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The Smart city is important for sustainability. Governments engaged in developing urban mobility in the smart
city need to invest their limited financial resources wisely to realize sustainability goals. A key area for such
sustainability investment is how to implement and invest in emerging technologies for urban mobility solutions.
However, current frameworks on how to understand the impact of emerging technologies aligned with long-term
sustainability strategies are understudied. This article develops a simulation-based comparison between different
cities and autonomous vehicle (AV) adoption scenarios to understand which aspects of cities lead to positive AV
implementation outcomes. As urban mobility and cities will become smart, the analysis represents a first attempt
to explore the impact of AVs on a large scale across different cities around the world. Archetypes are formed and
account for most, if not all, world cities. For three of our archetypes (car-centric giants, prosperous innovation
centers, and high-density megacities), promoting AV-shuttle use would deliver the greatest advantage as
measured by improvements in the model's KPIs. To develop urban powerhouses, however, micromobility would
deliver greater benefits. For highly compact middleweights, a shift from private cars to other non-AV modes of
transportation would be the smartest choice.

1. Introduction

Smart city policies hold out the promise of improving the quality of
life for citizens. A key strategic area for such sustainability investment
focuses on the introduction of smart urban mobility solutions. The
motivation for this focus is quite clear because more than 90 % of the
world's population live in locations where air pollution fails to meet the
agency's guidelines (WHO, 2018). Hence, governments are forced to
make their cities more environmentally friendly by using innovative
technologies (Wang et al., 2019). To achieve long-term sustainability
benefits for society, a focus on urban mobility solutions has become a
critical element in the long-term strategy of governments' smart city
agendas (Gonzalez et al., 2019).

* Corresponding author.

Transportation accounts for nearly one-quarter of all greenhouse
gases (Conibear et al., 2020). Investing in smart mobility helps to further
the goals of a smart city strategy by presenting environmentally friendly
transportation (Zawieska and Pieriegud, 2018). New emerging smart
mobility technologies are thought to have a significant impact on social
change as well as on people's lives in the cities of the future (Marletto,
2019; Gurumurthy and Kockelman, 2020). Autonomous vehicles (AVs)
are regarded as one possible technology that may prove to be part of a
multi-faceted approach to support the achievement of smart city goals
(Woo et al., 2021). However, current understanding of how future cities
should approach the introduction and implementation of AV solutions is
largely unclear.

Looking at the limited literature on this topic, most studies provide a
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descriptive view of the potential positive effects of AVs (Anderson et al.,
2014; Fagnant et al., 2015). By replacing traditional cars, AVs could
reduce pollution in urban areas (Brown et al., 2018), lower the demand
for parking spaces (Vi et al., 2018), and reduce transport costs (Boesch
et al., 2018). Introducing AVs could significantly decrease road fatalities
and accidents, which will lead to a reduction in human suffering and in
expenses for medical treatment (MacKenzie et al., 2014; Clements and
Kockelman, 2017). AVs also improve transportation access for disad-
vantaged social groups (Fagnant and Kockelman, 2015). However, this
potential of autonomous driving can only be unlocked if the effects of
AVs on cities and their populations are understood. If, however, AVs are
deployed merely as upgraded human-driven vehicles, the optimal ben-
efits of this new technology may not be achieved, especially in large
metropolitan areas with high population densities and limited road re-
sources (Shen et al., 2018). Rather, an uncontrolled introduction of AVs
may have significant deleterious effects on traffic conditions and, even
more seriously, on social conditions within cities (Milakis et al., 2017).

The deployment and positive impact of AVs is based on different
ownership models (Haboucha et al., 2017). As shown in Fig. 1, a range of
options for deploying AVs is possible, from privately-owned AVs (PAV)
to shared autonomous vehicles (SAV). PAVs are comparable to the
current ownership of a vehicle. Passengers continue to commute using
an AV that they have in their ownership. Except that the owners of the
vehicles are no longer the drivers. Instead, owners become passengers
and will be able to pursue activities such as reading, working, and
sleeping, while travelling in their cars (Le Vine et al., 2015). Further-
more, technology development facilitates the emergence of new
ownership-shared autonomous vehicles (SAV). In this use case, the
passenger does not own the vehicle but rents an AV for a one-way trip
(Krueger et al., 2016). New technologies provide solutions where pas-
sengers can order a vehicle via mobile phone applications. A distinction
must be made with regard to SAVs. The vehicle is used for an own ride
with no other passenger joining the trip. Pooling is also a use case
(Haboucha et al., 2017). Here, passengers are matched via websites and
mobile apps to travel a similar route. In this way, journeys are combined,
and trips are shared.

How different types of AV perform in practice will depend on each
city's particular characteristics. Cities differ in factors such as population
density, land concentration, infrastructure, and urban development, so
it may be challenging to implement AV in some cities. Amsterdam, for
example, is a very active city, with about 60 % of people using active
forms of transportation, such as biking and walking (EPOMM, 2019). In
Los Angeles, in contrast, more than 80 % of people drive their own cars,
and the city is a rather new city built for vehicle use (EPOMM, 2019).
Although AVs will emerge to some extent in every archetype, other
forms of transportation, such as micromobility, could deliver greater
benefits for city dwellers in some circumstances. Thus, matching the
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Fig. 1. Autonomous vehicle implementation scenarios based on owner-
ship model.
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existing and emerging needs of the smart city with appropriate urban
mobility solution types is imperative, given that previous studies have
found evidence that the introduction of AVs can lead to undesirable side
effects including an eventual worsening of the city-level metric (MacK-
enzie et al., 2014; Bischoff et al., 2018). In this scenario, the government
of a smart city would invest in a technology that brings no added value
to citizens. Accordingly, it is important for governments to critically
evaluate the opportunities and risks of investing in urban mobility and
AV solutions.

This leads to our research question, “What are the potential long-
term benefits and drawbacks from the introduction of AV in various
smart city archetypes?” This question is particularly important since
many cities do not have a clearly defined smart city agenda (Haarstad
and Wathne, 2019; Tang et al., 2019; Yigitcanlar, 2018). Rather, a
government tends to focus on a set of topics when developing a smart
city (Clement and Crutzen, 2021). Furthermore, sustainable reform in
urban mobility, which ensures that new technologies deliver their
benefits, has become one of the key challenges that policy makers and
urban planners around the world are facing (Dia and Javanshour, 2017).

Representing the environment in a real-life model through simula-
tions can help to explain the impact of new technologies on future smart
city initiatives (Lovas, 1994). Based on the simulation results, policy
makers and urban planners can adapt their long-term strategies for
urban mobility. Nevertheless, prior research by Wadud et al. (2016) and
Kroeger et al. (2018) has shown substantial uncertainty over the po-
tential impact of the new technology — autonomous vehicles. The un-
certainties are attributable to the fact that most studies i) are spatially
limited to specific cities (Soteropoulos et al., 2018), and ii) focus on the
impact of AVs with respect to one parameter, such as emissions, parking
area, and vehicle miles traveled (Mounce and Nelson, 2019).

By using different future urban mobility scenarios to assess the
impact on cities, we contribute to the urban mobility literature (Barba-
Sanchez et al., 2019; Caragliu and Del Bo, 2019), especially in relation to
AVs (Merfeld et al., 2019; Gurumurthy and Kockelman, 2020; Woo
et al., 2021) and big data (Del Vecchio et al., 2019). Through the
different simulation scenarios regarding the success of investments in
AV technologies, we can also reference the results to the smart city
literature (Clement and Crutzen, 2021; Ruhlandt, 2018), especially since
Lombardi et al. (2012) have shown that urban mobility is a feature of
smart city strategies. Finally, we address the foresight methodology by
modelling future urban mobility scenarios through our simulation
approach with an emerging technology (Liebl and Schwarz, 2010;
Vecchiato and Roveda, 2010; Gordon et al., 2020).

The remainder of the paper is organized as follows. Section 2 pro-
vides a review of the literature on smart city investment and the un-
certainty of the impact of AVs on cities. Section 3 details the
methodology and the data used in the analysis. Section 4 presents the
results and findings. In Section 5, sustainable investment strategies for
urban mobility are derived, followed by a conclusion.

2. Literature background
2.1. Emergence of smart cities

Research on smart cities was first conducted in the 1970s (Los
Angeles Community Analysis Bureau, 1974). In the following decades,
research stagnated with few articles on smart city concepts (Gibson
et al., 1992). Smart city research gained momentum in the 2000s when
smart cities were considered a winning urban strategy using technology
to increase the quality of life in urban areas (Hall, 2000). After the first
smart city expo world congress in 2011, barriers were broken, and the
smart city literature noticed an exponential growth with about 200,000
publications per year (Stuebinger and Schneider, 2020). Although smart
cities are the growing global phenomenon of the 21st century (Lim et al.,
2021; Yeh, 2017), there is no universal definition of ‘smart cities’ (All-
winkle and Cruickshank, 2011; De Jong et al., 2015; Gupta et al., 2020).
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Nevertheless, the smart city concept has come to the limelight as a way
for government to address increasing demands from diverse stake-
holders related to climate change, urbanization, and larger populations
(Bibri and Krogstie, 2017; Estevez et al., 2016).

The smart city concept should undoubtedly improve the quality of
life of citizens while simultaneously simplifying city management
(Lombardi et al., 2012) and prompting metropolises struggling with
similar problems to align their responses. However, there is no one-size-
fits-all smart city strategy (Clement and Crutzen, 2021). The reason is
that each city has unique needs and resources that may require different
and inimitable solutions (Siokas et al., 2021). Beyond this, policy makers
must consider that cities have different visions and priorities for
achieving their objectives (Glasmeier and Christopherson, 2015).
Furthermore, the concept of the smart city is not limited to the appli-
cation of technologies. In fact, technologies available to solve problems
are infinite (Albino et al., 2015). Today, modern cities devote various
technological, financial, and human resources to complete their digital
transformation (Siokas et al., 2021). Shamsuzzoha et al. (2021) show
that the strategies depend on from where the smart city offensive starts.
As an example, the smart city agendas in Singapore and London are set
top-down, whereas the strategy in Helsinki is a bottom-up process.

Nevertheless, government officials are responsible for the day-to-day
functioning of larger cities. In response, governments around the world
are trying to foster innovation and provide favorable urban solutions by
focusing on investing in emerging technological advances (Siokas et al.,
2021). To foster innovation, most smart cities have freed up budgets to
invest in new technologies (Barba-Sanchez et al., 2019; Ullah et al.,
2021). Grand View Research (2018) placed the global market size of
smart cities at USD 550 billion in 2016 and predicted an increase to USD
2.57 trillion by 2025. Much of this money is invested in new technolo-
gies to drive digitalization and improve the prosperity of a city. How-
ever, a key question remains on what is the most impactful strategy for
smart city investment.

As the smart city concept matures, relevant initiatives are growing in
number in many cities across the world. The budget for such investments
is limited, and financial resources must, therefore, be directed at the
most promising technologies. Since most city governments focus on a set
of topics when developing a smart city rather than having a smart city
agenda (Clement and Crutzen, 2021), it is important to understand the
potential of individual technologies as well as their “fit” for the specific
conditions of each city. Examples from past smart city initiatives show
that projects where the technology and its added value for society are
not fully understood have failed. For instance, the Google company,
Sidewalk Labs, planned the construction of a radical new city district in
Canada. To implement new technologies in the city, USD 980 million
were invested to realize the vision of a high-tech city in Toronto.
However, the project failed because experts overestimated the techno-
logical benefits (Wong and Jagdev, 2019). To solve pollution problems
in their cities, India has launched a Smart City Mission. One hundred
cities were identified to promote digitalization and were supported with
financial resources. Each smart city was expected to complete its project
within five years. However, approximately 49 % of the 5196 projects
were not completed because the technological possibilities were over-
embellished (CFA, 2021).

It became clear that cities needed to look at innovative technologies
carefully and decide, based on the city's character, whether investment
in new technologies was worthwhile. Urban mobility is a major lever for
smart cities (Lombardi et al., 2012). The biggest revolution since the
invention of cars could well be autonomous driving. We contribute to
the ability of cities to better assess the success of AVs. This technology
can be included in the strategies of smart cities so that misplaced in-
vestments can be avoided.

2.2. Urban mobility and autonomous vehicle solutions for smart cities

Lombardi et al. (2012) have identified urban mobility as one

Technological Forecasting & Social Change 184 (2022) 121857

initiative suitable to a smart city agenda. Docherty et al. (2018) stated
that technological changes were outpacing the capacity of systems and
structures of governance to respond to the challenges already apparent.
One of these new urban mobility technologies is autonomous driving.
Many studies conclude the success of AVs is principally down to the
influence of policy makers who are well placed to play a significant role
in shaping the impact on urban mobility (Anderson et al., 2014; Clark
et al., 2016; Enoch, 2015; Fox, 2016). To unleash the potential of AVs, a
strategic action plan on the part of urban decision makers is required
(Giduthuri, 2015). Moreover, Perra et al. (2017) argued that the
configuration of urban transportation is one of the key planning func-
tions of policy makers developing the smart city concept. They also
affirmed that an integrated and sustainable approach demands proactive
involvement on the part of policy makers. Since there is no general plan,
it is important to understand which cities are best suited to different
autonomous urban mobility scenarios.

In this regard, service research gaps remain. First, to the best of our
knowledge, there have been only a few studies conducted (Fagnant
etal., 2015; Ye and Yamamoto, 2018) that have analyzed the impact of
autonomous vehicles on a large scale across different countries and have
drawn up long-term recommendations for action. Fagnant et al. (2015)
stated that policy makers should begin supporting research into how
AVs could affect transportation and land-use patterns, and how best to
alter urban mobility to maximize the benefits while minimizing any
negative consequences of the transition to a largely autonomous fleet.
According to Gavanas (2019), the international literature is not yet
sufficiently engaged in addressing the challenges that come with plan-
ning the appropriate implementation of AVs.

Second, there is substantial uncertainty in the literature on the po-
tential impact of AVs on urban mobility. In this study, we measure the
impact using key performance indicators — KPIs. As seen in Fig. 2, the
vehicle miles traveled due to the introduction of AVs depends on the
study and ranges from a decrease of 35 % (Childress et al., 2015) to an
increase of 341 % (Harb et al., 2018). Similarly, the cost per mile of AV
usage, the number of traffic collisions, and emissions differ between
studies. These differing model projections from different studies indicate
that there is great variability in the potential outcomes from introducing
AVs to enhance urban mobility.

Third, previous studies have focused on the impact of AVs with
respect to one KPI, such as emissions, parking areas, or vehicle miles
traveled. Only a few studies have considered multiple KPIs based on
simulation results. For example, Harper et al. (2018) investigated the
parameter of vehicle miles traveled, environmental issues, and needed
infrastructure. Fagnant and Kockelman (2014) and Liu et al. (2017) also
analyzed multiple parameters. However, each of these studies consid-
ered only a single city, Seattle, Singapore, and Austin, respectively.

Finally, there is a need for studies to provide a comprehensive stra-
tegic plan on how smart cities should orientate themselves in terms of
their urban mobility concept. Since many studies have focused on spe-
cific aspects of AV deployments, the resulting recommendations provide
only a limited set of suggestions for policy makers without delivering a
holistic understanding of how AVs will influence urban mobility in
different cities. Jones and Leibowicz (2019), for example, limited their
policy recommendations to realizing a sustainable charging infrastruc-
ture, whereas the work of Zhang et al. (2015) proposed only measures to
limit the vehicle miles traveled. While each of these studies has provided
valuable insights into the specific aspect addressed, a comprehensive
overview is needed to provide holistic guidance on how to invest in an
autonomous future in smart cities.

Since it is assumed that cities on an international level differ signif-
icantly in terms of their characteristics, such as infrastructure design and
vehicle-based travel patterns, knowledge transfer between studies is
only possible to a limited extent. This work addresses that literature gap
and provides a comprehensive simulation-based study to examine the
impact of AVs on multiple key performance indicators (KPIs) for a range
of cities. Since smart city initiatives have attracted funding over recent
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KPI SPECTRUM REMARKS
Vehicl iles t d @ Lower bound: Childress et al., 2015: High fixed costs of usage for AVs
enicle miles trave Upper bound: Harb et al., 2018: Limited robotaxi usage, free of charge
-35% +27% +341%
Acquisition cost [ 2 @ ° Lower bound: Jones & Leibowicz, 2019: 10+ years after market introduction
+$1K 511Kk +$31k Upper bound: Bansal & Kockelman, 2016: At market introduction, high technology
Usage cost (per Mi le) @ Lower bound: Boesch et al., 2018: Po_oled autonomous taxi vs. convent_ional taxi
89% -46% +4% Upper bound: Boesch et al., 2018: Private autonomous car vs. conventional car
g # P @ Lower bound: Fagnant & Kockelman, 2015 - Full elimination of human error
Traffic Safety ( of COUIS]OHS) -90% -34% +16% Upper bound: Davidson & Spinoulas, 2016 - VMT increase, low AV penetration
Emissi @ < Lower bound: Brown et al., 2014: All possible environmental savings are captured
mission 96% 13% +173% Upper bound: Brown et al., 2014: No savings, increase in speed & travel demand
-96% s

Fig. 2. Uncertainty in the literature — high variability in simulations for the KPIs considered due to different parameters, cities, and scenarios.

years (Caragliu and Del Bo, 2019), this study helps to allocate these
funds in a more efficient way in terms of urban mobility.

3. Methodological approach

This study applies a traffic simulation approach in the form of a space
continuous modelling tool to evaluate the effects of introducing AV on a
global scale. There is no “one size fits all” AV implementation strategy.
Each smart city has unique needs and resources, which will likely
require diverse and unique implementation scenarios. Although every
city is unique in its history, size, and population, a strategy tailored to
the city's characteristics is essential (Albino et al., 2015). Hence, we have
divided the cities into clusters with similar characteristics. For each of
these generated clusters, we simulated the effects of AVs in four different
scenarios. We used six key performance indicators (KPIs) to measure the
impact of AV introduction: traffic volume, which is represented by
vehicle miles traveled; safety, measured by annual fatalities; environ-
mental effects, measured by energy consumption; land use, measured in
total parking area; transportation costs; and average journey time. For
the selection of parameters, we relied on studies that compare multiple
KPIs. The study by Fagnant et al. (2015) aimed to explore the feasibility
aspects of AVs and discuss their potential impact on the transportation
system. Their study is one of the most comprehensive in terms of the
number of KPIs chosen. It employed the six parameters that we selected
for our study. Other studies exploring the multiple KPIs that we followed
are Milakis et al. (2017), Davidson and Spinoulas (2016), and Clements
and Kockelman (2017). Milakis et al. (2017) identified plausible future
development paths for automated vehicles in the Netherlands and esti-
mated the likely implications for traffic volume, safety, and energy
consumption. Davidson and Spinoulas (2016) explored what the intro-
duction of AVs could mean for the future of transport and included
traffic volume, safety, and journey time. Clements and Kockelman
(2017) studied traffic volume, safety, used space, and cost. In our study,
all parameters are weighted equally.

The scenarios applied represent future scenarios on how cities could
develop. Based on the results along the cluster, we derived statements on
which scenario would be the most advantageous for cities. Furthermore,
recommendations for action on how to implement AVs successfully are
given by cluster, resulting in long-term strategic policy planning.

3.1. Archetype creation

It is difficult to simulate all cities. For this reason, archetypes were
created that identify city types and combine them into archetypes. In
past studies, clusters and archetypes have been formed at the level of
smart cities. Tang et al. (2019) presented a comparative analysis of 60
municipal smart city plans. The cluster analysis used identified four

different models. Furthermore, McIntosh et al. (2014) tried to under-
stand how factors such as transit service levels and urban density help to
explain vehicle miles traveled. Gisbert et al. (2017) clustered cities in
Spain using urban metrics analysis. However, these studies did not refer
to the level of traffic analysis and, therefore, cannot be used in our study.
Nevertheless, we have adopted the cluster analysis approach. Clustering
methods were used to investigate different patterns between cities. In
our study, we used a k-mean method, which has already been used in
comparable studies (Li et al., 2018; Ke et al., 2016). Li et al. (2018) used
a k-mean method to identify archetypes representative of heating and
cooling energy demand in Chongqing. Similar clustering methods were
used to subdivide the study area based on land surface features, such as
land use change (Ke et al., 2016). However, studies have used non-
transport-related data. Moreover, cities have not been compared glob-
ally but have often been confined to one country or continent.

We selected 40 cities worldwide with varied geographic distribution,
heterogeneity of environment, dominant type of transport, and level of
innovativeness. To identify the 40 cities, a long list of several hundred
metropolitan cities across the world was compiled. Then, we removed
cities that had a similar characteristic to other prioritized cities, cities
with limited data availability, and cities with fewer than 500,000 in-
habitants. We then defined eight quantitative input criteria that are used
for city clustering. When selecting the input criteria, we used criteria
that were relevant for the simulation. As shown in Table 1, we adopted
parameters that were used in traffic simulations as input criteria in other
studies. The listed studies used congestion time, route time, population
density, modal mix, and urban development patterns to simulate traffic
flow. Furthermore, we added two characteristics: land use concentra-
tion, and city age. Land use describes what the corresponding cell is used
for. Examples of cells are residential areas, employment, and shopping
areas. We also added city age to our input parameter given that modern
cities have a better transport network and are more advantageous for
autonomous driving (Southworth and Ben-Joseph, 2003).

Hence, the clustering criteria included congestion time (Inrix, 2019),
route time (different sources, such as Moovit (2019) and FEurostat
(2016)), modal mix (EPOMM, 2019), population density (Demographia,
2016), land use concentration, urban development pattern (extracted
from Google Maps), and city age [different sources such as the World
Factbook (Central Intelligence Agency, 2019), and city specific infor-
mation from, for example, Berlin.de, 2019]. Based on clustering method
of MacQueen (1967) and Hartigan and Wong (1979), we were able to
identify that a class of five shows the best match for clustering. Using the
attributes for the global cities, we applied this unsupervised machine
learning approach to group similar cities that have the characteristics
that differ the most between groups. To make the clusters even more
detailed, a manually adjusted positioning of cities was executed based
on descriptive criteria, such as topography, population size, public
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Table 1
Input parameter used for traffic simulation, which we use for archetype creation.

Technological Forecasting & Social Change 184 (2022) 121857

Input criteria Zhang et al. (2015) Fagnant et al. (2015)

Bischoff and Maciejewski (2016) Simoni et al. (2019) Zwick et al. (2021)

Congestion time X X
Route time X X
Population density X X
Modal mix X X
Urban development patterns X X

Land use concentration
City age

X

P

X

el
P
ool

transportation costs, and public transportation coverage. As a result, the
40 cities were divided into five clusters, which we call archetypes. High-
compact middleweight represents cities in which most of the population
live within a well-defined central area. Population density is above
average, and inhabitants use a broad range of transport modes, with
demand evenly distributed across options. The car-centric giant repre-
sents an automobile-dependent archetype, which generally has a large
population but very low population density. It is defined by a large
geographic area, dispersed population, and underdeveloped public
transit network. It has a densely populated center as well as smaller low-
and medium-density satellite hubs. The prosperous innovation center
represents established cities that have developed over an extended
period, with low population growth and average density. Several
medium-density hubs are contained within the city boundaries. The
street pattern is irregular, and thoroughfares are often narrow. In-
habitants use a range of transport modes equally. Developing urban
powerhouses are modern metropolises that are growing rapidly and
have a high population density. This archetype consists of multiple
distinct hubs, which are clustered along a coastline or river. Most in-
habitants currently use public transportation. A high-density megacity is
a relatively modern city that has grown strongly over the past century. It
has a large population, with a high-density hub at its center surrounded
by densely populated satellite hubs. The archetype is typically located
on a coastline. Its streets are generally configured in a grid pattern. In-
habitants use a range of transport options at present. Table 2 shows the
results and details of the archetypes.

3.2. (Space-) continuous modelling

The purpose of a simulation is to represent the environment in an
appropriate way. It is intended to model a real-life or hypothetical sit-
uation on a computer so that it can be studied (Lovas, 1994). By
changing variables and implementing different scenarios in the simu-
lation, conclusions can be drawn from their impact on the initial situa-
tion. However, the aim is to produce a sufficiently accurate
representation of the traffic situation under changed framework condi-
tions (Bando et al., 1995). To reflect the impact of AVs on cities, the BCG
Gamma travel demand simulation model was used. Gamma is a sub-
sidiary of the Boston Consulting Group, which focuses on applying data
science, analytics, and artificial intelligence. The model is mostly based

Table 2
Presentation of the cluster analysis results — archetypes and their characteristics.

on the NHCRP report 716 on travel demand forecasting (Bhat, 2012) and
comprises five technical steps (Fig. 3). These five steps are performed
individually for each archetype. The synthetic simulation depicts a
typical day within each cluster.

In step 1, which is the region grid, the entire area of each modeled
cluster is separated into equal tiles, 1 km? each. This region grid creates
a representative virtual city for each archetype based on the data from
the cities in the cluster. Second, thirteen land-use types are created to
model different city layouts and their underlying characteristics, such as
residential, employment, and shopping (Fig. 4). For each of the land-use
types, several underlying characteristics are defined that influence
mobility behavior. Here, employment rates, school enrollment, house-
hold income, and household size are used as characteristics. Step 3 as-
signs land-use types to each of the tiles based on preferential urban
design. These three steps result in an individual archetype design for
each cluster (Fig. 4). This design is averaged from the data of the cities
located in the cluster. For example, in high-compact middleweights,
people live within a well-defined central area, making this archetype
compact whereas developing urban powerhouses have high population
density and are located in multiple distinct hubs.

In step 4, a travel demand model takes the land-use type allocation as
an input to calculate transit volume per traffic mode, which is repre-
sented in number of trips. The method applied in this report follows the
conventional sequential process for estimating transportation demand.
This is often called the “four-step” process: trip generation, trip distri-
bution, mode choice, and assignment.

e Trip Generation: Based on the defined land-use type inputs (Steps 1
to 3), we can assign the number of productions and attractions for each
tile of the grid. Productions initiate trips, which originate at this tile
and attractions, which are destinations for trips ending at this tile.
Information from land use, population, and economic forecasts are
used to estimate how many trips are made to and from each zone.
Trips can be home based, or non-home based, as illustrated in Fig. 5.

Trip Distribution: Depending on the allocation of land-use types
across the grid, we can simulate the distribution of trips within and
across all tiles. It is the step that links the trip productions and trip
attractions for each zonal pair. Three steps are necessary to calculate
the trip distribution:

High-compact middleweights

Car-centric giants

Prosperous innovation
centers

Developing urban
powerhouses

High-density
megacities

City examples Berlin, Vienna

Size” [km?] 2300
Population 8,300,000
Centralization =~ Very compact city

Modes Distributed mix, with focus on public
transit
City age Mixed types

Detroit, Toronto

8500

4,800,000
Strong
decentralization
Car-centric cities

Mid-aged cities

London, San Francisco
5000

5,600,000

Mixed types

Distributed mix

Old, established cities

Bangkok, Buenos Aires
4000

9,500,000
Decentralized cities

Public transit focused

Newer cities

New York City,
Shanghai
10,800
24,300,000
Mixed types

Evenly distributed mix

Mixed types

2 Includes urban area and periphery.
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Repeated for each archetype

Region Grid Land-use types

Land-use type/
tile match

-

\ e=|
€=
v=

Trip calculation KPI calculation

Fig. 3. Five-step modelling process to generate key performance indicators based on the region grid, which is separately applied to all five archetypes.

High-Compact
Middleweights

™ ___J
0 15 km

Car-Centric Giants

——
0 33 km

Prosperous Innovation
Centers

——
0 21 km

Developing Urban
Powerhouses

[ =]
0 21 km

High-Density
Megacities

——
0 36 km

Land Use Types

[l Residential - High Density B Recreation

[l Residential - Medium Density  [ll ?;:::?::tj Point of
I Residential - Low Density Il Hospital

I Employment - High Density [l University

I Employment - Medium Density [l  Airport

B Shopping - High Density None

Shopping - Medium Density

Fig. 4. Depiction of archetype region grid including land-use types, which are based on the clustering of 40 cities.

1) Estimate the distance between the tiles' centroids based on the
assumption of the traditional grid network. Friction factors are
inversely related to spatial separation of zones. It decreases with
the increase in travel times.

2) Calculate the denominator of the gravity model for each
production:

F
T = P*|A*—"—
! { ! ZAijJ

where, Tjj = the number of trips from zone i to zone j
P; = the number of trip productions in zone i
Ajx = the number of trip attractions in zone j, any other zone k
Fyjx = the friction factor relating the spatial separation between
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Production Attraction

Home Production Attraction Home
Production Attraction

Work Attraction Production Shop

Fig. 5. Travel demand forecasting and techniques (Bhat, 2012) used to
generate predicted demand for simulation.

zone i, zone j, any other zone k.

3) Estimate the distance between the tiles' centroids based on the
assumption of the traditional grid network (only north-south and
west-east connections).

Mode Choice: Modal split is a fixed, distanced-based assumption for

all tile connections for each scenario. Hence, the mode choice differs

between scenarios — explicitly described in the section, Modal mix.

Trip Assignment: Route assignment allocates trips between an origin

and destination by a mode to a route. This step is covered in the

mobility tool as a detail on a tile. This means there is no reallocation
of traffic routes because the trip is assumed to take place on straight
lines between neighboring tiles.

Based on the number of generated trips due to the demand model,
the transit volume for each transport mode is derived. Based on the
transit volume, the following KPIs are derived for each cluster in step 5:
annual fatalities, energy consumption, total parking area, transportation
cost, and average journey time. The input parameter from Table 3 has
been used for the simulation and the derivation of the KPIs. These pa-
rameters were calculated as an average across the values of different
countries to reflect a global value. For example, handbooks for technical
data were used to calculate energy consumption and average costs. For
public transport, data from MVG Munich (MVG, 2019) were used and,
for AV shuttles, technical data from the manufacturer Navya (2019). The
number of average deaths refers to how many deaths are caused by the
specific means of transport. The numbers are based on published data by
the government of each city or country. We used data from Transport
Accident Commission (TAC, 2019) for Australian cities and data from
Transport for London (2019). The occupancy rate is derived from
different sources across the world, such as the National Household
Travel Survey (NHTS, 2018) by the Federal Highway Administration,
and the European Environment Agency (2016).

3.3. Urban mobility scenarios
In this paper, scenarios are defined as different images of the future.

3.3.1. Shift from private cars to non-AV transport modes

Although the private vehicle defined the past century to a large
extent, and a world without cars is hard to imagine, metropolitan au-
thorities have introduced policies to curb private car trips and encourage
other forms of transport. Several major cities, including Amsterdam,
Hamburg, Helsinki, Madrid, and Oslo, have begun to restrict the use of
cars. Other cities such as Bogota, Brussels, Chengdu, Copenhagen,
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Dublin, Hyderabad, Milan, and Paris employ various measures that aim
to reduce motorized traffic including introducing car-free days (Carth-
kart-Keays, 2015).

3.3.2. Dominance of micromobility

Micromobility is a term used to describe a novel category of trans-
portation using non-conventional battery-powered vehicles — standing
scooters, also known as electric scooters or e-scooters (SAE Interna-
tional, 2019) — designed for travel over distances that are too short to
drive or utilize public transportation, yet too far to walk (Krizek and
McGucking, 2019). Micromobility solutions are not a fad because they
have rapidly expanded across the world and are present in 350 cities
currently (Rose et al., 2020).

3.3.3. Strong push for AV shuttles

We identified several companies that manufacture AV shuttles, such
as Navya and Easymile. At least 34 other companies, such as Bosch, ZF
Friedrichshafen, Continental, and Daimler, are working on this tech-
nology. Furthermore, these vehicle types are already used in pilot pro-
jects in about 20 countries. This scenario suggests that, in the future,
autonomous vehicles will be used in a pooled way and not as personal
transport possessed by individuals.

3.3.4. Strong uptake of AV pods

These are smaller autonomous vehicles that require a little less space
and are used by only one to two people. The occupancy is much lower
because, in this scenario, the vehicle is not shared with someone else.
There will be routes that are not worth driving with shared vehicles or
people will simply not want to share vehicles. For example, Tesla is
gradually introducing technology that will allow the vehicle to drive
completely autonomously. This would lead to a scenario that is mainly
characterized by autonomous individual traffic.

3.4. Transportation modes

To make the simulation as realistic as possible, single mode trips as
well as multi-modal trips were considered. In the simulation of the base
case, only non-AV trips were considered whereas, in the future scenario,
the transport modes were supplemented by AV modes. Multi-modal trips
represent the fact that people do not restrict their use to only one mode
of transport. They are much more intermodal, and the travel chain
contains several transport modes. The used transport modes and multi-
modal trips are shown in Fig. 6.

3.5. Modal mix

With each virtual archetype, we used publicly available data from
our city sample to model the modal split today. For the current modal
split, we included five transport modes (private car, public transport,
taxi/ride hailing, micromobility, and walking). This information formed
the starting point for our simulation. For this, we used the findings of a
joint study by BCG and the World Economic Forum (Moavenzadeh and
Lang, 2018), which asked 5500 inhabitants across multiple types of city
what transport mode they would select given eight choices. The study
analyzed the behavior of people when autonomous vehicles are imple-
mented in their cities. Employing conjoint analysis, it was determined

Table 3

Simulation input parameter as the average across different cities.
Modes Walking Micro-mobility Private car Public transit Taxi AV pod AV taxi AV shuttle
Average speed [km/h] 5 15 25 15 25 25 20 15
Average energy consumption [kwh/km] 0 0.02 0.36 14.3 0.36 0.18 0.33 0.68
Average deaths [deaths/billion km] 0 1.3 6.3 33.9 6.3 1.3 1.3 1.3
Average occupancy [pax] 1 1 1.5 81 1.4 1.2 1.6 5
Average cost [$/passenger km] 0 0.29 0.55 0.25 1.34 0.5 0.51 0.37
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Micromobility (park and
Trips ride)

Fig. 6. Both single mode trips and multi-modal trips are considered in the simulation. The graphic represents the used transport modes and multi-modal trans-

port chains.

how many people use the autonomous vehicle instead of a traditional
means of transport daily. The findings of this study offer insights and
guidance to help both government and mobility providers reshape urban
mobility systems into new versions that are safer, cleaner, and more
inclusive. To the five existing options, we added three AV modes: AV
pods (which seat up to two passengers), AV taxis (up to five passengers),
and AV shuttles (up to 15 passengers). The resulting future modal split
was our base case scenario. For the actual simulation, we considered the
distribution of mobility options across short-, medium-, and long-
distance trips using current data and the results of the BCG/WEF sur-
vey (Moavenzadeh and Lang, 2018). Since the study considered only
three archetypes and not all the transport modes that we deliberated on,
modal mixes had to be adopted. Here, a reclassification of the BCG/WEF
mode was applied to incorporate modal mix into our transport mode
logic. The modal mix used for the base case 2018 and the future base
case 2035 in our study is shown in Table 4. The numbers indicate how
the distribution of the means of transport is divided. To create the
respective modal mix for each scenario, the modal mix was adjusted
based on the future modal mix base case. For this purpose, the corre-
sponding means of transport that experience an uptake were signifi-
cantly increased. The modal mix distribution for each archetype and

Table 4

scenario is depicted in Fig. 7.

There are differing opinions on when autonomous vehicles will
penetrate our roads. The fact is, in recent years, autonomous driving has
become a reality. Companies such as Waymo and NuTonomy had
launched self-driving-car services as early as 2016. According to
Bloomberg (2019), there are 24 AV pilot projects in the US and 50 other
pilot projects across the world. If such companies expand their services
from suburban pilot projects to area-wide operations in cities around the
world, a fundamental revolution in mobility is likely to occur, as well as
a dramatic change in traffic, urban form, and travel behavior. Optimists
predict that shared autonomous taxis will soon displace most private
vehicles (ITF, 2018; Keeney, 2017). Nevertheless, current projects are
only pilots. Since we assume the widespread use of autonomous vehicles
in this study, we tend to follow conservative studies, such as Arbib and
Seba (2017), who predicted that, by 2030, autonomous vehicles will
serve 95 % of all U.S. passenger miles. Furthermore, studies on auton-
omous cars (Compostella et al., 2020; Pakusch et al., 2018) use the
conservative time frame of 2030-2035 for area-wide distribution.
Consequently, we decided to base our study on the year 2035.

Modal mix derived from Moavenzadeh and Lang (2018) for the current and future share of transportation.

Prosperous innovation centers

Developing urban powerhouses High-density megacities

Archetypes High-compact middleweights Car-centric giants

Current modal mix

Public transit 23 12 19
Private car 31 58 33
Taxi/ride hailing 4 6 9
Micromobility 15 11 9
Walking 26 13 30

Future modal mix base case

Public transit 14 10 15
Private car 18 31 15
Taxi/ride hailing 1 4 4
AV pod 3 11 9
AV taxi 9 11 11
AV shuttle 12 8 8
Micromobility 18 10 12

Walking 25 12 27

29 21
22 25
22 22
6 6
32 26
20 16
10 12
3 10
2 8
9 10
12 9
14 11
30 24
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Fig. 7. Future modal mix per archetype and scenario aligned with the determined future modal mix, which is derived from Moavenzadeh and Lang (2018).

4. Model results

In this section, the results of the quantitative model are presented.
First, the results are discussed in general terms, followed by the results of
the individual archetypes.

The changes in KPIs are presented in Fig. 8. These allow a compar-
ison of the performance of the KPIs for the different scenarios. For each
KPI, we show the performance change to the base case scenario, which
represents the traffic condition in 2019.

The most significant result from the set is the improvement in the
KPIs practically across all archetypes and scenarios. Overall, these re-
sults indicate an improvement in traffic conditions (in terms of the KPIs

&

considered) from implementing AVs independent of the scenario
compared to the non-integration of AVs. Transferred to the scenarios
with the most significant changes, this amounts to a reduction of up to
22 % in traffic volume, 60 % in fatalities, 21 % in energy consumption,
58 % in parking area, 27 % in transportation costs, and 8 % in journey
time across different archetypes. Only in the strong uptake of the AV-
pods scenario is an increase in traffic volume (up to 19 %) observed.
This scenario, therefore, has the least positive influence. This is due to
the low occupancy rate and the persistently high level of individual
traffic. In relation to our hypotheses, this means that cities benefit
differently from AVs depending on their unique traits. Thus, for certain
city types, there are scenarios that have a better impact on the city of the
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Fig. 8. Simulation results showing change in traffic volume, fatalities, energy consumption, needed parking area, transportation costs, and journey time for each of

the four scenarios applied to each of the five city archetypes.
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future than an AV spread. Since politicians today can wield an important
influence on the strategy of their city, they are well placed to exert an
impact on the success of AVs. Furthermore, the introduction of AVs must
be controlled by politicians. If they are introduced as AV pods, the sit-
uation will not improve as much as if AV shuttles are introduced into
cities. This statement applies to all archetypes.

Results per smart city archetype significantly vary by urban mobility
scenario.

High-Compact Middleweights (HCM) profit the least from the
introduction of AVs, for both scenarios of the strong push for AV shuttles
and the strong uptake of AV pods. The relatively low improvement when
pushing for AV vehicles is due to the characteristic in this archetype of
many short trips, a dense city center, and good access to public transit.
However, AV shuttles and AV taxis cannibalize public transportation,
which leads to relatively poor improvement in traffic volume: —1 % for
the strong push of the AV-shuttle scenario and 8 % + for the strong
uptake of the AV-pod scenario. The best suited scenario for HCMs is
regulating private cars. This scenario performs best for this archetype
because the traffic volume experiences a significant drop of 21 % due to
the existing infrastructure, which is able to absorb the change from
private cars. The substantial reduction in transportation costs comes
from people changing from more expensive private transport to cheaper
public transport.

Car Centric Giants (CCG) profit only moderately from the introduc-
tion of AVs. Although AV pods offer a convenient and fast replacement
for private cars that is greener, cheaper, safer, and reduces journey time,
transportation remains mainly individual, weakening improvement
compared to other scenarios and even leading to increased traffic vol-
ume due to the cannibalization of pedestrian and public transit. How-
ever, as public transit access is poor, many people in a scenario without
autonomous cars switch to taxi/ride hailing, which weakens the positive
effect and keeps transportation cost reduction low. Nevertheless, the
best scenario for CCGs is a strong push of AV shuttles since missing al-
ternatives in the widely distributed urban pattern can be compensated
for by these new emerging vehicles. Given this scenario, a dispropor-
tionately large reduction in parking space (52 %) and in fatalities (53 %)
leads to the best positive changes compared to the base case scenario.

While AV shuttles deliver the greatest positive impact on Prosperous
Innovation Centers (PIC), they also benefit significantly from curbing
private cars and encouraging other non-AV transport modes, including
micromobility. The advantages result from the large reduction in the
area given over to parking (up to 55 %) and the decrease in parking
spaces (up to 57 %). In addition, the traffic volume is greatly reduced
(—18 %) in the scenario shift of private cars to non-AV. The scenario of a
strong uptake of AV pods has the worst effect with a 19 % increase in
traffic volume. In addition, the 9 % reduction in transport costs and 9 %
in energy consumption in this scenario is below the improvement seen in
other scenarios.

Developing Urban Powerhouses (DUP) benefit greatly from a strong
push of AV shuttles, but the scenario dominance of micromobility is
more advantageous. In the strong push of AV-shuttles scenario, the
change in fatalities (—57 %) and required parking spaces (—52 %) is
substantial. In the dominance of micromobility scenario, all KPIs
perform consistently well, which means that this scenario delivers
strong added value. This is because good access to public transit is very
well complemented by micromobility and replaces private cars.
Furthermore, the large share of short trips allows micromobility to offer
a faster journey. Even though a strong uptake of AV pods leads to a fast
journey time because streets dominated by AVs allow for smoother
traffic flow, the shift from today's shared transportation to individual
transportation increases traffic volume (42 %) and weakens the positive
effect of energy consumption, required parking areas, and trans-
portation costs.

High-Density Megacities (HDM) profit most from the introduction of
AV shuttles, which offer an excellent option for evenly distributed short-
, medium-, and long-distance journeys. Significant improvement is

10
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observed since shared autonomous mobility replaces private cars and
taxi/ride hailing and simultaneously fosters walking. This eliminates the
high costs of individual transport, which is replaced by the lower costs of
AV-shuttle use. Moreover, private cars become nearly extinct, with only
10 % of trips being undertaken in such vehicles. The large share of AV
shuttles and AV taxis means that charging spaces are needed, which
slightly lowers the effect of the reduction in the parking needed
compared to the dominance of the micromobility scenario.

5. Sustainable investment strategies for urban mobility and AV

Spickermann et al. (2014) found that high investments are needed to
deal with urban mobility challenges. Hence, a sustainable investment
strategy for urban mobility is necessary. Based on our results, we see
that, for three of our archetypes (Car-Centric Giants, Prosperous Inno-
vation Centers, and High-Density Megacities), promoting AV shuttles
delivers the greatest advantage as measured by improvements in the
model's KPIs (Table 5). For Developing Urban Powerhouses, however,
micromobility would deliver greater benefits; and for High-Compact
Middleweights, a shift from private cars to other non-AV modes of
transportation would be the smartest investment choice. Still, promoting
an uptake of privately owned AV would not be beneficial across all
archetypes.

For High-Compact Middleweights, a shift from private cars to other
non-AV forms of transport creates the best overall outcome based on the
KPIs considered in this study. As seen in the simulation, cities benefit the
most if planners prioritize measures that reduce car volume in urban
cities. Since mass-transit networks will pick up the slack by carrying
more passengers, it is not prioritized when introducing AVs. AVs should
be used in a much more regulated way, where the public transportation
network ends or where access to public transport is limited. To do so,
planners could introduce measures that define regulatory levers (such as
congestion pricing, road closures during peak times, and high parking
fees), which will strongly reduce individual motorized vehicle traffic.
But, to avoid public transit becoming overcrowded, planners will need
to invest in additional routes and new “hybrid” public transport, such as
on-demand public buses. Furthermore, it may be advantageous to pro-
vide last mile options for large numbers of short trips. For example,
agencies could partner with leading last mile providers to set up a sus-
tainable urban mobility plan that includes micromobility as the main
mode of transport.

Promoting AV shuttles is the best choice for Car-Centric Giants.
Public transit networks are often poorly developed in CCGs and cannot
absorb additional traffic. According to our simulation, KPIs improve the
most when politicians adapt their strategy to accommodate a rapid
spread of AV shuttles. In this case, journeys are bundled, with a conse-
quent reduction in traffic volume on roads. In addition, the use of AV
shuttles increases access to the public transport network by offering
flexible routes, leading to increased use of public transport. Hence, it is
quite important to prevent an overload of public transit that would
result from extending the existing public transit network (higher fre-
quency, modernization of means of transport, higher accessibility)
before shared autonomous vehicles are ready. Furthermore, micro-
mobility should be implemented only as a niche solution. Micromobility
has the lowest benefits for this archetype because of the large number of
medium and long-distance trips in CCGs. City decision makers should
limit the application of micromobility to the first/last mile option in city
centers to increase the attractiveness of public transit.

While AV shuttles deliver the greatest positive impact for Prosperous
Innovation Cities according to our KPIs, they also benefit significantly
from curbing private cars and encouraging other non-AV transport
modes, including micromobility. Planners should adopt a balanced
approach that promotes all three. As seen in our data, PICs, such as
London and San Francisco, have narrow streets and ageing architecture.
Planners should consider curbing private cars in urban centers and
creating car-free central zones that favor AVs. They can also build AV-
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Table 5

Technological Forecasting & Social Change 184 (2022) 121857

Sustainable investment strategy per archetype derived from urban mobility scenario performance.

High-compact
middleweight

Car-centric giant

Prosperous innovation
center

Developing urban
powerhouses

High-density
megacity

Shift of private cars to non-AV
modes
Dominance of micromobility

High positive impact
Highest positive impact Lowest positive
impact

Highest positive
impact

Strong push of AV-shuttles Low positive impact

Strong uptake of AV-pods Lowest positive impact

High positive impact

Low positive impact

High positive impact Low positive impact Low positive impact

Low positive impact Highest positive impact High positive impact

Highest positive impact High positive impact Highest positive
impact
Lowest positive

impact

Lowest positive impact Lowest positive impact

friendly infrastructure, such as dedicated lanes and sensors, to help this
new technology succeed. They should run pilot AV projects in zones
with simple street patterns before venturing into areas with more
complex configurations.

For Developing Urban Powerhouses, micromobility promises the
greatest benefits. Cities in these archetypes offer good access to public
transportation as well as dense city hubs surrounded by satellites.
Facilitating an uptake in micromobility will improve affordability and
access. Hence, micromobility can play a key part in urban transport.
Building docking bays and parking areas close to mass transit stations
and creating attractive subscription models combining micromobility
with public transport (such as free last-mile trips for annual mass-transit
pass holders) are two ways to achieve this. Developing a single booking
platform and end-user interface will further encourage use of these
modes. Furthermore, planners can reduce collision rates by creating
exclusive micromobility lanes. Many DUPs, such as Bangkok, suffer from
disorganized transport systems, underinvestment, and low-tech mobility
equipment. In this situation, AV shuttles should be treated as a long-term
goal to be realized once these deficiencies have been addressed.

Since High-Density Megacities derive the maximum benefit from AV
shuttles, they should start to introduce them early on. Planners can run
pilots to promote consumer acceptance and introduce trial incentives
that encourage switching, thereby solving problems that could delay a
wider rollout. Because small AVs will deliver far fewer benefits, it is
imperative that policy makers encourage AV shuttles and AV taxis over
AV pods. HDM city dwellers take a relatively high proportion of long-
distance trips, so planners should create dedicated AV-shuttle lanes
that facilitate these longer journeys and ensure that other vehicles are
not hampered by slower-moving, shared AVs. We expect AVs to replace
conventional taxis and ride-hailing services in HDMs, so city authorities
need to prepare for this transition and the consequent impact on the taxi
industry.

6. Conclusion
6.1. Discussion

The question underpinning this research was: “What are the poten-
tial long-term benefits and drawbacks from the introduction of AVs in
various smart city archetypes?” The answer is that not all cities benefit
equally from AV implementation. Accordingly, it is not worthwhile for
all cities to include the technology of autonomous driving in the smart
city agenda or to give high priority to AV implementation. Whether
investments in new greener ways of smart mobility are worthwhile for
cities depends on their structure and characteristics. By carrying out a
continuous space modelling approach, this form of simulation provides
an overview of the city types where AVs can work. Our analysis includes
data from 40 cities with eight different characteristics, such as urban
settings, population density, and model mix. Based on these data, five
city archetypes are identified, to which each city is assigned via clus-
tering. For each archetype, four simulation scenarios are performed to
determine which scenario is best suited. Our findings lead us to argue
that not every smart city government needs to invest in AV. By following
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the strategies, we have outlined for cities, governments can use their
financial resources more sustainably.

The key findings highlight that AVs do not deliver the same benefits
to every smart city concept. City types with well-developed public
transport systems and small travel routes benefit little from the spread of
autonomous vehicles. For such city types, a reduction in individual
traffic, such as traditional cars, leads to the greatest improvement in the
traffic situation because the public transport network can absorb the
additional transport users. Cities with poorly developed public transport
systems benefit most from the spread of AV shuttles because these
extend access to the existing public transport network and, thus, take
pressure off the roads. Densely populated cities with a sizeable number
of inhabitants and large areas also benefit from AV-shuttle expansion.
AV pods are not advantageous in any of the archetypes. The low occu-
pancy of AV pods leads to an increased load on the transport network.

6.2. Theoretical implications

Our research contributes to the extant literature in three ways. First,
in line with Del Vecchio et al. (2019), this study highlights the impor-
tance of data-driven policy development due to traffic simulations. We
live in an increasingly complex world with rising demand for mobility,
which poses a challenge for policy makers to define long-term policies
and strategies (Macal and North, 2009). Data-driven tools help to deal
with increasing complexity of transportation, which arises from modern
life and new means of transportation, such as autonomous driving
(Bazzan and Kliigl, 2014; Spickermann et al., 2014; Moradi and Vag-
noni, 2018). Nevertheless, as shown above, prior research has mostly
employed simulation focused on single cities or KPIs to evaluate the
impact of AVs on smart cities. We provided an approach across multiple
cities and KPIs to evaluate the impact of AV deployment. By analyzing
cities through archetypes, we provide a way to make strategic invest-
ment recommendations for different types of city. This approach elim-
inates uncertainties in simulation across cities due to different input
variables. Thus, we deliver a relevant approach for optimizing decision
making in urban mobility and smart cities.

Second, this study contributes to the emerging smart city research
committed to the idea that there is no “one-size-fits-all” smart policy
(Clement and Crutzen, 2021). Moreover, Ruhlandt (2018) argued that
policy makers need to develop a smart city strategy that is tailor-made.
Desdemoustier et al. (2019) provide further insights into the smart city
as a local phenomenon rather than adopting a nationwide approach.
They show that cities have different strategies. Our approach echoes this
argument in affirming that different cities must adopt discrete strategies
to optimize their urban mobility needs. Our findings demonstrate that
the different characteristics of cities mean that not all cities benefit from
the same urban mobility strategy. AVs are beneficial in three archetypes,
yet two archetypes benefit more from non-AV scenarios. Accordingly,
investment in these technologies would not necessarily provide added
value.

Finally, up to now, research has used traffic simulations to predict
the impact of AVs (Jing et al., 2020). Nevertheless, the impact of AVs is
uncertain as shown in the literature review. Hence, the future of urban
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mobility remains unclear, and inferring the value of any smart city
strategy is limited. We present a first attempt to use the same variables
across several cities from around the world. This creates transparency
and allows a comparison between different cities and their possible
strategies. Accordingly, we provide a foresight methodology based on
our tool, which contributes to the quality of long-term decision making
and its literature (Liebl and Schwarz, 2010; Vecchiato and Roveda,
2010; Gordon et al., 2020).

6.3. Managerial implications

New emerging technologies require contextual analysis. Our results
demonstrate that policy makers and companies who are investing in AVs
should not ignore knowledge on the individual attributes of cities. There
is concern that this knowledge will be ignored, with consequences that
will prove costly. The fact that cities have different characteristics is
important to consider when implementing disruptive innovations, such
as new autonomous driving technologies. Policy makers should not
consider the technology in isolation. They must consider the specific
urban environment. This holds certain practical implications for driver
stakeholders.

6.3.1. Policy makers

This paper presents results on archetypes to help policy makers
better align their long-term mobility strategies for smart cities. Policy
makers on a national and regional level are urged to revise and adjust
their transport strategies to avoid detrimental effects. However, most
public officials have not yet shown a preparedness to react appropriately
(Thomopoulos and Givoni, 2015; Faisal et al., 2019). Based on our re-
sults, public transportation will likely continue to be the backbone of
urban mobility in most archetypes. In line with Spickermann et al.
(2014), we argue that policy makers need to convey a seamless, multi-
modal travel experience for citizens. Hence, when new transportation
options emerge, policy makers should ensure that traditional public
transport players collaborate with AV solution providers. Policy makers
should include these new providers when planning long-term infra-
structure investments and should work with them to improve network
access. Furthermore, effective rules are a prerequisite for successful AV
introduction. For archetypes that will benefit the most from non-AV
scenarios, it is particularly important to establish regulatory frame-
works at an early stage to avoid AVs disrupting the existing and well-
functioning public infrastructure. Policy makers need to actively drive
the introduction of new technologies on a holistic level rather than AV
solution providers driving the dissemination. By shaping the physical
environment in which AVs operate, policy makers can exert a significant
impact on the success of AVs. For policy makers, it is also essential to
recognize that the implementation scenario of private autonomous ve-
hicles is not beneficial for any archetype. Accordingly, policy makers
need to ensure that autonomous driving adds value to the entire popu-
lation and does not favor individuals.

6.3.2. AV solution providers

As demonstrated, cities are different, so the different disruptions
introduced by different types of AV do not provide the same added value
for every city. Based on our analysis, it is important for AV solution
providers to acknowledge that the most beneficial scenarios will be
different for different cities and that a one-size-fits-all scenario is un-
likely to materialize. For example, a strong push of AV shuttles is likely
to be the best scenario for High-Density Megacities, such as New York
City and Shanghai. In cities such as Berlin or Vienna, city planners and
policy makers should not risk large amounts of money on AVs because
their public transportation systems are well developed, and the benefits
from this new transport mode are rather small. AVs are not just about
new transportation modes. They will fundamentally change cities and
force city planners and policy makers to rethink how their trans-
portation should be reorganized to unleash the highest benefits from
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autonomous driving. Consequently, companies must ensure that
autonomous vehicles represent added value for cities and their citizens.
If there is no added value for cities, the technology will not be accepted
by customers, or it will be restricted by policy makers and mean that the
high investment costs will not yield a return on investment.

6.4. Limitation and future research

As with most research, this study has certain limitations that should
be considered. First, we limited the simulation to traffic-related pa-
rameters. Even though indirect psychological factors, such as lack of
acceptance, are already well researched (Merfeld et al., 2019; Lindgren
etal., 2021), these were not considered in the study. Therefore, in future
research, the model could be parametrized and developed further to
examine the specific psychological aspects. Second, to predict the
impact of AVs on urban mobility, the modal mix is important. Since the
modal mix is not known for the future, we had to predict it. There is a
corresponding uncertainty in the prediction, which affects the result.
However, we have tried to make predictions as accurately as possible
based on various studies. Nevertheless, future studies examining how
fast different AV implementation scenarios will spread would be helpful
for further simulations. Third, to facilitate comparison with different
types of cities, we had to create archetypes. These archetypes lead to a
certain degree of simplification. Future research could address this
limitation by operating more detail simulations across different cities
with the same input variables, such as agent-based modelling and
sensitivity analyses with various input parameters, so that several sce-
narios can be run. Finally, in deriving smart city strategies, we have not
considered the absolute costs of implementing autonomous vehicles
because the costs for business models in the future will likely not only be
covered by cities but by AV service providers as well. However, future
research could address the actual costs incurred by cities to implement
the new technologies.

Data availability

Data will be made available on request.
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