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Executive Summary

This deliverable presents the second iteration of environmental impact assessment and has as objective
to deepen the environmental Life Cycle Assessment (LCA) for the electric automated minibuses. This
document is a continuation of the environmental impact assessment, as presented in the D8.1 first
iteration environmental impact assessment. The environmental impact assessment is part of AVENUE
WP8 Sustainability assessment.

The study is structured in four main sections. Section 1 introduces the context of AVENUE project and the
deployment of pilot-tests of automated minibuses, seen as a complementary mode of transport to be
integrated into public transport.

Section 2 provides new insights and findings regarding the environmental performance of the EASB based
on the current demonstrators’ sites as well as for near-future scenarios and an ideal scenario of
deployment. Further sub-sections widen the investigation of the impacts of the automated minibuses by
comparing the automated minibuses with other modes of transport, addressing their potential impacts
stemming from infrastructure and digital environment for AVs, and potential changes in the modal split
triggered by the introduction of automated minibuses into the mobility system.

Section 3 presents the background methods for externalities calculations of the automated minibuses,
and Section 4 sets forth the performance of the automated minibuses according to main environmental
indicators, applied as well as part of sustainability assessments.

Main findings from the study point:

e Main parameters that influence the overall results are the electricity mix for operating automated
minibuses and component production, automated minibuses lifetime, lifetime mileage of the
vehicle, and the average passenger occupancy.

e The manufacturing phase of the automated minibus dominates the climate impacts in the current
demonstrator case. In near future cases, the use phase becomes the most important contributor
as the relative per passenger kilometre (pkm) contribution of the manufacturing, assembly and
end of life phase diminishes due to higher overall pkm. The unit of pkm is suited to best represent
the function of means of transport according to product category rules for public and private
buses and coaches (Environmental Product Declaration [EPD] International AB, 2018). Within an
ideal future use case scenario, those phases gain in importance as a consequence of increased
vehicle energy efficiency and use of renewable electricity for charging it.

e When comparing the automated minibus with other modes of transport, the climate impacts of
the current automated minibuses demonstration case (pkm) are significantly lower than those of
a diesel bus but much higher in comparison to most other means of public transport. However, in
the near future, the automated minibus performs better than all other means of transport at off-
peak and better than all individual vehicles at average operation. Compared to other public
transportation vehicles’ peak and average operation, automated minibuses are on similar levels.

e The deployment of automated and connected vehicles could impact the overall travelled
kilometres and lead to drastic modal shifts. In this regard, different estimates are discussed.

e On the one hand, AVs have a higher energy consumption compared to conventional vehicles

(sensors, communication, digital infrastructure, etc.). On the other hand, energy savings from
connectivity, optimisation of fleet operations, intersection V2I, platooning, eco-driving could
offset the vehicle energy consumption.

e Preliminary results of the environmental indicators point that overall, the energy efficiency and
reduction on local air pollution are strong points of the automated minibus. Better performance
on climate change indicator can be achieved in the short term through increased mileages and
vehicle occupancy. As for local noise pollution, the automated minibus do not present many
advantages in comparison to other cars, for example. Therefore, the incentives for soft modes of
transport might be more effective.
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1 Introduction

AVENUE aims to design and carry out full-scale demonstrations of urban transport automation by
deploying, for the first time worldwide, fleets of Automated minibuses in low to medium demand areas
of 4 European demonstrator cities (Geneva, Lyon, Copenhagen and Luxembourg) and 2 to 3 replicator
cities. The AVENUE vision for future public transport in urban and suburban areas, is that Automated
vehicles will ensure safe, rapid, economic, sustainable and personalised transport of passengers. AVENUE
introduces disruptive public transportation paradigms on the basis of on-demand, door-to-door services,
aiming to set up a new model of public transportation, by revisiting the offered public transportation
services, and aiming to suppress prescheduled fixed bus itineraries.

Vehicle services that substantially enhance the passenger experience as well as the overall quality and
value of the service will be introduced, also targeting elderly people, people with disabilities and
vulnerable users. Road behaviour, security of the Automated vehicles and passengers’ safety are central
points of the AVENUE project.

At the end of the AVENUE project four-year period the mission is to have demonstrated that Automated
vehicles will become the future solution for public transport. The AVENUE project will demonstrate the
economic, environmental and social potential of Automated vehicles for both companies and public
commuters while assessing the vehicle road behaviour safety.

1.1 On-demand Mobility

Public transportation is a key element of a region's economic development and the quality of life of its
citizens.

Governments around the world are defining strategies for the development of efficient public transport
based on different criteria of importance to their regions, such as topography, citizens' needs, social and
economic barriers, environmental concerns and historical development. However, new technologies,
modes of transport and services are appearing, which seem very promising to the support of regional
strategies for the development of public transport.

On-demand transport is a public transport service that only works when a reservation has been recorded
and will be a relevant solution where the demand for transport is diffuse and regular transport is
inefficient.

On-demand transport differs from other public transport services in that vehicles do not follow a fixed
route and do not use a predefined timetable. Unlike taxis, on-demand public transport is usually also not
individual. An operator or an automated system takes care of the booking, planning and organization.

It is recognized that the use and integration of on-demand Automated vehicles has the potential to
significantly improve services and provide solutions to many of the problems encountered today in the
development of sustainable and efficient public transport.

1.2 Fully Automated Vehicles

A self-driving car, referred in the AVENUE project as an Fully Automated Vehicle (AV), also referred as
Autonomous Vehicle, is a vehicle that is capable of sensing its environment and moving safely with no
human input.




=/AVENUE

D8.2 Second Iteration Environmental Impact

The terms automated vehicles and autonomous vehicles are often used together. The Regulation
2019/2144 of the European Parliament and of the Council of 27 November 2019 on type-approval
requirements for motor vehicles defines "automated vehicle" and "fully automated vehicle" based on
their autonomous capacity:

e An "automated vehicle" means a motor vehicle designed and constructed to move autonomously
for certain periods of time without continuous driver supervision but in respect of which driver
intervention is still expected or required

e "fully automated vehicle" means a motor vehicle that has been designed and constructed to move
autonomously without any driver supervision

In AVENUE we operate Fully Automated minibuses for public transport, (previously referred as
Autonomous shuttles, or Autonomous buses), and we refer to them as simply Automated minibuses or
the AVENUE minibuses.

In relation to the SAE levels, the AVENUE project will operate SAE Level 4 vehicles.

SE SE SE SE SE SE
LEVEL 4

LEVELO LEVEL1 LEVEL2 LEVEL3 LEVEL S5

You are driving whenever these driver support features
are engaged - even if your feet are off the pedals and
you are not steering

You must constantly supervise these support features;
you must steer, brake or accelerate as needed to
maintain safety

These features These features These features
are limited provide provide
to providing steering steering
warnings and OR brake/ AND brake/
momentary acceleration acceleration
assistance support to support to
the driver the driver

*automatic «lane centering  *lane centering
cIEISERcy OR AND
braking
*blind spot
warning

+lane departure
warning

+adaptive cruise  +adaptive cruise
control control at the
same time

You are not driving when these automated driving
features are engaged - even if you are seated in
“the driver’s seat™

When the feature These automated driving features
requests, will not requ»irve you to take
you must drive over driving

This feature
can drive the
vehicle under
all conditions

These features can drive the vehicle
under limited conditions and will
not opéerate unless all required
conditions are met

«traffic jam slocal driverless  +same as
chauffeur taxi level 4,
but feature
«pedals/ d
steering can drive

viheel may o everywhere

in all
may not be nall
installed conditions

©2020 SAE International

Figure 1: levels of driving automation

1.2.1 Automated vehicle operation overview

We distinguish in AVENUE two levels of control of the AV: micro-navigation and macro-navigation. Micro
navigation is fully integrated in the vehicle and implements the road behaviour of the vehicle, while
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macro-navigation is controlled by the operator running the vehicle and defines the destination and path
of the vehicle, as defined the higher view of the overall fleet management.

For micro-navigation Automated Vehicles combine a variety of sensors to perceive their surroundings,
such as 3D video, LIDAR , sonar, GNSS, odometry and other types sensors. Control software and systems,
integrated in the vehicle, fusion and interpret the sensor information to identify the current position of
the vehicle, detecting obstacles in the surround environment, and choosing the most appropriate reaction
of the vehicle, ranging from stopping to bypassing the obstacle, reducing its speed, making a turn etc.
For the Macro-navigation, that is the destination to reach, the Automated Vehicle receives the information
from either the in-vehicle operator (in the current configuration with a fixed path route), or from the
remote control service via a dedicated 4/5G communication channel, for a fleet-managed operation. The
fleet management system takes into account all available vehicles in the services area, the passenger
request, the operator policies, the street conditions (closed streets) and send route and stop information
to the vehicle (route to follow and destination to reach).

1.2.2 Automated vehicle capabilities in AVENUE

The Automated vehicles employed in AVENUE fully and automatically manage the above defined, micro-
navigation and road behaviour, in an open street environment. The vehicles are Automatically capable to
recognise obstacles (and identify some of them), identify moving and stationary objects, and
Automatically decide to bypass them or wait behind them, based on the defined policies. For example
with small changes in its route the AVENUE shuttle is able to bypass a parked car, while it will slow down
and follow behind a slowly moving car. The AVENUE vehicles are able to handle different complex road
situations, like entering and exiting round-about in the presence of other fast running cars, stop in zebra
crossings, communicate with infrastructure via V2| interfaces (ex. red light control).

The shuttles used in the AVENUE project technically can achieve speeds of more than 60Km/h. However
this speed cannot be used in the project demonstrators for several reasons, ranging from regulatory to
safety. Under current regulations the maximum authorised speed is 25 or 30 Km/h (depending on the
site). In the current demonstrators the speed does not exceed 23 Km/h, with an operational speed of 14
to 18 Km/h. Another, more important reason for limiting the vehicle speed is safety for passengers and
pedestrians. Due to the fact that the current LIDAR has a range of 100m and the obstacle identification is
done for objects no further than 40 meters, and considering that the vehicle must safely stop in case of
an obstacle on the road (which will be “seen” at less than 40 meters distance) we cannot guarantee a safe
braking if the speed is more than 25 Km/h. Note that technically the vehicle can make harsh break and
stop with 40 meters in high speeds (40 -50 Km/h) but then the break would too harsh putting in risk the
vehicle passengers. The project is working in finding an optimal point between passenger and pedestrian
safety.

Due to legal requirements a Safety Operator must always be present in the vehicle, able to take control
any moment. Additionally, at the control room, a Supervisor is present controlling the fleet operations.
An Intervention Team is present in the deployment area ready to intervene in case of incident to any of
the mini-busses.

1.1 Preamble

This deliverable aims at deepening the environmental impact assessment within AVENUE and aligns it
with the overall sustainability assessment. To achieve these goals, this study builds upon a life cycle
assessment (LCA) study as presented in D8.1 First iteration environmental impact assessment. The LCA is
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enhanced and extended to provide new insights and accurate data on the environmental impacts of
automated minibuses on public transportation. The assessment of environmental externalities to indicate
their societal consequences in monetary terms is another important component of this deliverable and
supports the economic assessment tasks of WP8. All of these results support the overall sustainability
assessment, and therefore this deliverable furthermore elaborates the environmental indicators that are
required within that assessment. See Figure 2 for an overview of the studies and deliverables.

| Data input | Methods and analysis ‘ | Environmental assessment | | Sustainability assessment
Environmertal Impact Assesament (LCA) Firstiteration environmental
First iteration, based on level ofvehicle impact assessment
Mobility behavior in cities:
Medal sharein local area of —
pilots
J
-~ ~ Environmental Impact Assesament (LCA)
(" Profileof usecaseand \ Seconditeration, based on level of
criteria (pilots): Transportation system and urban system v
*  Luxembourg [Pfaffenthal, r
Contern), R { = =
C::;‘rr:‘a",en _l External costs: Congestion costs, | Second iteration
Geneva [Meyrin, Belle Noise, accidents, climate change, air - environmental impact
| ldee) pollution, Habitat damage | assessment Socialimpact Economic
\ Lyon L assesament impact
. _ . e o it
Environmental indictors: quantifying assesame
Scenario: BAU, AV on site, full environmental effects for a comparison J, l l
operation AV routes, AV with other modes oftransport
(2030) {based onsurvey)
scenario Final environmental > Final Sustainability
impact assessment assessment

Figure 2: Overview elements of the environmental impact assessment

Section 2 builds upon the description of the LCA research design, goal and scope definition. It presents the
results of the LCA study as well as analyses different scenarios and variables (sensitivity analysis) to deploy
the automated minibuses. Further, section 2 presents the comparison of the automated minibus with
other modes of transport, their potential impacts on modal shares, and addresses the potential impacts
of infrastructure and digital environment for Automated Vehicles (AVs).

Section 3 presents the building blocks for the calculations of the environmental externalities of the
automated minibuses based on the approach of tank-to-wheel and well-to-tank. Section 4 addresses the
environmental indicators for sustainability assessment of the automated minibuses.

As part of the WP8, Section 3 and 4 also support the sustainability assessment. Related concepts, as
Sustainable Urban Mobility Plan (SUMP), are included in the second iteration of sustainability assessment.

As a starting pointing, it is worth noting that the impacts of the introduction and integration of AVs can be
assessed through the different spheres. First, the vehicle itself, and secondly, the vehicle interactions with
the mobility system, environment and society (Figure 3). By expanding the spheres of analysis, the
uncertainty of estimates and system complexity increases.
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Society

Urban System

Transportation System

Vehicle

Figure 3: Spheres of interaction between AVs, the environment
and society (adapted by the authors from Taiebat et al., 2018)

The First Iteration Environmental Impact focused particularly on the LCA study of the automated
minibuses, as a vehicle. This second iteration takes the analysis a step further by expanding it to the
potential impact of the automated minibuses on the transportation system and urban system. The impact
on wider society is beyond the scope of this deliverable and the environmental assessment.
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2 Life Cycle Analysis: continuation

The First Iteration Environmental Impact (Deliverable 8.1; Huber et al.,, 2019) framed a life cycle
assessment (LCA) of automated minibus deployed within the context of AVENUE. It included an analysis
of available research results and guidelines as well as preliminary results regarding the environmental
performance of the vehicles operated within AVENUE. In this second deliverable, we continue this work
by 1) presenting up to date results on the life cycle impacts of an automated minibus, 2) analysing the
automated minibus performance compared to other modes of transport and 3) changing key parameters
and influence factors that may impact the transportation system and urban mobility.

2.1 LCA results and scenarios

Environmental life cycle assessment (LCA) is a well-established and frequently used set of methods to
assess the environmental impacts of products along their whole life cycle from raw material extraction to
disposal and recycling. An LCA study is the centrepiece of this research and analyses the entire product
life cycle of an automated minibus from raw material extraction via production and use to final disposal
and recycling stages.

Core standards for LCA studies are the ISO guidelines 14040 and 14044 (International Organization for
Standardization [ISO], 2006a; ISO, 2006b)) accompanied by the International Reference Life Cycle Data
System (ILCD) handbook provided by the European Union’s Joint Research Centre (European Commission,
Joint Research Centre, Institute for Environment and Sustainability [EC JRC IES], 2010). Furthermore, a
specific guideline for LCA of electric vehicles by Del Duce et al. (2013) is taken into account.

The study is also based on primary data collection from AVENUE. Hence, a manufacturer of the and public
transport operators from the four demonstrator cities provided primary data for this study. Further data
has been retrieved from common LCA databases, mostly from ecoinvent 3.5 (ecoinvent, 2020). The LCA
software Umberto® (Institut fir Umweltinformatik Hamburg GmbH, 2020) has been used to model the
product life cycle and analyse the results. Figure 4 summarises the research design and the four stages
approach of the study.
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Figure 4: Research design including LCA stages according to ISO, 2006a; AD - automated driving
components; EV - electric vehicle components

Bl Goal and scope definition

Goal and scope specify the system under investigation and elaborate the functional unit. The functional
unit of an automated minibus is one passenger kilometre (pkm) in public transportation. The study
assesses an automated, battery-electric minibus with a total mileage of 42,000 km, which represents the
currently expected capabilities of automated minibuses at demonstration sites. Generally, the automated
minibus is capable of transporting 15 people and weighs 2,400 kg. To provide this service, a lithium iron
phosphate (Li-FePO4) battery is installed in the bus, and it is fuelled with the average European electricity
mix if not stated otherwise. For the assessment, a cradle to grave approach is chosen, including raw
material extraction and component production, final assembly, use stage and end of life treatment.

Six of the recommended impact categories are used in all of these specifications: Acidification, Climate
Change, Eutrophication, Ozone Depletion, Photochemical Ozone Formation, and Resource Depletion. This
study focuses on these six environmental impact categories (EC JRC IES, 2011; EC JRC IES, 2012).

As indicated in Fig. 4, this study’s product system comprises the main life cycle phases component
production, vehicle assembly, use, and end of life treatment in line with recommendations by Del Duce et
al. (2013). Component production has been further separated into battery manufacturing, manufacturing
of automated driving components, and manufacturing of all other bus components. For each of these life
cycle phases and subdivisions, relevant material and energy flow inputs and outputs need to be accounted
for at the life cycle inventory stage of LCA.

B Life-Cycle Inventory

The life cycle inventory includes all environmentally relevant material and energy flows that enter or leave
the system under investigation.
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As a starting point, a generic automated minibus model has been built based on literature data (Gawron,
Keoleian, Kleine, Wallington, & Kim, 2018; Hawkins, Singh, Majeau-Bettez & Hammer Stremman, 2012;
Majeau-Bettez, Hawkins & Hammer Stremman, 2011). In a second step, the model has been refined by
adding primary data retrieved from the automated minibus manufacturer and public transport operators
involved in AVENUE. Data has been collected for 21 bus components and additional automated driving
components. As some automated driving components are very small and light, they have been excluded
from this assessment. The weight of these neglected components represents only 0.18% of the total
automated minibus weight.

Equally important as the weight is the lifetime of the bus. So far, the lifetime of an automated minibus has
not yet been determined because until recently, no automated minibus of the manufacturer has yet
reached its life end. According to the manufacturer, one 33kW battery lasts 2000 charging cycles (worst
case, conservative approach). Estimating an operation of five days per week for 52 weeks a year results in
7.69 years of theoretical operation. This value is rounded off to seven years in order to account for
probable losses and reduced efficiency when the battery is maturing over time (Hadjipaschalis, Poullikkas
& Efthimiou, 2008). In case the lifetime of automated minibus extends seven years, the battery would
have to be replaced, which brings along additional costs and environmental burden for the transport
operators. Transport operators and the automated minibus manufacturer, therefore, assumed that the
lifetime of an automated minibus is aligned with the lifetime of its battery while also acknowledging that
the rapid technology development of automated minibuses in some cases might make automated
minibuses become obsolescent and decommissioned even prior to the battery’s end of life. On the other
side, some LCA studies of battery for electric vehicles indicate longer lifetimes, e.g. ten years (Deng et al.,
2017). The lifetime of seven years, therefore, represents an average value and requires sensitivity analysis.

The calculation of the total mileage is based on estimations of the local transport operators: All automated
minibuses of the project are still in trial mode and do not run in full operation. Consequently, they are
operating about 200 days a year and drive 30 kilometres per day. Assuming seven years of operation and
taking into account a daily distance of 30 kilometres on 200 operating days per year results in total mileage
of 42,000 kilometres. Additionally, local transport operators state that there are four passengers on
average on board the automated minibus, while the maximum capacity is 15. Another important indicator
to assess the material and energy flows associated with running automated minibuses is their energy use.
According to test results of the automated minibus manufacturer, driving 1 km at 6.6 km/h, an outside
temperature of 30° Celsius, and a temperature of 16° Celsius inside the bus, the automated minibus
consumes 520 Wh km-1. This energy use includes all automated components, all components for
passenger interaction, and the electric driving components. As speed, temperature, weight, and many
other factors influence automated minibuses energy use, it also requires sensitivity analysis.

The vehicle components required for automated driving are of particular interest and listed in Table 1. For
each component, reference technologies and nominal power figures have been derived from the
component manufacturer’s information. In total, automated driving components in automated minibuses
demand roughly 300 W. According to Gawron et al. (2018), the additional power required for a medium-
sized, automated vehicle sums up to 240 W, while Baxter, Merced, Costinett, Tolbert & Ozpineci, (2018)
state 200 W caused by the sensor-layout for a midsized vehicle. The higher value of this study might be
explained by a more detailed list of components in comparison to the studies by Gawron et al. (2018) and
Baxter et al. (2018), which focus on primary hardware technology, like sensors, radars, cameras, LiDARS,
computers, and location detection.
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Table 1: Nominal power of automated driving components installed in one automated minibus (Light
detection and ranging sensors (LiDARS) -, GNSS -, GPS -)

Automated driving component Number of Nominal power (W)
components
180° Mono-Layer LiDARS 6 48.0
360° Multi-Layer LiDARS 2 24.0
Computer 2 160.0
Module GNSS 1 5.6
Inertial Unit 1 0.2
World Shuttle Router 1 255
Front/Rear Cameras 4 4.0
Wheel Encoder 4 0.6
3G & Ethernet Router 2 12.0
15" Touchscreen 1 15.0
Steering Encoder 2 1.2
Radio Modul GNSS 1 0.2
4G Antenna 1 5.0
GPS Antenna 2 3.2
Total power consumption (watt) 304.4

In the current trial mode of the AVENUE project, an automated minibus drives 30 km on an 8-hour day.
The automated driving components require 82.1 Wh km™(304.4 W x 8 h / 30 km) or 15.6% of the total
energy use of 520 Wh km™

B Life Cycle Impact Assessment

At the life cycle impact assessment stage, material and energy flow from the life cycle inventory are linked
to their respective environmental consequences, i.e. the environmental impact categories chosen for this
study. For instance, greenhouse gas emissions of carbon dioxide, methane or dinitrogen monoxide
emitted throughout the automated minibus life cycle are converted into carbon dioxide equivalents
(CO.eq) to indicate the global warming potential as an indicator for climate change impacts associated
with providing the functional unit. Table 2 presents all environmental impacts per passenger kilometre
(pkm) for the chosen environmental impact categories, broken down to the life cycle phases component
production (separated into the battery, automated, and all other bus components), vehicle assembly, use,
and end of life. Table 2 shows the percentage contribution of the life cycle phases to the respective overall
environmental impacts.
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Table 2: Environmental impacts for 1 pkm of automated minibus driving at current trial mode; climate
change measured in kg CO2eq (carbon dioxide equivalents).
Acidification in mol H+eq (proton equivalents); eutrophication in kg Peq (phosphorous equivalents), ozone depletion in kg CFC-

11eq (trichlorofluoromethane equivalents), photochemical ozone formation (POCP) in NMVOCeq (non-methane volatile organic
compound equivalents), resource depletion in kg Sbeq (antimony-equivalents)

acidification climate change eutrophication ozone depletion pocp resource depletion
mol H+eq kg COzeq (kg Peq) (kg CFC1leq) (kg NMVOCeq) (kg Sbeq)
Autonomous driving | 5,27E-05 3% | 5,15E-03 3% 5,37E-06 2% 3,10E-10 0% 2,12E-05 3% 7,86E-07 1%
components
3,45E-04 21% | 4,70E-02 24% 4,24E-05 13% 1,78E-07 94% 1,43E-04 20% 4,81E-06 9%
Battery production
7,43E-04 46% | 7,73E-02 40% 2,07E-04 65% 5,49E-09 3% | 4,16E-04 57% | 4,90E-05 90%

Further bus components

1,14E-03 71% | 1,29E-01 67% | 2,55E-04 80% | 1,84E-07 98% | 5,80E-04 79% | 5,46E-05 100%
Raw material extraction and

component production

. 3,67E-06 0% | 8,05E-04 0% | 3,47E-07 0% | 4,46E-11 0% | 1,93E-06 0% | 1,76E-09 0%

Final assembly
- 4,51E-04 28% | 5,85E-02 30% | 6,16E-05 19% | 4,50E-09 2% | 1,38E-04 19% | 8,54E-08 0%

Use (driving)
End of lif 1,64E-05 1% | 5,30E-03 3% | 1,60E-06 1% | 1,29E-10 0% | 1,07E-05 1% | 1,02E-08 0%

nd of life

1,61E-03 100% | 1,94E-01 100% | 3,19E-04 100% | 1,88E-07 100% | 7,31E-04 100% | 5,47E-05 100%

Total

Within the current automated minibuses trial mode, the climate change impacts for each pkm are 194 g
CO2eq. Two-thirds of this impact (67%) stem from component production, while the use phase, i.e. driving,
accounts for 59 g COzeq (30%).

Component production is also the dominant phase in all other environmental impact categories, wherein
further bus components (arch, framework, etc.) have the highest contribution except for ozone depletion.
Here, the battery production dominates the results due to the use of polytetrafluoroethylene or “teflon”
in the anode production, which is associated with emissions of ozone depletion in its pre-chain.

The use phase’s environmental impacts are fully dominated by the electricity supply for charging the
automated minibus. An average European electricity mix has been used to calculate the impacts of
electricity generation. Due to incomplete data, the final assembly phase is mostly represented by
literature data (Hawkins et al.,, 2012). Within this phase, prefinished components are assembled,
connected, screwed together and so forth. The impact results confirm the rather low overall
environmental relevance of this phase and justify the use of average literature data. The end of life phase
is of similar insignificance compared to the use and component production phases.

H Sensitivity analysis, Scenario analysis, and Interpretation

Within the interpretation stage, the outcomes of previous stages are further analysed, discussed and
refined.

Previous sections have revealed that there are a couple of parameters that might influence overall results,
for instance, the electricity mix for operating automated minibus and also within component production,
lifetime and lifetime mileage of the vehicle, or average passenger occupancy. In the following sections,
such parameter variations are covered in sensitivity analysis and then linked with assumptions for
automated driving in future public transportation within scenario analyses. Table 3 provides parameter
settings for these sensitivity and scenario analyses.

In the sensitivity analysis, one parameter at a time is varied, while all other parameters remain unchanged.
Sensitivity analyses have been conducted for total mileage, passenger occupancy, utilisation of a
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renewable energy mix in the use stage, vehicle lifetime changes, utilisation of a renewable energy mix in
battery production, and higher vehicle energy efficiency. Some of the parameter variations reflect
expectations of transport operators within AVENUE concerning the future, e.g. higher passenger
occupancy and higher yearly mileage, but also shorter lifetimes of buses for reasons of technical
obsolescence. Other variations consider new studies on batteries for electric vehicles, which report lower
environmental impacts and higher lifetimes compared to past studies (Emilsson & Dahllof 2019).

In scenario analyses, six scenarios have been developed, with the current demonstrator case forming the
reference scenario. The first scenario (SC NF EU) describes an expected near future use case where
average passenger occupancy rises moderately (six instead of four passengers on average) and total
mileage increases due to automated minibus maturity and increased operation of 60 km per day at 360
days a year. Four further scenarios are based on this near-future use case and consider the respective
electricity mixes of the four countries automated minibuses demonstrators of AVENUE are in operation.
The last scenario (SC IDEAL) describes an ideal future use case with a more energy-efficient automated
minibuses driving 60 km per day over ten years, transporting nine passengers on average, and using
electricity from renewable resources, for both battery production and battery charging.

12




=AVENUE

D8.2 Second Iteration Environmental Impact

Table 3: Parameter settings of sensitivity and scenario analysis

Total mileage  Passenger Energy Electricity mix Battery Explanation
in km Occupancy  consumption  in use stage production
(distance/day* kWh/km renewable
operating energy mix
days/a*a)
Current| 42,000.00 4 0.52 Europe No Information about current
Demonstrators| (30*200*7) (current) transport operators from

demonstrator sites

SENSITIVITY ANALYSIS
SE1l 151,200.00 4 0.52 Europe No Expected increase in lifetime
(60*360*7) (current) mileage
SE2| 42,000.00 9 0.52 Europe No Expected increase in passenger
(30*200*7) (current) occupancy
SE3| 42,000.00 4 0.52 100% No Assuming renewable energy mix
(30*200*7) renewables for battery charging
SE4| 18,000.00 4 0.52 Europe No Reduced lifetime (3 years) due
(30*200*3) (current) to technical obsolescence of
vehicles
SE5|  60,000.00 4 0.52 Europe No Increased lifetime (10 years) due
(30*200*10) (current) to longer battery life, following
Emilsson & Dahll6f (2019)
SE6| 42,000.00 4 0.52 Europe Yes 100% renewable energy in
(30*200*7) (current) battery production, following
Emilsson & Dahllof (2019)
SE7| 42,000.00 4 0.30 Europe Yes Increase in energy efficiency for
(30*200*7) (current) driving and automation
SCENARIO ANALYSIS
Current| 42,000.00 4 0.52 Europe No Information on current
Demonstrators| (30*200*7) (current) transport operators from
demonstrator sites
151,200.00 6 0.52 Europe No Near future use case with higher
SC NF EU| (60*360*7) (current) passenger occupancy and
increased daily mileage
SC NF CH| 151,200.00 6 0.52 CH No Near future use case, Swiss
(60*360*7) electricity mix
SC NF DK| 151,200.00 6 0.52 DK No Near future use case, Danish
(60*360*7) electricity mix
SC NF FR| 151,200.00 6 0.52 FR No Near future use case, French
(60*360*7) electricity mix
SCNF LU, 151,200.00 6 0.52 LU No Near future use case,
(60*360*7) Luxembourg electricity mix x
SC IDEAL| 216,000.00 9 0.30 100% Yes Ideal future use case; increased
(60*360*10) renewables daily mileage over 10 years,

higher occupancy, renewable
energy in use phase and battery
production, higher energy
efficiency

Further, Figure 5 illustrates similar sensitivity analysis results across all chosen environmental impact
categories. The selected sensitivity parameters show different effects on the results. Compared to the
current demonstrator case, in particular, the increase in lifetime mileage (SE1) and in passenger occupancy
(SE2) lead to great environmental improvements, while the reduction of the vehicle’s lifetime to three
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years (SE4) massively deteriorates the environmental performance. Conversely, the increase in vehicle

lifetime from 7 to 10 years (SE5) has positive effects, as does the switch to the use of renewable energies

in the utilisation phase (SE3). Greater energy efficiency in the use phase (SE7) and more environmentally

friendly battery production (SE6) also have a positive impact, but not to the same extent as the increase

in occupancy and mileage.
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Figure 5: Sensitivity results for all environmental impact categories.

(DC - demonstrator case = 100%, SE 1 - increased lifetime mileage, SE 2 - increased passenger occupancy, SE3 - Charging with
renewable energy mix, SE4 - 3 years lifetime, SES5 - 10 years lifetime, SE6 - environmental-friendly battery production, SE7 -
lower energy consumption per km)

Next, Figure 6 further details the sensitivity results for the environmental impact category climate change.

Increasing passenger occupancy (SE1), using renewable energy in operation (SE3), and increasing vehicle

energy efficiency (SE7) significantly reduce climate impacts per pkm in the use phase. By contrast,

increasing total mileage daily (SE2) and changes in vehicle lifetime (SE4 and SE5) affect climate

performance in the manufacturing and end of life phase as these phases are allocated to a larger amount

of pkm.
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Figure 6: Sensitivity results for climate change in g CO,eq per pkm of automated minibus driving.

(SE 1 - increased lifetime mileage, SE 2 - increased passenger occupancy, SE3 - Charging with renewable energy mix, SE4 - 3
years lifetime, SE5 - 10 years lifetime, SE6 - environmental-friendly battery production, SE7 - lower energy consumption per km)
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Across all environmental impact categories, the chosen scenarios perform significantly better than the
current demonstrator case (Figure 7) mainly due to increased lifetime mileage and increased passenger
occupancy. An ideal future use case (SC IDEAL) outperforms all near-future scenarios by far as it combines
the parameter settings that have performed best in the sensitivity analysis. The ideal case has about ten
times lower environmental impacts than the current demonstrator case, and even the expected near
future use cases feature three to five times lower impacts. Depending on the country under consideration,
certain impact categories vary as a consequence of different electricity mixes. For instance, the higher
share of coal-firing power plants lead to higher climate and eutrophication impacts for Luxembourg (SC
LU) in comparison to France (SC FR) or Switzerland (SC CH).
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Figure 7: Scenario analysis for all environmental impact categories.
(Demonstrator case = 100%, SC NF - Scenario near future use case, EU - EU electricity mix, CH - Swiss electricity mix, DK - Danish
electricity mix, FR - French electricity mix, LU - Luxembourg electricity mix, SC IDEAL - Ideal future use case)

The breakdown of scenario results for climate change (Figure 8) discloses a transition of life cycle phase
contributions. The manufacturing phase, i.e. battery, automated driving, and further bus component
manufacturing, dominate the climate impacts in the current demonstrator case. In near future cases, the
use phase becomes the most important contributor as the relative per pkm contribution of the
manufacturing, assembly and end of life phase diminishes due to higher overall pkm. Within an ideal
future use case scenario, though, those phases gain in importance relatively as a consequence of increased
vehicle energy efficiency and use of renewable electricity for charging.
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Figure 8: Scenario results for climate change in g CO,eq per pkm of automated minibus driving.

(SC NF - Scenario near future use case, EU - EU electricity mix, CH - Swiss electricity mix, DK - Danish electricity mix, FR - French
electricity mix, LU - Luxembourg electricity mix, SC IDEAL - Ideal future use case)

The following sub-section presents findings of the comparison of the automated minibuses with other
means of transport. This topic raises attention since the automated minibuses can be a complementary
means of transport as well as it can replace other means of transport in urban mobility.

2.2 Potential competitors of the automated

minibuses

As discussed in the sections above, future use cases of automated minibuses have significantly lower
environmental impacts per pkm than the current demonstrator use cases. However, the question remains
to be clarified whether this improved environmental performance can also be regarded as advantageous
in comparison with other means of transport. In this regard, the automated minibuses climate change
impacts per pkm are compared with literature values of other vehicles, including four types of vehicle for
individual transportation and five for public transportation (Table 4). For all vehicles, off-peak, average,
and peak operation is differentiated. The average occupation for individual vehicles of 1.58 passengers is
based on Chester & Horvath (2009). automated minibuses assessed within this study have a maximum
capacity of 15 passengers. For off-peak operation (average, peak), passenger occupancy has been defined
as 3 (6, 12) passengers.

Table 4: Climate impacts, lifetime mileages and passenger occupancies for various individual and public

transportation vehicles.
(Based on [1] Hawkins et al., 2012; [2] Gawron et al., 2018; [3] Chester & Horvath, 2009; [4] McKenzie & Durango-Cohen, 2012;
[5] this study)
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peak off-peak | average peak off-peak average lifetime
operation | operation | operation | occupancy | occupancy | occupancy | mileage

Unit g CO,eq | g CO.eq | gCOseq no. of no. of no. of km
/pkm /pkm /pkm | passengers | passengers| passengers

Individual BEV - battery 41 206 130 5 1 1.58 150,000

electric vehicle, EU

electricity mix [1]
Individual ABEV - 28 139 88 5 1 1.58 257,495

automated battery electric

vehicle, US electricity mix [2]
Individual combustion 94 375 238 5 1 1.58 300,947
engine vehicle  (ICEV) -

internal combustion engine
vehicle (Sedan) [3]

Individual ICEV - internal 88 442 280 5 1 1.58 300,947
combustion engine vehicle

(Suv) 3]

Public diesel bus [3] 65 522 163 40 5 16 651,785
Public BEB — battery electric 25 201 63 40 5 16 651,785
bus [3]

Public diesel-electric hybrid 22 305 44 70 5 35 627,644
bus [4]

Public — compressed natural 24 316 48 66 5 33 627,644
gas (CNG) bus [4]

Public — hydrogen fuel cell 33 273 65 41 5 21 627,644

using renewable energy
sources (HFC) bus [4]
Public — electric automated 65 259 194 12 3 4 42,000

minibus current

demonstrators (automated
minibuses CD) [5]
Public — electric automated 32 128 64 12 3 6 151,200

minibus near future use case

(automated minibuses
NFUC) [5]

Figure 9 presents the climate changes impacts of all transport modes, including the current automated
minibuses demonstrator case and the near future European use case scenario (SC NF EU).
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Figure 9: Climate impact of different transportation modes in g CO,eq/pkm (own compilation, for

abbreviations, compare Table4; numbers in square brackets refer to data sources in Table 4)
From the comparison, one can state that the climate impacts (pkm) of the current automated minibuses
demonstrator case are significantly lower than those of a diesel bus but much higher at peak and average
operation in comparison to most other means of public transport. While current automated minibuses
perform better than individual combustion engine vehicles, their climate impacts are higher in comparison
to individual battery electric vehicles. This changes, though, when considering the near future use case.
Here, automated minibus perform better than all other means of transport at off-peak and better than all
individual vehicles at average operation. Compared to other public transportation vehicles’ peak and
average operation, automated minibuses are on similar levels.

As stated, in term of environmental impact, the automated minibus performs better than ICEV. However,
itis important to account for the role of the automated minibuses within the overall transportation system
and how their deployment could affect the other modes of transportation’s use in urban areas. Thus the
next sub-section further discusses the potential effects of the automated minibuses on the modal split of
cities.

2.3 The potential effects of automated minibuses

on modal split

The introduction of the automated minibuses as part of the transportation systems, will have an effect on
mobility demand and trip distribution. This effect could occur on 2 levels. First, the deployment of
automated and connected vehicles could impact the overall vehicle kilometre travelled (VKm). Second, it
will lead to drastic modal shifts. Fagnant and Kockelman (2015) estimate that the deployment of shared
automated vehicles could replace up to 90% of private vehicles, and at the same time, lead to an 11%
increase in overall VKm. The International Transport Forum (2015) conducted simulations on ridesharing
of AVs as well as carsharing in Lisbon, and they came to similar conclusions; the ridesharing scheme
reduced the individual vehicles by up to 90%, and caused an increase by 6% however, in this case, the
ridesharing was also targeted to replace bus service (Janasz 2018). The influence on mobility demand
depends on the service quality, waiting times for an on-demand service as well as fleet size. The
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automated minibuses could cause a reduction in the overall travelled distances only if passengers are
willing to wait up to 10 minutes for their ride (Janasz 2018).

Moreover, the attractiveness, convenience, cost-effectiveness, and comfort of this mode of transport
could lead to an induced demand (Medina-Tapia and Robusté 2019b; Bosch et al. 2016). The increase
could be attributed to “ghost trips” where the automated minibuses are running empty, as well as the
reduction in the value of time which impact the infrastructure capacity and lead to increased travel time.

It is important to note that the majority of research, whether based on real trials or simulations, focus on
the effect of the AVs (shared or self-owned) on the internal combustion engine vehicle ICEV modal share
(Janasz 2018; Fagnant and Kockelman 2015; Moreno et al. 2018; Fournier et al. 2020; Fagnant and
Kockelman 2018; Filiz 2020; Medina-Tapia and Robusté 2019a). However, limited studies delve into the
potential implications on non-motorised transport (NMT) and public transport (Llorca et al. 2017; ITF
2020; Fagnant and Kockelman 2015). The use of the minibuses for short distances is bound to put them in
competition with active mobility. This is further apparent from the current pilot testing, the public
transport operators for Lyon, Copenhagen, and Luxembourg expressed that the minibuses in the current
operation schemes are attracting passengers that would have walked. This could be justified by the low
speed and the limited mileage. Further insights fro the local surveys are needed to better decipher
mobility behaviour and future preferential transport choices. Also, new mobility such as electric scooters
and the shared electric bikes could provide a better suitable solution for short distances.

Furthermore, even if the minibuses serve long-distance trip, it will contribute, along with individual AVs,
to urban sprawl because of the reduction in the cost of travel time, which leads to longer distances
between work and home (Duarte and Ratti 2018). Urban sprawl reflects low-density areas and the
expansion of human settlements over more land (UN 2016). This goes against Compact city principles
which favour high-density urban areas and encourage walking and biking. In conclusion, it becomes less
accessible and less convenient to commute with NMT, buses, or trams.

In addition, It is arguable that the increased safety due to the automation technology could encourage
more people to walk and bike due to reduced risk of accidents (Alessandrini et al. 2015). Nevertheless,
the manoeuvrings of on-demand minibuses such as more pick/ups and drop-offs present a challenge to
pedestrians (Fraedrich et al.,, 2019). Thus, the efficient integration of the minibuses within the
transportation systems hinges on the complementarity with public transport and NMT. It should be
utilised as a first/last mile solution to fill gaps in urban mobility. The coupling with transport demand
management (TDM) and sustainable urban planning policies could mitigate the negative effects of their
deployment and avoids the replication of the car model.

Furthermore, beyond the potential effect on the modal split, the automated minibuses introduction is
poised to affect digital and physical infrastructure. In general, automated minibuses are part of the larger
AV-technology which will require integration within the internet of things loT network. This will have
ramifications in term of energy use as well. The following part elaborates on the impacts of digitisation
and infrastructure due to AV.
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2.4 The impacts of infrastructure and digital

environment for AVs

This section aims to describe the infrastructure related to AVs communications and connectivity, and their
potential impacts, by considering that AVs are embedded in a digital environment, different from regular
vehicles. At the end of the section, we interpret these general insights within the specific context of
AVENUE.

The deployment of AVs will be accompanied by a digitalisation process which is the transformation from
physical to digital state as defined by Noussan and Tagliapietra (2020). The research related to the
digitalisation of transportation systems focuses mostly on how the advances in the Internet of Things (loT)
will affect energy efficiency and decrease the overall travelled distances. One overlooked aspect is the
energy consumption due to the communication and navigation systems of these vehicles.

Indeed, Liu et al. (2019b) investigated the negative impact of vehicular intelligence on energy
consumption. The authors draw attention to the fact that automated and intelligent vehicles are
‘equipped with advanced sensors, controllers, and actuators, in combination with connecting
communication technologies’, therefore, resulting in higher energy consumption compared to
conventional vehicles. The sensors and the processors’ components of the automated vehicle (AV) require
auxiliary supply energy.

The automated and connected vehicles may entail further impacts when considering required
infrastructure, e.g. road infrastructures such as road sensors and special signalling devices (Liu et al.,
2019a; McKinsey & Company, 2019), additional digital infrastructure (5G network, additional capacity for
data transmission and storage, data centres etc.), and the infrastructure implications regarding the
different vehicle communications, external connections, and the availability of long-distance wireless
network (McKinsey&Company, 2015). The vehicle-to-X connections are illustrated in Figure 10.
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Figure 10: Automated vehicles’ external communication and connectivity

The Vehicle to Infrastructure (V2I) concerns the constant exchange of information between vehicle and
surrounding infrastructure, e.g. signalised intersections, traffic lights, sensing the environment and
sharing information within the Internet of Things approach (Harrington et al., 2018). The connected
vehicle and infrastructure will allow monitoring traffic flow, road capacity and creating