of around 12%. In these three
scenarios, on-street parking is completely removed, which when present can be a source

of a congestion (leading to fewer kilometres travelled in a simulation period).

In general, automated ride sharing is expected to lead to an increase in vehicle
kilometres, due to the empty repositioning of vehicles to pick up passengers potentially
being larger than the reductions due to the trips which can actually be shared. In the
microsimulation results, scenarios with higher willingness to share (see Appendix D for all
scenarios) show this expected increase in kilometres travelled compared to the baseline
results. In the “100% willing to share” scenario, automated ride sharing is predicted to
increase total kilometres travelled by 4% at full penetration compared to a decrease of -
8% in the baseline. When willingness to share is lower, however, significantly increased
delays due to congestion in the network reduce the number of trips and vehicle kilometres
which can be completed within a simulation period. This leads, somewhat
counterintuitively, to a decrease in kilometres travelled in the “20% willing to share”
scenario. The results suggests that trips with a higher willingness to share are expected to
improve traffic flow.
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The last sub-use case for which the impact on total kilometres travelled was estimated is
GLOSA. For this SUC it is predicted that in both the baseline and “"GLOSA on three
intersections”, the total kilometres travelled slightly decreased (up to less than 2%) and
the difference between baseline and GLOSA is marginal. Implementation of GLOSA is
therefore predicted to have little additional effect on kilometres travelled.

Congestion
The final mobility indicator estimated with microsimulation is congestion, measured in

terms of delays (seconds) due to traffic congestion per vehicle-kilometre travelled for all
traffic in the network. The different baseline estimations show mostly a decrease in
congestion expected with the introduction of automated vehicles, especially once human-
driven vehicles make up 40% (40-40-20) or less of the vehicle fleet. In the network of
Santander, some larger increases in congestion are seen when human-driven and/or 1st
generation CAVs still make up a large portion of the vehicle population. As mentioned
before, this may be due to the small size of the network as well as the types of roads in
this city centre network where congestion due to mixed traffic conditions may be more
visible.

The results from the dedicated lanes for CAVs sub-use case show a general decrease in
congestion as CAV penetration rates increase in the baseline scenario, and mixed results
with the inclusion of a “fixed dedicated lane.” The inclusion of the dedicated CAV lane leads
to a small reduction in congestion compared to its baseline values for two out the four
penetration rates for which a dedicated CAV lane was considered; for the other two
penetration rates, slightly more congestion was found. Therefore, no clear effect is
predicted for dedicated CAV lanes on congestion.

The parking price regulation SUC shows that congestion levels in the baseline scenario
increase markedly in the penetration rates with mixed human-driven and CAV traffic. Only
once the penetration levels of 2" generation CAVs reach 80% do congestion levels
decrease by between 1 and 3% in the baseline. The “adjusted parking behaviour” scenario
shows some lower congestion levels than the baseline when 40% or more of the vehicle
fleet is still human-driven; however, as penetration levels of CAVs increase, the scenario
with adjusted parking behaviour shows higher levels of congestion than the baseline. As
discussed for travel time, in the adjusted parking behaviour scenario, the majority of CAVs
which would normally park at the destination now travel to somewhere else to park or
drive around while waiting. These alternatives are therefore predicted to cause some
additional traffic congestion compared to the baseline where vehicles park at their
destination.

Replacing on-street parking shows a promising impact on congestion. The
implementation of each of the five SUC scenarios results in a decrease in congestion of
between 20% and 54%, all substantially more than estimated for just the baseline. High
congestion reduction levels can even be seen at low CAV penetration rates in three
scenarios where on-street parking is completely removed: “replacing with driving lanes”,
“replacing with public spaces”, and “replacing with cycling lanes”. As discussed earlier, in
the microsimulation, parking manoeuvres are a source of congestion. Therefore, removing
these manoeuvres completely results in a larger reduction in congestion. The other two
scenarios remove only some of the parking manoeuvres and therefore have a smaller, yet
still sizeable, effect.
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As discussed for travel time and total kilometres travelled, automated ride sharing is
expected to cause some increased congestion, especially when the willingness to share
trips are low. This increased congestion is largely related to the additional empty vehicle
kilometres (see Section 2.4.5) necessary to pick up their next passenger. While trip sharing
can reduce some of the un-occupied kilometres, not all trips will be suitable for combining
and not all passengers are expected to be interested in sharing their trips. This results in
an overall increase in congestion in the “20% willing to share” scenario of up to 18%. This
while in the baseline scenario, increasing CAV penetration is predicted to reduce congestion
by up to 11%. When all ride sharing users (20% of the total travel demand) are willing to
share their trips with other ride sharing users within the allowable detour time (5-10
minutes), congestion results much closer to the baseline reduction are reached: the "100%
willing to share” scenario shows a decrease in congestion of -2% to -9% once 2™
generation CAVs make up 80% or more of the vehicle fleet, only slightly higher than for
the baseline (-10% to -11%).

The last sub-use case used to evaluate the impact on congestion using microsimulation is
GLOSA. Both the baseline and "GLOSA on three intersections” decrease congestion, while
the "GLOSA on three intersections” scenario has a slightly higher impact on reducing
congestion: an almost 7% reduction, compared to the 2% in the baseline at 0-0-100
penetration rate. GLOSA is therefore expected to have a positive effect on congestion.

3.2.2 Mobility: Mesosimulation results

Table 3.6 summarises the impacts on average travel time and amount of travel as obtained
from the mesosimulation method. These mobility impact estimates were derived for one
SUC, namely road use pricing (RUP). RUP was implemented in the mesosimulation of the
Vienna road network using both a static toll (10-euro fee to enter the city centre by private
vehicle) and a dynamic toll (implemented as a kilometre price of 1,4 euros per km travelled
by private vehicle in the city centre and equating to 10 euros to cross the city). The RUP
scenarios are compared to a baseline with no fee to enter the city centre. In Appendix D,
further scenarios with different toll levels can be found.

Table 3.6 Estimated impacts of CAVs on mobility using the mesosimulation method. Percentages indicate the
difference relative to the impact’s Baseline at 0% penetration of CAVs (100-0-0).

Deployment scenarios:
Market penetration rate of CAVs in entire vehicle
fleet
(Human-driven vehicle - 1%t Generation CAV - 2"
Generation CAV)
100- 80- 60- 40-40- 20-40- 0-40- 0-20- 0-0-
0-0 20-0 40-0 20 40 60 80 100

Impact S‘L';'s‘;se Scenario % % % % % % % %

City

Average Baseline |0 euro 00 02 00 -01 -03 -05 -0,4 -0,5
travel time | Road-use [Static toll: 10 euros 2,4 2,3 2,3 2,1 2,0 1,8 1,6 1,7
(5km trip) pricing |Dynamic toll: €1,4/km | 4,2 3,8 3,8 4,0 38 3,7 36 3,7
Amount of | Baseline |0 euro 00 00 -01 -0,1 -0,2 -0,2 -0,2 -0,2
travel Road-use |Static toll: 10 euros -0,1 -02 -02 -0,2 -0,3 -0,3 -0,3 -0,3
(per person) | pricing |Dynamic toll: €1,4/km | 0,2 0,2 0,1 0,1 02 01 01 0,11

Vienna

Similar to the microsimulation method, the mesosimulation keeps travel demand (activity
patterns and locations) constant. However, unlike the microsimulation, the activity-based

LEVITATE | Deliverable D6.5 | WP6 | Final 49




®
levitate

model used in the mesosimulation also takes into account potential modal shifts or changes
in route choice. For this reason, the implementation of a toll to enter the city centre can
potentially lead to travellers switching either their travel mode or their route to avoid the
toll.

The results indicate that average travel time is higher throughout all penetration levels
when a “dynamic toll: €1,4/km” is implemented, and slightly higher when a “static toll: 10
euros” is implemented compared to the baseline. In the baseline scenario, average travel
time decreases slightly (up to 0,5%) as CAV penetration rates increase. This is due to
travellers choosing to switch from private vehicle transport (which may be the fastest) to
another toll-free mode, such as public transport, which may have a slightly longer travel
time. The dynamic toll appears to have a stronger effect on this shift than the static toll.

The amount of travel, defined as the average distance travelled by a person on a
weekday, shows a slight decrease in the baseline and “static toll: 10 euros” scenarios as
CAV penetration rates increase, while the “dynamic toll: €1,4/km” indicates a small
increase in the amount of travel (0,1 and 0,2 %). Neither road use pricing nor the
development of CAVs appear to have a large impact on the average distance a person
travels on a weekday. Because travel activity patterns (e.g. home - work — home) remain
constant, a slight increase due to a modal shift similar to the increase in travel times might
be expected; however, it appears that actual distances travelled do not increase with a
mode shift as much as travel time does.

3.2.3 Mobility: System dynamics results

Table 3.7 shows the impacts of the SUCs on the modal split of active modes and public
transport at different CAV penetration rates. The estimates derived from the results
obtained by applying a system dynamics model to the road network of the city of Vienna.
Four of the six sub-use cases are modelled with the system dynamics model: road use
pricing, parking price regulation, replacing on-street parking, and automated ride sharing.
These sub-use cases are expected to have more indirect/macroscopic level impacts which
can be better captured by the system dynamics model. System dynamics, unlike
microsimulation, takes into account the potential indirect influences of a modal shift due
to implementation of the SUC measures. Modal split trends are indicated in terms of the
percentage change from the starting share of trip distance (mode share at Baseline 0%
CAVs). For example, a reduction in mode share from 20% to 10% of all travelled kilometres
in Vienna would constitute a change of -50%.
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Table 3.7 Estimated impacts of CAVs on modal split using system dynamics, measured in terms of percentage
change of the starting modal split (Baseline; 0% CAVSs)

Deployment scenarios:
Market penetration rate of CAVs in entire vehicle
fleet
(percentage share of CAVs)
0 20 40 60 80 100
Impact Sub-use case Scenario % % % % % %
Baseline no policy intervention 0,0 0,0 -6,3 -18,8 -31,3 -56,3
Modal split | Road use pricing Static toll: 10 euros 12,5 12,5 6,3 0,0 -6,3 -18,8
. 1. - -
Vienna®: | Parking price Adjusted parking behaviour | 18,8 | 188 | 12,5 | 12,5 | 0,0 | -31,3
Active regulation
modes Replacing on-street | Removing half of spaces 12,5 6,3 0,0 -12,5 | -31,3 | -56,3
(Vgall?ing)& parking Replacing with driving lanes 18,8 12,5 12,5 0,0 -12,5 | -37,5
ycling -
Automated ride 20% of demand & 100% 9,3 12,4 | -18,4 | -28,2 | -41,7 | -61,3
sharing willing to share
Baseline no policy intervention 0,0 0,0 -2,1 -6,2 -10,4 | -16,7
Road use pricing Static toll: 10 euros 18,8 18,8 14,6 10,4 8,3 -2,1
Modal split | Parking price Adjusted parking behaviour | -4,2 | -6,2 | -10,4 | -14,6 | -18,8 | -12,5
Vienna?: |[regulation
Public Replacing on-street | Removing half of spaces 0,0 -2,1 -6,2 -10,4 | -12,5 | -18,8
transport | parking Replacing with driving lanes -8,3 | -10,4 | -20,8 | -29,2 | -35,4 | -37,5
Automated ride 20% of demand & 100%
sharing? willing to share 14,6 13,8 a2 5 25 i

!percentage changes refer to percentage of the initial 16% mode share of active modes (Baseline; 0% CAVs)
2percentage changes refer to percentage of the initial 48% mode share of public transport (Baseline; 0% CAVs)
3Automated ride sharing is considered by system dynamics to be a form of public transport in the modal split

In the system dynamics model based on the city of Vienna, before implementation of CAVs
or SUC policies active modes make up 16% of the modal split while public transport
composes 48%. In the baseline estimation, both mode shares are predicted to decrease
as CAV penetration increase: active mode share is expected to be cut in half (to roughly
7% of travel demand), while the share of public transport is predicted to decrease by 17%
(resulting in @ 40% mode share). In other words, CAVs are predicted to take a roughly
equal share of travel kilometres away from both active modes and public transport (8% to
9% of the total travel demand), but because active modes began with a lower share of the
travel demand, this results in a 56% reduction from the starting mode share. The effects
of CAVs on the modal split are strong enough that, while some SUC interventions offset a
portion of this decline, all SUC scenarios also predict at least a small reduction in active
modes and public transport at 100% CAV penetration. These results suggest that CAVs will
attract a large proportion of people currently walking and cycling or taking public transport
to using some form of CAV transport, which is seen as an unfavourable development for
environmental and public health reasons.

The introduction of the sub-use cases road use pricing, parking price regulation, and
replacing on-street parking with driving lanes to an extent mitigate the negative
impact of CAV penetration and seem to stimulate people to walk and cycle. At 0% CAV
penetration, the mode shares of active modes after introducing these sub-use cases are
between 13% and 19% higher than in the baseline (absolute mode shares of 18%-19%),
meaning that initially they increase active mode share when compared to the baseline. As
CAV penetration rates increase, the modal share of active modes decreases by only 19%
to 38% of the starting value, which is higher than in the baseline (56% reduction).
Removing half of on-street parking spaces shows a mixed effect on active mode use:
initially, there is an increase in active modes compared to the baseline when CAV
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penetration is still less than 20% of the vehicle fleet. However, as CAV penetration
increases, the benefits of removing half of on-street parking spaces diminish and the SUC
results in a similar decrease to the baseline results. Lastly, automated ride sharing is
predicted to reduce the use of active modes of travel compared to the baseline at all
penetrations of CAVs. In an entirely human-driven context, walking and cycling accounts
for a 9% reduction in share of travelled kilometres compared to the baseline (a decrease
from 16% to 14,5% in absolute mode share).

Regarding the mode share of public transport, road use pricing and automated ride
sharing are expected to increase public transport use compared to the baseline at every
penetration rate of CAVs. While the baseline shows a 17% reduction at full CAV
penetration, implementing road use pricing results in only a 2% reduction (and an initial
increase of 19% before CAVs) while automated ride sharing results in a 3% final reduction
(and a 15% increase before CAVs). The increased modal share in public transport with the
automated ride sharing service is due to the fact that this new mode is included as part of
public transport. Road use pricing, on the other hand, is predicted to discourage private
vehicle use due to the increased costs associated with entering the city of Vienna leading
to some travellers choosing public transport over a private automated or human-driven
vehicle. Parking price regulation shows a mostly negative impact on public transport
use, leading to lower mode shares than the baseline at all penetration rates except for
100% CAV penetration. This reduction in public transport use may be related to reduced
parking costs when vehicles avoid parking in high-cost areas by leaving the centre or
driving around, while at 100% CAV penetration increased congestion may play a role in
discouraging private vehicle use. Replacing on-street parking is also predicted to
negatively impact use of public transport, especially in the “replace with driving lanes”
scenario which more than doubles the reduction in public transport use compared to CAVs
alone. This is likely due to increased road capacity and large reductions in congestion,
making private vehicle use a more attractive option and therefore attracting a share of
public transport users.
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3.2.4 Mobility: Delphi results
Table 3.8a & Table 3.8b summarise the impacts on mobility as estimated for the various
SUC in the Delphi expert panel evaluation. The baseline values for each SUC differ because
a different group of experts were asked for each SUC. Each expert group developed a
baseline specific to their SUC, similar to the different networks used in the simulation
methods. For any given impact, if the baseline estimates show similar trends, experts were
likely more in agreement with each other’s expectations. A high amount of variation across
baselines suggests the different expert groups had different opinions on the estimates. For
more information, see Appendix A.
Table 3.8a Estimated impacts of CAVs on Access to travel, modal split and shared mobility rate using the Delphi
method. Percentages indicate the difference relative to the SUC’s Baseline at 0% penetration of CAVs.
Deployment scenarios:
Market penetration rate of CAVs in entire
vehicle fleet (percentage share of CAVs)
0 20 40 60 80 100
Impact Sub-use case Scenario % % % % % %
Baseline 0,0 -1,8 0,0 3,5 12,8 23,0
. Empty km pricing = -7,5 -4,2 -2,5 -4,2 0,7
Road use pricing .
Static toll = -7,6 -7,6 -4,1 -2,3 -2,3
Dynamic toll = -7,9 -7,9 -3,7 0,0 3,8
Baseline 0,0 -5,6 -1,8 -4,2 1,9 11,4
Dedicated lanes for CAVs | Dedicated CAV lane (fixed) - 5,8 2,7 8,2 5,8 9,9
Dedicated CAV lane (dynamic) - 7,2 11,9 11,6 11,8 16,6
) ) ) Baseline 0,0 2,3 11,9 21,8 35,5 50,9
Access | Parking price regulation |, i oy parking behaviour - 6,1 8,5 13,6 20,1 24,7
to travel -
Baseline 0,0 -8,8 -8,8 -10,8 -8,7 -11,3
Replacing on-street Space for public use - -6,5 -6,4 -7,7 -10,9 -15,6
parking Driving lanes - -6,1 -6,2 -0,1 6,9 6,9
Pick-up/drop-off - -1,4 0,4 0,3 0,3 0,9
. . Baseline 0,0 13,1 15,6 22,9 22,9 25,9
Automated ride sharing Automated ridesharing - 10,8 16,9 29,3 32,1 40,6
Green Light Optimised Baseline 0,0 13,1 15,6 22,9 22,9 25,9
Speed Advisory (GLOSA) | GLOSA - 3,4 3,4 3,4 0,2 0,2
Baseline 0,0 -5,6 -5,7 -12,2 -20,1 -20,1
. Empty km pricing - 4,3 6,3 10,0 6,2 4,3
Road use pricing .
Static toll - 10,8 14,8 14,8 12,9 12,9
Dynamic toll - -6,1 -6,1 0,1 0,1 2,5
Baseline 0,0 -4,9 -4,9 -9,3 -9,3 -12,7
Dedicated lanes for CAVs | Dedicated CAV lane (fixed) - -0,9 -2,1 -5,0 -5,5 -7,7
Modal Dedicated CAV lane (dynamic) - 0,2 -3,2 -3,2 -3,2 -3,6
split: , , , Baseline 00 -132 -16,7 -28,1 -30,3 -35,2
:1?4;‘;: Parking price regulation Adjusted parking behaviour - -5,5 -6,9 -6,1 -9,6 -11,1
(Walking Baseline 0,0 -5,6 -9,6 -16,1 -21,2 -28,1
& cycling) Replacing on-street Space for public use - 6,7 8,8 18,4 27,0 31,5
parking Driving lanes - 8,8 9,3 7,4 9,4 9,4
Pick-up/drop-off - -1,5 -1,4 3,4 3,4 8,3
) ) Baseline 0,0 1,5 3,2 6,8 11,8 2,9
Automated ride sharing . .
Automated ridesharing - 7,3 7,7 6,9 3,3 3,3
Green Light Optimised Baseline 0,0 1,5 3,2 6,8 11,8 2,9
Speed Advisory (GLOSA) | GLOSA - -3,0 -4,6 -4,6 -4,6 -4,6
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Deployment scenarios:
Market penetration rate of CAVs in entire
vehicle fleet (percentage share of CAVs)

0 20 40 60 80 100

Impact Sub-use case Scenario % % % % % %
Baseline 0,0 -7,6 -9,6 -16,1 -26,1 -28,6

. Empty km pricing - 5,6 7,5 5,4 3,7 3,7

Road use pricing .

Static toll - 16,9 20,8 15,0 13,2 15,6

Dynamic toll - 13,5 15,4 9,4 7,9 7,9
Baseline 0,0 -3,7 -3,7 -11,6  -19,6 -24,6
Dedicated lanes for CAVs | Dedicated CAV lane (fixed) - -4,3 -3,8 -10,7 -13,7 -17,5
Dedicated CAV lane (dynamic) = -3,2 -4,9 -8,4 -13,7 -15,8
M°°_|a.| parking price requlation | B25€ne 0,0 -6,5 -10,3 -9,7 ~-154 -17,7
:lI:I!)IItlc gp gu Adjusted parking behaviour - -5,4 -6,3 -4,6 -9,4 -9,5
transport Baseline 0,0 -7,7 -9,7 -7,6 -11,8 -9,9
Replacing on-street Space for public use - 4,3 8,1 17,0 20,3 26,5

parking Driving lanes - 7,9 8,0 5,0 0,8 1,7

Pick-up/drop-off - -4,1 -10,5 -4,9 3,9 6,7
. . Baseline 0,0 -0,7 2,7 -6,4 -17,7 -17,7

Automated ride sharing Automated ridesharing - 6,5 7,4 2,5 -1,1 -7,2
Green Light Optimised Baseline 0,0 -0,7 2,7 -6,4 -17,7 -17,7

Speed Advisory (GLOSA) | GLOSA - -4,6 -4,6 -4,6 -4,6 -7,8

Baseline 0,0 -0,9 6,1 13,5 17,2 23,4

o Empty km pricing = 4,9 6,7 12,5 16,9 20,5

Road use pricing .

Static toll - 10,7 12,6 15,0 14,9 16,8

Dynamic toll - 12,4 14,4 17,8 22,0 23,9

Baseline 0,0 4,2 10,3 18,8 30,5 35,5

Dedicated lanes for CAVs | Dedicated CAV lane (fixed) - 4,2 0,3 10,2 13,1 20,3

Dedicated CAV lane (dynamic) = 3,6 0,2 14,2 12,5 22,2

Baseline 0,0 -3,7 2,3 13,8 18,1 27,0

nf';ﬂirﬁfy Parking price regulation | ) \cted parking behaviour - 3,7 75 16,9 19,7 23,8
rate Baseline 0,0 -5,6 -1,8 -4,2 1,9 11,4
Replacing on-street Space for public use - 0,3 12,9 21,5 41,5 46,5

parking Driving lanes - 6,8 4,4 8,8 8,3 13,3

Pick-up/drop-off - 1,8 0,8 7,8 16,9 19,4

Automated ride sharing Baseline 0,0 3,8 7,3 16,6 27,2 40,4

Automated ridesharing - 6,3 15,2 25,0 36,0 40,3

Green Light Optimised Baseline 0,0 3,8 7,3 16,6 27,2 40,4

Speed Advisory (GLOSA) | GLOSA - 5,0 8,2 8,2 11,9 11,9

Access to travel

Access to travel is expected to improve with increasing CAV penetration in five of the six
baseline estimations, by anywhere from 11% to 51% once all human-driven vehicles are
replaced by automated vehicles. The experts consulted for replacing on-street parking,
however, predicted that travelling would become more difficult with increasing CAVs
leading to an 11% reduction in access to travel.

The sub-use case scenarios of road use pricing, parking price regulation, and GLOSA
are expected to mitigate most of the benefits predicted in their baseline estimations,
resulting in less improvement in access to travel when the policies are implemented in an
increasingly automated transport system. For dedicated CAV lanes as well as replacing
on-street parking, results differ per scenario. A “fixed” dedicated CAV lane is expected
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to result in a similar or slightly reduced access to travel compared to the baseline, while a
“dynamic” dedicated CAV lane is predicted to improve access to travel compared to the
baseline. Replacing on-street parking with “driving lanes” or to a lesser degree “pick-
up/drop-off” spaces is expected to improve access to travel, while replacing the parking
with “space for public use” is expected to reduce access to travel more than in the baseline.

Lastly, automated ride sharing is predicted to improve access to travel substantially,
with experts predicting a 41% increase with automated ride sharing compared to a 26%
increase in the baseline when all vehicles are CAVs.

Modal split

In nearly all of the baselines estimated, experts participating in the Delphi surveys
predicted that increasing penetration levels of CAVs would lead to a declining modal share
of walking and cycling (13% to 35% reduction). The exception is the baseline estimated
in the automated ride sharing & GLOSA survey, in which a slight increase across the
penetration rates is predicted. Regarding public transport use, for all of the baseline
estimates a reduction is predicted as the presence of CAVs increases. At a 100%
penetration rate of CAVs, experts predict a 10% to 29% reduction in the modal share of
public transport.

For all six of the SUCs estimated, implementing the policy measures is expected to lead to
more use of public transport compared to the baselines. For five of the SUCs, GLOSA being
the exception, use of active modes is predicted to be higher than in the baselines.
Regarding road use pricing, all forms of tolls are expected to increase the mode shares
of both active modes and public transport with the largest effects predicted for a “static
toll.” The tolls are expected to have a slightly larger effect on increasing public transport
use than on increasing walking and cycling. Replacing on-street parking with other
facilities is also predicted to increase the mode shares of both public transport and active
modes, especially when on-street parking is replaced with “space for public use.”

Dedicated lanes for CAVs as well as parking price regulation are predicted to
somewhat mitigate the decreases predicted due to CAVs, resulting in higher mode shares
for both public transport and active modes compared to the baseline but nevertheless a
small decline from the starting point with no automated vehicles. Of the two, parking price
regulation has a slightly larger beneficial effect compared to its baseline.

Regarding automated ride sharing and GLOSA, this survey resulted in a positive
baseline development for the mode share of walking & cycling, while public transport use
was expected to reduce like in the other baselines. Implementing automated ride sharing
was predicted to have a small or slightly positive effect on active modes compared to the
baseline development. Automated ride sharing is also predicted to benefit public transport
use, resulting in less of a decrease than in the baseline situation. GLOSA, on the other
hand, is expected to slightly reduce the active mode share while public transport use is
again predicted to decrease less than in the baseline.

The Delphi method also estimated the effects of increasing CAV penetration and the six
SUCs on the usage of shared mobility. For all baselines, an increase is predicted in the
shared mobility rate ranging from 11% to 40% at full penetration of CAVs. While no SUC
interventions are expected to reduce shared mobility levels below the starting values (0%
CAV), for most SUC scenarios less of an increase is predicted than in the baseline,
suggesting that these policies have a negative effect on the use of shared mobility services.
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Replacing on-street parking is the only SUC in which higher shared mobility rates are
predicted for all scenarios, with an especially large increase predicted for replacing on-
street parking with “space for public use.” The only other scenarios expected to slightly
increase the shared mobility rate are the road use pricing “dynamic toll,” as well
automated ride sharing at lower penetration rates of CAVs.

Vehicle utilisation & occupancy rate
Two additional impacts (vehicle utilisation rate and vehicle occupancy rate) were estimated
in the Delphi study which are shown below in Table 3.8b.

With the exception of the baseline estimated in the dedicated lane for CAV survey, all of
the baseline estimates for the remaining SUCs suggest that vehicle utilisation rates will
significantly increase with increased levels of CAV penetration (19% to 50% increase). In
the dedicated lane survey, mixed but small impacts were predicted for vehicle utilisation
rate depending on the market penetration rate of CAVs. Compared to the respective
baseline estimates, the road use pricing, parking price regulation, replacing on-
street parking, automated ride sharing and GLOSA SUCs all seem to reduce the
vehicle utilisation rate; in other words, vehicle utilisation rates are higher in the baseline
than with the SUC being implemented. Dedicated lanes for CAV vehicles is the one
intervention that is estimated to substantially improve vehicle utilisation compared to the
baseline.

The final mobility impact estimated by the Delphi panel of experts was the effect on vehicle
occupancy rate. Across the different expert groups consulted per SUC, baseline estimates
vary from a moderate decrease (-9%) to a moderate increase (10%) in vehicle occupancy
rates as CAVs increase to 100% of the fleet. Most of the SUC scenarios considered are
expected to have a positive effect on vehicle occupancy, resulting in higher predictions
than the respective baselines. Increased vehicle occupancy rates are predicted for road
use pricing, dedicated CAV lanes, parking price regulation, and automated ride
sharing. The effect of replacing on-street parking depends on the facility replacing
parking spaces: “space for public use” and “pick-up/drop-off” spaces are expected to be
beneficial for vehicle occupancy rates, while converting parking to “driving lanes” results
in a similar decrease in occupancy to the baseline results. Lastly, GLOSA is expected to
have a slightly negative effect on occupancy rates, resulting in less of an increase than in
the baseline trend.

Table 3.8b Estimated impacts of CAVs on vehicle utilisation and vehicle occupancy rate using the Delphi
method. Percentages indicate the difference relative to the SUC’s Baseline at 0% penetration of CAVs.
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Deployment scenarios:

Market penetration rate of CAVs in entire

vehicle fleet (percentage share of CAVs)
0 20 40 60 80 100

Impact Sub-use case Scenario % % % % % %
Baseline 0,0 2,7 6,4 21,6 36,8 458
. Empty km pricing - -1,4 -1,4 10,0 12,0 13,8

Road use pricing .
] Static toll - 2,9 6,7 8,6 12,8 14,7
Vehicle Dynamic toll - -1,8 1,9 99 176 17,6
utilisation -

rate Baseline 0,0 -1,2 9,7 -3,9 4,2 -0,7
Dedicated lanes for CAVs | Dedicated CAV lane (fixed) - 5,5 4,8 11,5 17,2 22,4
Dedicated CAV lane (dynamic) = 3,6 0,2 12,4 9,0 18,6
Parking price regulation Baseline 0,0 2,8 12,1 22,8 35,9 50,4
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Deployment scenarios:
Market penetration rate of CAVs in entire
vehicle fleet (percentage share of CAVs)

0 20 40 60 80 100
Impact Sub-use case Scenario % % % % % %
Adjusted parking behaviour - 7,0 10,4 20,5 26,0 32,4
Baseline 0,0 2,7 2,7 6,0 9,3 18,7
. . Space for public use = 7,2 7,6 2,2 -0,2 -0,7
Replacing on-street parking .
Driving lanes = 5,3 3,4 3,1 3,1 5,3
Pick-up/drop-off - -5,5 -0,8 3,5 3,9 1,6
Automated ride sharing Baseline 0.0 >/6 104 (18,6 NN SN
Automated ridesharing - 7,5 11,1 16,5 20,3 20,3
Green Light Optimised Baseline 0,0 5,6 10,4 18,6 36,2 43,1
Speed Advisory (GLOSA) | GLOSA - 5,0 3,4 5,0 8,2 8,2
Baseline 0,0 -4,9 -4,9 3,8 2,0 6,0
. Empty km pricing - 8,2 8,2 11,6 14,9 16,6
Road use pricing .
Static toll - 10,2 12,0 17,7 158 17,7
Dynamic toll - 12,9 14,7 21,5 21,5 23,7
Baseline 0,0 0,5 0,6 -3,3 -3,3 0,6
Dedicated lanes for CAVs | Dedicated CAV lane (fixed) - 4,3 3,7 6,3 8,0 10,7
Dedicated CAV lane (dynamic) = 3,6 3,6 9,0 9,0 16,9
H Baseline 0,0 3,9 -1,7 -1,5 -3,3 -4,6
oc‘:ﬂ;::ﬁ;y Parking price regulation | )\ 1. cted parking behaviour - 31 36 57 67 13,4
rate Baseline 0,0 -5,7 -5,7 -8,2 -8,7 -9,2
Replacing on-street parking Space for public use ) 68 8,8 8,9 18,9 18,9
Driving lanes = -5,6 -7,6 -3,8 -2,2 -9,7
Pick-up/drop-off - Y/ -3,3 -2,7 8,9 14,4
. . Baseline 0,0 0,2 0,2 -3,9 1,2 10,0
Automated ride sharing |, 1 -ted ridesharing - 9,4 13,3 19,5 19,5 19,5
Green Light Optimised Baseline 0,0 0,2 0,2 -3,9 1,2 10,0
Speed Advisory (GLOSA) | GLOSA - 4,2 4,2 4,2 4,2 4,2
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3.3 Impacts on society, road safety and economy

This section presents the estimated impacts of the 6 WP6 SUCs on society, road safety and
economy. The indicators used to evaluate the impacts are shown in Table 3.9. The methods
used to evaluate these impacts are microsimulation, system dynamics and Delphi.

Table 3.9: Society, safety and economy impact definitions

Impact

Definition

Methodology

Vehicle operating
cost

Direct outlays for operating a vehicle
per kilometre of travel and averaged over all traffic

Delphi

Parking space
demand

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

System Dynamics / Delphi*

Road safety

Number of predicted crashes per vehicle-kilometre
driven (all traffic)

Microsimulation
(postprocessing with SSAM +
Tarko crash prediction method)

Subjective rating of public health state, related to

Public health transport (10 points Likert scale) Delphi
The degree to which transport services are used
Accessibility of by socially disadvantaged and vulnerable groups Delphi
transport including people with disabilities (10 points Likert P
scale)
Average .
commuting Average Igngth of trips tp and from work (added System Dynamics
distance together) in km (all traffic)

* The Delphi method was also used to estimate a simplified form parking space demand but is excluded from
this overview. For Delphi results on parking space demand see Chaudhry et al. (2021).

The following sections summarise the results from each applied method on society, safety
and economy and discuss the estimated effect that these impacts will have if these
interventions (SUC) are implemented under the conditions as adopted in LEVITATE.

3.3.1 Road safety: Microsimulation results

Table 3.10 presents the results from each SUC scenario, given different CAV penetration
rates, on safety using the microsimulation method. Microsimulation was used to estimate
the impact of changing automation levels and the policy intervention sub-use cases on
predicted crashes per vehicle kilometre travelled for all passenger vehicles in the network.

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 the case of 100% penetration. For one sub-use case—replacing on-
street parking with cycling lanes or public space—a separate estimate for the effect on
VRUs was conducted, which can be found in Deliverable 6.4 (Chaudry et al., 2021). Since
the exact share of cyclist and pedestrian accidents among VRU accidents can vary strongly
between cities, Chaudry et al. (2021) found it difficult to give an exact estimate and
assumed a conservative reduction of around 8% of unmotorized VRU at-fault accidents for
the removal of on-street parking.

The other sub-use cases in Work Package 6 are not expected to have a large additional
effect on specifically vulnerable road users when compared to the baseline scenario. Where
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larger potential impacts are expected (e.g. ride sharing vehicles stopping for
boarding/alighting at undesignated stops, potential effects of a modal shift) it was not
feasible to quantify the impacts with the available data and simulation methods. Therefore,
impacts on VRUs are not quantified or further discussed for these sub-use cases. Although
the road safety estimates do not take into account potential negative impacts such as
system failures, cyber criminality and other such impacts, the road safety estimates
presented here are considered conservative due to the omission of VRU.

Table 3.910 Estimated impacts of CAVs on safety using the microsimulation method. Percentages indicate the
difference relative to the SUC’s Baseline at 0% penetration of CAVs (100-0-0).

Deployment scenarios:
Market penetration rate of CAVs in entire vehicle fleef]
(Human-driven vehicle - 1% Generation CAV - 2"
Generation CAV)
100- 80- 60- 40- 20- 0-40- 0-20- 0-0-
0-0 20-0 40-0 40-20 40-40 60 80 100
Impact| Sub-use case Scenario % % % % % % % % City
Dedicated lanes |Baseline 0,0 -79 -12,8 -27,4 -47,8 -66,2 -77,5 -87,1
for CAV Manchester
or LAVS Dedicated lane (fixed) - -0,7 -14,6 -27,4 -42,8 - - -
Parking price Baseline o0 220 73 -74 -31,4 -42,7 -60,3 -66,9
regulation . . . } ) i i i i Santander
Adjusted parking behaviour 21,8 2,3 7,1 -254 -30,2 -47,6 -54,6
Baseline 0,0 -14,1 -254 -47,0 -59,7 -77,0 -84,3 -91,6
Removing half of spaces -10,1 -16,7 -32,5 -50,7 -61,9 -79,3 -84,5 -92,6
Road Replacing on- |Driving lanes -14,0 -28,1 -41,8 -55,1 -68,0 -82,5 -88,0 -94,0 )
safety | street parking |, ) Leicester
(crash Pick-up/drop-off points -2,7 -159 -30,6 -49,7 -60,4 -80,3 -85,1 -92,2
rate) Public spaces -17,9 -28,1 -42,2 -57,4 -69,1 -81,4 -88,0 -94,1
Cycling lanes -15,6 -31,1 -43,8 -559 -68,5 -81,9 -87,8 -94,4
Aut ted rid Baseline 0,0 6,7 -11,6 -32,1 -458 -69,0 -76,3 -87,1
utomated ride
sharing 20% willing to share - -6,0 -11,3 -10,0 -25,2 -50,6 -61,3 -80,1| Manchester
(20% of demand)
100% willing to share - 26 -7,1 -22,6 -41,5 -60,3 -70,2 -86,8
Green Light Baseline 0,0 25,7 171 249 8,1 -483 -55,7 -84,5
Optimised Speed Manchester
Advisory (GLOSA)|GLOSA on 3 Intersections 0,0 15,0 6,2 9,6 12,1 -46,6 -56,7 -86,9

In general, looking at the baseline results, it is clear that regardless of the sub-use case
or its scenario, the increasing CAV penetration rate in the vehicle fleet improves road safety
by between 55% and 94%. Depending on the simulated network, full penetration of 2"
generation automated vehicles is expected to reduce the crash rate in the baseline by
67% to 92%. For the three largest networks analysed (dedicated lanes, replacing on-street
parking, and automated ride sharing), baseline reductions of 87% to 92% are predicted.

The impact of the SUCs on road safety is evident when comparing the SUC baseline with
the implementation scenario. The strongest positive impact is seen from the replacing
on-street parking SUC which reveals that all implementation scenarios have a slight
additional positive impact on the baseline estimates. This is likely to be caused by reducing
the frequency of parking manoeuvres and related congestion, which may be responsible
for a small but noticeable number of interactions with a high crash risk. The parking price
regulation SUC, on the other hand, results in less improvement in road safety than in the
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baseline scenario. This is possibly due to the increased congestion caused by empty CAVs
circulating in the network or driving to park elsewhere while waiting for passengers.
For the dedicated CAV lane SUC as well as GLOSA, little difference is observed between
the SUC scenarios and their respective baselines. Also automated ride sharing adds no
additional benefits and in fact also has a light negative impact on the baseline development.
3.3.2 Society & economy: System dynamics results
The system dynamics method is used to evaluate two societal impacts as a result of
implementing the sub-use case scenarios (Table 3.11): demand for parking space, and
individual’s average commuting distances. The system dynamics model is based on the
city of Vienna, Austria, and four of the six sub-use cases are implemented: road use
pricing, parking price regulation, replacing on-street parking, and automated ride sharing.
These sub-use cases are expected to have more indirect/macroscopic level impacts which
can be better captured by the system dynamics model. System dynamics, unlike
microsimulation, takes into account the potential indirect influences of a modal shift due
to implementation of the SUC measures.
Table 3.1011 Estimated impacts of CAVs on society and economy using the system dynamics method.
Percentages indicate the difference relative to the impact’s Baseline at 0% penetration of CAVs.
Deployment scenarios:
Market penetration rate of CAVs in entire
vehicle fleet
(percentage share of CAVs)
0 20 40 60 80 100
Impact Sub-use case Scenario % % % % % % City
Baseline no policy intervention 0,0 2,7 8,0 19,7 34,7 47,3
Road use pricing Static toll: 10 euros -342 -329 -31,6 -30,8 -30,1 -28,0
Parking Parking price regulation | Adjusted parking behaviour | -28,1 -28,7 -28,2 -28,1 -26,6 -27,1
space Replacing on-street Removing half of spaces -22,2 -17,3 -8,0 149 34,2 47,3
demand | j5rking Driving lanes -20,5 -15,6 -2,0 253 44,8 57,3
20% of demand & 100%
Automated ride sharing | willing to share 00 24 sE 19,3 Bt Vi
Baseline no policy intervention 0,0 00 00 00 00 10 | €M
Road use pricing Static toll: 10 euros 0,0 0,0 0,0 0,0 0,0 1,0
Average Parking price regulation | Adjusted parking behaviour 0,0 0,0 0,0 0,0 0,0 1,0
co_mmuting Replacing on-street Removing half of spaces 0,0 0,0 0,0 0,0 0,0 1,0
distances | parking Driving lanes 0,0 0,0 0,0 0,0 0,0 1,0
20% of demand & 100%
Automated ride sharing | willing to share 0.1 0,1 0,2 0,3 0,5 1,0

Parking space demand

The system dynamics methodology predicts that parking space demand without any
interventions (baseline) will increase by up to 47% once all vehicles are CAVs. This is
driven by the fact that the system dynamics model predicts a modal shift towards private
vehicle transport with increasing automation. The increases are indicated in red since the
increase in parking space demand places an additional financial/spatial burden on cities
with limited available space.
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The introduction of road use pricing and parking price regulation interventions is
estimated to significantly reduce the demand for parking space, particularly when the share
of CAVs is low (up to 33% reduction compared to 0% CAV) but also once full CAV
penetration is reached (up to a 28% reduction compared to 0% CAV and a massive swing
of around 73% compared to the baseline with 100% CAV). Even as the demand for parking
slightly increases with increasing automation, with implementation of road use pricing or
parking price regulation, this increase is substantially less than in the baseline trend. These
results largely reflect a predicted mode shift away from private car use to active modes
and public transport due to the increased costs (in terms of tolls and time) of using a
private vehicle in the city centre with these policy measures.

In both scenarios of replacing on-street parking, removing half of the spaces or
replacing all spaces with driving lanes, the demand for parking is greatly reduced when
CAV penetration is low. However, this effect is negated, and the measure has no added
effect (or in the case of adding driving lanes, demand increases even more) once the
penetration of CAVs reaches 60% or higher. Automated ride sharing has no added
impact compared to the baseline trend.

Average commuting distance

In general, average commuting distance in the baseline is estimated to only increase by
1% when the CAV penetration rate is at 100%. Implementation of the SUCs have no
meaningful added effect compared to the baseline estimate.

3.3.3 Society & economy: Delphi results

The Delphi method was used to estimate the effects of the six WP6 sub-use cases on three
additional societal/economic impacts: vehicle operating cost (VOC), public health, and
equal accessibility to transport. The expected effects of CAV introduction and associated
SUC interventions on these societal and economic indicators are shown in Table 3.12.

As mentioned earlier (e.g. 3.2.4), the baseline values for each SUC differ because a
different group of experts was asked for each SUC. For more information, see Appendix A.

Table 3.1112 Estimated impacts of CAVs on society and economy using the Delphi method. Percentages
indicate the difference relative to the SUC’s Baseline at 0% penetration of CAVs.

Deployment scenarios:
Market penetration rate of CAVs in entire
vehicle fleet
(percentage share of CAVs)

0 20 40 60 80 100

Impact Sub-use case Scenario % % % % % %
Baseline 0,0 6,1 4,2 4,3 -5,5 -7,4

o Empty km pricing - 2,3 2,3 2,5 -3,1 -3,1

Road use pricing Static toll - 19,9 19,4 154 93 9,3

Dynamic toll - 17,3 153 149 12,8 13,3

. Baseline 00 11,7 11,7 48 43 0,2
Vehicle Dedicated lanes for CAVs | Dedicated CAV lane (fixed) - 49 1,6 -43 -94 -11,4
operating Dedicated CAV lane (dynamic) - -56 -56 -56 -14,0 -18,5
cost . , Baseline 00 129 90 -1,0 -10,1 -19,7
Parking price regulation | Ayjusted parking behaviour - 80 87 11,9 12,0 13,5

. Baseline 0,0 -8,6 0,5 8,4 16,4 12,8

Replacing on-street Space for public use - 06 -50 -1,5 -2,8 -0,7

parking Driving lanes - 12,7 12,8 13,8 18,4 13,8
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Pick-up/drop-off - 0,3 -0,3 6,2 3,8 10,7
i i Baseline 0,0 14,5 12,3 12,4 9,5 8,5
Automated ride sharing | A\;tomated ridesharing - 43 42 -9,6 -15,7 -20,1
Green Light Optimised | Baseline 0,0 14,5 123 124 95 8,5
Speed Advisory (GLOSA) | GLOSA - -3,2 0,4 2,8 2,8 2,8
Baseline 00 21 38 74 74 11,8
. Empty km pricing - 7,7 7,7 5,7 9,6 9,6
Road use pricing Static toll - 10,8 143 10,8 9,0 9,0
Dynamic toll = 11,1 11,1 9,0 5,4 7,1
Baseline 0,0 —5,7 —5,7 —5,8 -6,2 -11,2
Dedicated lanes for CAVs | Dedicated CAV lane (fixed) - -1,5 -3,8 0,8 -1,6 51
Dedicated CAV lane (dynamic) S -04 -3,8 3,0 Syl 4,8
Public Parking price regulation Bageline : : L5Y e 8 2 5 R
Adjusted parking behaviour = -2,0 -3,0 -2,9 -4,0 -2,5
health Baseline 00 03 23 68 98 103
Replacing on-street Space for public use - 10,7 18,8 23,9 33,5 44,5
parking Driving lanes - -3,7 -8,2 -20,1 -16,1 -32,1
Pick-up/drop-off - 2,2 2,2 8,3 10,4 12,9
Automated ride sharing Baseline ) ) 0,0 2,5 4,5 7,0 7,0 7,0
Automated ridesharing = 4,4 4,9 8,8 8,8 8,8
Green Light Optimised Baseline 0,0 2,5 4,5 7,0 7,0 7,0
Speed Advisory (GLOSA) | GLOSA = 0,2 0,2 0,2 0,2 0,2
Baseline 0,0 -0,7 5,4 8,5 13,1 14,6
- Empty km pricing = -3,8 -3,8 -3,7 -1,1 -2,6
Road use pricing Static toll - 82 -52 -40 -1,0 2,0
Dynamic toll = -5,7 -5,7 -5,7 -4,2 -5,7
Baseline 0,0 4,2 4,2 4,2 6,3 6,3
Dedicated lanes for CAVs | Dedicated CAV lane (fixed) = 0,2 -1,5 3,0 -3,8 0,3
Dedicated CAV lane (dynamic) = 0,2 -3,2 5,4 0,3 3,7
Equal Parking price regulation Baseline 0.0 39 58 EEEEECSREEE
accessibility Adjusted parking behaviour = 2,0 2,0 3,9 5,3 4,4
of transport Baseline 0,0 -1,3 -0,8 0,7 7,7 12,7
Replacing on-street Space for public use - -3,7 -9,7 -12,1 -10,1 -13,1
parking Driving lanes - 0,3 4,8 10,8 10,9 20,9
Pick-up/drop-off - -1,7 0,3 6,8 9,3 9,8
. . Baseline 0,0 9,1 9,1 12,9 18,7 17,1
Automated ride sharing | Atomated ridesharing - 91 13,7 186 17,1 13,8
Green Light Optimised | Baseline 0,0 9,1 9,1 12,9 18,7 17,1
Speed Advisory (GLOSA) | GLOSA - 5,0 5,0 5,0 5,0 5,0

Vehicle operating cost

For vehicle operating cost (VOC), expected developments in the baseline scenarios vary
greatly depending on the expert group consulted for each SUC. In four of the baselines
(dedicated CAV lanes, replacing on-street parking, automated ride sharing, and GLOSA)
the VOC is expected to increase at most, or all CAV penetration rates. The baseline of the
replacing on-street parking SUC is estimated to initially (up to 20% CAV penetration levels)
decrease VOC whereafter the VOC are estimated to increase by nearly 13%. For two of the
baselines (road use pricing and parking price regulation), the VOC is expected to first
increase and then decrease as CAV penetration rates pass 60%. Overall, the experts mostly
expect vehicle operating costs to increase especially at low penetration rates; once CAVs
reach higher penetration levels, the expectations for the effects on VOC are mixed.

Regarding the effects of the SUC interventions, experts estimate that both static and
dynamic toll road use pricing will increase vehicle operating costs over the baseline
estimates. Empty kilometre pricing will initially reduce VOC over the baseline but as
penetration rates increase the intervention will negate some of the benefits caused by CAV
introduction (the reductions are less than in the baseline).
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Implementing dedicated lanes for CAVs is expected to reduce vehicle operating costs as
penetration of CAVs increases. This is especially true for the dynamically controlled
dedicated lanes.

For parking price regulation, the “adjusted parking behaviour” scenario increases the
estimates of VOC by up to 13,5% (compared to baseline 0% CAV). Especially the “return
to origin” and “drive around” behaviours, as an alternative to parking at the destination,
are expected to increase vehicle operating costs (see Appendix D).

Furthermore, for the replacing on-street parking SUC, experts estimate that reserving
“space for public use” will reduce VOC estimates compared to the baseline once CAV
penetration rates increase to above 20%. Replacing on-street parking with “pick-up/drop-
off” spaces for shared vehicles is also, to a lesser degree, expected to lead to less increase
in VOC than in the baseline at higher penetration rates. Replacing on-street parking with
extra “driving lanes” on the other hand, is expected to slightly increase VOC above baseline
estimates.

Both the automated ride sharing and GLOSA SUCs were estimated by experts to reduce
VOC compared to the baseline estimates. For automated ride sharing, reductions of as
much as 20% were predicted compared to baseline 0% CAV.

Public health

Looking at the effects on public health, experts estimate that the introduction of CAVs in
most of the baseline scenarios will have a positive impact on public health, with
improvements of 7-12% at full CAV penetration. The exception to this positive outlook is
the baseline estimated in the dedicated lanes SUC survey, which predicts that transport’s
impact on public health will worsen by roughly 11% at full CAV penetration.

Regarding the impacts of the SUC implementation, three of the SUCs result in reduced
positive effects on public health compared to their respective baselines: road use pricing,
parking price regulation, and GLOSA. Of these three SUCs, the largest negative effect
on public health is expected for parking price regulation, which is especially true for the
“drive around” alternative to normal parking behaviour (see Appendix D). For road use
pricing and GLOSA, the effects are less positive than in the baseline but still show slight
positive (road use pricing) or neutral (GLOSA) development compared to the starting point
with 0% CAV penetration.

The dedicated lanes for CAVs and automated ride sharing SUCs are estimated to have
added benefits for public health over those in the baseline. For replacing on-street
parking, expectations vary greatly depending on what facilities replace the on-street
parking spaces. Large positive impacts were estimated for replacing on-street parking with
“space for public use” up to 45% compared to the baseline starting point with no CAVs, an
increase of 35% more than in the baseline. On the other hand, replacing the parking spaces
with “driving lanes,” is expected to have a large negative development in public health of
-32% compared to the baseline.
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Equal accessibility of transport

The final impact evaluated is on equal accessibility of transport to all users. In this instance,
all expert groups estimated that the introduction of CAVs would positively impact
accessibility for all baseline developments. Depending on the survey, experts predicted
an improvement of between 6% and 25% in accessibility when the entire vehicle fleet is
automated.

However, with the exception of replacing on street parking with driving lanes, all SUC
interventions are predicted to negate a significant portion of the benefits estimated in the
baseline. When compared to the baseline, road use pricing is estimated to negatively
impact equal accessibility, especially for a dynamically controlled toll. The dedicated lane
for CAVs and parking price regulation SUCs are also expected to reduce the benefits
to accessibility expected in the baseline. For parking price regulation, the changed parking
behaviour has a major negative impact on the baseline estimate for equal accessibility,
reducing it from 24% to 4%.

The expected effects of replacing on-street parking again depend highly on which
facilities replace the parking space. Replacing the on-street parking with “space for public
use” is expected to reduce accessibility by 13% compared to the baseline. Meanwhile,
replacing on-street parking with “driving lanes” is expected to significantly increase
accessibility by 21%. Replacing parking with “pick-up/drop-off” spaces shows a similar,
but slightly reduced, effect on accessibility compared to the baseline.

The last two sub-use cases of automated ride sharing (14%), and GLOSA (5%) both
improve equal accessibility of transport when CAV penetration rate is at 100% compared
to the starting point, but the effect is lower than the baseline scenario (17%) suggesting
that these SUCs partially negate the positive effect of increased CAV penetration.
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4 Discussion

This chapter discusses the main findings/conclusions about the expected impacts
after introducing the sub-use case scenarios. The strengths and limitations of the
theoretical and empirical work underlying these impacts are discussed, and
related policy considerations are presented.

4.1 Main findings

The main findings from the work done in WP6 as discussed in Chapter 3 (and Appendix D)
relate the effect that introducing CAVs will have on the environment, mobility, road safety,
society and economy, also known as the baseline effect. These effects are estimated by
applying (combinations of) four different methods. Furthermore, the effect of six policy
interventions (or SUCs) on a number of indicators (or impacts) is estimated and compared
to the baseline effect. In this chapter we summarise and discuss these results. Also, a
further look is taken at how some findings are similar or different depending on the
research method adopted.

Baseline developments

The increasing penetration levels of connected and automated vehicles (CAVs) in the urban
city area is estimated (for most baselines) to have a positive impact on the environment
(less emissions, higher energy efficiency), on society, safety & economy (improved road
safety, public health, and lower vehicle operating costs) and on most mobility indicators
(more access to travel and less congestion). In the absence of policy interventions, some
potentially negative effects could be realised if private automated vehicle transport leads
to a decline in walking, cycling, and/or public transport trips.

The impacts for the various SUC are measured relative to the baseline starting point: the
situation with no intervention or presence of automated passenger cars. Important to note
is that baseline estimated vary across methods and the city networks to which CAVs and
the SUCs were applied. In the microsimulation, results for the baseline estimates differ
between SUCs due to different networks being studied for each SUC. For the
mesosimulation and system dynamics impacts, one baseline was calculated for the entire
city of Vienna, which may also show different effects from the networks used in the
microsimulation. Also, the baseline estimates in the Delphi method differ across SUCs
because different expert groups evaluated different SUCs. The results therefore reflect the
implementation of CAVs under a wide range of conditions, networks, and methodologies.
The results serve as indicative of impact ranges rather than definitive estimates, which
would have required a much larger study as well as more observational data which is
unavailable due to the early stages of automated technology. Care must be taken in
generalising the results to situations to those which are comparable to those modelled in
Levitate. The results are transferable in as far as they are applied to networks that are
comparable to those used in Levitate (Haouari et al., 2021; Sha et al., 2021; Chaudhry et
al., 2021).

The following points summarise the primary baseline results:
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Environment: For the CO2-emissions, in all five sub-use case networks a substantial
positive baseline development was estimated, even at low levels of CAV penetration
(CO2 emissions reduction of 20% at 20% CAV penetration rate). This is due to the
assumption that all CAVs are electric vehicles. Out of the six estimated baseline
scenarios for the development of energy efficiency, all expert groups predicted that
energy efficiency will improve once CAV penetration exceeds 60% (5% to 31%
improvement at full penetration). For two of these baseline estimates, a slight initial
decrease in energy efficiency is predicted at low CAV penetration rates.

Mobility: For the mobility domain, on the positive side most (4 out of 5) baselines predict
a reduction of congestion (between 9% and 13% reduction), most predict an increase
in shared mobility rates (between 11% and 41% increase at 100% CAV penetration
level), and most baselines predict an increase in the vehicle utilisation rate (four out
of the six baselines estimate an increase between 43% and 50% increase at 100% CAV
penetration level). However, on the negative side, most baselines in both the Delphi
study and system dynamics model predict a reduction in the modal split of active
transportation (between 13% and 56% reduction at 100% CAV penetration level) and
public transport (between 10% and 29% reduction at full automation) in favour of
CAVs. For total kilometres travelled, travel time and vehicle occupancy rates,
different baselines produce very different results; there seems to be no clear pattern
for these impacts.

Road safety: Regarding safety, for all the baseline networks, a substantial improvement
in road safety is predicted at full penetration of automated vehicles (67% to 92%
reduction in the rate of crashes between passenger vehicles). At lower penetration rates
when there is still mixed traffic on the road, the impact on crash rates is more gradual.
For three out of the five baselines, an improvement in road safety is already clear with
the presence of 40% CAVs on the road (11% to 25% reduction in crash rate). For the
other two baseline networks (Santander and the GLOSA network from Manchester), a
temporary increase in crash rates is predicted in low penetration rates when many
human-driven vehicles are still on the road. This is likely due to interactions between
human-driven vehicles and CAVs, whose different driving styles may cause some
additional conflicts. Once human-driven vehicles are no longer on the road, all baselines
show a large decrease.

Society/Economy: Most baselines (5 out of 6) predict an improvement in public health
(2% to 12% improvement), and all 6 baselines predict an improvement in equal
accessibility of transport (mostly between 4% and 25%). Effects on vehicle
operating costs are mixed as CAV penetration increases to 100% (-20% to +13%),
but at lower penetrations (20% to 40% CAVs) all baselines predict vehicle operating
costs to at least temporarily increase. The results for parking space demand
estimated by system dynamics predict parking space demand to increase as CAVs
become more widespread. This is due to a predicted mode shift towards private
automated vehicle travel from other modes (e.g. public transport), thus increasing the
demand for parking if no further policy measures are taken.

The effect of the SUC interventions
Below is a summary of the findings from the six major sub-use cases and their
implementation scenarios:

1.

Road use pricing: Road use pricing is expected to lead to a number of additional benefits
over the baseline impacts: better energy efficiency (dynamic toll more than static toll
or empty km pricing), less reduction in the use of active modes and public transport,
higher vehicle occupancy rate, and lower parking space demand. On the negative
side, road use pricing is expected to lead to increase in vehicle operating costs, and

LEVITATE | Deliverable D6.5 | WP6 | Final 66



®
levitate

less equal accessibility of transport. The scenario "empty km pricing” is expected
to contribute more positively towards keeping vehicle operating costs within bounds
compared to the “static toll” and “dynamic toll” scenarios. The “static toll” scenario is
expected to result in the highest shares in active transport modes and public transport.
The “dynamic toll” scenario is expected to lead to the highest vehicle occupancy rates.

2. Dedicated CAV lanes: Compared to the baseline, dedicated lanes for CAVs do not make
a clear difference for emissions, travel time, kilometres travelled, and road safety. On
the positive side, dedicated lanes are expected to lead to better access to travel when
lanes are “dynamic,” slightly reduced congestion in mixed human-driven/CAV traffic,
a higher vehicle utilisation rate, higher vehicle occupancy rate, and lower vehicle
operating costs. The “dynamic” lanes scenario performs better than the “fixed” lane
scenarios in terms of improvements on energy efficiency, access to travel, vehicle
occupancy rate, vehicle operating costs, and in terms of a lesser decrease of the active
mode share.

3. Parking price regulation: Parking price regulation does not seem to make a noticeable
difference on CO:z emissions or shared mobility rate. On the positive side, parking price
regulation is expected to compensate some of the negative impacts of CAVs on the
mode share of public transport and active modes, resulting in more walking,
cycling and public transport use than in the baseline development. However, in both
cases these interventions cannot overcompensate for the negative impact that CAVs are
expected to cause to the modal share of public transport and active modes. Less private
vehicle use than in the baseline also results in a reduced demand for parking space,
according to the system dynamics model. The alternative parking behaviours resulting
from parking price regulation are predicted to have some potentially negative (or less
positive) effects compared to the baseline development on energy efficiency, travel
time and congestion, and road safety. However, these negative effects predicted by
microsimulation and Delphi do not take into account the effects on modal split predicted
by system dynamics which may counteract these effects to a certain degree if private
vehicle transport is reduced. Reduced benefits are also predicted for access to travel,
equal accessibility of transport, vehicle utilisation rate, and vehicle operating
costs, due to the increased costs of parking in central locations.

4. Replacing on-street parking: The interventions aimed at replacing on-street parking
show similar results to the baseline (no added effect) in terms of CO2 emissions. Positive
effects on mobility in terms of reduced travel time and congestion are predicted due
to the reduction in parking manoeuvres. For many of the impacts, the effect of replacing
on-street parking was dependent on the scenario: removing half of spaces, replacing
with driving lanes, replacing with pick-up/drop-off spaces for shared CAVs, or replacing
with public space or cycling lanes. Replacing with “public space” was found to be
particularly beneficial for energy efficiency, shared mobility rate, modal splits of
active and public transport, vehicle occupancy rate, vehicle operating cost,
road safety, and public health, but negative in terms of access to travel. Meanwhile,
replacing on-street parking with “driving lanes” is expected to improve access to travel
and use of active modes (to a lesser degree than public space), but reduce the mode
share of public transport and negatively impact public health and parking space
demand. The scenario “pick-up/drop-off” generally performs worse than the other
scenarios in terms of energy efficiency, travel time, kilometres travelled,
congestion, shares of active transport modes and public transport, shared
mobility rate, and road safety. On the positive side, the “pick-up/drop-off” scenario
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is expected to result in better results for access to travel and equal accessibility of
transport than the other scenarios in the replacing on-street parking SUC.

5. Automated ride sharing: Automated ride sharing does not make a noticeable difference
for CO2 emissions or parking space demand. Compared to the baseline, extra benefits
are expected in terms of energy efficiency, access to travel, public transport use,
shared mobility rate (at lower CAV penetrations), vehicle occupancy rate, and
vehicle operating costs. Compared to the baseline, it has a negative impact on
congestion (due to empty vehicle kilometres needed to reposition vehicles), travel
time, use of active modes, and vehicle utilisation rate. The impact on road safety
is mixed: at low CAV penetrations, automated ride sharing improves safety by serving
a share of otherwise human-driven trips. However, as all trips become automated the
added benefit reduces and the extra congestion caused by ride sharing rather serves to
slightly increase crash rates compared to the baseline at high penetration rates.
Furthermore, the impacts of automated ride sharing depend on what share of the users
are willing to share trips with other users. When willingness to share is low (20%
scenario), fewer positive results are predicted for mobility and road safety due to the
larger number of trips and vehicles needed to serve the demand (travel time and
congestion increase; kilometres travelled and road safety decrease).

6. GLOSA: The GLOSA sub-use case is associated with no noticeable additional impacts
on CO2 emissions or kilometres travelled. Compared to the baseline it shows positive
impacts on travel time, congestion, public transport use, road safety, and vehicle
operating costs. A negative (or less positive) impact compared to the baseline is
predicted for access to travel, active mode share, shared mobility rate, vehicle
utilisation rate, public health, and equal accessibility of transport.

4.2 Strengths and Limitations

Like most projects of this type, LEVITATE has strengths and limitations. A potential
strength of the LEVITATE project is that both smart city transport policy interventions and
the associated impacts have been selected by a diverse group of stakeholders. A wide
variety of impacts were studied at the same time and the project tried to capture
interdependencies. The best available methods, microsimulation, mesosimulation, Delphi,
and other complementary methods such as system dynamics and operations research,
were used to study and quantify the expected impacts of mobility interventions intended
to support CAV deployment and sustainable city goals. These impacts provide essential
input for developing a practical Policy Support Tool for city policy makers. Above all, the
knowledge from LEVITATE is intended to contribute and support future policy development
and policy-making for smart city transport and traffic.

However, we also recognize that LEVITATE has limitations. Firstly, we discuss some general
limitations or difficulties concerning predicting future trends and, secondly some limitations
that are more specifically related to the specific methods used in deriving the estimates.

Limitations in predicting future trends
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Research evidence is not available for all potential impacts of connected and automated
vehicles identified in LEVITATE. Specific potential impacts of CAV that are difficult to predict
with any confidence are the following (Elvik et al., 2020; Bin, 20211):

Whether there will be a widespread transition from individual to shared mobility. There
is no consensus on whether individual use of motor vehicles will continue at present
levels or will be replaced by various forms of shared mobility. This will largely be
impacted by the policy measures of the city and national authorities. Therefore, the
LEVITATE project aims to support the authorities finding the most beneficial policies on
the way towards an automated transport system.

It is not clear what type of propulsion energy connected and automated vehicles will
use. Some researchers expect the introduction of connected and automated vehicles to
be associated with a transition to electric propulsion. In LEVITATE project the
assumption has been made that all CAVs are electric vehicles. This raises additional
important questions including whether the electric power grid is able to keep up with
the demand of the CAV/EVs, and whether the electric energy comes from a sustainable
source. These aspects fall beyond the immediate scope of LEVITATE and have not been
considered.

Connected and automated vehicles are vulnerable to cyber-attacks. However, the risk
of such attacks cannot be quantified. Only potential scenarios can be described. This is
an aspect which has not been explicitly considered in the impact estimations (Elvik et
al., 2020).

The costs of operating CAVs are highly uncertain. It is not clear whether CAVs will be
as affordable as current motor vehicles. However, there is a broad consensus that a
significant cost reduction in urban transport will be realized when human drivers are
no longer required to operate road-based vehicles.

Behavioural adaptation to connected and automated vehicles, in particular during the
transition period before full market penetration, remains uncertain. While some
studies suggest various forms of behavioural adaptation, predicting its form and
impacts is impossible and highly speculative.

Changes in employment are difficult to predict. While full automation will eliminate the
need for drivers, other potential impacts affecting changes in employment are less
known and have therefore been excluded as an impact in Levitate.

Specific method-related limitations
There are some remarks to be made about the possible limitations or nuances of the
methodologies used within LEVITATE for WP6:

The Delphi method made use of different groups of experts for each SUC. This resulted
in some discrepancy in the baseline estimates of the different impacts within one SUC.
Using one group of experts for all the (6) sub-use cases may have led to other outcomes.
However, since this method strives for consensus within groups through an iterative
process of scoring and assessing, it is likely that the outcomes of a second group of
experts assessing the same 6 SUCs would have also deviated from the first. This method
is dependent on the individuals who are considered to be experts; even experts are
known to have different opinions so variations in outcomes are inherent to the method.
The results of the microsimulation models are dependent upon assumptions
underpinning the parameters (see Chaudry et al., 2021). Where possible, these
assumptions are based on previous research; however, due to the unavailability of real-

1- Personal communication with Hu Bin from AIT
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world data, proven parameters are not always available. Applying a different set of
assumptions may lead to other outcomes.

e Microsimulation network size: Especially for the Santander network used to estimate
the impacts of parking price regulation, the small size of the network led to high
variability between simulation runs (see Appendix C) and therefore a higher level of
uncertainty than for the other networks (especially Manchester).

e Comparability & transferability: Each quantitative simulation method has different
parameters and is applied to a different city model. For example, the mesoscopic
simulation uses the MATSim model for Vienna and the microscopic simulation considers
the AIMSUN model for Manchester, Leicester and Santander; therefore, the results
cannot be immediately generalized. Within Work Packages 5 and 7, results have also
been calculated for the cities of Athens and Vienna. Results are most transferable to
those urban conglomerates which have structural and dynamic characteristics that are
similar to those of the city networks modelled in LEVITATE.

e Driving profiles: The simulation models used examined only two CAV driving profiles
(aggressive vs. cautious) to represent development of automation technology; future
work may extend the number of profiles.

e Simulation of pedestrians and cyclists was not possible in the microsimulation model.

4.3 Policy considerations and discussion

The SUCs or policy interventions studied in the LEVITATE project are part of a wider
transition to smart mobility and smart cities. In this section we will reflect on a number of
relevant broader policy issues surrounding the introduction of Cooperative, Connected and
Automated Mobility (CCAM) in urban areas.

Planning and governance of automated mobility in urban environments

Implementing new forms of CCAM is a highly complex process, particularly in the urban
environment. Many different actors in city governance, industry and the general population
will need to come together to deal with these challenges. Although there may be a strong
push from industry to implement new smart mobility services, there are still many
uncertainties that lie beyond the powers or competence of any one single actor to fully
control or address. Adequate legislation and technical standards are expected to lag behind
CAV deployment trials and pilots (in other words, technology develops faster and legislation
and standards etc. have to follow). It is important to anticipate these developments and
to start the processes necessary for adopting standards and legislation that will be
necessary to regulate large scale CCAM deployment. An example we can learn from is the
advent of the motor car in a largely unregulated transport environment and which
introduced many negative impacts which in time, and to this day, need mitigation. The
Safe Systems method is about prevention, and this pleads for a pro-active approach, also
with respect to standards, legislation and regulation.

There is enthusiasm about the transition towards smart mobility, but not surprisingly
opinions vary. Fraedrich et al. (2019) carried out a survey among city planners in 24
German cities. Half of the respondents believed that shared autonomous vehicles could
positively contribute to urban planning objectives, but only 10% reported that private
autonomous cars could contribute to those objectives. According to the respondents,
implementation of automated vehicles would require preparatory action in the fields of
transportation planning, traffic control, road infrastructure, urban planning, citizen
participation, test fields and data standards and requirements. Additional interviews with
city planning experts led to four major insights namely
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Cities themselves are a major driving force

for city renewal or redevelopment, public transport is a major goal

there is concern about the possibility of an increase of private car use in cities

city goals are not always directly aligned with other stakeholders seeking to push
automated vehicle technology

In the USA, McAslan et al. (2021) have looked at plans for autonomous vehicles amongst
Metropolitan Planning Organizations (MPOs). One key area that requires attention is public
engagement in the management of emerging technologies. This element seems critical to
advancing CAVs in a way that addresses issues of equity and mobility justice (and others).
Equity, accessibility, and other similar public health goals are often promoted by industry,
but ultimately the realization of these is ultimately a policy decision (McAslan et al., 2021).
Several of the studied Regional Transportation Plans did have policies to address equity
and accessibility. However, MPOs need to engage stakeholders, both from the public sector
and industry, to ensure that public health goals like equity, accessibility etc. are prioritised
in addition to safety and mobility goals in the transportation decision making process. Left
to market forces alone, it is likely that these potential benefits will not be realised and
could even worsen (McAslan et al., 2021).

Many authors have stressed that the industry and economy forces that tend to push
towards implementation of automated driving, should be balanced by an equally strong
orientation on the social-ethical (or the non-technical) dimension of the new technology.
In other words, how it is governed, how it is perceived by citizens from various social
strata, whether it complies with ethical guidelines and whether it really provides the
expected benefits for the city (Fraedrich, 2019; McAslan et al, 2021; Habibzadeh et al,
2019, Milakis & Muller, 2021). In recognition of this, authors have suggested that new
types of national, local or city governance (or management) are needed to steer the
transition towards automated mobility in a responsible way (e.g., Aoyama & Leon, 2021;
McAslan et al., 2021; Milakis & Muller, 2021).

Milakis & Muller (2021) suggest that policy makers need new tools for long term planning
to accommodate uncertain urban futures. They argue in favour of new participative
anticipatory governance instead of traditional governance which is typically supported by
forward looking exploratory deployment scenarios with short term implications. They
suggest a research agenda that is more oriented on citizens than consumers, more focused
on long term than only short term and more based on citizen participation than traditional
short-sighted scenario analysis. Their emphasis on normative scenario analysis (i.e., back
casting) aligns well with the LEVITATE project.

McAslan et al. (2021) argue for anticipatory governance looking at future scenarios, using
flexible planning mechanisms, and where monitoring and learning are built in the planning
process, and the public is actively engaged.

Aoyama & Leon (2021) conclude that cities are part of multi-scalar governance frameworks
where new rules, regulations, strategies, and standards are negotiated and enacted. They
identified four key roles for cities in the governance of the emerging autonomous vehicle
economy: regulator, promoter, mediator, and data catalyst. They cite the example of the
city of Pittsburgh which, in recent years, has shifted away from a role of being promotor
to a new role of being mediator. The initial emphasis of the city government on the
promotion of the autonomous vehicle economy has decreased and has given way to an
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acknowledgment of the need to build more equitable relationships between various
stakeholders in the city area. Another example of a city taking up a different governance
role is Boston. In recent years, Boston's city government has become very active as a data
catalyst; the city takes an active approach in exploring partnerships on data collection and
developing a shared research agenda that includes not only vehicle testing, but also
business model exploration, experiments with connected transportation infrastructure, and
research on autonomous mobility and its implications on Boston's workforce.

Planning for future urban city mobility: four types of readiness
On the city level, policy makers and planners face four major areas where preparation is
needed to enable future use of CAVs (Alawadhi et al., 2020).
1. theroad infrastructure needs to be adapted in order to facilitate proper functioning
of automated vehicle systems.
2. the digital infrastructure needs to be set in place, including a framework, technical
standards and procedures for cybersecurity and data privacy.
3. there needs to be clarity about how legal responsibilities and liabilities may be
solved and how problems in this area may be avoided.
4. the social understanding, acceptance and approval of the new forms of mobility
amongst various citizen groups and stakeholders in the urban area seems critical.

Legal readiness

The EU has not yet amended its legal framework to incorporate AV-related liability and
insurance risks, but it is exploring solutions to these issues. In 2016 the European
Commission launched GEAR 2030 in order to explore solutions to AV-related liability issues.
In May 2016 European Parliament Members recommended that the EC should create a
mandatory insurance scheme and an accompanying fund to safeguard full compensation
for victims of AV accidents and a legal status should be created for all robots to determine
liability in accidents (Taeihagh & Lim, 2019).

Looking at recent developments in the five major areas for legal reform the following
conclusions can be drawn:

e Admission and testing: various countries and states have applied different legal
rules for admission and testing of automated vehicles?; in the future comparative
review of these regulations and associated experiences and outcomes should lay
the groundwork for a more uniform approach in the EU and internationally (Lee &
Hess, 2020)

e Liability: the possible theoretical and legal solutions to liability and insurance have
been outlined by various authors (Evas, 2018; Mardirossian 2020; Bertolini &
Ricaboni, 2021; Vellinga, 2019) and further discussion between stakeholders and
the development of specific cases of litigation will determine the legal option that is
chosen

e Human-machine interaction: in this particular area a lot of research is still needed
to answer questions on which design of the human-machine interface will allow safe
and reliable control of the vehicle, in all possible circumstances and involving
different traffic situations and different internal states of the driver. Uniform
standards can only be formulated once this research has been carried out and main

2. Published/collected on websites like: https://globalavindex.thedriverlesscommute.com/;
https://www.ncsl.org/research/transportation/autonomous-vehicles-legislative-database.aspx
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conclusions have been agreed upon by all stakeholders involved (Kyriakidis et al.,
2017; Morales-Alvarez et al., 2020; Carsten & Martens, 2019)

e Road infrastructure: both within EU and USA work has been done to formulate
general definitions of the new road classes that are needed to support automated
and autonomous vehicles (Rendant & Geelen, 2020; Liu et al., 2019; Saeed et al.,
2020). In the Inframix project, so-called ISAD levels (Infrastructure Support Levels
for Automated Driving) were developed in which an impetus is given to define the
minimum infrastructure (physical and digital) required to enable certain self-driving
functions (Rendant & Geelen, 2020); for conventional road infrastructure
recognition of road geometry and signs is important and maintenance is crucial for
this; as yet there are no norm or standards in EU referring to traffic sign machine
readability (Lytrivis et al., 2019) .

e Digital infrastructure: connected cars require that every vehicle’s location and
journey history be recorded and saved, but the current level of IT security cannot
prevent yet that data may be accessed by unwanted third parties. Thus, the
development of cybersecurity is of the utmost importance for the development of
connected and autonomous driving (Medina et al., 2017). At the moment the
automotive industry lacks a standard approach for dealing with cybersecurity
(Burkacky et al., 2020). The EU, through the European Union Agency for Network
and Information Security (ENISA) had proposed good practices that should be
considered (Medina et al., 2017).

e Specific issues concerning electric vehicles: The costs of battery technology, the
number of charging stations and the charging wait time are main variables that will
influence electrification of vehicle fleet (Mahdavian et al., 2021). It has been
estimated that converting all passenger cars in USA to electric vehicles would
consume 28% more power than the US currently produces (Mahdavian et al.,
2021).

Road infrastructure readiness

Road infrastructures will have to be adapted in order to be ready, readable, and cooperative
in all situations and weather conditions (Gruyer, 2021). CAVs require highly visible road
edges, curves, speed limit and other signage (Liu et al.,2019). For the EU it is important
to have uniform road markings. The roadside digital infrastructure needs to meet various
connectivity requirements.

The lack of sufficiently visible road markings is at the moment an obstacle for some
manufacturers for the reliable functioning of autonomous vehicles (Rendant & Geelen,
2020). The reliability of systems such as ISA and LDWA, are dependent on legible road
markings for reliable functioning (Korse et al., 2003; Eurorap, 2013). Other infrastructural
aspects have to do with harmonisation of the road infrastructure (colour, reflective
materials, etc.). In Europe this will likely have a positive influence on the roll-out of CAVs
(Rendant & Geelen, 2020). The development of camera technology and image processing
algorithms is so fast that future systems will likely be able to deal with lower quality
markings. Upgrading road markings to support self-driving vehicles may not be necessary
(Rendant & Geelen, 2020).

In the Inframix project, so-called ISAD levels (“Infrastructure Support Levels for
Automated Driving”) were developed in which an impetus is given to define the minimum
infrastructure (physical and digital) required to enable certain self-driving functions. Such
an approach makes sense to clarify what level of automation is possible on a given road
section (Rendant & Geelen, 2020)
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Readiness to address cybersecurity and data privacy concerns

The successful operation of CAVs and their expected impact depend significantly on their
management (as part of the greater traffic network and as data carriers and providers)
and addressing risks associated with them (Lim & Taeihagh, 2018). Two of these risks are
privacy and cybersecurity. The ability of CAVs to store and communicate personal data
may conflict with data privacy laws. Cybersecurity is at stake when communication
networks crucial for safe operation of CAVs can be hacked. Lim & Taeihagh (2018) conclude
that within the EU a proper implementation of the General Data Protection Regulation
(GDPR) can ensure privacy protection. These researchers argue that CAVs are especially
vulnerable to cyber-attacks due to their ability to store highly sensitive data and transmit
such data on external communication networks. The GDPR also provides guidance on how
organisations can comply with legal requirements (Mulder & Vellinga, 2021). These authors
emphasize a three-step approach to cyber-security based on GDPR: first a data protection
impact assessment (DPIA), secondly data protection by design, and finally data protection
by default. Data protection by design and by default are legal obligations set in Article 25
of the GDPR. A DPIA can contribute to, amongst others, complying with these two
obligations.

To address cybersecurity the EU enacted the first EU-wide legislation on cybersecurity, the
NIS directive in August 2016 and has also released voluntary cybersecurity guidelines. In
December 2016 the EU agency for Network and Information Security released best
practices guidelines for the cybersecurity of connected vehicles. Cybersecurity and security
concerning private data are important for building trust in and social acceptance of AVs
(Lim & Taeihagh, 2018; Seetharaman et al., 2021). The GDPR also provides guidance on
how organisations can comply with legal requirements (Mulder and Vellinga, 2021).

Vitunskaite et al. (2019) studied practices of cybersecurity in the cities of Barcelona,
London and Singapore. They observe the following: “The real difficulty for observing
security stems from the complexity of the smart city ecosystem and involvement of a high
number of competing actors and stakeholders. As the cities are still developing, many fail
to take these risks into account and develop an appropriate third-party management
approach. One of the key symptoms of this deficiency is lack of appropriate standards and
guidance, clearly defined roles and responsibilities and a common understanding of key
security requirements. The case studies of Barcelona, Singapore and London has
emphasised and corroborated the importance of technical standards, cyber security
measures and an effective third-party management approach.” (Vitunskaite et al., 2019)

In another paper on cybersecurity in the smart city, Habibzadeh et al. (2019) observe that
it is common knowledge in the literature about public administration that information
technology implementation projects are often derailed by non-technical challenges; issues
of politics, bureaucracy, liability and other non-technical factors slow down the
implementation of technology that is available. Also, with respect to security in the smart
city it is often the case that new technologies have arrived and are deployed whereas
personnel practices, security policies, and other agency and municipal practices tend to lag
behind - resulting in a so called “security debt” (Habibzaheh et al., 2019; p. 4). These
authors recommended that cities unambiguously define security roles of individuals in city
administration, that they actively value security leadership, and that the cities form and
maintains specialised security teams to carry out routine security measures such as
training, firmware updates, developing emergency response plans, maintaining
communications with different vendors and service provider
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Khan et al. (2020) have studied the various cyber-attacks on automated vehicles and
possible mitigation strategies from a perspective of the communication framework of CAVs.
Based on the literature review, the leading automotive company reports, and the study of
relevant government research bodies, Khan et al. (2020) have described the CAVs
communication framework for all possible interfaces in the form of a flow-chart. The
authors argue that this description has a three-fold value: first, it is imperative to have a
systematic understanding of the CAVs communication framework; second, it is beneficial
for monitoring, assessing, tracking, and combating potential cyber-attacks on various
communication interfaces; third, it will facilitate the development of a robust CAVs
cybersecurity- by-design paradigm by application developers. Important recommendations
from their analysis are (Khan et al., 2020):
e CAVs and connected infrastructure require a continuous surveillance system to alert
relevant operation centres immediately about any data or vehicle breaches
e system designers need to stay up to date with the advances in attacks on the CAV-
embedded system
e manufacturers need to integrate security into every part of their designs
e in a coordinated approach to CAV cybersecurity ideally a shared problem-solving
approach involves both road operators (as customers) and suppliers such as
automotive manufacturers, equipment manufacturers, data aggregators and data
processors

Readiness to engage social and ethical concerns

Introducing automated mobility will raise important social and ethical questions. In many
publications on smart mobility in the smart city it has been emphasised that active
education and engagement of citizens in policy development and decision-making is crucial
for the successful implementation of CAVs and more broadly of CCAM (e.g., Alawadhi et
al., 2020; Bezai et al., 2021; Briyik et al., 2021; Chng et al., 2021; Horizon 2020, 2020;
McAslan et al. 2021; Milakis & Muller, 2021; Ayoma & Leon, 2021). User acceptance of
automated vehicles will depend upon how the new automated mobility is perceived, how
it will be used (shared or not, handling of privacy etc.) and what it will cost (Bezai et al.,
2021). The city management has to provide and manage new technology that serves the
needs of the city, i.e., the needs of its citizens: “"New technologies are not ends in
themselves but have to adapt to what serves the city. In the end, it is the municipalities
that have to implement it” (Freadrich et al., 2018; p. 8).

The Horizon 2020 report on Ethics of connected and automated vehicles gives the following
recommendations for preparing and engaging the public for CAVs (Horizon 2020, 2020; p.
68):

e inform and equip the public with the capacity to claim and exercise their rights and
freedoms in relationship to Al in the context of CAVs

e ensure the development and deployment of methods for communication of information
to all stakeholders, facilitating training, Al literacy, as well as wider public deliberation

e investigate the cognitive and technical challenges users face in CAV interactions and the
tools to help them surmount these changes

Interestingly, Chng et al. (2021) have investigated citizen perceptions on driverless
mobility by performing Citizen Dialogues, these are structured discussion meetings using
both qualitative and quantitative methods, designed to be informative, deliberative and
neutral to generate critical but unbiased insights. These dialogues were attended by more
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than 900 citizens in 15 cities across North America, Europe and Asia and the following was

found:

e public transport was the preferred implementation model for driverless mobility,
followed by ride-sharing and private car ownership

e the levels of trust and acceptance of automated vehicles tended to be lower at higher
levels of vehicle automation

e citizens have reservations about whether industry will sufficiently safeguard citizens’
interests; government should seek to support trust in industrial developments through
regulation and oversight

o the citizens prefer their government to take active roles in driverless mobility and to set
standards and regulations that safeguard and promote their interests
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5 Conclusions and

Recommendations

This chapter presents the main impacts of CAV and automated urban transport
on environment, mobility, and society-safety-economy. Moreover, subsection 5.2
provides general recommendations and issues to be considered by city managers
and policy makers.

5.1 Conclusions

Below we offer the main conclusions resulting from the work done in WP6.

Increasing penetration levels of connected and automated vehicles in the urban city
area are estimated (for most baselines) to have positive impacts on the environment
(less emissions, higher energy efficiency), on society and economy (improved road
safety, public health, and lower vehicle operating costs) and on mobility (more access
to travel and less congestion). The predicted decrease in the modal share of public
transport, walking and cycling in favour of automated passenger cars, however, may
lead to some undesirable effects (such as the predicted increase in demand for parking
space) without further policy measures.

Road use pricing is expected to lead to a number of benefits above baseline
developments, especially regarding mobility and environmental concerns: better energy
efficiency, less reduction of active mode share, higher vehicle occupancy rate, less
negative impact on public transport mode share, and less parking demand. On the
negative side, road use pricing is expected to lead to an increase in vehicle operating
costs, and lower accessibility to transport.

Dedicated CAV lanes are predicted to have limited additional impacts on most
indicators. Slight benefits were estimated for congestion, vehicle operating costs,
vehicle utilisation and occupancy rates, as well as public health.

Parking price regulations causing CAVs to return to other locations to park or drive
around while waiting for passengers showed mixed results. Some negative effects are
predicted on mobility (e.g. congestion), as well as the environment (energy efficiency),
road safety, public health and accessibility of transport. These negative effects are
primarily due to extra empty vehicle kilometres needed to reposition vehicles after
passenger drop-off. However, increased parking costs also have the potential to
stimulate a moderate mode shift away from private vehicle transport, which may benefit
the use of active modes of travel and decrease the demand for parking space. Results
regarding the effects on public transport use are mixed.

Of the six major sub-use cases, replacing on-street parking is associated with a wide
range of positive benefits over the baseline, including a large improvement in traffic
conditions (reduced travel time and congestion), more positive development in active
mode share, more shared mobility, better development of road safety and lesser
demand for parking space. The facilities chosen to replace on-street parking also
influence the impacts. Replacing on-street parking with public space is particularly
associated with societal and environmental benefits (e.g. road safety, public health,
energy efficiency) and is beneficial for shared, public, and active forms of mobility.
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Replacing on-street parking with driving lanes or pick-up/drop-off points is generally
associated with fewer benefits, except for improved access to travel. Pick-up/drop-off
points or removing only half of spaces also reduce the benefits to congestion due to
maintaining some of the parking manoeuvres.

e Automated ride sharing is expected to benefit vehicle sharing, accessibility, and
energy efficiency. While it is predicted to attract a moderate mode shift away from
private vehicle transport, automated ride sharing is also predicted to attract trips away
from walking and cycling. Furthermore, the additional empty vehicle kilometres
necessary to reposition the vehicles to pick up their next passengers may lead to an
increase in congestion, counteracting the benefits of the trips which can be shared. The
impact of an automated ride sharing system is also dependent on the population’s
willingness to share trips with other travellers: a higher willingness to share is associated
with less negative effects on congestion and marginally better road safety.

e GLOSA is not predicted to have large additional impacts on most indicators. Slight
benefits to the traffic conditions are predicted (reduced congestion and travel time) as
well as less decrease in public transport use and reduced vehicle operating costs.
Potential negative effects on shared mobility rate, active travel, vehicle utilisation and
occupancy rates, access to travel and public health are predicted. These negative effects
may be due to a predicted increase in private vehicle travel with implementation of
GLOSA.

e The policies considered in the SUCs have little additional impact on generated
emissions; the large, expected reductions are primarily driven by the transition to CAVs
which are assumed to be electric vehicles. The large, expected improvements in road
safety with increasing automation are also driven by behavioural differences in CAVs
(e.g. quicker reaction times) compared to human-driven vehicles, which is impacted
minimally by SUC policies.

5.2 Policy recommendations

The introduction of Cooperative, Connected and Automated Mobility (CCAM) and the
implementation of interventions (sub-use cases) in the area of passenger cars is part of a
wider transition towards smart and sustainable cities (Alawadhi et al., 2020; Aoyama &
Leon, 2021; Bezai et al., 2020; Chng et al, 2021; Lim & Taeihagh, 2018; Vitunskaite et
al., 2019; Mahdavian et al., 2021; McAslan et al., 2021; Medina et al., 2017; Milakis &
Muller, 2021; Seuwou et al., 2019; Taeihagh & Lim, 2019). A successful transition will
largely be impacted by the policy measures of the city, local and national authorities.
Therefore, the LEVITATE project aims to support the authorities finding the most beneficial
policies on the way towards an automated transport system.

General recommendations regarding CCAM

Based on recent literature dealing with the transition from a 100% human driver vehicle

population to a 100% autonomous system without any human drivers (see Appendix D),

the following recommendations can be suggested to make city managers and policy

makers aware of what is to be done to support this transition and the overall success of

CCAM)and use cases:

e City managers and policy makers should take into account four major areas of
readiness for CCAM (autonomous driving): technology readiness, infrastructure
readiness, legal readiness and the readiness to address social acceptance and
ethical/social value issues (e.g., Alawadhi et al., 2020; Bezai et al., 2020)

¢ Commercial (technology) push alone will not safeguard the expected social benefits of
CCAM (cooperative, connected and automated vehicles); new types of governance and
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planning are called for with a stronger engagement of citizen groups and city
stakeholders, a stronger focus on long term implications, and lesser reliance on
traditional forecasting and traffic models (e.g., McAslan et al, 2021; Milakis & Miller,
2021)

More anticipatory engaging styles of governance will not spontaneously develop; an
anticipatory governance capacity has to be built (e.g., McAslan et al., 2021)

Good legislation, guidance and guidelines for CCAM in Europe is already partly
available (e.g., the GDPR, White Paper, Horizon Group report on Ethical guidelines).
Authorities need to be aware of these and use these to survey what implications they
have for planning and policy making at the city level (e.g., Mulder & Vellinga, 2021)
There are many regulatory gaps for CCAM; using their own experiences and policy and
planning orientations city managers, policy makers and planners should cooperate and
contribute to the national and international debate about how these gaps should be
resolved (e.g., Aoyama & Leon, 2021)

The transition towards CCAM is as much a social and cultural phenomenon as a
technological phenomenon; ultimately a lot if not all depends upon trust in new
technology and trust will be easier to build if citizens have an active voice in what
happens in their neighbourhoods (e.g., Chng et al., 2021; Medina et al., 2017;
McAslan et al., 2021)

The transition towards CCAM requires building of and participation in new broad
alliances and platforms where many different actors from industry, and interest and
citizen groups are present

The risks concerning cybersecurity need a full understanding of the total digital
communication framework and all interfaces of connected and automated vehicles;
security-by-design is one of the most general and important principles to follow (e.g.,
Khan et al., 2020)

The risks concerning cybersecurity cannot be solely managed by legislation and
technocratic controlling strategies but demand social awareness, social education and
cultural change in companies and citizens and third-party management (e.g., Khan et
al., 2020; Vitunskaite et al., 2019)

Back casting is one of the analytic methods that can help policy makers to make
better informed decisions about how new technology can be implemented to achieve
the expected benefits (e.g., Milakis & Mdller, 2021).

Research in these various areas - new governance style, cybersecurity measures and
culture, cooperation between varied stakeholder groups, regulatory gaps, citizen
engagement, ethical concerns - can help develop a better understanding of problems and
issues, possible solutions, and to better informed policy decisions.

Sub-use case related recommendations

Automated vehicles may provide benefits such as additional comfort, efficiency, the
potential for multitasking, and accessibility to travellers who are not able to drive a
vehicle themselves. This may cause a potential modal shift from other modes of travel
(e.g. public transport, cycling, walking) towards private vehicle travel, which may be
undesirable to cities for a number of reasons (e.g. energy usage, public health, use of
public space). In order to limit potential increases in private vehicle transport, road use
pricing, replacing on-street parking with public space, and parking price regulation may
be useful policy measures.

Replacing on-street parking with public space is predicted to be associated with more
benefits than replacing the space with driving lanes, provided care is taken that
sufficient accessibility is retained.
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e The benefits of an automated ride sharing system are highly dependent on the users’
willingness to combine trips and it has the potential to increase congestion due to empty
repositioning trips. Therefore, the suitability of local conditions for an automated ride
sharing system should first be studied before implementation.

e GLOSA is associated with some moderate benefits to traffic conditions, although more
efficient traffic flow may also attract more private vehicle use. Therefore, GLOSA may

be best paired with other measures to encourage practices such as vehicle sharing and
active travel.
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Appendix A Methods and
operationalisations

In this Appendix we describe the main methods used to estimate the impacts within WP6,
namely traffic microsimulation, Delphi, mesosimulation and system dynamics.

In essence, microscopic traffic simulation models simulate the movement of individual
vehicles on a pre-defined road network using a combination of vehicle and driver models
that approximate car-following and lane-changing theories and thereby allowing the
forecasting of traffic-related impacts. Traffic simulations are the most commonly applied
method for predicting the impacts of connected and automated vehicles (Elvik et al., 2020).
Traffic simulations have been used to study several potential impacts of connected and
automated vehicles, including impacts on road capacity, intersection capacity and
performance (stops and delays), traffic volume, travel time, fuel consumption, road
accidents etc. The results of most microsimulation studies show potential impacts of
connected and automated vehicles as a function of their market penetration rate (Elvik et
al., 2020).

In WP6, microscopic simulation was used to study the impacts of 5 policy interventions
(sub-use cases) on CO2-emission, congestion, total kilometres travelled and traffic safety.
The policy interventions were:

1. Provision of dedicated lanes for AVs on urban highways

2. Parking price regulation

3. Parking space regulation

4. Automated ride sharing

5. Green Light Optimal Speed Advisory (GLOSA)

In WP6 of LEVITATE the Delphi method was also used to estimate the effects of 6 SUC’s
and to identify the experts’ vision of the future related to CCAM. The Delphi method is a
systematic and qualitative method of forecasting which is based on collecting opinions from
a group of experts by means of a series of related questions. The questions were related
to the specific policy interventions, or sub-use cases (SUCs), and experts were asked to
give their opinion on the effect of these SUCs on the different impact areas. The Delphi
uses a process of repeated testing whereby results of a first round of questions are
communicated back to the group and the questions repeated at a later stage in a second
round to see if respondents change opinions.

In order to keep questionnaire length manageable, the participants were divided into
several groups. Participants were divided in seven groups. Each group had a different
questionnaire related to a specific type of interventions based on their expertise. Each
questionnaire concerned 2-4 automation related interventions, including the baseline
scenario where no policy intervention is applied except the introduction of CAVs in the
urban environment. The questionnaire was also separated with size limitations in mind, as
passenger cars would constitute an immense single questionnaire if their sub-use cases
were considered all at once. For LEVITATE WP6:
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e 10 experts participated in the first Delphi round for the parking regulations sub-use
cases and 5 continued to the 2" round.

e 10 experts participated in the 15t Delphi round for the parking behaviours sub-use
cases and 6 continued to the 2" round.

e 10 experts participated in the 15t Delphi round for the ridesharing and GLOSA sub-
use cases and 6 continued to the 2" round.

e 10 experts participated in the 15t Delphi round for the AV dedicated lanes sub-use
cases and 6 continued to the 2" round.

e 10 experts participated in the 1%t Delphi round for the city toll sub-use cases and 7
continued to the 2™ round.

Mesoscopic simulation is a supplemental method within the group of simulation approaches
which emphasise the modelling of behaviours and choices of individuals (Elvik et al., 2020).
Such an activity-based-modelling (ABM) framework is realised by the mesoscopic traffic
simulation tools of MATSim. “Mesoscopic” in this context underlines the fact that the
method is less focussed on immediate interactions between road users, thus reducing the
level and complexity of these details, but rather on the choices people (represented as
agents is a mesoscopic model) make to re-arrange their daily routes and schedules of
activities. Each of the activities within a complete daily chain or “plan” are preferably
reached in time by the means of transport available to each person (agent) within the
simulated area under investigation. The major conclusions that can be extracted from such
models refer to changes in modal split, as well as differences in road network loads and
vehicle utilization (Elvik et al., 2020). Mesoscopic simulation and activity-based-modelling
are well-suited for assessing modal split, road network loads and vehicle utilisation rate
(Elvik et al., 2020).

The types of impacts studied within LEVITATE have been estimated and forecasted using
various assessment methods, such as traffic microsimulation, system dynamics and the
Delphi panel method. In the study design it was anticipated to use traffic microsimulation
to estimate direct impacts and mesosimulation for the systemic impacts whereas the Delphi
would supplement these and together with systems dynamics would also provide estimates
for the wider impacts. Traffic microsimulation can be used to forecast direct impacts (which
have an immediate to long term effect) and are suitable to develop relationships that can
infer dose (in terms of introduction of sub-use case) and response (selected impact). Traffic
microsimulation also provides further input to assess medium-term impacts by processing
those results appropriately to infer such impacts.

The mesoscopic simulation is used as a method to estimate the impacts of road-use pricing
on average travel times an amount of travel per person.

System level analysis (such as by tools found within system dynamics) can provide
measure of long-term impacts. 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 (Bogdani & Zach, 2020). This allows
researchers to use feedback/feedforward from one component to another within the
system, which unfolds when output is viewed against time. System dynamics is a powerful
way of modelling a system at an abstract level. Final points on its strengths and usefulness
can be summarised as below (Bogdani & Zach, 2020):

e Feedback within the system can be handled easily and one can see the effect of

complex feedback via numerical simulations.

LEVITATE | Deliverable D6.5 | WP6 | Final 92



®
levitate

e Interconnected systems can be integrated very well and allows one to extend the
model as well.

e Structure determines behaviour - same model, different behaviours due to states
of sub-systems/constituents.

e Future values depend on past values.

e Mathematical complexity of large complex system does not hinder modelling, as
the system is solved by using solvers using discretised system.

e Allows one to play with ‘what if’ scenarios easily and faster. It allows one to change
the strength and timing of external disturbances as well as of policy measures that
might be applied.

e Provides a deeper understanding of the system, as one knows what effects are
generated in the system, due to a particular cause presented to it

For the sake of simplicity and applicability of these 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 implementing 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).
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Appendix B Behavioural
Assumptions microsimulation
AIMSUN

Two types of connected and automated vehicles (CAVs) were considered in this study: 1st
Generation CAVs and 2" Generation CAVs. Both types are assumed to be fully automated
vehicles with level 5 automation. The main idea behind modelling these two types is based
on the assumption that technology will advance with time. Therefore, 2" Gen CAVs will
have improved sensing and cognitive capabilities, decision making, driver characteristics,
and anticipation of incidents etc. The automation of freight vehicles was also considered in
this study, however due to limited knowledge on_freight CAVs, only a few parameters were
adjusted to model the behaviours of freight CAVs. In general, the main assumptions on
CAVs characteristics are as follows:
e 1stGeneration: limited sensing and cognitive ability, long gaps, early anticipation
of lane changes than human-driven vehicles and longer time in give way situations.
e 2" Generation: 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.

The assumptions on CAV parameters and their values were based on comprehensive
literature review, including both empirical and simulation-based studies, as well as
discussions in meetings with experts, conducted as part of LEVITATE project. Some
guidance on the behaviours was also obtained through studies on ACC and CACC systems.
The key parameters which were changed to model the driving behaviours of CAVs along
with the associated assumptions are as presented in Table B.1 below:

Table B.1 Human-driven vehicle and CAV Parameters

Human-Driven

Parameter Description Vehicle 1t Generation CAV 2" Generation CAV

Time gap Time that elapses

In Aimsun, reaction between rear end of the

time along with lead vehicle and front | esser than 1st M than HDV. Shorter than HDVs and

sensitivity factor, bumper of following Gen CAV ore than S 15t Gen CAVs

affects time gap vehicle.

Max. acceleration i i
Eﬂg?'?;‘g;fgi?gatlon Larger average Lesser average Lesser than HDVs and
achieve under any acceleration and acceleration and range 15t Gen CAVs
circumstances range than HDVs (comfortable (comfortable ride

ride experience) experience)
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Normal
deceleration

maximum deceleration a
vehicle can use under

normal conditions .
deceleration

Lesser variation in

Larger variation indeceleration than HDVs

(comfortable ride
experience)

Lesser variation in
range than HDVs

(comfortable ride

experience)

Max. deceleration

Maximum deceleration a
vehicle can use under
special circumstances,
such as emergency
braking.

Less than CAVs

More than HDVs

More than HDVs and
15t Gen CAVs

Clearance

The distance a vehicle

keeps between itself andMore variability in

the leading vehicle whenclearance
stopped.

Lesser variation in
clearance than HDVs

Lesser variation in
clearance than HDVs

Safety margin
factor

It generates give-way
behaviour at 95
unsignalized junctions.
The higher the value
indicated more cautious
behaviour.

Lesser than 1%t
Gen CAV

Higher than
HDVs, (cautious
behaviour)

Shorter than HDVs
(assertive behaviour)

Look ahead distancelt determines where the

factor (anticipation vehicles consider their

of lane change)

More variation
lane change

1st generation CAVs will
consider changing lane
earlier than human-
driven vehicles would,

2" generation CAVs
will consider changing
lane later than human-
driven vehicles would,

due to limited situationaldue to advanced

awareness

situational awareness

It controls overtaking

conservative driving

Aggressive lane change

. manoeuvres when a Defaults in . . logic compared to
Overtaking . . behaviour. Same logic -
vehicle changes lane to Aimsun human-driven
as of HDVs .
pass another. vehicles,
Time gap Time that elapses

between rear end of the
lead vehicle and front
bumper of following
vehicle

Lesser than 1%t
Gen CAVs

More than HDVs

Shorter than HDVs and
15t Gen CAVs

Max. acceleration

Maximum acceleration
that a vehicle can
achieve under any
circumstances

Larger average
acceleration and
range

Lesser average
acceleration and range
than HDVs (comfortable
ride experience)

Lesser than HDVs and
1%t Gen CAVs
(comfortable ride
experience)

Max. deceleration

Maximum deceleration a
vehicle can use under
special circumstances,
such as emergency
braking

Less than CAVs

More than HDVs

More than HDVs and
15t Gen CAVs

Clearance

The distance a vehicle

keeps between itself andMore variability in

the leading vehicle whenclearance
stopped.

Lesser variation in
clearance than HDVs

Lesser variation in
clearance than HDVs

Safety margin
factor

It generates give-way
behaviour at 95
unsignalized junctions.
The higher the value
indicated more cautious
behaviour

Lesser than 1%t
Gen CAV

Higher than HDVs,
(cautious behaviour)

Shorter than HDVs
(assertive behaviour)
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Look ahead distancelt determines where the
factor (anticipation vehicles consider their More variation
of lane change) lane change

1%t generation CAVs will 2"¢ generation CAVs
consider changing lane will consider changing
earlier than HDVs lane later than HDVs
would would

It controls overtaking

manoeuvres when a Defaults in
vehicle changes lane to Aimsun
pass another

Overtaking

Conservative driving Aggressive lane change
behaviour. Same logic logic compared to
as of HDVs HDVs
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Appendix C Microsimulation
networks

C.1 Networks per sub-use case

The following network descriptions are taken from LEVITATE Deliverable 6.3 (Sha et al.,
2021). For the full explanations of microsimulation methodology, see Deliverables 6.2-
6.4.

Provision of dedicated lanes on urban highways

A calibrated and validated traffic microsimulation model of Manchester area (provided by
Transport for Greater Manchester) was used for this sub-use case. In general, the model
development and calibration involved details of road network in the study area, peak hour
traffic demand, vehicle types, signal timing data, vehicular behaviour and lane usage,
journey times, bus routes, stations, and timetable information. A comprehensive set of
traffic counts was used to compare and validate the modelled flows with observed traffic
counts. Modelled journey times were also compared and validated against observed
journey times during the peak hours. This model provides a good foundation for the
experiment as it includes a motorway and a major arterial road (M602 and A6,
respectively) (Figure C.1) which connect the centre of Manchester with the suburbs.

(a) (b)

Figure C.1: The modelling area in the city of Manchester (a) and Manchester network in AIMSUN software (b)

Assumptions and parameters
The following assumptions have been made for this sub-use case:

e When introduced, the dedicated lane will be mandatory for CAVs and public transport.
That means that the CAVs are not allowed to travel in any other lane unless they
cannot follow their route in any other way.

e The dedicated lane is either the innermost or the outermost lane of the motorway or
the A road according to the scenario of the sub-use case.
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e The A-road consists of several consecutive segments which comprise of either two or
three lanes. It is always assumed that one of these lanes is a dedicated lane, except
in intersections when one cannot define a dedicated lane due to AIMSUN limitations.

Parking price regulation

A microsimulation model of Santander City was employed for this sub-use case (Figure
C.2). Due to having the city centre area, this model served the purpose of analysing the
impact of various possible AV parking behaviours due to different parking price policies.
The used network model contains 108 nodes (intersections) and 382 sections (one way
links). The study considers the evening peak hours (1900 - 2200) for analysis with an
estimated traffic flow of 42337 private car trips.
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Figure C.2: The modelling area in Santander city (a) and in AIMSUN software (b)

Assumptions
The following assumptions have been made for this sub-use case implementation:

e In the baseline scenario, it is assumed that sufficient spaces are available, and vehicles
can park themselves inside without causing any disturbance to the traffic.

e In the ‘heavy drive around scenario’, vehicles drop the passenger and drive around
nearby.

e In the case of ‘heavy Return to origin and Park outside’ vehicles do a mixed activity of

parking outside and return origin.

The ‘Balanced’ scenario consists of a combination of all the parking choices available.

All CAVs are EVs.

All human driven vehicles are non-electric vehicles.

CAVs and human driven vehicles can travel together without any requirement of

dedicated lanes.

e HGVs and LGVs are not present.

e There exist only given parking options.

Removing on-street parking

The study network used for this sub-use case is a traffic microsimulation model (developed
using AIMSUN software) of the city of Leicester. Due to having the city centre area, this
model served the purpose of analysing various on-street parking space regulations. The
Leicester city center network is around 10,2km2 and consists of 788 nodes and 1988
sections. The traffic demand for passenger cars, LGVs and HGVs are 23391 trips, 3141
trips and 16 trips, respectively. The network is presented in Figure C.3.
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Figure C.3: The Leicester city centre network in AIMSUN software

This specific network includes the city centre area only. For practical purposes to be more
effective using simulation, on-street parking in the city centre has been divided into 4
parking zones, including a total of 52 streets with 138 parking bays as showed Figure C.4.

« 4 parking zones;
= 52 streets;

= 138 parking bays;

Figure C.4: On-street parking zones in AIMSUN software
Assumptions
The following assumptions and limitations exist in this sub-use case implementation:

e All CAVs are assumed to be EVs,
¢ All human driven vehicles are assumed to be non-electric vehicles,
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e Simulations are run for lunchtime rush hour, considering it to be the most critical

period for this sub-use case,

No residential parking is considered in the model,

No changes have been considered in the disabled on-street parking bay,

The pick-up/drop-off scenario was assumed to follow SAVs concept,

On-street parking manoeuvre duration (blockage time) is assumed to be 30s with 20s

deviation based on the previous literature

e Cyclists are not modelled in the replacing on-street parking spaces with cycling lanes
scenario due to the software limitation.

Automated ride sharing

To illustrate the potential benefits of the proposed ride-sharing service, a calibrated and
validated microsimulation model (developed using AIMSUN simulation platform) was used
consisting of a 13km?2 area from the Great Manchester Area (UK) that contains 308 nodes
and 732 road sections (Figure C.5), and OD matrix of 58x58 centroids from the network.
Traffic data of evening peak hours (1700 - 1800) was used, with an estimated traffic
demand of 23 226 car trips, 1 867 large goods vehicles (LGV) trips, and 63 heavy goods
vehicle (HGV) trips.
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Figure C.5: The Manchester network in AIMSUN software

Depots and charging station locations are critical factors in deploying a ride-sharing
service. In this study, the Affinity Propagation (AP) clustering algorithm (Dueck and
Frey,2007) is used to determine the depots' locations. The AP algorithm was implemented
using python's Scikit-learn package and executed with 1000 maximum iterations taking
the exact centroids' location in the Manchester network model and their corresponding
total trip demand from the original OD matrix. The analysis was performed for the evening
peak hour period (1700-1800). It was assumed that the SAVs were not required to return
to their depots, but instead, they ended their routes at their last drop-off location, which
was represented by the arbitrary ending depot location, which had zero distance from
every other centroid. Regarding the initial fleet size, a SAV fleet equal to the served
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demand was assumed to be parked at each depot to ensure that every trip request is

assigned to a SAV.

The maximum travel time for each SAV was set to one hour to ensure that SAVs finished
their optimised routes within the simulation period. Moreover, a limit of 1000 solutions was
set for every scenario to prevent the solver from running indefinitely due to the size of the
optimised problem, while sufficient investigation of the solution space will take place.

As shown in Figure C.6 eight clusters were determined by the algorithm, i.e., eight depots

assigned to the nearest centroid from the exemplar of each cluster.

Figure C.6: Allocation of SAV service depots based on Affinity Propagation clustering algorithm

9 Location

Table C.1 presents the optimisation results for the different scenarios studied within this
SUC. The results indicate that the fleet size required to replace conventional personal
vehicle trips gradually decrease as more passengers are willing to share their rides. The
decrease in the number of required SAVs is associated with an increase in the number of

vehicles conventional that one SAV can replace.

Table C.1: Optimisation results for automated ride sharing service
Optimal SAV Fleet SAV Replacement Rate

Demand to be Trips to be

served served
5% 1134
10% 2239
20% 5070

Willingness to
share

20%
50%
80%
100%

20%
50%
80%
100%
20%
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size
645
570
490
435

1154
1009
839
720
2391

*

1,8
2,0
2,3
2,6

1,9
2,2
2,7
3,1
2,1
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50% 2067 2,5
80% 1694 3,0
100% 1436 3,5

(*): Number of personal vehicles replaced by one shared AV (SAV)

GLOSA

The traffic microsimulation model that is used for this sub-use case was provided by
Transport for Greater Manchester. The model of Greater Manchester provides a sufficiently
large and complex transport network with signalized intersections and other various road
sections, rendering it suitable for the specific experiment. For implementing GLOSA, a
corridor near the Salford area (Figure C.7) was selected in Manchester with three signalized
intersections sufficiently distant from each other. The impact of GLOSA was analysed under
fixed time coordinated traffic control at these study locations.

~ Intersection 1 ‘/O
'iﬁ’tér!egtinr_'l_?_ . em,}/y
_ Intersecti

Figure C.7: Test corridor in Manchester network for GLOSA application

o

Before applying the GLOSA algorithm on the test network, the impact of activation distance
and frequency of GLOSA was analysed. The activation distance was kept to 400m while
GLOSA was applied on each time step. Minimum speed threshold was kept as 50% of speed
limit as also used in several other studies while upper limit was kept as speed limit +5mph.

The following assumptions were made in the frame of GLOSA application:
e The quality of communication between signals and vehicles is ideal and all messages
are delivered successfully and without delay,
e All the drivers accept and comply with the recommended speed,
e GLOSA is applied at each simulation step,
e All CAVs will have the capability to communicate with traffic controllers,
Simulations were run for the peak hours performing 10 replications under each scenario.
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C.2 Microsimulation runs: standard deviation

To estimate the microsimulation impacts, the simulation was run multiple times. From this,
a standard deviation is available which indicates the amount of variation between
simulation runs. This does not indicate the sensitivity of the simulation to different
parameters, as parameters were kept constant for a given penetration rate scenario. It
rather indicates the level of random variation in the model.

The standard deviation was calculated for three networks used in Work Package 6:
Manchester, Leicester and Santander. Important to note is that this was calculated for
entire networks, while each of the three SUCs calculated in Manchester used a different
sub-section of the network and therefore used a smaller network. For these three
networks, the baseline scenario (no sub-use case implementation) was calculated for the
impacts on travel time, congestion, and total kilometres travelled. These results are shown
in the graphs below.

As can be seen in the graphs below, the Santander network has especially high standard
deviations. This can be explained due to the smaller size of the network, making small
random variations in the traffic situations much more visible between simulation trials. It
is likely that the smaller portions of the Manchester network used in SUC estimates likewise
showed more variation compared to the larger network.

Travel time
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Figures C.8a-c: Baseline travel time development per network. Standard deviation indicated in orange.
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Congestion delays
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Figures C.9a-c: Baseline congestion delay development per network. Standard deviation indicated in orange.
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Total kilometres travelled
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Figures C.10a-c: Baseline total kilometres travelled development per network. Standard deviation indicated in
orange.
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Appendix D Full results

D.1 Environmental impacts

Market penetration rate: AVs in Background vehicle fleet
(Human-driven vehicle - 1st Generation AV - 2nd Generation AV)
40-40- 20-40-
Impact Sub-use case Scenario 100-0-0 80-20-0 60-40-0 20 40 0-40-60 0-20-80 0-0-100 Method
Baseline 0,0% -1,9% -3,8% 3,7% 9,9% 7,6% 7,6% 7,6%
Road use pricing Empty km pricing - 6,9% 6,9% 6,9% 8,8% 8,8% 8,8% 8,8%
Static toll - 7,5% 9,2% 9,2% 7,4% 5,6% 5,6% 5,6%
Dynamic toll - 13,1% 13,1% 12,7% 12,7% 12,7% 12,7% 12,7%
Baseline 0,0% 0,3% -3,7% 0,3% 0,3% 4,9% 4,9% 4,9%
. Outermost motorway lane - -3,7% -5,7% 0,2% 3,8% 5,9% 5,9% 5,9%
Dedlcati(illanes for Innermost motorway lane = 0,2% 0,3% 5,5% 9,1% 9,1% 9,1% 9,1%
s Outermost motorway lane and A-road - 0,2% -3,2% 5,5% 3,4% 5,5% 5,5% 5,5%
Dynamically controlled AV dedicated lane = 4,2% 4,2% 6,4% 6,3% 6,3% 6,3% 6,3%
Baseline 0,0% 6,0% 14,0% 23,1% 25,4% 30,6% 30,6% 30,6%
. ) Park inside = 7,9% 11,6% 22,5% 24,5% 26,8% 26,8% 26,8% Delphi
eff?;;?“é Parking price Return to origin - 2,0%  3,7%  6,1%  12,7%  15,0%  150%  15,0% (expert
Y regulation )
Drive around = -0,4% -0,4% -5,9% -10,1% -13,8% -13,8% -13,8% survey)
Park outside = 3,6% 3,6% 9,3% 7,5% 13,2% 13,2% 13,2%
Baseline 0,0% 0,3% 4,4% 11,3% 12,5% 12,9% 12,9% 12,9%
Replacing on-street | Space for public use = 6,8% 8,8% 10,8% 10,8% 13,3% 13,3% 13,3%
parking Driving lanes - -3,7% -3,8% -6,1% -2,1% -2,7% -2,7% -2,7%
Pick-up/drop-off = -10,2% -3,8% -3,6% -2,6% -7,1% -7,1% -7,1%
Automated ride Baseline 0,0% 9,8% 10,3% 11,1% 14,2% 14,2% 14,2% 14,2%
sharing Automated ridesharing - 6,3% 9,8% 13,8% 20,0% 20,0% 20,0% 20,0%
Green Light Optimised | Baseline 0,0% 9,8% 10,3% 11,1% 14,2% 14,2% 14,2% 14,2%
Spe(eé:ngcé\'giory GLOSA - 94%  148%  187%  27,9%  27,9%  27,9%  27,9%
Baseline 0,0% -20,2%  -47,7% -76,3% -88,0% |-100,0% -100,0% -100,0%

Dedicated lanes for Motorway and A road - -22,8%  -49,3% -76,3% -88,4% - - - Micro-
co2 AVs A road right most lane - -23,7%  -49,4% -76,6% -88,5% - - - simulation
i A road left most lane - -20,4% -49,0% -76,9% -88,3% - - - (Manchester)

emissions Motorway only - -20,8% -48,7% -76,2%  -88,2% - - -
Parking price Baseline 0,0% -19,3% -38,8% -59,0% -79,2% | -98,8% -98,9% -98,9%
regulation Drive Around - -18,8% -42,1% -61,3% -79,8% | -99,0% -99,0% -99,0%
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Balanced - -17,8%  -40,0%

Heavy Return to Origin and Park Outside - -18,5%  -39,0%

Baseline 0,0% -19,6%  -49,5%

Removing half of the on-street parking spaces -5,6%  -24,7%  -51,2%

Replacing on-street | Replacing with driving lanes -13,3% -30,6% -56,2%
parking Replacing with pick-up and/or drop-off points -9,7% -24,8%  -52,7%
Replacing with public spaces -13,0% -29,7%  -55,5%

Replacing with cycling lanes -11,7%  -30,3%  -55,5%

Baseline 0,00/0 '20,90/0 -49,8°/o

5% demand served - 20% willingness to share - -18,0% -47,9%

5% demand served - 50% willingness to share - -17,9%  -49,4%

5% demand served - 80% willingness to share - -19,7%  -48,6%

5% demand served - 100% willingness to share - -19,8%  -48,3%

. 10% demand served - 20% willingness to share - -18,4% -47,8%
AUtoan::fndgr'de 10% demand served - 50% willingness to share - -17,0%  -48,0%
10% demand served - 80% willingness to share - -19,2%  -47,5%

10% demand served - 100% willingness to share - -18,4% -47,6%

20% demand served - 20% willingness to share - -22,0%  -49,9%

20% demand served - 50% willingness to share - -22,3% -50,1%

20% demand served - 80% willingness to share - -20,4%  -48,6%

20% demand served - 100% willingness to share - -19,4% -47,8%

. o Baseline 0,0% -20,7%  -48,8%
Greg” L'gh/i do’?t'm'sed GLOSA on 1 Intersection 0,0%  -20,7% -48,8%
pe(eGLOS‘g“y GLOSA on 2 Intersections 0,0%  -20,9% -48,7%
GLOSA on 3 Intersections 0,0% -20,8%  -48,7%
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D.2 Mobility impacts
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Market penetration rate: AVs in Background vehicle fleet
(Human-driven vehicle - 1st Generation AV - 2nd Generation AV)
100- 80- 60- 40- 20- 0-40- 0-20- 0-0-
Impact Sub-use case Scenario 0-0 20-0 40-0 40-20 40-40 60 80 100 Method
Baseline 0% 0% 7% 0% 5% 4% 2% 1%
Dedicated lanes for Motorwa.y and A road (fi)fed) = 3% 3% 5% 3% = = = ) Mltliro_-
CAVs A road right most lane (fixed) - 1% -1% 3% 2% - - - simulation
A road left most lane (fixed) - -3% -4% -3% 2% - - - (Manchester)
Motorway only (fixed) = 5% 5% 6% 5% = = =
Baseline 0% 28% 19% 24% 6% 17% 0% 0%
" | Drive around without parking - 20% 18% 25% 31% 25% 18% 25% M“l?"o'
Parking price regulation | Bajanced scenario: park inside centre (13%), return to simulation
. r - o) 0, 0, 0, 0, o) 0,
origin (22%), outside centre (45%), or drive around (20%) 16% 20% 16% 16 26% 19% 23% (Santander)
Return to Origin (33%) or Park Outside centre (67%) - 17% 22% 21% 27% 18% 23% 30%
Baseline 0% 4% 3% -7% -2% -5% -5% -7%
Removing half of the on-street parking spaces -3% 7% s6¥ BRI O S Micro-
Replacing on-street Replacing with driving lanes -31% -31% -33% -36% -35% -34% -34% -34% simulation
parking Replacing with pick-up and/or drop-off points -9% -10% -14% -18% -15% -15% -16% -17% (Leicester)
Replacing with public spaces -30% -29% -30% -34% -32% -32% -32% -33%
Travel Replacing with cycling lanes -28% -30% -30% -34% -34% -32% -33% -32%
time Baseline 0% -1% -3% -5% -3% 1% -2% -2%
5% demand served - 20% willingness to share - 11% 11% 11% 6% 10% 4% 3%
5% demand served - 50% willingness to share - 9% 8% 8% 7% 7% 8% 4%
5% demand served - 80% willingness to share - 6% 6% 1% -3% 8% 8% 1%
5% demand served - 100% willingness to share - 2% 4% -1% 0% 3% 6% 0%
10% demand served - 20% willingness to share - 17% 12% 14% 16% 18% 17% 11% Micro-
Automated ride sharing | 10% demand served - 50% willingness to share - 17% 11% 16% 9% 13% 11% 11% simulation
10% demand served - 80% willingness to share - 12% 12% 9% 5% 10% 5% 3% (Manchester)
10% demand served - 100% willingness to share - 13% 11% 8% 5% 4% 5% 0%
20% demand served - 20% willingness to share - 8% 6% 6% 11% 13% 14% 13%
20% demand served - 50% willingness to share - 4% 5% 5% 6% 10% 7% 8%
20% demand served - 80% willingness to share - 5% 6% 3% 2% 6% 6% 4%
20% demand served - 100% willingness to share - 4% 7% 5% 2% 4% 3% -2%
Baseline 0% 0% 0% 0% 1% 2% 4% 4% .
Green Light Optimised | GLOSA on 1 Intersection 0% 0% 0% 0% 0% 1% 3% 2% sm':'dlcargon
Speed Advisory GLOSA on 2 Intersections 0% 0% 0% -1% 0% 1% 2% 2% (Manchester)
GLOSA on 3 Intersections 0% 0% -1% -1% 0% 0% 2% 2%
Baseline 0 euro 0% 0% 0% 0% 0% -1% 0% -1%
tr:“”;" :ignfe Static toll: 5 euros (to enter Vienna) 1% 1% 1% 1% 1% 1% 1% 1% sin:/IueIZ?i;)n
(5km trip) Road-use pricing Static toll: 10 euros (to enter Vienna) 2% 2% 2% 2% 2% 2% 2% 2% (Vienna)
Static toll: 100 euros (to enter Vienna) 4% 4% 4% 4% 4% 3% 4% 3%




Dynamic toll: €0,7/km (€5 to cross Vienna) 0% 0% 0% 0% 0% 0% 0% 0%
Dynamic toll: €1,4/km (€10 to cross Vienna) 0% 0% 0% 0% 0% 0% 0% 0%
Dynamic toll: €14/km (€100 to cross Vienna) 0% 0% 0% 0% 0% 0% 0% 0%
Baseline 0% -2% 0% 4% 13% 23% 23% 23%
Road use pricing Empty km pricing - -8% -4% -3% -4% 1% 1% 1%
Static toll - -8% -8% -4% -2% -2% -2% -2%
Dynamic toll - -8% -8% -4% 0% 4% 4% 4%
Baseline 0% 4% 4% 16% 24% 27% 27% 27%
. Outermost motorway lane - 6% 2% 6% 6% 8% 8% 8%
Ded'catgAdV'a”es for | Innermost motorway lane - 4% 1% 7% 4% 7% 7% 7%
s Outermost motorway lane and A-road - 7% 4% 12% 7% 15% 15% 15%
Dynamically controlled AV dedicated lane - 7% 12% 12% 12% 17% 17% 17%
Baseline 0% 2% 12% 22% 36% 51% 51% 51% )
Access to Park inside - 10%  16%  18%  27%  33%  33%  33% (Efgr‘t'
travel Parking price regulation | Return to origin - 6% 8% 18% 22% 30% 30% 30% survey)
Drive around - 6% 12% 14% 27% 28% 28% 28%
Park outside - 2% -1% 4% 4% 9% 9% 9%
Baseline 0% -9% -9% -11% -9% -11%  -11% -11%
Replacing on-street Space for public use - -7% -6% -8% -11% -16% -16% -16%
parking Driving lanes - -6% -6% 0% 7% 7% 7% 7%
Pick-up/drop-off - -1% 0% 0% 0% 1% 1% 1%
Automated ride sharing Baseline 0% 13% 16% 23% 23% 26% 26% 26%
Automated ridesharing - 11% 17% 29% 32% 41% 41% 41%
Green Light Optimised | Baseline 0% 13% 16% 23% 23% 26% 26% 26%
Speed Advisory GLOSA - 3% 3% 3% 0% 0% 0% 0%
Baseline 0% -5% 0% -4% -3% -9% 4% 1%
. Motorway and A road (fixed) - -2% -3% 2% -10% - - - Micro-
Dedlcat(e::gvlanes for A road right most lane (fixed) - -8% 0% 0% -14% - - - simulation
s A road left most lane (fixed) - 4% 4% 1% -3% - - - (Manchester)
Motorway only (fixed) - 2% -4% 0% -6% - - -
Baseline 0% -27%  -31% -23% -34% -23% -24% 7%
Drive around without parking - -14%  -44%  -38% -51% @ -68% -70% -69% Micro-
Parking price regulation | Balanced scenario: park inside centre (13%), return to simulation
kilt;rn(:te?::-es ap ? origin (22%), outside centre (45%), or drive around (20%) B -32%  -42%  -29%  -39% -33% -27% -21% (Santander)
travelled Return to Origin (33%) or Park Outside centre (67%) - -26%  -42%  -40%  -45% -33% -28% 4%
(vehicle Baseline 0% 2% -11% 9% -2% -9% 2% -6%
km) Removing half of the on-street parking spaces -9% -6% -7% -7% -5% -5% -9% 2% )
Replacing on-street | Replacing with driving lanes 1%  11% 9% 12%  11%  12%  12%  13% Sin:"dlcar;;m
parking Replacing with pick-up and/or drop-off points -15% -1% -6% -3% -17% -3% -7% -2% (Leicester)
Replacing with public spaces 10% 11% 9% 11% 10% 12% 12% 12%
Replacing with cycling lanes 11% 11% 10% 9% 12% 8% 12% 12%
Baseline 0% -6% -13% -8% -6% -5% -10% -8% Micro-
Automated ride sharing | 5% demand served - 20% willingness to share - -3% -12%  -12%  -13% -13% -14% -9% simulation
5% demand served - 50% willingness to share - -3% -17%  -10% -11% -14% -8% -9% (Manchester)
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5% demand served - 80% willingness to share - -6% -12% -7% -10% -11% -13% -4%
5% demand served - 100% willingness to share - -6% -7% -11% -12% -11% -10% -2%
10% demand served - 20% willingness to share - -11% -14% -15% -10% -14% -11% -10%
10% demand served - 50% willingness to share - -8% -13% -11% -9% -5% -10% -5%
10% demand served - 80% willingness to share - -11% -10% -2% -5% -4% -6% 1%
10% demand served - 100% willingness to share - -8% -11% -4% -2% -6% -4% 0%
20% demand served - 20% willingness to share - -7% -12%  -14% -19% -17% -13% -9%
20% demand served - 50% willingness to share - -7% -11% -4% -11% -9% -6% -1%
20% demand served - 80% willingness to share - -5% -8% -5% -5% -11% -5% 5%
20% demand served - 100% willingness to share - -11% -9% -7% -2% -1% 0% 4%
Baseline 0% 0% 0% 0% -1% 0% -2% -1%
Green Light Optimised GLOSA on 1 Intersection 0% 0% 0% 0% -1% 0% -2% -1% simlitiBon
Speed Advisory GLOSA on 2 Intersections 0% 0% 0% 0% -1% 0% -1% -1% (Manchester)
GLOSA on 3 Intersections 0% 0% 0% 0% -1% 0% -1% -1%
Baseline 0 euro 0% 0% 0% 0% 0% 0% 0% 0%
Static toll: 5 euros (to enter Vienna) 0% 0% 0% 0% 0% 0% 0% 0%
Amount of Static toll: 10 euros (to enter Vienna) 0% 0% 0% 0% 0% 0% 0% 0% Meso-
travel per DAnA_ticn Aricinm Static toll: 100 euros (to enter Vienna) 0% 0% 0% 0% 0% 0% 0% 0% simulation
person Dynamic toll: €0,7/km (€5 to cross Vienna) 0% 0% 0% 0% 0% 0% 0% 0% (Vienna)
Dynamic toll: €1,4/km (€10 to cross Vienna) 0% 0% 0% 0% 0% 0% 0% 0%
Dynamic toll: €14/km (€100 to cross Vienna) 0% 0% 0% 0% 0% 0% 0% 0%
Baseline 0% -1% 10% -4% 4% -1% -4% -7%
Nedicated lanes for Motorway and A road (fixed) - 2% 3% 3% -1% - - - Micro-
CAVs A road right most lane (fixed) - 0% -6% 0% -2% - - - simulation
A road left most lane (fixed) - -5% -9% -9% -2% - - - (Manchester)
Motorway only (fixed) - 6% 5% 6% 2% - - -
Baseline 0% 37% 24% 31% 7% 20% -1% -3%
Drive around without parking - 26% 25% 33% 41% 35% 26% 34% Micro-
) ) ) simulation
Parking price regulation Balanced scenario: park inside centre (13%), return to - 22 A B 18% e L 25% (Santander)
origin (22%), outside centre (45%), or drive around (20%)
. RELWurn Lo ryir (5570) Or rdrk vuwsiue ceriure (0770) - L2470 £3I7/0 £0Y/0 220 £370 400 200
C‘(’S“eiic‘/*;;:?“ Baseline 0% 6% 2%  -13% 6% -11% -11% -13%
Removing half of the on-street parking spaces -5%  -11% -11% -18% -21% -23% -16% -20% Micro-
Replacing on-street Replacing with driving lanes -45%  -46% -49% -54% -54% -54% -54% -54% simulation
parking Replacing with pick-up and/or drop-off points -13% -15% -21% -28% -25% -26% -27% -28% (Leicester)
Replacing with public spaces -43%  -43%  -45% -52% -50% -51% -50% -52%
Replacing with cycling lanes -41% -44% -46% -52% -52% -51% -51% -51%
Baseline 0% -3% -7% -12%  -10% -4% -10% -11%
5% demand served - 20% willingness to share - 19% 17% 15% 6% 10% -1% -2% Micro-
Automated ride sharing | 5% demand served - 50% willingness to share - 14% 11% 10% 7% 5% 6% -1% simulation
5% demand served - 80% willingness to share - 10% 9% -1% -9% 7% 6% -5% | (Manchester)
5% demand served - 100% willingness to share - 2% 6% -5% -5% -1% 3% -8%
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10% demand served - 20% willingness to share - 28% 18% 20% 22% 24% 22% 11%
10% demand served - 50% willingness to share - 28% 17% 23% 10% 16% 11% 11%
10% demand served - 80% willingness to share - 19% 19% 12% 5% 10% 3% -1%
10% demand served - 100% willingness to share - 21% 17% 11% 3% 0% 3% -7%
20% demand served - 20% willingness to share - 13% 8% 7% 13% 16% 18% 15%
20% demand served - 50% willingness to share - 6% 6% 5% 6% 11% 5% 6%
20% demand served - 80% willingness to share - 8% 8% 1% -2% 4% 4% 1%
20% demand served - 100% willingness to share - 5% 8% 5% -2% 1% -2% -9%
Baseline 0% -1% -5% -6% -6% -6% -3% -2% Mi
Green Light Optimised | GLOSA on 1 Intersection 0%  -1% 6% 7% 8% 9% 5% 5% | goume
Speed Advisory GLOSA on 2 Intersections 0% 2% 5% -8% 9% -10% -6%  -5% | (Manchester)
GLOSA on 3 Intersections 0% -2% -6% -9% -9% -11% -6% -7%
Modal Baseline no policy intervention 16% 16% 15% 13% 11% 7%
split Road use pricing Static toll: 10 euros 18% 18% 17% 16% 15% 13%
Vien.na: Parking price regulation | Adjusted parking behaviour (Balanced scenario) 19% 19% 18% 18% 16% 11%
Actve Replacing on-street | Removing half of spaces 18%  17%  16%  14%  11% | 7%
(Walking & parking Replacing with driving lanes 19% 18% 18% 16% 14% 10%
Cycling) Automated ride sharing | 5004, of demand & 100% willing to share 15% 14%  13%  11% 9% 6% System
Baseline no policy intervention 48% 48% 47% 45% 43% 40% dynamics
Road use pricing Static toll: 10 euros 57% 57% 55% 53% 52% 47%
Modal - - - -
split Parking price regulation Adjusted parking behaviour (Balanced scenario) 46% 45% 43% 41% 39% 42%
V;‘:'l;:‘iz: Replacing on-street | Removing half of spaces 48%  47%  45%  43%  42%  39%
transport parking Replacing with driving lanes 44% 43% 38% 34% 31% 30%
Automated ride sharing 20% of demand & 100% willing to share 55% 55% 53% 51% 50% 47%
Baseline 0% -6% -6% -12% -20% -20%
Road use pricing Emp.ty km pricing - 4% 6% 10% 6% 4%
Static toll - 11% 15% 15% 13% 13%
Dynamic toll - -6% -6% 0% 0% 3%
Baseline 0% -5% -5% -9% -9% -13%
. Outermost motorway lane - -3% 0% -5% -3% -9%
I::I?ta-“ Dedlcat((:agvlznes for Innermost motorway lane - 0% -3% -5% -8% -9% _
Activ;e Outermost motorway lane and A-road - 0% -3% -5% -5% -5% Delphi
modes Dynamically controlled AV dedicated lane - 0% -3% -3% -3% -4% (expert
(Walking & Baseline 0% -13% -17%  -28% -30% -35% survey)
cycling) Park inside - -6%  -10% -12% -17% -14%
Parking price regulation | Return to origin - -6% -8% -4% -6% -12%
Drive around - -8% -8% -12% -17%  -21%
Park outside - -2% -2% 3% 2% 3%
i Baseline 0% -6% -10% -16% -21% -28%
Replacmgkgn—street Space for public use - 7% 9% 18% 27% 32%
parking Driving lanes - 9% 9% 7% 9% 9%




Pick-up/drop-off - -2% -1% 3% 3% 8%
Automated ride sharing Baseline 0% 2% 3% 7% 12% 3%
Automated ridesharing - 7% 8% 7% 3% 3%
Green Light Optimised | Baseline 0% 2% 3% 7% 12% 3%
Speed Advisory GLOSA - -3% -5% -5% -5% -5%
Baseline 0% -8% -10% -16% -26%  -29%
- Empty km pricing - 6% 8% 5% 4% 4%
Road use pricing Static toll - 17%  21%  15%  13%  16%
Dynamic toll - 14% 15% 9% 8% 8%
Baseline 0% -4% -4% -12%  -20% -25%
) Outermost motorway lane - -5% -3% -12% -12% -18%
Dedlcat((:agvlanes for Innermost motorway lane - -5% -3% -8% -12% -18%
s Outermost motorway lane and A-road - -3% -5% -12%  -17% -18%
Dynamically controlled AV dedicated lane - -3% -5% -8% -14%  -16%
Modal Baseline 0% -7% -10% -10% -15% -18% .
split: Park inside - 7%  -8%  -13% -17% -15% (Efézm
Public Parking price regulation | Return to origin - -5% -8% -5% -12%  -15% survey)
transport Drive around - -8% -8% -8% -12%  -15%
Park outside - -2% 0% 8% 4% 7%
Baseline 0% -8% -10% -8% -12% -10%
Replacing on-street Space for public use - 4% 8% 17% 20% 27%
parking Driving lanes - 8% 8% 5% 1% 2%
Pick-up/drop-off - -4% -11% -5% 4% 7%
Automated ride sharing Baseline 0% -1% 3% -6% -18%  -18%
Automated ridesharing - 7% 7% 3% -1% -7%
Green Light Optimised | Baseline 0% -1% 3% -6% -18% -18%
Speed Advisory GLOSA - -5% -5% -5% -5% -8%
Baseline 0% -1% 6% 14% 17% 23% 23% 23%
Road use pricing Empty km pricing - 5% 7% 13% 17% 21% 21% 21%
Static toll - 11% 13% 15% 15% 17% 17% 17%
Dynamic toll - 12% 14% 18% 22% 24% 24% 24%
Baseline 0% 4% 10% 19% 31% 36% 36% 36%
. Outermost motorway lane - 4% 0% 10% 10% 19% 19% 19%
Dedlcat((:agvlanes for Innermost motorway lane - 4% 0% 10% 19% 21% 21% 21%
Shared s Outermost motorway lane and A-road - 4% 0% 10% 10% 21% 21% 21% Delphi
mobility Dynamically controlled AV dedicated lane - 4% 0% 14% 13% 22% 22% 22% (expert
rate Baseline 0% -4% 2% 14% 18% 27% 27% 27% survey)
Park inside - 4% 10% 16% 26% 29% 29% 29%
Parking price regulation | Return to origin - 4% 6% 12% 23% 20% 20% 20%
Drive around - 2% 8% 19% 19% 30% 30% 30%
Park outside - 4% 6% 22% 12% 16% 16% 16%
i Baseline 0% -6% -2% -4% 2% 11% 11% 11%
Rep'ac'”ng’”'Street Space for public use - 0% 13%  22%  42%  47% 47%  47%
parking Driving lanes - 7% 4% 9% 8%  13%  13%  13%
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Pick-up/drop-off - 2% 1% 8% 17% 19% 19% 19%
d ride shari Baseline 0% 4% 7% 17% 27% 40% 40% 40%
Automated ride sharing |+ mated ridesharing - 6%  15%  25%  36% = 40%  40%  40%
Green Light Optimised | Baseline 0% 4% 7% 17% 27% 40% 40% 40%
Speed Advisory GLOSA - 5% 8% 8% 12% 12% 12% 12%
Baseline 0% 3% 6% 22% 37% 46% 46% 46%
Road use pricing Empty km pricing - -1% -1% 10% 12% 14% 14% 14%
Static toll - 3% 7% 9% 13% 15% 15% 15%
Dynamic toll - -2% 2% 10% 18% 18% 18% 18%
Baseline 0% 4% 10% 36% 26% 29% 29% 29%
. Outermost motorway lane - 6% 4% 14% 25% 27% 27% 27%
DEd'CatggV'a”es for | Innermost motorway lane - 4% 6%  10%  16%  19%  19%  19%
s Outermost motorway lane and A-road - 6% 4% 10% 10% 21% 21% 21%
Dynamically controlled AV dedicated lane - 4% 0% 12% 9% 19% 19% 19%
. Baseline 0% 3% 12% 23% 36% 50% 50% 50% )
Vehicle Park inside - 2% 4%  12%  14%  18%  18%  18% Delphi
“t"r':::m“ Parking price regulation | Return to origin - 10%  14%  27%  35%  40%  40%  40% gi’;\’/’:rt)
Drive around - 8% 14% 26% 31% 38% 38% 38% y
Park outside - 8% 10% 18% 25% 34% 34% 34%
Baseline 0% 3% 3% 6% 9% 19% 19% 19%
Replacing on-street Space for public use - 7% 8% 2% 0% -1% -1% -1%
parking Driving lanes - 5% 3% 3% 3% 5% 5% 5%
Pick-up/drop-off - -6% -1% 4% 4% 2% 2% 2%
Automated ride sharing Baseline _ _ 0% 6% 10% 19% 36% 43% 43% 43%
Automated ridesharing - 8% 11% 17% 20% 20% 20% 20%
Green Light Optimised | Baseline 0% 6% 10% 19% 36% 43% 43% 43%
Speed Advisory GLOSA - 5% 3% 5% 8% 8% 8% 8%
Baseline 0% -5% -5% 4% 2% 6% 6% 6%
Road use pricing Empty km pricing - 8% 8% 12% 15% 17% 17% 17%
Static toll - 10% 12% 18% 16% 18% 18% 18%
Dynamic toll - 13% 15% 22% 22% 24% 24% 24%
Baseline 0% 1% 1% -3% -3% 1% 1% 1%
i Outermost motorway lane - 6% 4% 10% 10% 16% 16% 16%
Ded'catgAdV'a”es for | Innermost motorway lane - 4% 4% 6%  14%  16%  16%  16%
Vehicle s Outermost motorway lane and A-road - 3% 3% 3% 0% 0% 0% 0% Delphi
occupancy Dynamically controlled AV dedicated lane - 4% 4% 9% 9% 17% 17% 17% (expert
rate Baseline 0% 4% -2% -2% -3% -5% -5% -5% survey)
Park inside - 4% 8% 8% 14% 23% 23% 23%
Parking price regulation | Return to origin - 2% 4% 8% 8% 9% 9% 9%
Drive around - 2% -1% -4% -1% 4% 4% 4%
Park outside - 4% 4% 11% 7% 17% 17% 17%
i Baseline 0% -6% -6% -8% -9% -9% -9% -9%
Replacmgkgn—street Space for public use - 7% 9% 9% 19% 19% 19% 19%
parking Driving lanes - 6% 8%  -4%  -2% -10% -10% -10%
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Pick-up/drop-off - -7% -3% -3% 9% 14% 14% 14%

. . Baseline 0% 0% 0% -4% 1% 10% 10% 10%

Automated ride sharing | a,tomated ridesharing - 9%  13%  20%  20%  20%  20%  20%
Green Light Optimised Baseline 0% 0% 0% -4% 1% 10% 10% 10%
Speed Advisory GLOSA - 4% 4% 4% 4% 4% 4% 4%
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D.3 Societal, economic and safety impacts

Market penetration rate: AVs in Background vehicle fleet
(Human-driven vehicle - 1st Generation AV - 2nd Generation AV)

40-40- 20-40-
Impact Sub-use case Scenario 100-0-0 80-20-0 60-40-0 20 40 0-40-60 0-20-80 0-0-100 Method
Baseline 0,0% 6,1% 4,2% 4,3% -5,5% -7,4% -7,4% -7,4%
Empty km pricing - 2,3% 2,3% 2,5% -3,1% -3,1% -3,1% -3,1%
ROaa use pricing | gtatic toll - 19,9% 19,4% 15,4% 9,3% 9,3% 9,3% 9,3%
Dynamic toll - 17,3% 15,3% 14,9% 12,8% 13,3% 13,3% 13,3%
Baseline 0,0% 11,7% 11,7% 4,8% 4,3% 0,2% 0,2% 0,2%
Outermost motorway lane - 10,1% 4,3% -5,6% -10,1% -14,0% -14,0% -14,0%
Dedicatgd,lanes 1or | 1nnermost motorway lane - 0,3% 0,3% -3,6%  -10,1%  -10,1%  -10,1%  -10,1%
Outermost motorway lane and A-road - 4,2% 0,3% -3,6% -8,1% -10,1% -10,1% -10,1%
Dynamically controlled AV dedicated lane - -5,6% -5,6% -5,6% -14,0% -18,5% -18,5% -18,5%
Baseline 0,0% 12,9% 9,0% -1,0% -10,1% -19,7%  -19,7%  -19,7%
Vehicle Park inside - 5,0% 8,4% 9,2% 12,5% 12,9% 12,9% 12,9% Delphi
OPELYNg "fg"'r‘lgt?r'ce Return to origin - 12,6% 10,8% 16,5% 17,0% 22,8% 22,8% 22,8% SGRPES
gulation Drive around - 7,0% 14,6%  20,8%  22,7%  20,8%  20,8%  20,8%
Park outside - 7,5% 1,1% 1,1% -4,1% -2,5% -2,5% -2,5%
Baseline 0,0% -8,6% 0,5% 8,4% 16,4% 12,8% 12,8% 12,8%
Replacing on-street | Space for public use - 0,6% -5,0% -1,5% -2,8% -0,7% -0,7% -0,7%
parking Driving lanes - 12,7% 12,8% 13,8% 18,4% 13,8% 13,8% 13,8%
Pick-up/drop-off - 0,3% -0,3% 6,2% 3,8% 10,7% 10,7% 10,7%
Automated ride Baseline 0,0% 14,5% 12,3% 12,4% 9,5% 8,5% 8,5% 8,5%
sharing Automated ridesharing - 4,3% 4,2% -9,6% -15,7%  -20,1%  -20,1%  -20,1%
Green Light Optimised | Baseline 0,0% 14,5% 12,3% 12,4% 9,5% 8,5% 8,5% 8,5%
Speed Advisory GLOSA - -3,2% 0,4% 2,8% 2,8% 2,8% 2,8% 2,8%
Baseline 0,0% -7,9% -12,8% -27,4% -47,8% -66,2% -77,5% -87,1%
Motorway and A road (fixed) - 2,0% -11,4% -26,3% -40,0% - - - Micro-
Deaicateg,)anes 1or | A road right most lane (fixed) - -2,8% -16,8%  -28,3%  -44,6% - - - simulation
A road left most lane (fixed) - -9,5% -23,3%  -35,6%  -46,6% - - - (Manchester)
Motorway only (fixed) - 7,4% -7,0% -19,3% -39,9% - - -
Baseline 0,0% 22,0% 7,3% -7,4% -31,4%  -42,7%  -60,3%  -66,9%
Road safety Drive around without parking - 14,8% 43,1% -12,4% -22,6% -41,8% -45,6% -67,4%
(crashes per Parking price Balanced scenario: park inside centre (13%), Micro-
veh-km) regulation return to origin (22%), outside centre (45%), or - 21,8% 2,3% -7,1% -25,4% -30,2% -47,6% -54,6% simulation
arive around (ZU%) (Santanaer)
5;;3/;'; to Origin (33%) or Park Outside centre - 8,1% 71%  -53%  -23,4% -39,1%  -49,1%  -55,8%
Rep|acing on-street Baseline 0,00/0 —14,10/0 —25,40/0 '47,00/0 '59,70/0 '77,00/0 '84,30/0 '91,60/0 Micro-
parking Removing half of the on-street parking spaces -10,1% -16,7% -32,5% -50,7% -61,9% -79,3% -84,5% -92,6% simulation
Replacing with driving lanes -14,0%  -28,1%  -41,8%  -55,1%  -68,0%  -82,5% -88,0% | -94,0% (Leicester)
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Replacing with pick-up and/or drop-off points -2,7% -15,9% -30,6% -49,7% -60,4% -80,3% -85,1% -92,2%
Replacing with public spaces -17,9% -28,1% -42,2% -57,4% -69,1% -81,4% -88,0% -94,1%
Replacing with cycling lanes -15,6% -31,1% -43,8% -55,9% -68,5% -81,9% -87,8% -94,4%
Baseline 0,0% 6,7% -11,6% -32,1% -45,8% -69,0% -76,3% -87,1%
5% demand served - 20% willingness to share - 0,7% -3,9% -17,3% -27,9% -58,5% -71,3% -86,5%
5% demand served - 50% willingness to share - 5,2% -7,0% -13,7% -30,2% -57,5% -70,1% -84,7%
5% demand served - 80% willingness to share - -0,5% -5,6% -20,6% -34,5% -59,7% -65,9% -85,1%
5% demand served - 100% willingness to share - -3,5% -10,4% -24,3% -30,3% -58,9% -68,6% -84,5%
Automated ride 10% demand served - 20% willingness to share - 9,0% 3,9% -4,7% -29,3% -52,7% -66,6% -84,4% Micro-
sharing 10% demand served - 50% willingness to share - 7.2% -6,8% -9,8% -32,4% -55,2% -68,9% -84,5% simulation
10% demand served - 80% willingness to share - 7,8% -1,8% -17,8% -35,5%  -60,2%  -66,5% | -859%  (Manchester)
10% demand served - 100% willingness to share - 5,5% -3,7% -14,3% -35,6% -61,2% -68,5% -86,0%
20% demand served - 20% willingness to share - -6,0% -11,3% -10,0% -25,2% -50,6% -61,3% -80,1%
20% demand served - 50% willingness to share - -9,9% -15,6% -22,9% -32,1% -54,7% -65,8% -82,3%
20% demand served - 80% willingness to share - -15,2% -17,3% -22,7% -43,0% -58,3% -66,0% -83,6%
20% demand served - 100% willingness to share - 2,6% -7,1% -22,6% -41,5% -60,3% -70,2% -86,8%
Baseline 0,0% 25,7% 17,1% 24,9% 8,1% -48,3% -55,7% -84,5% .
Green Light Optimised | GLOSA on 1 Intersection 0,0% 21,1%  13,5%  253%  21,7%  -44,6%  -49,8% | -82,7% .M'Clro.'
Speed Advisory | GLOSA on 2 Intersections 0,0% 5,9% 6,4% 12,7% 7,8% -46,9%  -56,5%  -87,1% (n?;";ﬁha;éigr)
GLOSA on 3 Intersections 0,0% 15,0% 6,2% 9,6% 12,1% -46,6% -56,7% -86,9%
Baseline 0,0% -6,1% -9,6% -18,9% -24,6% -31,2% -31,2% -31,2%
Road use pricing Empty km pricing - -1,6% -5,4% -5,8% -10,5% -10,5% -10,5% -10,5%
Static toll - 4,6% 6,3% 3,0% 1,8% 1,7% 1,7% 1,7%
Dynamic toll - -4,3% -2,5% -3,8% -0,3% -0,3% -0,3% -0,3%
Baseline 0,0% -3,8% -3,7% -8,9% -14,6%  -25,2%  -252%  -25.2%
it e | Outermost motorway lane - -0,4% -3,8% -3,9% -3,8% -3,1% -3,1% -3,1%
AVe Innermost motorway lane - 0,3% -3,7% -3,7% -14,1% -10,7% -10,7% -10,7%
Outermost motorway lane and A-road - 0,3% -3,7% -3,7% -10,1% -10,6% -10,6% -10,6%
Dynamically controlled AV dedicated lane - -0,4% -3,8% -3,9% -3,8% -4,3% -4,3% -4,3%
Baseline 0,0% -3,7% -13,0% -17,2% -15,3% -29,9% -29,9% -29,9%
Parking Park inside - -0,1% -7,0%  -16,1%  -28,8%  -36,3%  -36,3%  -36,3% Delphi
reqfx'i::eﬁent "“L‘;‘L‘i“:'”‘ Return to origin - -1,9% -1,8% -5,0%  -10,7%  -18,7%  -18,7%  -18,7% éﬁ’;f/’:;t)
Drive around - -3,7% -1,8% -13,4% -23,0% -34,3% -34,3% -34,3%
Park outside - -1,9% -5,7% -4,2% -12,6%  -11,7%  -11,7%  -11,7%
Baseline 0,0% 10,2% 6,7% 7,8% 8,4% -2,6% -2,6% -2,6%
Replacing on-street | Space for public use - -27,6% -27,6% -22,6% -26,6% -29,6% -29,6% -29,6%
parking Driving lanes - -9,6% -9,5% -10,1%  -12,5%  -19,6%  -19,6%  -19,6%
Pick-up/drop-off - -17,2%  -27,1%  -29,6%  -38,2% = -44,2%  -44,2% @ -44,2%
Automated ride Baseline 0,0% 0,7% 4,5% -11,1% -17,2% -31,7% -31,7% -31,7%
sharing Automated ridesharing - 0,3% -3,3% -12,2% -9,9% -23,0% -23,0% -23,0%
Green Light Optimised | Baseline 0,0% 0,7% 4,5% -11,1% -17,2% -31,7% -31,7% -31,7%
Speed Advisory GLOSA - -2,7% -2,7% -2,7% -2,7% -2,7% -2,7% -2,7%
Baseline no policy intervention 0,0% 2,7% 8,0% 19,7% 34,7% 47,3% - -
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Road use pricing Static toll: 10 euros -34,2% -32,9% -31,6% -30,8% -30,1% -28,0% - -
Parking price
Parking regmgtﬁ)n Adjusted parking behaviour (Balanced scenario) -28,1% -28,7% -28,2% -28,1% -26,6% -27,1% - -
space Replacing on-street | Removing half of spaces 222%  -17,3%  -8,0% 14,9% 34,2%  47,3% - - dSVSter_“
demand parking Replacing with driving lanes -20,5%  -15,6%  -2,0%  253%  44,8%  57,3% - - ynamics
Automated ride
sharing 20% of demand & 100% willing to share O Zlfde T g3 FA e ) )
Baseline 0,0% 2,1% 3,8% 7,4% 7,4% 11,8% 11,8% 11,8%
- Empty km pricing - 7,7% 7,7% 5,7% 9,6% 9,6% 9,6% 9,6%
Road use pricing | gyatic toll - 10,8% 14,3% 10,8% 9,0% 9,0% 9,0% 9,0%
Dynamic toll - 11,1% 11,1% 9,0% 5,4% 7,1% 7,1% 7,1%
Baseline 0,0% -5,7% -5,7% -5,8% -6,2%  -11,2%  -11,2%  -11,2%
. Outermost motorway lane - -3,8% -5,5% -0,4% 3,2% 8,7% 8,7% 8,7%
Dedicated lanes for | 1ynormost motorway lane - -0,4% -0,2% -0,4% -3,8% 3,5% 3,5% 3,5%
AVs Outermost motorway lane and A-road - -0,4% -5,6% 3,1% -4,3% 3,1% 3,1% 3,1%
Dynamically controlled AV dedicated lane - -0,4% -3,8% 3,0% 3,1% 4,8% 4,8% 4,8%
Baseline 0,0% 3,6% 1,8% 5,5% 5,6% 8,0% 8,0% 8,0%
. _ _ Park inside - -0,1% 1,8% 3,7% 5,6% 8,0% 8,0% 8,0% Delphi
Public health Parking price Return to origin - -3,8% 0,0% 0,5% -1,3%  -1,9%  -1,9%  -1,9% (expert
regulation Drive around - -3,8%  -13,5%  -17,7%  -23,8%  -23,8%  -23,8%  -23,8% survey)
Park outside - -0,1% -0,1% 1,8% 3,7% 7,9% 7,9% 7,9%
Baseline 0,0% 0,3% 2,3% 6,8% 9,8% 10,3% 10,3% 10,3%
Replacing on-street | Space for public use - 10,7% 18,8% 23,9% 33,5% 44,5% 44,5% 44,5%
parking Driving lanes - -3,7% -8,2%  -20,1% -16,1% -32,1%  -32,1%  -32,1%
Pick-up/drop-off - 2,2% 2,2% 8,3% 10,4% 12,9% 12,9% 12,9%
Automated ride Baseline 0,0% 2,5% 4,5% 7,0% 7,0% 7,0% 7,0% 7,0%
sharing Automated ridesharing - 4,4% 4,9% 8,8% 8,8% 8,8% 8,8% 8,8%
Green Light Optimised | Baseline 0,0% 2,5% 4,5% 7,0% 7,0% 7,0% 7,0% 7,0%
Speed Advisory GLOSA - 0,2% 0,2% 0,2% 0,2% 0,2% 0,2% 0,2%
Baseline 0,0% -0,7% 5,4% 8,5% 13,1% 14,6% 14,6% 14,6%
. Empty km pricing - -3,8% -3,8% -3,7% -1,1% -2,6% -2,6% -2,6%
Road use pricing | giatic toll - -8,2% -5,2% -4,0% -1,0% 2,0% 2,0% 2,0%
Dynamic toll - -5,7% -5,7% -5,7% -4,2% -5,7% -5,7% -5,7%
Baseline 0,0% 4,2% 4,2% 4,2% 6,3% 6,3% 6,3% 6,3%
_ Outermost motorway lane - -3,2% -4,9% 0,2% -8,4% -5,0% -5,0% -5,0%
Equal Dedicated lanes for | 1,harmost motorway lane - 0,2% 0,2% 0,1% -3,2% 0,3% 0,3% 0,3% Delphi
2?:$:§Isb;;:;:¥ AVs Outermost motorway lane and A-road - 3,6% 0,2% 8,8% 0,3% 5,5% 5,5% 5,5% éi);\?:;t)
Dynamically controlled AV dedicated lane - 0,2% -3,2% 5,4% 0,3% 3,7% 3,7% 3,7%
Baseline 0,0% 3,9% 5,8% 11,5% 16,3% 24,8% 24,8% 24,8%
_ _ Park inside - 7,6% 5,9% 5,9% 3,6% 1,2% 1,2% 1,2%
Parking price Return to origin - 3,8% 9,6% 13,3% 21,5% 22,4% 22,4% 22,4%
regulation Drive around - 0,2% -2,1% -3,8% -3,8% -8,0% -8,0%  -8,0%
Park outside - -3,5% -5,3% 0,3% -0,1% 1,8% 1,8% 1,8%
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Baseline 0,0% -1,3% -0,8% 0,7% 7,7% 12,7% 12,7% 12,7%
Replacing on-street | Space for public use - -3,7% -9,7% -12,1% -10,1% -13,1% -13,1% -13,1%
parking Driving lanes - 0,3% 4,8% 10,8% 10,9% 20,9% 20,9% 20,9%
Pick-up/drop-off - -1,7% 0,3% 6,8% 9,3% 9,8% 9,8% 9,8%
Automated ride Baseline 0,0% 9,1% 9,1% 12,9% 18,7% 17,1% 17,1% 17,1%
sharing Automated ridesharing - 9,1% 13,7% 18,6% 17,1% 13,8% 13,8% 13,8%
Green Light Optimised Baseline 0,0% 9,1% 9,1% 12,9% 18,7% 17,1% 17,1% 17,1%
Speed Advisory GLOSA - 5,0% 5,0% 5,0% 5,0% 5,0% 5,0% 5,0%
Baseline no policy intervention 0,0% 0,0% 0,0% 0,0% 0,0% 1,0% - -
Road use pricing Static toll: 10 euros 0,0% 0,0% 0,0% 0,0% 0,0% 1,0% - -
Average Par(:_l;'ﬂgt?gfe Adjusted parking behaviour (Balanced scenario) 0,0% 0,0% 0,0% 0,0% 0,0% 1,0% B } System
c:;:g:z:;g Replacing on-street | Removing half of spaces 0,0% 0,0% 0,0% 0,0% 0,0% 1,0% - - dynamics
parking Replacing with driving lanes 0,0% 0,0% 0,0% 0,0% 0,0% 1,0% - -
AUtosn;:'t.iendgrlde 20% of demand & 100% willing to share 0,1% 0,1% 0,2% 0,3% 0,5% 1,0% - -
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