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Abstract: Autonomous driving is a rising technology expected to revolutionize commuting. Even if
the spread of autonomous vehicles is slower than expected some years ago, their progress will not
stop and will become a reality shortly. Therefore, we must manage them both technologically and by
considering their impact on other aspects such as safety, economy, society, and environment. Of these,
trust in these vehicles by society is a crucial element that must be accounted for when designing the
interaction between human passengers and autonomous vehicles. Economical and social impacts
derived from the diffusion of autonomous vehicles hold both promises and challenges, as different
sectors and professions might undergo considerable changes, along with our idea of transport
infrastructure. This paper aims to analyze future developments and effects of this technology by
starting with a review of the related work. For this purpose, we have analyzed several papers with
contrasting perspectives and conclusions. This paper is not limited to summarizing them but also
points out relevant research directions.
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1. Introduction

Modern society underwent deep changes due to technological progress during the
last century [1]. Our ways of interacting with the world, the information we can access, the
activities we can do, and even the existing jobs rely, to various degrees, on technology [2].
Despite the pervasiveness and impact of technological progress, commuting has been
improved but not yet revolutionized. There are better engines able to use new types of
energy, run more efficiently, produce less emissions, and last for longer [3–5]. Commuting
represents a daily activity for most of society, and its duration has serious psychological
implications that can be mitigated to improve well-being [6]. A promising path to achiev-
ing the long-awaited improvements regards autonomous driving: vehicles with increasing
autonomy and responsibilities will progressively support the drivers in more and more
functions. Most current systems have limited autonomy and assist in specific situations,
such as emergency stops and lane tracking [7,8]. However, major efforts are pushing to
develop completely autonomous solutions to make vehicles driverless. This will pave the
way for more advanced and smarter ways of commuting, transporting goods, and sharing
vehicles. Information travels at light speed, and important decisions lie at our fingertips
while we are still commuting on the same paradigm of the last century, which is using
human-driven vehicles. Society perceives the gap between autonomous and human-driven
vehicles as huge, slowing the adoption of more technologically advanced solutions for
commuting. This hesitation is mainly due to concerns about the safety, costs, and liability
of autonomous vehicles [9].

The technological maturity of autonomous driving systems alone is insufficient to start
a massive transition; trust in new-generation autonomous vehicles (AVs) is paramount to
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guarantee the diffusion of autonomous driving, along with new legal definitions to establish
liabilities. Furthermore, the urban infrastructure will undergo changes and refinements to
accommodate the new needs and possibilities of autonomous driving, from placing sensors
and smart components to changing its geometrical structure [10]; technologically advanced
vehicles offer the possibility of interacting with smart infrastructure, referred to as vehicle-to-
infrastructure (V2I) communication, and with other peers in a protocol referred to as vehicle-
to-vehicle (V2V) communication [11]. This will enable them to make smarter and more
efficient decisions by accessing broader information. Further communication protocols
can involve pedestrians, referred to as vehicle-to-pedestrian (V2P) communication, and a
whole global network, referred to as vehicle-to-network (V2N) communication [11]. These
protocols are encapsulated in the cellular vehicle-to-everything (CV2X) framework [11] to
offer novel possibilities for interconnecting all vehicles, infrastructures, and people. This
wider perspective makes the traditionally competitive commute (crossing an intersection
as soon as possible, finding the best parking spot, etc.) a more cooperative and collective
process where vehicles can decide to share resources in impossible ways for our current
driving paradigm. The diffusion of these new technologies and improvement of the current
infrastructures are slow processes that will gradually take place over decades rather than
overnight; therefore, the harmonious co-existence of autonomous and traditional vehicles is
paramount for ensuring a smooth and constant transition. The heterogeneity of human
drivers that autonomous driving aims to reduce might be replaced with the heterogeneity
and possible incompatibilities of these new solutions.

The contribution of this paper is to present a review to analyze and evaluate different
aspects, promises, and challenges of these new solutions in connection with safety, economy,
society and environment. These four aspects are deeply connected, and exhibit shared
facets, offering different angles to analyze and predict the evolution of autonomous driving
technologies. Our attention is cast on fully autonomous vehicles, as partial solutions are
already available and do not significantly change the traditional human-driven paradigm.
Several papers in the scientific literature have addressed the impact of autonomous vehicles;
none considers the interplay and interdependence of these three aspects as in this paper,
in particular for the societal acceptance and views on these new technologies. We aim
to analyze future developments and effects of AVs; we do not provide data, numbers, or
statistics. Instead, we review the related work.

We report several insights extracted from the literature and use them to support
our vision of the future of autonomous driving. These remarks are further captured and
elaborated in our consideration for future work, which should be aimed at verifying them.

The paper has one core section, Discussion (Section 2), describing the most outstand-
ing results from the scientific literature on the themes of safety (Section 2.1), economy
(Section 2.2), society (Section 2.3), and environment (Section 2.4). The reader will find that
these themes are deeply intertwined. Therefore, some aspects will be analyzed differently
in separate sections. We summarize and further elaborate results in the Conclusions sec-
tion (Section 3). We will then provide our perspective in the Future Directions section
(Section 4).

2. Discussion

In this Section, we discuss the impact of autonomous vehicles on the four themes of
safety, economy, society, and environment.

2.1. Safety

The National Highway Traffic Safety Administration (NHTSA), in the National Motor
Vehicle Crash Causation Study [12], reported four million crashes from 2005 to 2007 in the
USA; of these, 94% were reported as the drivers’ fault, and the errors were categorized
as recognition (41%), decision (33%), and performance (11%). A similar report in the Slo-
vak Republic [13] reports 14,000 accidents per year, with 7000 injuries and 300 casualties,
90% of which might be avoided using AVs [14]. A more general report from the Euro-
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pean Union [15] confirms this estimation, attributing 90% of road accidents to human
error. Autonomous vehicles are a promising way to reduce human error and increase
safety and traffic conditions. They require shorter safety distance, as they have a shorter
perception-reaction time, can travel faster and better maintain a constant speed and dis-
tance from other vehicles, and are not subject to tiredness or other performance-impairing
behaviors [10,16–18]. In a study, Dahl et al. [17] estimated a 90% reduction in road accidents
when replacing human drivers with AVs, but they expected a first increment during the co-
existence phase of autonomous and human-driven vehicles. Sukennik et al. [18] simulated
car-following behavioral models by considering different proportions of human-driven
and AVs and estimated a reduction of the safety distance of 50%, which would lead to an
increment of the road capacity from 25.9% to 45.1%. A similar car-following setup was
exploited by Zhao et al. [16] to compare gaps, headway distances, and speed changes in
human agents when they recognized the leading vehicle to be autonomous, showing a
behavioral change depending on their trust in autonomous driving technologies. Therefore,
behavioral change in humans is another important element to account for when modeling
the transition from traditional to autonomous driving.

As described by Kocić et al. [19], AVs continuously alternate a perception and a
planning phase, gathering from their sensors information that is then used to update
local and global planning. The sensors available on AVs typically comprise but are not
limited to cameras, radar, sonar, Light Detection and Ranging (LiDAR), Global Position
System (GPS), and the Inertial Measurement Unit (IMU) [19]. The information accessible
by human drivers relies on four of their senses (i.e., vision, hearing, smell, touch). Vision,
for example, can be impaired by light conditions, eyesight obstructions (e.g., rain and
snow), existing pathologies, or temporary physical conditions (e.g., tiredness, sickness).
Self-driving vehicles can acquire visual and acoustic information through more accurate
sensors and, therefore, determine their further actions more reliably. The data collected
by these sensors is combined and transformed into meaningful information to use during
the decision-making and reasoning process of the vehicle. The information extracted
locally can be aggregated with global knowledge originating from other peers or the same
infrastructures.

Son et al. [20] exploited V2V and V2I connectivity of AVs to provide information
to human users, allowing for quicker and farther crash detection, improving safety, and
preventing traffic jams. This better communication between passengers and vehicles can
achieve higher safety and trust in the decisions made by autonomous and semi-autonomous
entities during critical situations (e.g., emergency breaks, trajectory corrections, etc.). The
psychological mechanisms regulating how humans interact with AVs that emerged in the
experiments underlined, on the one hand, the necessity of transparency and immediate
understanding of AVs actions and reasons while, on the other hand, the scarce trust of a
part of society in autonomous technologies.

The safety aspect is not related only to a single vehicle but can concern a set of them.
Autonomous vehicles collaborate to achieve common goals or compete to gain shared
resources, so they must coordinate to do this safely [21,22]. One of the most suitable
paradigms to model this scenario is represented by Multi-Agent Systems (MASs) [23]. For
instance, Liang et al. [24] proposed a MAS-based distributed control architecture to manage
the cooperation among autonomous vehicles that are part of a platoon. Besides supporting
the cooperation, this approach exploits multi-constraints to ensure a safety inter-vehicle
spacing, while granting the vehicle stability.

As we will better discuss in the next section, increasing safety could negatively impact
employment in some specific sectors, such as insurance [25]. Of course, we think the
increase in safety is worth it, even if it has collateral effects on jobs. However, negative
effects must be accounted for.

Cybersecurity is a fundamental element of future vehicles, as the interconnection and
interdependence between AVs might represent a major threat to passengers’ and pedestri-
ans’ safety in the future. Having smarter vehicles introduces a new dimension of risk related
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to the resilience of their automatic software from malicious use and malfunctions. Cyber-
security has been defined as “the organization and collection of resources, processes, and
structures used to protect cyberspace and cyberspace-enabled systems from occurrences
that misalign de jure from de facto property rights” [26]; since AVs can be conceived as
part of cyberspaces in which hardware (the vehicles), software (the algorithms), and people
(the passengers) are interconnected by networks, the previous definition of cybersecurity is
suitable our scope; some research has been carried out about cybersecurity in the field of
AVs [27,28]. Cybersecurity is fundamental to granting AVs safety because misalignments
between de jure and de facto properties can lead to accidents and injuries. Malicious usage
of these new technologies might substantially affect safety, economy, and perception of
AVs, threatening to fade the advantages of this new commute paradigm. Kim et al. [29]
described the vulnerabilities of current networks and protocols used in AVs, which led
to extensive research on attack detection. (Cyber)security of AVs is recognized as one of
the most important aspects for the acceptance of AVs [25]. We remark on two important
aspects in addressing cybersecurity in AVs: the former is the need for a security approach
by design [30], which enables a higher level of security and can grant some properties; the
latter is the availability of methods to test the security of the AVs’ algorithms [31].

Safety should also be addressed from a technological point of view [32,33]. Algorithms
to automate driving can avoid human errors, such as distraction, sudden illness, speeding,
etc.; however, the algorithms are not perfect, and programming errors or false interpretation
of the data coming from the sensors [34] can lead to incorrect behaviors. Wang et al. [32]
point out three types of errors:

1. perception errors (e.g., wrong data from the sensors, misinterpretation of them);
2. decision errors (e.g., generation of false alarm, missing information);
3. action errors (e.g., wrong actuation by the actuators, bad command).

In addition, accidents can be caused by external factors, such as other vehicles and the
environment. One useful aspect is that AVs produce a lot of data about driving, which can
be analyzed to understand anomalous behaviors and correct and improve the systems; the
drawback is that such data are hardly publicly available, so the analysis is typically carried
out by the manufacturers only. Appropriate approaches to safety and security can decrease
the risks while increasing the acceptance of AVs.

A final remark is about the trade-off between safety and performance. As said, au-
tonomous vehicles are supposed to be safer because they rely on several sensors, apply
different controls, and are immune to distractions and tiredness. However, this degree of
planning and control requires time, which can slow down their performance. Humans can
perform fewer controls and rely on their “instinct” to act with similar perception-reaction
time, as shown by Markridis et al. [35], who found a similar reaction time between adaptive
cruise control systems and human drivers. However, it is reasonable to assume that the
next systems will be able to react at lower rates. An example is provided by Li [36], who
considered the headway distance to the next vehicle as a trade-off between performance
and safety. Smaller distances can increase the vehicle density on the road, increasing
the road capacity, and being closer to the vehicle ahead can reduce air attrition and fuel
consumption. This comes with an increased risk of collision, requiring vehicles with more
sophisticated planning and shorter perception-reaction time, representing a technological
challenge for current implementations.

2.2. Economy

The economic impact of AVs is deeply related to safety and society, as reducing road
accidents and modifying the way people commute cause different costs and benefits for
both individuals and countries. Autonomous driving offers many perks to the modern
society and individuals, such as:

1. Improved safety, due to the better precision and controls of AVs [9,18,20,36].
2. Work-related or leisure activities during the commute will improve comfort [6,37,38].
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3. Fuel efficiency, due to the smoother driving, higher-level commuting patterns (i.e.,
platooning), and shared capacity of AVs [9,38,39].

4. Better traffic management [39–42].
5. Use of cars without or with special driving licenses, including people unable to drive

due to age, legal, or physical impairment reasons [43,44].
6. Support and extension of existing public transport systems, such as buses and car-

sharing [17,18,42,45].

These pros present several safety, environmental, and economic advantages [42]
beyond the increased comfort, but depend on the penetration rate of AVs. For example,
points 3 and 4 could exploit the well-known platoon concept inside the vehicles fleet to
optimize commutes [38] once AVs become diffused. Points 2 and 4 can help decrease the
Value of Travel-Time Savings (VTTS) defined by Kolarova et al. [37]. VTTS represents
the willingness to pay to avoid spending time on commutes. Since comfort onboard
would increase due to stress reduction and more productive time management, people
might be encouraged to use the car more often than public transportation. Interestingly,
Kolarova et al. [37] also identified a more negative time perception in shared AVs than
in individually owned ones and traditional public transportation, indicating a possible
conflict between individual comfort and societal goals, as this preference might increase
traffic and congestion due to the lower VTTS of privately owned AVs.

Human drivers will witness a gradual change in the infrastructure design due to
AVs. They offer several economic advantages to both road users and maintainers. One
of Othman’s works [38] describes novel ways to design more capable parking lots and
how AVs can potentially increase road pavement rutting if no additional measures are
taken to evenly distribute vehicles on the surface, such as lateral offsets. The accelerated
decay of the asphalt and the potential intensification of the traffic due to heavy AV usage
can lead to expensive maintenance costs and worsen traffic conditions. Khoury et al. [10]
point out how AVs will have different requirements and limitations than human drivers,
hypothesizing how these differences will affect future infrastructures. For example, a
human and an AV’s vision can exhibit different eyesight, field of view, and height; an AV
can also obtain an “extended” vision from its surroundings by other vehicles circulating
or sensors integrated into the same road. The sensors installed on the AV can help reduce
the required road illumination [46], which has environmental and economic advantages
and increased reliability in rural environments or whenever infrastructure malfunction
occurs [47]. These characteristics can pose different constraints on road angles, length of
sags and crests, signal location, bridge span and span length, and parking lot and crossroad
geometry [38].

Furthermore, an adequate penetration rate for AV can enable additional strategies to
handle traffic. Novel approaches can simultaneously decrease fuel consumption, which
presents economic and environmental advantages, and increase vehicle throughput, lim-
iting further infrastructure expansions. An example is provided by Vujić et al. [48], who
presented an analysis of three different approaches for managing intersections in the event
of high-priority vehicles (escorted VIPs, in the discussed example). Such approaches can
greatly benefit from technological advances in vehicles. The cited example considers modi-
fications to the semaphores, but the same AVs could implement this protocol when they
are well established.

AVs in worldwide urban planning are mostly overlooked and postponed; therefore,
changes in the infrastructural design will likely unfold for a longer period than the AVs
spreading due to the economic and planning efforts [38]. Further analysis of the factors re-
quired to consider a city “AV-ready” confirmed that most cities lack preparation, especially
the smallest towns, for promoting adoption and usage [49]. New challenges will also arise
with the diffusion of AVs, such as the problem of platooning heavy vehicles on bridges [38].
AVs will be plausibly able to fully exploit the opportunities offered by smart infrastructures
only after they reach a sufficient penetration rate in society to justify the infrastructure
upgrade; this will result in a transition phase where the vehicle’s behavior will change
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without direct control [10]. These upgrades should include better ways of recharging elec-
tric vehicles, as they will most likely represent most AVs. Currently, the most common way
of recharging electric vehicles is using fixed recharging stations, whose speed depends on
their technological level [50], but novel approaches are emerging to provide better solutions.
One example can be the “battery swapping technology”, where the battery is replaced with
a fully charged one to reduce the waiting time to the minimum [50]. Some solutions do not
require a charging station but instead, transform the lane into a physical medium to convey
electricity in the vehicles commuting on it, referred to as “charging lanes” [51]. The posi-
tion, size, and technology can be optimized to guarantee adequate capacity while limiting
the costs [50]. It is reasonable to suppose that the most advanced recharging techniques
will be provided with consistent penetration rates and demand. The penetration rate is
also a determinant for fostering the adoption of more advanced communication protocols.
V2V is the easiest and most fundamental protocol to implement, as all AVs will need a
communication module to participate in the most advanced interactions (i.e., V2I, V2N,
and V2P); therefore, it will likely be the first to be implemented. The remaining techniques
require additional technologies to handle the communication and involve the different
actors (i.e., infrastructures, cloud computing infrastructures, pedestrians). Their implemen-
tation and maintenance costs will require adequate demand beforehand. Interestingly, an
increase in the penetration rate will also make the protocol more difficult to handle, as
discussed in [52]. As pointed out by Martínez-Díaz et al. [42], many factors influence the
multidisciplinary field of mobility, making the technological transition gradual and slow.
They also describe a concrete risk of observing an increase in private car commuting, for
which strategies to improve the average number of passengers on AVs are fundamental.

Cities may be redesigned to convert the space saved using AVs, such as parking and
multi-lane roads, to other purposes, such as green areas and public spaces, increasing the
wellness and the eco-friendliness of urban centers [45]. The full potential offered by AVs
in revolutionizing the urban structure will take place only after they completely replace
traditional vehicles. Therefore, most of these perks will not be available soon. Nevertheless,
as shown by Gambelli et al. [53], a “gradual” installation of smart infrastructures could still
lead to improvements in the management of autonomous vehicles and benefits for people
and the environment. Therefore, administrations can split the investments into different
years, making them more sustainable.

The improvements promised by AVs in terms of traffic efficiency rely on adequate
penetration rates to become effective. In the transition phase that will unfold, the new
solutions built on smart vehicles and infrastructures must account for and comply with
human-driven cars. The literature comprises works centered on crossing management at
different levels, from smart infrastructures handling traffic [39,41] to decentralized solutions
relying only on V2V communication, where additional hardware/software can be installed
on traditional vehicles [40]. Depending on the penetration rate of self-driving cars, different
solutions become available, and their pros and cons change importance. The cost of AVs
was estimated by Anderson et al. [54] around $150,000 in 2014. This is likely to constrain
the number of private owners and make publicly shared AVs the most diffused form of
autonomous driving for the first part of the transition. This might foster a positive usage of
AVs and reduce their potential drawbacks.

A study on AV diffusion in Spain [45] points out how different sectors will react to
this revolution:

• The automotive industry will see a gradual but substantial reduction in the number of
vehicles if shared AVs gather momentum, but the maintenance and replacement of
AVs will be more frequent due to their higher usage.

• The insurance sector will experience an increase due to the augmented price for
insuring AVs in the first period, then a decrease due to a reduction in the total vehicles
and accidents.
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• Professional drivers will provide support in the case of emergency failures in the first
stage of AV diffusion, but they might lose their jobs when the technology reaches full
maturity.

• Fossil fuels will significantly diminish due to the transition to cleaner energy sources.

European cities present unique features when compared to those of other continents.
Historically, public transportation has been far more common in European cities than
in American ones, leading to denser populations and car-free areas in the former [55].
This predisposition is likely to kindle the usage of AVs for car-sharing in European cities,
despite we can expect that private AVs will be more popular in less populated areas.
Several European countries started exploring autonomous driving with the common goal of
achieving sustainable development [55]. Each member state presents unique geographical,
socio-economic, and political characteristics, which influence the speed of adoption of
AVs [55,56]. Similarly, each European city differs from the others, suggesting that universal
solutions are unlikely to be effective [55].

Kim [57] proposes some interesting forecasts following the introduction of AVs. The
oil sector is expected to have a lower demand for powering vehicles but might increase
for producing electricity if renewable sources are not exploited. The demand for private
cars should drop if shared vehicles become diffused. These forecasts, dated 2018, have not
become completely true yet, because the AVs are not as spread as expected and possibly
also because the pandemic period has slowed down many activities.

Another important aspect to consider, which impacts both the economy and society, is
the change in the job market. This issue has been addressed in [25,45]. Klaver [25] states
that the three sectors that will lose the highest number of job positions will be driving
occupations, servicing and repair centers, and the insurance industry. Driving occupations
are expected to shrink due to the obvious lower number of drivers required with vehicles
able to drive themselves. This has bad consequences on society and employment, and it
is one of the major concerns about the spread of autonomous vehicles [58,59]. Of course,
this is a serious concern if the change takes place too fast for society to adapt to the new
job market. Similar changes in the job market happened in the past, for instance, the
replacement of horses with cars for transporting goods, but they took place in a rhythm
that allowed the old generation to retire and the new generation to adapt to the emerging
jobs [60]. Governments should support the shift from the old jobs (drivers) to the new ones
(technology workers) through policies regulating the adaptation. Indeed, some initiatives
go in this direction, as described in [61]. The repairing centers and insurance companies
are also expected to wane due to the fewer accidents expected from AVs [25]. In case of
other adverse events, for instance, theft or vandalism, the technological advancement of
AVs should ensure sufficient physical security to avoid the former and discourage the
latter [62]. The reduced demand will likely lead to employment drops across these sectors.
This impression is confirmed by a survey in China conducted by Xu and Fan [63], where
potential AV users expect a reduction in both accidents and insurance premiums. On the
other hand, healthcare might greatly benefit from the reduced number of accidents and
dedicate more resources towards different health-related issues [64]. The benefits of AVs on
healthcare also include other positive effects, for instance, reduced air and noise pollution
and less sedentary time [64].

2.3. Society

Society has become increasingly more aware of autonomous driving and its char-
acteristics and will experience partial automation before fully autonomous products are
made commercially available [43]. A general concern towards AVs is their lack of trans-
parency and explainability, which indicates their opacity to external users. Understanding
AVs’ reasoning processes and motivations is paramount to trust them. This problem is
diffused in many sectors where Artificial Intelligence (AI) is applied, and it kindled a great
interest in Explainable Artificial Intelligence (XAI). The need for XAI is especially felt in
sensitive fields like healthcare, economy, law, and transportation, where people’s lives,
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rights, and well-being can be seriously impaired by an unfair decision [65,66]. This recent
awareness led to the formulation of a “right to explainability”, defined in Recital 71 of the
General Data Protection Regulation (GDPR) of the European Union and the Algorithmic
Accountability Act decreed by the US Congress (H.R. 6580 of 2022) [67,68]. A survey from
Thomas et al. [43] identifies several concerns about safety, performance, price, liability, and
interaction with non-AV vehicles. They identified people between 36 and 65 years old as
particularly reluctant to drive AVs, in sharp contrast with younger and older people, while
another study found that the acceptance rate of AVs among people older than 50 years
old is relatively modest [42]. Lazanyi analyses the factors that influence risk perception in
AVs [69] and the choices that people make consequently:

• The first aspect is gender: she points out that males and females have different per-
ceptions, with the former being more open to new technology and considering it less
risky compared to the latter.

• The second aspect is age: it is interesting to note that it has a different impact on
males and females, leading older males to be more doubtful and older females to be
more open.

• The third factor is the cultural influence, even if this factor is less susceptible to gender
and age.

Some approaches can identify threats to privacy in autonomous vehicles [70]. These in-
clude Linkability, Identifiability, Non-repudiation, Detectability, Disclosure of information,
Unawareness, Non-compliance (LINDDUN) [71] and the Privacy Enhancing Technologies
(PETs) [72] methods.

Two of the major concerns for potential AV users, safety and liability, are deeply
interconnected, as failures and malfunctioning might harm either people inside and outside
the vehicle or other properties. Despite the quality and testing of AVs, a marginal risk is
irremovable [13]; furthermore, even if the AV behaved faultlessly, this must be proved in
the case of unfortunate events. A possibility is considering the manufacturer liable and
responsible for the behavior of the AV, except in conditions of severe negligence in its
maintenance, in which case it is the owner’s fault [13]. What “severe negligence” means
is not well defined yet, but if the user has, for instance, to watch over the AV during the
whole commute, then the better VTTS defined before loses importance. This requires both
manufacturers and owners to have a certain degree of trust in the vehicle. This depends
on how society perceives AVs, which could be biased in the case of dramatic events and
personal experience [73].

The penetration rate of AVs in the society is based on several factors. Shabanpour
et al. [73] identified several psychological factors driving the adoption of autonomous
vehicles. These cover the whole gamut of human characteristics, such as the average
distance traveled, technology awareness, and previous history of road accidents.

An issue pointed out in different works is the uncertainty about the impact of AVs on
social inequalities [74–77]. On the one hand, the chance of exploiting AVs should enable
everyone to have access to comfortable mobility, even without a car or a driver’s license.
On the other hand, since AVs represent a new technology, its access can be reduced to some
classes of people who can afford it; moreover, already now the vehicles (and in particular
the private cars) represent a “status symbol” that differentiates different classes of people
on the base of the economic position. However, the availability of money is not the only
factor that can cause inequalities. Others can be gender, age, and so on since different
risk perceptions [69] can encourage or discourage whole classes of people from accessing
the new technology. Kim et al. [57] also propose some perspectives about the impact on
society or, better, the environment; it, in general, should benefit from the introduction of
autonomous vehicles, in particular the electrical ones, but the real advantages must be
demonstrated because they will still require energy, which is produced using sources not
always renewable and increasing the pollution.

In connection to the environment, refs. [57,74] discussed how the spread of AVs can
change the shape and the exploitation of the land. For instance, in a world where vehicles
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do not need to be parked or can be parked more efficiently [38], the administration must
decide what to do with the unused (and sometimes huge) parking areas. As mentioned in
the previous section, they can be converted to green areas or other public welfare structures,
but this is a political choice with clear social impacts [45]. Greenblatt and Shaheen [78]
described antipodal considerations on the impact of AVs on the environment. They explain
how, on the one hand, AVs would reduce parking areas, drive more smoothly, and allow
more effective car-sharing. On the other hand, the average kilometers traveled might
skyrocket due to (i) the autonomy of AVs to travel for fueling/parking themselves, (ii) the
increased amount of people that can use AVs to commute, (iii) the empty trips to serve
other users (dead-heading), and (iv) the increased general amount of commutes due to
the ease of use [78,79]. Interestingly, there is a lack of consensus on the emissions saved
using AVs, with even sources indicating an actual increase in pollution [78]. As pointed
out by Gavanas [55], the population density and the city structure play a determinant
role in stimulating public or private AVs. Therefore, it is likely that the actual impact of
AVs on emissions will change with their geographical deployment. An important element
in this consideration is the risk of “urban sprawl” [80], which is the “tendency toward
lower city densities as city footprints expand”. This negatively affects the economy and
environment, as more infrastructures and vehicles are needed, public transportation and
car-sharing provide less coverage, sustainable commuting becomes more expensive, the
average mileage increases, and traffic jams are more likely to happen. Furthermore, space
is used less efficiently, resulting in more natural spaces occupied by households. AVs risk
making commuting so easy that people will live even further from the cities, increasing
this phenomenon.

The perspective of losing jobs or having a significant change in some sectors [25,45]
affects not only the economy (as already discussed in the previous section) but also society.
Setting aside unemployment, which would require much more space than a single paper,
we point out that new education and training forms are needed to exploit people whose
profession is threatened. For instance, the introduction of AVs will eliminate the need for
human drivers; however, their experience would be the most valuable to support the first
phase of AV diffusion, to help develop better algorithms, train the AVs, and tune their
management [81]. On the other hand, having only AVs implies that the driving experience
and learning how to drive vehicles will risk becoming lost. Despite this, we believe that
driving vehicles will survive, as the horse-riding experience has not been lost when cars
have substituted horses.

As mentioned, technologies must adapt to the users, not vice versa. For this purpose,
human-centered design is a developmental approach dedicated to this goal [82,83]. This
guarantees excellent adaptability and a smooth transition to the developed solution. Ethical
issues can be properly addressed, considering humans first, before other aspects such as
money, savings, material, etc.; for example, the vehicle should be programmed to save
human life in unexpected situations such as a pedestrian that suddenly appears in front
of the vehicle (besides the famous “trolley dilemma”, which is very theoretical, there are
many more practical situations in which the vehicle must take a decision). Furthermore,
economic benefits are provided since this enhances its adoption and affirmation as a new
technological standard. Like any other robot, AVs should adapt to the human world
to foster engagement with human beings [84]; users’ emotions are strong drivers in this
process, as pointed out by Cha [85], and meeting people’s desires and expectations increases
social acceptance.

2.4. Environment

All the previously mentioned aspects of autonomous driving inevitably affect the nat-
ural environment [86]. In particular, we recall using sensors to reduce the road illumination
required, the increased reliability in rural environments, the chance to gradually adapt the
intelligent infrastructure supporting AVs, and so on. In this section, we add some further
considerations related to the environment.
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Reducing the number of vehicles, their mileage and fuel consumption, or even the
number of necessary parking lots can dramatically impact the environment, despite we
started describing these possibilities from an economic perspective. Conversely, overusing
this technology can negatively affect the environment by increasing the number of vehicles,
the mileage and fuel consumption, and the parking space required.

Conscious usage of AVs could help revert the more and more obvious phenomenon
of global warming. The automotive industry is estimated to represent about 7% of the
CO2 emitted globally by mankind [87]. Private vehicles are responsible for approximately
15% of the total greenhouse gases produced [88]. AVs equipped with electric or hydrogen
engines could contribute to reducing this build-up [89]. Interestingly, Ahmed et al. [88]
describe a worse environmental footprint for shared autonomous electric vehicles than
for privately owned electric vehicles. The parameters considered were global warming
potential, energy demand, and associated water consumption. The authors attributed
this difference to the distance traveled by AVs without any passengers to reach other
users (dead-heading) and to the greater power consumption associated with automation
systems. There is no strong consensus on the actual mileage an AV would travel without
any passengers, as sources report shares ranging from 10% to 50% [90,91]. The reduced
lifetime associated with the power consumption of automation-enabling components is
about 7.5% [88]. The results indicate that “it takes more than one shared autonomous
electric vehicle to replace a single (privately owned) electric vehicle” when considering
the same type of battery [88]. Conversely, when considering larger batteries (200,000-m
range, corresponding to approximately 320,000 km), the results revert when the dead-
heading is modest [88]. This emphasizes a common critique of electric vehicles: the lack
of environmental sustainability of the industrial processes necessary for manufacturing
batteries [92]. Xia and Li [93] report a higher environmental impact in electric vehicles
than internal combustion engine vehicles when accounting for battery manufacturing.
Sustainable battery manufacturing is, therefore, fundamental for ensuring that the large-
scale diffusion of AVs is feasible, beneficial, and able to deliver its promises. Further
advances in the energy efficiency of these systems, as described in [94], could help to reduce
the environmental impact by increasing the mileage for electrical AVs.

The environmental impact of autonomous driving will also depend on the durability
and maintenance of AVs. Nangia et al. [95] describe how autonomous vehicles are ideal for
durability testing due to their precision and repeatability. These properties could help AVs
to increase their durability by reducing structural stress and road fatigue [95]. This could,
for example, help counter-balancing the scarce sustainability of battery manufacturing
by reducing the replacement of other components. Nonetheless, this topic has not been
directly covered by the literature up to this date. Another element that could make AVs
more durable is the eventual imposition of stricter maintenance requirements discussed in
Section 2.1. This could reduce the possibility of unexpected behavior and safety risks. This
could further increase the reliability and durability of AVs. Conversely, fast technological
leaps could lead to a faster turnover.

3. Conclusions

We consider the field of autonomous driving as still unripe for expressing its full
potential. Its development and diffusion are still uncertain, and many questions must
be addressed before giving a concrete and reliable prediction. The exact impact these
technologies will have on society is hard to predict and relies on society’s perception of
AVs. This uncertainty is described in Figure 1, where pros and cons can equally originate
from every theme. This perception is influenced by many factors, such as the trust in this
technology, the economic costs to access it, the magnitude of the benefits and disadvantages,
and its perceived utility. Excessive usage or misuse of this technology might lead to
a massive diffusion of privately owned AVs; this behavior would nullify some of the
economic, social, and environmental benefits that we reported. The policies and structure of
each city can promote public transport (i.e., European urban centers, due to their population
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density and areas not accessible to private cars) or private usage (i.e., American urban and
rural areas, due to the lower population density). European cities tend to favor public
transport due to their structures, as they have historical centers that limit private vehicles;
this characteristic could make the most invasive technological upgrades more expensive or
even impractical, limiting the advantages of AVs.

Figure 1. Diagram of the pros (in green) and cons (in red) of the four themes considered. The links
are colored depending on the themes they connect. The only oriented links are those connecting
yes. . . but nodes.

The faster the initial momentum, the sooner the benefits derived by high penetration
rates will be available. At the same time, the economic cost will be steeper and less
sustainable in the short period, even though it can pay off through improved safety,
reduced emissions, and fewer vehicles circulating. Fast adoption could also compromise
the capacity of society to adapt to the change, with tremendous effects on the job market.
If AVs will reduce the number of circulating vehicles, insurance and repair companies
might experience huge losses. This assumes that AVs do not require more mechanical
maintenance or more expensive insurance than traditional vehicles and that accidents
will be less frequent. They may as well have higher maintenance and repair costs than
traditional vehicles. Accidents could be much more expensive if they involve AVs, as
their repair could be equivalent to repairing several traditional vehicles. This risk would,
however, be mitigated by the reduced likelihood of accidents, the increased safety offered
by AVs, and the reduced harm to human lives. Notably, the reduced harm towards human
lives is a positive factor for both ethics and the economy, as injuries can represent a huge
medical cost and a reduction of production in a country. It is currently hard to verify
whether and to what degree AVs are more expensive than traditional vehicles, as also
traditional vehicles present different costs. Also, a comparison between the costs of an
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accident involving traditional vehicles and AVs is not readily available in the literature, but
it is worth exploring.

New-generation vehicles depend on legal and economic aspects that may obfuscate
their advantages. A human’s role of responsibility in guaranteeing the correct functioning of
his/her AV can be a blurry concept that is not easy to identify and prove. This responsibility
might require the owner to perform periodic check-ups or even to remain steady and alert
for the whole commute, making it less enjoyable and productive. Furthermore, if the owner
is required to stay alert on the vehicle for its whole activity, then AVs will not be able to, for
example, reach other users with autonomy. The real autonomy we allow AVs to operate is
based on how much they are trustworthy.

There is a non-negligible risk of replacing human-related with vendor-related hetero-
geneity, threatening AVs’ diffusion and usage. The lack of coherent and homogeneous
technologies could hinder the creation of smart infrastructures and communications be-
tween AVs. This needs to be addressed by creating international standards and protocols
to guarantee consistent behavior and functioning. The interaction between traditional
and driverless vehicles is also uncertain. We previously reported how the behavior of
human drivers can change in proximity to AVs, representing a potential issue. Further-
more, the impact of AVs on traffic requires a higher level of communication unknown to
human drivers. Additional hardware and software can upgrade traditional cars to support
V2V or create smart infrastructures to communicate with autonomous and human-driven
vehicles. Furthermore, advanced and high-level commute patterns, such as platooning,
are harder to obtain in hybrid scenarios, and the benefits they yield will be dampened
in the first transition period. Lastly, the performance improvement of AVs has still to
become clear, as current technologies are still comparable with humans in some areas, such
as perception-reaction when the head vehicle performs a full stop [35], and the aleatory
behavior of human drivers can become useful, for example, to have uniform pavement
deterioration [38].

One important aspect that emerges from our review is that trust, safety, and cyber-
security are key points for accepting AVs; people will embrace the transformation of our
economy and society only if the new technologies do not decrease the safety and security
of our lives.

This review took a broader perspective than previously published works by high-
lighting the intricacy of risks and benefits related to AVs from different perspectives.
Autonomous driving can assume positive or negative connotations depending on specific
factors from the environment in which it is implemented. Refs. [96,97] described this
subjectivity in analyzing human acceptance, proving that subgroups show substantial
differences. One of the main limitations of this study is the scarcity of available data on
AVs in real scenarios. We do not aim to provide further data and statistics but rather an
outlook on the current perspectives in the literature, which are also based on relatively
small data sources. Experimental data from simulations can easily prove unreliable in real
settings due to underestimated or neglected factors, such as human behavior. Practical
implementation of autonomous driving technologies in the real world will clarify the
results and contradictions reported in this study. It is hard to accurately estimate AVs’
impact on many parameters, such as fuel consumption, space usage, and accident rates.
Rahman and Thill [98] point out the shortcomings in several reviews on urban transporta-
tion and environment due to the lack of AVs in real scenarios or excessive specificity in the
analysis (e.g., focusing only on specific usages of AVs), indicating how the actual outcomes
may diverge from those supposed. A comprehensive review is offered by Duarte and
Ratti [99], where they share the same concerns we have about the real impact of AVs on
traffic volumes since it depends on the users’ perception and usage of this technology (and
geographical/cultural elements, we assert). They also discuss the impact of AVs on urban
sprawling due to the different perceptions of travel time, but they do not point out how this
could lead to overusing AVs, nor the changes in the job market affected by them. Kopelias
et al. [100] offer a perspective more centered on the environment and the legal regulations
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being set in place to protect it. They share our vision of how AVs can provide several
benefits to the environment due to smoother driving, smarter routing, an organization in
platoons, and, in general, push the market towards electric engines, but also recognize the
risk of an actual increase in private vehicles due to the enlarged pool of people that can
commute independently.

We considered these concurrent and often contradicting aspects as opportunities to
underline the uncertainty of the future and provide a holistic picture of the questions
related to this technology. None of the works we analyzed simultaneously addressed
all the topics we covered in this analysis or considered geographical specifics. For this
reason, this research offers a unique and complete discussion of the issues related to AVs
in modern societies worldwide. The interdependencies between the aspects we discussed
are fundamental in how AVs will influence society, as every individual will analyze the
perspectives we provided through his/her lens, from which a unique interpretation will
emerge. For instance, an individual particularly concerned about environmental issues
may choose alternative commuting solutions, such as public transportation, rather than
purchasing an electric car; conversely, people with disabilities may be more inclined to
adopt these solutions for their needs. This individual variability is a crucial reason we
cannot provide solid forecasts about the future. Furthermore, the peculiarities of each
environment will likely lead to different policies, which could impede the homogeneous
management of AVs. How society will react to the proposed innovations may also have
cascading effects on other transportation means, such as trains and planes. This can enable
regulators to tailor the pros and cons to the local constraints and needs, but it could
hinder a universal approach and, therefore, limit some of the broader advantages, such as
fuel consumption and environmental safeguards. Different regulatory bodies may favor
some aspects over others, such as prioritizing access to these technologies for people with
disabilities rather than encouraging shared rides. Different requirements may also forbid
specific kinds of vehicles from circulating in certain regions, with obvious discomforts in
the case of long-range commutes. We want to enhance how different policies will change
the balance between the pros and cons described in Figure 1, as each country will shape
this technology for its needs, increasing some pros and while exacerbating some cons. We
pointed out possible discrepancies in the future by explicitly referring to narrow reviews
focused on specific countries.

4. Future Directions

We propose a precautionary approach to the massive introduction of AVs. We are not
“against” AVs because we recognize the evident benefits they can offer, but we are aware of
the possible risks associated with early AV technology. This technology has the potential
to impact many sectors of society and is an important part of our daily lives. Therefore, it
cannot be addressed in the same ways as other technologies, and the policies regulating
them can have impressive effects. People often expect new technology to increase their
free time by reducing the time to work, commute, or do other unwanted activities. For
instance, let us consider the washing machine: one can think that it saves much time
that in the past was dedicated to housekeeping; however, the time for housekeeping has
not been reduced remarkably; instead, we have cleaner clothes because we wash them
more often. Indeed, AVs do not exhibit only positive aspects. We should have the same
expectations with autonomous driving, as proper usage is necessary for benefitting from
the positive aspects while limiting the risks. Their overuse might transform some pros into
cons, like increasing the number of vehicles available and increasing traffic, pollution, and
urbanization. Society will undergo complex changes during this transition phase. Many
sectors will be strongly reshaped and resized, and new professions might arise to fill the gap
left. Therefore, we propose careful planning to create widely supported technologies with
high degrees of compatibility and a particular focus on interpretability and transparency.
As previously described, having transparent and easily interpretable systems is paramount
for trusting them and fostering their diffusion. Indeed, people have individual opinions
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and beliefs that can make them more attracted or reluctant towards autonomous driving.
Having explainable systems is also important to guarantee human safety. Therefore, having
trustworthy systems presents several advantages for their adoption and correct functioning.
Another aspect worth considering is the willingness of the general public to start using
these solutions, as negative events related to autonomous driving might have an important
effect on impeding its diffusion. Education and correct information on these technologies’
potential and dangers are fundamental to fostering the spread of these novelties and
favoring positive behaviors, such as traffic reduction through shared AVs, rather than
allowing improper and unethical usage. As the adoption of AVs will most likely require
a long period, the infrastructure should undergo a moderate and progressive upgrade,
compatible with the financial, design, and implementation requirements.

As mentioned, the safety of autonomous vehicles is achieved by exploiting different
sensors and performing different controls, which can slow down their performance. An
interesting research direction can be the trade-off between safety and performance in AVs.
With the co-presence of human-driven and autonomous vehicles, it would be interesting to
define their models to understand what and how they differ, enable their simulation, and
take advantage of their co-presence. Simulations are useful in this field because they help
understand the impact of different strategies. The more the driver models are precise, the
more accurate the results will be. Using modeling production-ready AVs might help frame
their performance and characteristics rather than relying on assumptions. In connection
with simulations, an important aspect is defining appropriate metrics to measure the impact
of different strategies. These metrics are useful not only for technological assessments but
also for political evaluations by the public administration.

The actual outcome of the diffusion of autonomous driving vehicles relies on many
factors that are not easily adjustable or foreseeable. As commuting influences many, if not all,
aspects of our lives, each individual in society plays a role in this process. This technology
holds terrific potential for improving our quality of life, but this heavily depends on its usage.
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