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Abstract

he advent of self-driving vehicles is no longer just
I science fiction conjecture but the reality of the coming
decade. Various countries have already made real
progress in self-driving technologies moving beyond slogans
and to meaningful action — multi-country amendments to
the law, for one thing. Due to the rethinking of the transport
planning process and new ways to organize passengers, the
urban transport system is considered a single unit, not a set
of separated transport subsystems (metro, land transport,
etc.). Thus far, however, there has been no extensive study
of the potential urban impact of self-driving technologies
upon a city and its residents.

This paper presents a methodology for the urban impact
assessment of self-driving transportation, which was
developed based on an appropriate analysis for the city of
Moscow. To that end, the urban environment as a research

Keywords: self-driving car; self-driving technology; urban
environment; transportation policy; scenario forecasting;
transportation and mobility management; Moscow

subject is described as a set of environmental, transport,
technological, economic, social, and regulatory blocks
of indicators. We propose to evaluate these indicators:
roads congestion, need for parking spaces, changes in the
employment structure, new users of automobile transport,
and others. To estimate the effects on the city, we describe
four scenarios for the introduction of self-driving cars,
differentiated by the speed of technological introduction
and the development of co-using economics. To achieve
the maximum effect of self-driving technology, one needs
to adopt a proactive transport policy, including a set of
measures defined by a current survey.

The survey is indispensable for future research into the
impact of self-driving technology upon a city. Also, the
survey has practical uses for administrations responsible for
urban transport policy.
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in cities is predicted in the next decade. The

technological and economic aspects of self-
driving transport are being studied the world over
[Horl et al., 2018], while certain countries (the US,
Germany, France, and the UK in particular) are
taking practical steps to adapt legislation and traf-
fic rules accordingly [Hoyle, 2016; Tomtom, 2017].
In the EU, self-driving vehicles and electric buses
are being tested not only on specifically allocated
roads but within entire metropolitan areas [Morgan
Stanley, 2013]. At the same time, self-driving ve-
hicle technology obviously belongs in the disrup-
tive innovations category [Christensen, 1997], that
is, it is irreversibly changing the value of using a car
as such. Self-driving vehicles will be available to
those who cannot drive a car for health reasons or
are unwilling to waste time in traffic jams [Collie
et al., 2017]. The very principle of owning a car
will greatly change, for example, families may stop
owning several cars. Multi-agent transport model-
ing shows that adopting self-driving vehicles can
reduce the size of the daily operated fleet by ten-
fold [Fagnant, Kockelman, 2014]. Paradoxically, an
increased number of car trips will be accompanied
by the decreased private ownership of cars and
their reduced total number.

T he mass proliferation of self-driving vehicles

Researchers point out the many advantages of self-
driving technology, from improving vehicle effi-
ciency and reducing accident rate to expanding the
range of users and improving the environmental
situation. According to Morgan Stanley, the com-
bined effect of resource saving and increased pro-
ductivity in the US economy due to the adoption
of self-driving vehicles will amount to 8% of GDP
[Morgan Stanley, 2013], due to fuel economy, re-
duced mortality, and reduced transportation costs
for goods and passengers alike. The downsides in-
clude job cuts, the parking problem, excess mileage,
and a limited scope for the private use of self-driv-
ing vehicles.

Over the last three years the number of academic
papers and consulting reports on self-driving ve-
hicles and their shared use has markedly grown.
[Van den Berg, Verhoef, 2016] present a dynamic
model of increasing street and road network (SRN)
capacity and changing costs of self-driving vehicle
users’ time. The model allowed for calculating the
recommended self-driving vehicle subsidy rates
using US and Netherlands data. [Llorca et al., 2017]
demonstrated how the load on the SRN in the
Munich metropolitan area will be changing using
a MATSim simulation: the average travel distance
and travel time increase under any scenario.

A number of studies are devoted to specific as-
pects of self-driving technology unrelated to their
impact upon the urban environment [Martin,
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Shaheen, 2016; Skinner, Bidwell, 2016]. A report by
the Organisation for Economic Co-operation and
Development (OECD) [OECD, 2015] demonstrat-
ed the effectiveness of car sharing services: if for a
personal car the average time of use is about one
hour, with the load factor of 1.2 persons per car,
shared cars on average are used for 13 hours, with
the load factor of 2.3 persons per car. According to
a Boston Consulting Group (BCG) report [Collie
et al., 2017], the total time of use for a shared car
is estimated at 15 hours per day. Numerous stud-
ies estimated the changes in throughput and trans-
port capacity using micro- and macro-modeling.
For example, with the mass adoption of self-driv-
ing shared vehicles, the total useful mileage will
increase by 8% [Moreno et al., 2018]. The report
[WEF, BCG, 2015] examined the social aspect of
self-driving vehicles’ dissemination: it turned out
that on average only a third of the respondents be-
lieved they would use an self-driving vehicle, with
Asian countries being the most optimistic in this
regard. Zakharenko [Zakharenko, 2016] presents
a theoretical model for assessing self-driving ve-
hicles’ impact upon the structure of land use. This
study predicts further urbanization, increased land
costs in inner cities, and the need to set up special
parking lots for self-driving vehicles.

In the future, urban residents’ mobility is forecast
to increase due to the adoption of the “mobility as a
service” (Maa$) digital concept and the emergence
of new transport services such as, for example,
taxi-buses: ridesharing on small buses along user-
defined routes [Smith, 2016]. Technology is expect-
ed to change the vehicle fleet as such, leading to an
increased share of two-seater cars and minibuses.
Gruel and Stanford [Gruel, Stanford, 2016] present
three scenarios for the adoption of self-driving ve-
hicles: from adaptation through changing transport
behavior to transforming the car ownership model.
The authors insist on the need to carefully monitor
the number of cars and the extent of their usage
to avoid the uncontrolled proliferation of vehicles
and negative consequences such as environmental
degradation, increased number of accidents, ex-
pansion of cities, and so on.

Recently researchers have shown growing interest
in the prospects of self-driving vehicle sharing or
shared autonomous vehicles (SAV). This format is
expected to make transport services more accessi-
ble, reduce vehicle fleet size and parking lots” acre-
age, and users’ time and financial costs. Electric
cars are believed to be the most suitable for these
purposes, due to their environmental characteris-
tics. The use of electric motors in shared autono-
mous electric vehicles (SAEVs) will increase SAVs’
efficiency in terms of user costs and the through-
put of urban SRNs [Loeb et al., 2018].
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A BCG report [Collie et al., 2017] addresses the last
mile problem with SAEVs. The need to walk to the
nearest available vehicle (which can be located at
a considerable distance from the potential passen-
ger) reduces the appeal of car sharing services and
hinders their growth. If cars were able to cover even
short distances on their own, it could significantly
increase demand for them. Self-driving transport
is being researched quite actively [Milakis et al.,
2017], but a number of promising topics still re-
main outside researchers’ attention [Kockelman,
Fagnant, 2015].

Transportation policy significantly affects the size
of the self-driving vehicle fleet and the rate of such
vehicles’ use, depending on the sharing format: ride
sharing (50%) and car sharing (100%), as shown,
in particular, Lisbon’s experience [Martinez, Crist,
2015]. Specifically, in all scenarios the load on SRN
grows, while the duration of peak periods increas-
es from three to four hours. Using the example of
Sweden, Meyer et al. [Meyer et al., 2017] describe
how, with minimal investments in transport infra-
structure, accessibility zones for residents can be
dramatically expanded. The human factor should
be taken into account too, not just technological
aspects of adopting self-driving technologies, in-
cluding the proper interaction with pedestrians
who together with self-driving vehicles make a
common ecosystem, which does not exclusively
follow formal rules [Straub, Schaefer, 2018].

Along with providing a conventional description,
this paper for the first time presents a compre-
hensive assessment of the urban environment in-
dicators which will change with the adoption of
self-driving vehicle technology. For this purpose,
a model comprising transport, technological, eco-
nomic, environmental, social, political, and regula-
tory indicator groups was used as a basis. The last
of the above groups of indicators was left outside
the scope of this study due to the ambiguity and
low predictability of its long-term impact upon
the urban environment. We mean indicators such
as safety regulations and traffic rules, liability for
traffic accidents, insurance, data collection and
storage, compatibility with the overall transport
policy, and so on. Issues related to responsibility,
data collection and storage, and traffic rules and
norms deserve a separate in-depth study involving
relevant experts. We also do not consider purely
technical indicators measuring the development
of self-driving technologies and road transport in
general. Since this is a “definite uncertain future’,
i.e. the future that will definitely come but with
non-obvious consequences, the scenario method
was used [HBR, 1999]. Using the city of Moscow as
an example, we consider below the impact of self-
driving technology depending on the car usage
model and transport policy. A number of manage-

ment recommendations are suggested for various
self-driving vehicle adoption scenarios.

Methodology
Analysis of Urban Factors

Self-driving vehicles” impact upon the future devel-
opment of cities can be assessed using a number of
indicators, which we have arranged into the afore-
mentioned groups on the basis of the disciplinary
principle (Table 1). They describe the urban and
political environment, residents, governance, and
technology. Such an approach to studying the im-
pact of transport of the future on the urban envi-
ronment was applied in, for example, [Parfionov,
2017].

Transport and technological indicators. The num-
ber of cars on the streets per unit of time, which
equally depends on vehicle fleet and SRN size was
applied as the main assessment parameter in this
indicator group, calculated in absolute and rela-
tive (compared with 2017) terms. This indicator’s
growth given latent demand and lack of constrain-
ing factors will be proportional to the growth of
SRN. If the active vehicle fleet decreases, the num-
ber of cars on the streets per unit of time decreases
only slightly: according to the Lewis-Mogridge
postulate, residents tend to use their personal
cars more often, the freer the roads are [Mogridge,
1990]. To assess the traffic situation and the time
needed to get through traffic jams, the load on SRN
and traffic flow density parameters were applied.
To assess the need for parking spaces, only qualita-
tive changes in their structure, number, and loca-
tion were considered.

Economic indicators. The costs of and damage from
road accidents were assessed on the basis of car and
driver liability insurance data, with the assumption
that the ratio of accidents with varying degrees of
damage and fatalities remains unchanged with a
decrease in their total number. Trip costs were cal-
culated on the basis of both constant (car value tak-
ing into account depreciation, insurance, parking)
and variable (petrol and maintenance) costs.

Environmental indicators. Areas freed due to the
reduced number of single-level parking lots were
expected to be used exclusively for planting green-
ery to improve the environmental situation. The
environmentally friendly urban travel parameter is
associated with reduced emissions of harmful sub-
stances into the atmosphere per one person’s ride
and is measured depending on the ride type and
peak load on SRN.

Social indicators. Sharply reduced demand for cou-
riers and taxi drivers leads to equally reduced em-
ploymentin all scenarios. The reduced accident rate
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was estimated only depending on the level of those
adopting self-driving technology.' Parameters such
as social risks (number of deaths in road accidents
per 100,000 people) and transport risks (number
of deaths in traffic accidents per 10,000 cars) were
taken into account. The involvement of new users
indicator was estimated both quantitatively (ratio
of the number of new users to the total number
of rides) and qualitatively (service availability for
low-mobility and low-income population groups,
on a five-point scale).

Political indicators. General recommendations on
political and fiscal measures to regulate the num-
ber of cars and their usage were prepared on the
basis of the developed matrices. This aspect plays a
key role in the adoption of self-driving technology
[Milakis et al., 2015].

Scenario-Based Forecasting

Each indicator group was assessed within the scope
of self-driving technology adoption scenarios
[Litman, 2016; Ticoli, 2015] for two aspects: “pene-
tration rate of self-driving technology” and “shared
economy development”. The following four scenar-
ios were used (Figure 1):

e Stagnation: Characterized by a low penetra-
tion rate of self-driving technology and the
poor development of the shared economy. This
scenario implies that the transport services
market lags behind the best practices of self-
driving vehicles” application.

® Sharing: Characterized by a low penetration
rate of self-driving technology and the robust
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Figure 1. Scenarios for the Adoption

of Self-driving Vehicle Technology
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Self-driving vehicle technology development

Source: composed by the authors.

development of the shared economy. This sce-
nario provides for the further development of
classic car sharing services such as ride sharing
(shared car rides along a common route), etc.

® Robotization: Characterized by the rapid pen-
etration of self-driving technology and the weak
development of the shared economy. This sce-
nario implies the gradual replacement of per-
sonal vehicles with self-driving ones, with car
sharing accounting only for a small percentage
of daily rides.

® Absolute Mobility: Characterized by a high
penetration rate of self-driving technology
combined with the robust development of the

Table 1. Parameters of Self-driving Vehicles’ Impact upon the Future Development of Cities

Indicator Groups Studied Aspects Parameters
Transport and Impact on the traffic situation and need for space, o Traffic situation
technological depending on the supply/demand balance for road e Reduced time in traffic jams
indicators transport services e Need for parking spaces
Economic Indirect impact of self-driving technology on city e Development of related infrastructure
indicators budget and consumers’ financial resources, depending | e Reduced costs of, and damage from traffic accidents
on the supply/demand balance for road transport e Changes in property values
services e Transport efficiency
Environmental Environmental impact e Conversion of no longer needed parking lots into
indicators reen areas
e More environmentally friendly urban transport
Social indicators | Self-driving technologies’ impact on living conditions e Changes in emdplo ment structure
in the city and the accessibility of these technologies e Street and road safety
o Involvement of new users
Political Transport policy and regulations e Management of self-driving transport services
(redgulatory)
indicators
Source: composed by the authors.

! To clarify: in the process of adopting this technology a temporary surge in the number of accidents due to the coexistence of vehicles driven by artificial
intelligence and people is very likely to be observed, due to the differences in the decision-making mechanisms. However, to study this technology’s impact
on the environment as a whole, this assumption seems to be valid enough.
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Table 2. Basic Conditions for Self-Driving Vehicles’ Adoption in Moscow

Stagnation Sharing Robotization Absolute Mobility
Scenario

2030 2035 2030 2035 2030 2035 2030 2035
Vehicle fleet size (thousand) 5313 5676 2685 1925 5685 6073 2391 1670
Motorization rate (vehicles per 407 434 206 145 435 464 183 126
1,000 people)
Self-driving vehicles’ share (%) 10 39 9 34 18 61 16 52
Source: composed by the authors.

shared economy. Under this scenario, self-
driving technology is beginning to be applied
to provide car sharing services, while daily
transportation by such vehicles accounts for
the lion’s share of total rides. In other words,
transportation is carried out mainly by SAVs.

Building these scenarios, we relied both upon the
published official forecasts and our own estimates
[Distanz, 2017]. Forecasting comprises extrapola-
tion (analysis of time series, trend — nonlinear) and
an alternative approach where scenario building is
determined by technological, economic, and de-
mographic factors which affect the final scenario
to varying degrees. In this paper, scenario model-
ing methods were applied (based on the forecast
vehicle fleet and SRN size within the “old” Moscow
city limits and the share of self-driving vehicles),
comparative analysis, expert estimates, and analo-
gies.

The basic prerequisites for self-driving vehicle
adoption scenarios include the following para-
meters:

e vehicle fleet size;

e share of self-driving vehicles in total fleet;
e percentage of shared vehicles in total fleet;
e motorization level.

The technological impact was estimated for the
long term until 2030 and 2035, that is, the probable
implementation period of the forecasts used as the
basis for scenario modeling. 2030 is important as
the starting point for self-driving vehicle sales and
their saturating the vehicle fleet over a short five- to
seven-year period. 2035 remains the most chrono-
logically distant point in the existing official fore-
casts: longer prospects are difficult to consider due
to the poor source data quality. Still, 2035 is suffi-
cient to assess the consequences of self-driving ve-
hicles’ arrival for the development of the city, while
comparing the scenarios’ basic assumptions for the
above dates allows one to estimate the dynamics of
changes over a five-year period for each of them.

For more details see: https://stroi.mos.ru/road; last accessed on 20.02.2019.

2022 was chosen as the start of self-driving vehicle
sales in the report [Morgan Stanley, 2013], but their
share during the first two years remains insignifi-
cant in all scenarios since the first models on the
market will most likely be purchased by car shar-
ing companies and taxi services. During the transi-
tion period, operators will be testing self-driving
vehicles’ interaction with the urban infrastructure.
Upon its completion, vehicle sales to individuals
will begin to grow.

Data on the average load on a personal car in
Moscow (1.2 passengers with an average of 2.9
rides a day, based on an online survey) was used
as the starting points for scenario forecasting. New
car sales growth is predicted on the basis of the ex-
pected economic growth in the Russian Federation,
at 2-4% a year. With minor adjustments, it corre-
lates with AUTOSTAT and PwC data [PwC, 2017].
The predicted increase in SRN throughput is based
on the current trends and allows for a 20% increase
by 2035 within the “old” Moscow city limits.? The
growth of the city’s population is assumed to match
the figure published in the Moscow Development
Strategy until 2035 (13.3 million by 2035).

The “Stagnation” scenario assumes the current
trends on the automotive market will continue, in-
cluding the weak development of shared services
(car and ride sharing), and a low share of self-driv-
ing vehicles in the total passenger vehicle fleet. The
sales forecast is based on PwC’s estimates for 2015
and 2016 which provide for annual medium-term
new car sales growth of 7-13% and their decline in
Moscow from 112% to 103% in 2022 [PWC, 2017].

According to our estimates, the share of self-driv-
ing vehicle sales on the new vehicles market will
grow from 36% in 2030 to 85% in 2035 and sub-
sequently will continue to asymptotically approach
tull coverage.

Taking into account the projected population
growth, the motorization rate may increase to 435
vehicles per 1,000 people, with the total fleet size
reaching 5,770,000 vehicles by 2035.
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According to the forecasted growth of sales and
the share of new self-driving vehicles, under the
“Stagnation” scenario, the share of self-driving ve-
hicles in the total fleet will increase from 9% in
2030 to 34% in 2035.

In general, the full benefits of self-driving technol-
ogies will not be obtained under this scenario even
by 2035. The share of conventional cars in the total
fleet will remain at 65%, while the latter is expected
to grow by 35% and 47% in 2030 and 2035, respec-
tively, exceeding the increase in SRN. The low lev-
el of self-driving technology development in this
scenario will not allow for significantly reducing
the accident rate, since the probability of having
an accident in a conventional car is much higher.
Lagging behind in the development of vehicle shar-
ing services will hinder the efficient use of the ve-
hicle fleet, leading to a deteriorating road situation.

The “Absolute Mobility” scenario prioritizes the
simultaneous development of self-driving vehicles
and the sharing economy (car and ride sharing),
with the following indicator dynamics:

® Average shared vehicle load will increase from
the current 1.7 passengers per car (for taxis)
[Moscow Government, 2017a] to 2.3 passen-
gers per car, matching the best car sharing
practices (e.g., in Toronto) [WEF, BCG, 2015];

® Average ride duration including waiting time
for delivery of a shared car will reach 55 min-
utes by 2035, which according to HSE estimates
matches the average duration of a private car
ride in Moscow in 2016;

® The usage rate of shared cars will increase
from the current 6.6 rides a day (car sharing)
[Moscow Government, 2016] to 13.9 by 2035:
with 13-hour-long daily operation, the average
load of 2.3 passengers, the proper level of ser-
vice (for example, in Toronto), and the 55-min-
ute average ride duration (as in Moscow), up to
32 people will be able to use one car during the
day, making up to 13.9 shared rides.

Increased supply and the growing popularity of
car sharing services will lead to an outflow of pas-
sengers from the classic public transport segment
and the closure of less popular routes. The redis-
tribution will amount to 5.6 million rides per day
[Moscow Government, 2017b].

This scenario describes a gradual merger of taxis
and shared cars into a single (aggregate) service:
the provision of self-driving public vehicles (SAVs).
Such vehicles may be integrated into the “mobility-
as-a-service” format which allows for setting the
optimal route and choosing the best fare by iden-
tifying the passenger’s current location, choosing
the destination and ride type - private (one per-
son in the vehicle) or shared with other passengers
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(ride sharing). Self-driving vehicles greatly in-
crease the efficiency of programmed ride sharing,
when the algorithm calculates possible routes and
automatically stops the car when another request
for a similar route is received. This approach to or-
ganizing self-driving transportation allows opera-
tors reduce costs and passengers to save on travel
expenses. Ultimately, the popularity of this service
will grow and the need for personal vehicles will
decrease. Various elements of the service are be-
ing tested by various car sharing companies around
the world taking into account, among other things,
the prospects for applying artificial intelligence.

According to the most optimistic forecasts, if the
sales start in 2022, equipping all car-sharing ve-
hicles and taxis with self-driving technology may
take 10-12 years, that is, with appropriate finan-
cial and legal support urban transport will become
100% “self-driving” only by 2034. Under the most
favorable scenario, the number of daily rides in
shared cars will reach 58% of the total by 2030 and
77% by 2035. These figures are completely consis-
tent with the results of BCG research [Mosquet et
al., 2018] according to which car- and ride-sharing
in major cities will amount to 40%-80% of the total
number of rides by 2030

The “Sharing” and “Robotization” scenarios are
based on combining the basic forecast parameters
of the first two scenarios depending on the impor-
tance and penetration rate of self-driving technol-
ogies, or the development of the shared economy.
All scenarios are built taking into account the cur-
rent trends in vehicle fleet development in Moscow.

The calculated data presented in Table 2 indicates
that the same number of rides can be made with a
different urban transport structure. A natural limi-
tation for the implementation of any road trans-
port development scenario is the SRN: fleet growth
is inversely proportional to the efficiency of its
use. Ensuring vehicles’ availability for passengers
in the “Absolute Mobility” and “Sharing” scenarios
requires fewer vehicles, that is, resources are spent
as efficiently as possible. In other scenarios, while
the right to own a car remains in place, the motor-
ization rate grows without a significant increase in
costs. Under the “Robotization” scenario, the fleet
reaches its maximum size: self-driving technolo-
gies make vehicles available to resident groups who
did not have access to them previously.

Comparing the scenarios shows the futility of an
uncontrolled expansion of vehicle fleet. Even given
the declared increase in Moscow’s SRN, it is impos-
sible to fully meet the demand for travel by person-
al cars, due to the natural limitations of the city’s
road infrastructure. Further growth of the vehicle
fleet will only aggravate the road situation, creating
additional parking problems in residential areas.
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Figure 2. Regulating the Vehicle Fleet Size and Vehicle Use in the City

Regulatory Measures Fiscal Measures
= 1. Banning use of vehicles older than certain age 1. Paid parking
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o 1. Banning empty mileage (over 1 km) 1. Incentives to use shared cars
S 2. Banning sale of conventional cars 2. Increased car registration fees
2y 3. Allowing one to register cars only to people who 3. Increased vehicle tax rates
X3 own a parking space near their home
kS 4. Auctionin, hasing right

§7% g car purchasing rights
5%

&

Source: composed by the authors.

The dynamics of the basic scenarios under consid-
eration depends on which measures will be imple-
mented in the framework of the city’s transport
policy. Some approaches to regulating the number
of cars and their usage in Moscow are shown in
Figure 2.

Achieving each scenario’s target parameters re-
quires specific urban transport policies varying in
terms of the toughness of the measures applied and
priorities for self-driving transport development
[Liet al., 2018].

Unit ride costs in each scenario were estimated
based on car prices, operating costs, and usage rate
[PWC, 2016]. Vehicle maintenance costs (their esti-
mated growth is 25% and 50% in the “Robotization”
and “Stagnation” scenarios, respectively) is a kind
of ownership tax on personal self-driving and
conventional vehicles. Under current legislation,
such an increase in maintenance costs is equiva-
lent to increasing the vehicle tax rate by 15 and 30
times, respectively, compared with the 2017 level.
Introducing a differentiated toll system (road pric-
ing) by the calculation period of 2030-2035 along
with the adjustment coefficients for the standard
per kilometer rates will increase vehicle mainte-
nance cost by the same 25% and 50% under the
above scenarios. For shared vehicles, accelerated
depreciation over a two year period, free parking
spaces, and fixed vehicle tax rates compared with
the 2017 level (or a lowering adjustment coefficient
for road use tariffs) will be implemented if a road
pricing system is introduced by 2030-2035, plus
additional VAT for transport service operators.

Replacing conventional cars with self-driving
ones leads to a gradual decrease in road accidents.
When this replacement is complete, the number of
accidents will be reduced by 94%. We leave outside
the scope of this study the question of the transport

system’s state while vehicles driven by artificial in-
telligence (which calculates how the traffic situa-
tion may develop) and ordinary cars with human
drivers (who often make rash and suboptimal deci-
sions) will be present on the roads simultaneously.

As an option to convert some of the SRN areas for
non-transportation use, planting greenery (parks,
gardens, etc.) is seen as the most neutral way to
change urban lands’ functionality, though other
solutions are possible. Such areas may be used for
retail, housing construction, building infrastruc-
ture, and so on. This study does not consider the
environmental aspects of changing the structure
of vehicles’ fuel balance. Obviously the currently
popular SAEV concept will develop in different
countries at different rates, depending on the local
technology level, availability of certain fuel types,
severity of environmental problems, and the cli-
mate. Inexpensive and environmentally friendly
gas motor fuel, the proliferation of hybrid engines,
and climatic conditions (long periods of low tem-
peratures) limit electric vehicles’ appeal. This seg-
ment’s development and further dynamics of the
fuel balance structure require a separate study. To
minimize uncertainty regarding the choice of the
dominant fuel type for future car generations, the
ride resource intensity parameter was included in
the environmental section of the forecast (it is di-
rectly proportional to the way in which vehicles are
used and the format of their ownership, the load on
SRN, and increased environmental friendliness of
vehicles’ engines).

Results of the Study

The combined effect of the basic parameters of the
four self-driving vehicle technology adoption sce-
narios in Moscow on specific characteristics of the
city’s environment is presented in Table. 3.
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Table 3. Summary Indicators of Self-driving Vehicles’ Impact upon

Urban Environment Parameters (the example of Moscow)

Scenario Stagnation Sharing Robotization Absolute Mobility
Year 2030 2035 2030 | 2035 2030 | 2035 2030 2035
Transportation and technological indicators
Street vehicle fleet size (thousand) 873 928 899 840 917 944 899 840
Change in load on city’s SRN (%) +11 +13 +16 +6 +11 +13 +14 +3
Change in amount of time wasted +5..10 +5..10 .0 0.5 5..10 5..10 0..5 5..10
in traffic jams (%)
Economic indicators
Reduced costs of traffic accidents 5571 10 028 5571 10 028 8728 10771 12 256 15 042
(million rubles)
Change in property values Property values Homes’ and Property values Homes’ and
increase in areas commercial increase in areas with commercial property
with limited property values grow | limited transport access | values grow everywhere
transport access everywhere
Ratio of unit shared/private ride 0.38 0.31 0.38 0.26
costs
Environmental indicators
Using former SRN areas to plant _ +1 m? of green areas _ +1 m? of green areas
greenery per resident per resident
Change in unit ride costs (%) -8 -10 -32 -47 -11 -21 -23 -52
Social indicators
Reduced employment (number -200,000 -200,000 -200,000 -200,000
of jobs)
Reduced accident rate (%) -32 -58 -47 -58 -66 -88 -66 -81
Transport-related risks (number of 0.53 0.30 0.82 0.90 0.25 0.08 0.60 0.48
deaths per 10,000 vehicles)
Social risks (number of deaths per 2.17 1.31 1.70 1.34 1.09 0.38 1.10 0.60
10,000 people)
New users (million) 1.03 1.36 2.23 2.51 2.23 2.51 2.70 2.82
Access for population groups with 3* 3* 3* 4% 3* 4* 5% 5*
limited mobility
Access for low-income population 1* 2% 4* 5% 1* 2% 5% 5*
groups
*on a 5-point scale where 1 is the lowest access level and 5 is the highest.
Source: composed by the authors.

The analysis showed that the “Stagnation” and
“Robotization” scenarios lead to aggravated trans-
port problems in the city, an increased number of
cars on the roads as self-driving vehicles become
more available, and a deteriorating environmental
situation (depending on the type of engines used).
Transport-related risk measured as the number
of deaths in traffic accidents per 10,000 vehicles a
year will sharply decrease, from 1.5 to 0.30 and to
0.08. The reduction in social risk (measured as the
number of deaths in traffic accidents per 100,000
residents) will be equally significant, from 8.1 to
1.31 and to 0.38 for the two above scenarios, re-
spectively. With a similar motorization level, the
difference is due to the fact that the human factor
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remains the key cause of road accidents. According
to various estimates, it accounts for up to 94% of
all accidents [Skinner, Bidwell, 2016]. Self-driving
vehicles will minimize the role of the human factor,
with a downward effect on the overall accident rate.
Under the “Robotization” scenario, which implies
the highest proportion of self-driving vehicles due
to their availability for a wide range of new con-
sumers, these risks become much lower. At the
same time, the load on the SRN and the amount of
time spent in traffic jams will equally increase in
both scenarios despite the larger total number of
vehicles on the roads under the “Robotization” sce-
nario. Programming self-driving vehicles’ routes,
minimizing the number of driving errors, and up-
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dating traffic information in real time will reduce
the accident rate, homogenize the traffic flow, and
make it more predictable. Equal unit ride costs in
both these scenarios are due to the fact that the
higher initial expenditures (to purchase a self-
driving car) do not allow for reducing this indica-
tor value in “Robotization”

In both the “Stagnation” and “Robotization” sce-
narios, low-mobility and low-income population
groups’ access to transport services remains lim-
ited. For the former, the very emergence of self-
driving vehicles potentially capable of arriving to
pick up a passenger on their own is more impor-
tant. For the latter, the proliferation of car sharing
services which offer much cheaper rides than per-
sonal vehicles eliminates the need to save and take
out a loan to buy a car. Since having access to a car
makes it possible to travel to jobs offering more
attractive working conditions, the development of
car sharing infrastructure will contribute to higher
economic efficiency and better living standards,
becoming a relatively inexpensive alternative to
conventional public transport. However, because
present-day car-sharing services are not available
to users without a drivers’ license, they will only be
able to use the ride sharing format. Despite the high
share of self-driving vehicles in the “Robotization”
scenario, their convenience and maximum mobil-
ity, people with physical or financial problems will
have to purchase a personal self-driving vehicle
due to the insufficient development of car sharing
services under this scenario. Obviously, the high
costs will limit the overall access of these groups to
transport services.

The “Absolute Mobility” and “Sharing” scenarios
have much in common. Both imply a slightly easier
traffic situation and completely solve the parking
and vehicle utilization problems. Under the first
scenario, transportation services for low-mobility
and low-income population groups are more de-
veloped. The accident rate, waste of time, and ride
costs are minimized, while the efficiency and the
environmental situation are improved regardless
of the engine type. Under the second scenario, the
availability of transport services for vulnerable
population groups is not as good. In the context of
the insufficient application of self-driving technol-
ogies in carsharing, low-income individuals still
need to have a drivers’ license. People with limited
mobility will only be able to use cars when accom-
panied by other people, which does, however, allow
them to get by without owning a car.

The “Sharing” scenario implies a lower accident
rate and a greater increase in the SRN load, since
the low dissemination of self-driving vehicles does
not allow for taking advantage of programmed
routes. Transport risks are reduced from 1.5 to
0.48 and 0.90, social risks from 8.1 to 0.60 and 1.34

for the “Absolute Mobility” and “Sharing” scenar-
ios, respectively. These results are consistent with
the estimates of accident rate reduction following
the extensive use of car sharing (by 60% by 2030)
[Collie et al., 2017]. The difference between indica-
tor values under these scenarios is due to the low
adoption of self-driving vehicles in the “Sharing”
scenario, which reduces the human factor’s impact
upon the accident rate. For the same reason, unit
ride costs somewhat increase, given the low adop-
tion of self-driving technology in the scenarios. The
lack of programmable routes and not taking into
account the traffic situation lead to increased mile-
age and drivers’ choosing suboptimal routes, espe-
cially in ride sharing. The latter format allows one
to share travel costs and save end-users’ expenses,
but it is more difficult to maintain without pro-
grammable self-driving vehicles. This explains why
the vehicle operation scheme in the “Sharing” sce-
nario is less efficient than the “Absolute Mobility”
scenario, where the wide application of self-driv-
ing services allows users to save travel time and not
worry about finding a parking space.

Scenarios that imply the active use of shared ve-
hicles allow one to meet higher demand for trans-
portation with a smaller fleet. Ride sharing allows
several passengers use the same vehicle at the same
time. These scenarios lead to an improved (or, at
least, non-deteriorating) traffic situation com-
pared to 2017, with the increased use of vehicles.

Scenarios providing for a significant share of pub-
lic cars confirm that the more popular the sharing
formats are, the more environmentally neutral each
ride becomes, since total per-ride energy consump-
tion is reduced. Thus, according to the analyzed
trends, per-ride resource intensity in the “Absolute
Mobility” and “Sharing” scenarios is reduced by
half compared with the 2017 level, due to the more
efficient exploitation of vehicles, ride sharing, and
more environmentally friendly engines.

Only the “Sharing” and “Absolute Mobility” sce-
narios imply dismantling some of the single-level
parking lots. With the reduced overall vehicle
fleet, the number of cars on the city streets during
peak hours remains comparable in both scenarios.
Therefore, the need declines not for SRN, but for
parking spaces in residential areas. Converting
parking spaces into green areas in Moscow will
lead to an increase in green areas’ acreage by one
square meter per person, or by 1,600 ha in total.
With the total green areas’ acreage within “old
Moscow” city limits of 36,100 ha in 2014, the in-
crease will amount to about 4.5%. Moreover, new
green areas can be created just where people live,
which will positively impact property values.

Regardless of the self-driving technology adoption
scenario, the labor market will experience signifi-
cant changes, mainly due to the reduced demand
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for taxi drivers and couriers, traffic police, and
traffic inspectors. Up to 200,000 jobs may be elimi-
nated, or 2%-3% of their total number [Business
Planner, 2016].

The analysis of self-driving transport and shar-
ing technology development based on comparing
the data presented in Table 3 shows that sharing
technology turns out to be the most important for
the city and its residents: it allows one to deal with
transport problems, ease the traffic situation, re-
duce resource consumption and car ride costs, and
increase the number of users of this type of trans-
port. Meanwhile the effect of self-driving vehicle
technology mainly amounts to a reduced accident
rate and more environmentally friendly travel (re-
duced resource consumption per ride).

Mechanisms for providing transport services are
assessed using the management (political) indica-
tors of self-driving vehicles’ impact. The analysis
is based on the experience of Asian and European
cities.

Regardless of the share of self-driving vehicles, all
scenarios imply the development of appropriate
infrastructure at the expense of the municipal au-
thorities or funded by a municipal-private partner-
ship, including:
e broadband 5G and Wi-Fi networks with base
stations at intersections;

® precision maps to support self-driving trans-
port;

e services for marking and finding the nearest
parking space;

e a network of parking hubs, to minimize mile-
age and the need to bring private self-driving
vehicles home.

To promote the transition to self-driving transport,
municipalities can introduce co-funding mecha-
nisms (in the framework of public-private partner-
ships), or fully fund budget projects out of the city
budget such as data processing centers (DPC) and
data protection facilities (at DPCs, police depart-
ments, or independent ones) to support the unin-
terrupted operation of the transport system and
prevent illegal interference [Maurer et al., 2015].

The “Sharing” and “Absolute Mobility” scenarios (a
large proportion of shared cars) require additional
services involving private companies. We mean
creating a network of “mobility-as-a-service” sta-
tions required to map routes and request cars as
well as specialized services (such as repair and dis-
patch) for public transport.

One of self-driving vehicles’ advantages is the lack
of a need to find a parking space. At first glance,
this seems to be critically important in a city cen-
ter with its high economic activity. The self-driving
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vehicle that delivered the passenger can move on
without parking or look for a parking space on its
own without human input. However, in the reality
of Moscow, this would hardly be possible, especial-
ly during rush hour when dense traffic flows clog
the city center, taking unpredictable routes which
further complicate the situation at intersections.
A logical solution seems to be introducing a ban
on empty mileage above a certain limit and the ac-
tive construction of automated multi-level parking
lots along the perimeter of the central part of the
city, to end the route of any vehicle heading to the
city center without a guaranteed parking space. An
alternative to the empty mileage ban can be a pay-
as-you-go tax differentiated depending on the zone
and time of day.

The scenarios with less-developed car sharing
services (“Stagnation” and “Robotization”) do not
provide for significant changes in transport policy.
These scenarios’ negative effects require an ad-
equate reaction from the city authorities, among
other things to regulate the transport services mar-
ket. In particular, the aforementioned multi-level
automated parking lots around the perimeter of the
central part of the city and in residential areas can
be a solution to the parking problem and shared
cars’ empty mileage. In residential areas, the cost of
renting a parking space near residential buildings
should match or even exceed the price of parking
in such parking lots to reduce the use of areas ad-
jacent to apartment buildings for these purposes.
In the absence of direct incentives for buying self-
driving vehicles, introducing an age limit for con-
ventional cars could prompt people to change them
more often. For example, cars could be automati-
cally deregistered after 10 years in operation (the
period applied in our calculations). This would
lead to an increased share of self-driving vehicles
and help achieve the highest potential effect of ap-
plying self-driving vehicle technology under this
scenario. In the “Robotization” scenario, additional
fiscal restrictions on owning a conventional car (>
SAE level 4) will be applied. With underdeveloped
sharing services, no benefits for SAVs are provided
here either. Generally, transport policies underly-
ing both these scenarios do not seem to be perfect
for the future development of the city, for the use
of space, and the efficient provision of transport
services.

Scenarios that imply a significant proportion of
shared cars (“Sharing” and “Absolute Mobility” sce-
narios) propose curbing the demand for personal
cars using fiscal and regulatory methods. The first
include various ways to increase the cost of owning
a car. If transport legislation remains unchanged,
the most effective way is to increase the vehicle
tax rate. The advantages of this measure are that it
allows potential buyers to estimate the additional
car maintenance costs in advance. When shared
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cars are used, the tax is shared by a wider circle
of users, which reduces total ride costs for each of
them and encourages them to abandon personal
cars. The disadvantages of the tax-based incentive
include the lack of direct correlation between the
vehicle’s mileage and the use of SRN on the one
hand and the amount due on the other. Replacing
the conventional vehicle tax with a fee for the ac-
tual use of the SRN (pay-as-you-go tax) is being
actively discussed now. Such a road pricing system
would make it possible to differentiate the costs of
using specific SRN segments depending on their
condition, direction of travel, time of day, and the
importance (rank) of the transport arteries. Being
fairer in terms of the specific rate of SRN use, such
a system would promote a more economic mode of
road use and make it possible to compensate for re-
duced fuel tax revenues due to the increased share
of electric and hybrid vehicles. However, introduc-
ing such an advanced payment system requires
changing the legislation and putting in place an
automated digital system to monitor the load on
the SRN, predict demand, and pay the tolls, which
would be burdensome both financially and techno-
logically.

We did not try to assess the feasibility of such
changes but switching to a road pricing system in-
creases the likelihood of introducing such a system
by 2030-2035. Under the “Sharing” and “Absolute
Mobility” scenarios, not so much the payment pro-
cedure would matter for end users as the difference
in ride costs between personal and shared cars.
Thus, the currently applied vehicle tax and road
pricing system will allow one to achieve compa-
rable parameter values under both scenarios.

If in the framework of the “Sharing” scenario just
the increased costs of owning a personal car turn
out to be sufficient, in the “Absolute Mobility” sce-
nario a differentiated approach could be applied,
which implies the minimal costs of owning an SAV
(and, with due justification of the advantages of
electric models, an SAEV), and maximum ones for
owning conventional cars (with the SAE autonomy
level below 4).

Possible restrictive measures to curb demand for
personal transportation include a legal ban on
empty mileage (e.g. more than 2 km, or 30 min-
utes), and allocating dedicated parking spaces for
shared cars. The scenarios under consideration
also require introducing a legal requirement ac-
cording to which only people who own (or have a
long-term lease of) a parking space within walk-
ing distance from their home would have the right
to buy and own a private car, and regulating high
capacity public transport fares to maintain its com-
petitiveness (Table 4).

With the seemingly obvious advantages of the
“Sharing” and “Absolute Mobility” scenarios, their
implementation requires significant restrictions
on the use of personal vehicles. Such initiatives are
fraught with social costs, as they involve a forced
change in the transport behavior model or signifi-
cantly higher travel expenditures combined with
the need to adapt to new technologies. It will not
be possible to achieve these scenarios’ target indi-
cator values without the city authorities’ actively
working with the public to minimize the negative
consequences of the decisions made and ensure
that residents clearly see the future advantages. To
study the latter on theoretical and practical levels,
municipalities can independently fund self-driv-
ing vehicle research and use the results to jus-
tify the inevitable unpopular decisions under the
“Robotization” or “Absolute Mobility” scenarios.

The potential effects of implementation the afore-
mentioned self-driving vehicle adoption scenarios
for the city as a whole and its residents in particu-
lar are presented in Table. 5.

Conclusion

Today we can confidently say that self-driving
vehicles technology will be adopted in one form
or another in the foreseeable future and will sig-
nificantly change the very approach to transport-
ing people and owning a car. Self-driving vehicles
will lose their purely personal status in favor of
the sharing model. Further, self-driving technol-
ogy can positively affect the urban environment
and transportation only if sharing services are ad-
equately developed at the same time. In the next
decade, car sharing and ride sharing services are
expected to grow the world over and self-driving
vehicles will make them especially attractive.

In the scope of our study, the role of the transpor-
tation policy in promoting the adoption of self-
driving vehicles was illustrated using the city of
Moscow as an example. In the absence of restrain-
ing fiscal or regulatory mechanisms, the number
of cars in personal ownership will steadily grow as
the barriers limiting access to them diminish, lead-
ing to a catastrophic overload on the city’s SRN. In
practice, this would mean hours wasted in traffic
jams, which will not allow one to fully implement
self-driving vehicles’ advantages. A set of measures
to reduce traffic, regulate the use of urban trans-
port, and encourage car sharing companies to pur-
chase self-driving vehicles in bulk and change their
service delivery model would help achieve a radical
improvement in the traffic situation, including cer-
tain urban environment factors as well. However,
the costs of this kind of improvement may turn out
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Table 4. Steps to be Taken to Accomplish the Target Parameters of the Scenarios

under Consideration (the example of Moscow)

Scenario Steps to be Taken
Stagnation e Prohibiting the use of cars over 10 years old
o Building multi-level parking lots in residential areas and along the Third Transport Ring
e Uniform parking rates for single- and multi-level parking in residential areas for local residents
e Continued support for car sharing providers
e Promoting the development of conventional public transport services
Sharing e Registering personal cars only to people who own a parking space near their home
e Paid parking for private cars throughout the city
e Increased vehicle tax on private cars (x15 relative to 2017 rates) or introducing road pricing tool with a similar
increase in ownership costs
e Segregating parking lots in residential areas by ownership type; making parking spaces along the streets available
to shared cars only
e Increasing car sharing costs to make sure conventional public transport remains attractive
e + “STAGNATION” SCENARIO STEPS
Robotization e Increased vehicle tax on private cars (x15 relative to 2017 rates), or introducing a road pricing tool with a similar
increase in ownership costs
o Prohibiting empty mileage (more than 2 km or 30 minutes)
¢ Promoting automated multi-level parking services in residential areas and along the Third Transport Ring and
petrol station services
e Municipalities co-fund the construction of infrastructure for self-driving vehicles (5G networks, data processing
centers, data protection centers, and dedicated parking lots)
e + “STAGNATION” SCENARIO STEPS
Absolute e Increased vehicle tax on private cars (x15..x30 relative to 2017 rates) depending on SAE autonomy level (the
Mobility higher the level, the lower the rate) or introducing a road pricing tool with adjustment coefficients for a base rate
depending on the car autonomy level
o Making car sharing services fully available throughout the Moscow metropolitan area
¢ Municipal funding for SAV/SAEV research
e + “SHARING” and “ROBOTIZATION” SCENARIO STEPS
Source: composed by the authors.

to be prohibitive for the public. For example, with
the strongest incentives to use shared cars in place,
the maintenance costs of a personal vehicle for its
whole life cycle (including depreciation) would in-
crease 50% compared with the current rates and
prices, while parking would become paid across
the city all the way to the Moscow Ring Road, in-
cluding territories adjacent to residential buildings.

An alternative to the traditional vehicle tax collec-
tion scheme is a more advanced road pricing sys-
tem, with the rates differentiated by time and zone.
Its adoption could lead to revolutionary changes,
even if they are extended over a long period. We
are talking about dramatic changes in the accus-
tomed way of life occurring in a relatively short pe-
riod of time, which, being extremely sensitive for
the residents (users), will inevitably cause discon-
tent and opposition.
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The stronger the fiscal restrictions for owning pri-
vate vehicles are, the more attractive public trans-
port becomes, and the higher the specific efficiency
of the entire fleet. Car sharing will have the highest
positive effect when these services become avail-
able outside Moscow, in the near Moscow Region
(Moscow metropolitan area), which will require
car sharing operators to increase their capacities
and cooperate with the Moscow Region services.

Our results show that the future transport policy
should include both shared economy elements and
incentives to adopt self-driving vehicle technology.
The transport policy should be proactive, anticipat-
ing the negative consequences of the implementa-
tion of a particular scenario and keeping residents
as well-informed as possible. Fiscal and regulatory
measures would allow one to accomplish these ob-
jectives, the specific set of which (recommended in
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Table 5. Self-driving Vehicles’ Impact upon the City and its Residents

e Low affordability of personal cars
car

people with limited mobility
e Loss of transportation-related jobs

Scenario Impact upon Residents Impact upon the Urban Environment
Stagnation o Affordability of personal cars e Permanent traffic jams
e Problems with keeping a car in residential areas o Acute shortage of car storage places (+1.7
e Waste of time in traffic jams million cars compared with 2016)
e High unit ride costs o Need to build multi-level parking lots
e Low access to road transport services for low-mobility and | ® Reduced accident rate (-58%)
low-income groups o Deteriorating environmental situation
e Loss of transportation-related jobs
Sharing e Wide access to motor transport services regardless of o Local traffic jams: current load on SRN remains
wealth and health unchanged
e Low- and middle-income groups abandon personal cars e Reduced accident rate (-58%)
in favor of car sharing e Improved environmental situation
e Low travel costs, but higher than conventional public o Increased property values in areas with limited
transport transport accessibility
e Sharply increased costs of owning a personal car o Slightly improved environmental situation
e Increased mobility
o Loss of transportation-related jobs
Robotization e High appeal of owning an self-driving vehicle e Permanent traffic jams with no traffic accidents

e Sharply increased costs of owning a conventional personal

o Increased availability of motor transport services for

o Fewer problems with parking and storing vehicles

o Need to build automatic parking lots along the
Third Ring Road and in residential areas

e Among the highest reduction in accident rate
(-88%)

o Increased property values in areas with limited
transport accessibility

o Slightly improved environmental situation

Absolute Mobility | ¢ Low affordability of personal cars
personal car
and health

transport
e Loss of transportation-related jobs

policy
e Increased mobility

¢ Only high-income population groups can afford a
e Wide access to car sharing services regardless of wealth

e Low travel costs, but higher than conventional public

e Increased social tension, dissatisfaction with the transport

e Reduced road congestion, highly predictable
travel

¢ Among the highest reduction in accident rate
(-81%)

e Highest improvement in environmental
situation

e Increased commercial and home property
values across the city

e Opportunity to convert unused SRN areas

Source: composed by the authors.

the study for inclusion in such a proactive policy)
will lead to the increased total costs of owning a
car and create administrative barriers to purchas-
ing personal vehicles. These measures should be
introduced gradually and be announced in ad-
vance, several years before the relevant decisions
enter into force.

It was demonstrated that the current policy remains
ineffective, as it causes the uncontrolled growth of
the personal vehicle fleet in the city and requires
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