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Abstract: Socio-technical systems have a very complex structure presenting multidimensional co-
evolutionary dynamics between people and technical factors. Each urban area has a different
sociocultural structure, where the built environment and user choices vary. Understanding how urban
transportation is shaped by socio-technical factors as well as how these factors affect transportation
users and system performance is important to support sustainable transportation planning. This
paper aims to provide a holistic view of socio-technical factors shaping urban transportation for the
use of transport planners and decision-makers. The current review focuses on understanding which
alternative transport modes can be sustainable under specific socio-technical conditions and how to
attract travelers toward these sustainable modes. Moreover, under which socio-technical conditions
an urban transport system can minimize its socio-economic costs and environmental impacts are
investigated. Furthermore, the interrelations among system dynamics, their influence on transport
users as well as on system externalities are identified and integrated as a system model perspective
for a holistic view.

Keywords: socio-technical factors; system dynamics; sustainability; urban transport; travel decision-
making; transport performance

1. Introduction

Recently, the socio-economic transformation of cities has been booming with an
increasing urban sprawl, which has led to the growth of land consumption. On the
other hand, the expansion of sustainable transport modes has not taken place at the same
rate; whereas the growth of private car ownership has peaked [1]. This situation has
developed along with an increase in social inequity, socio-economic costs, and harmful
environmental impacts. The concept of sustainable mobility can be defined as satisfying the
current transport needs without sacrificing the ability of future generations to meet their
transport needs, where social, environmental, and economic accessibility are sustained [2].
Sustainable mobility requires environmental (e.g., air pollution and greenhouse gas, GHG,
emissions), social (e.g., accessibility and equity), and economic (e.g., costs) considerations,
which affect the process of decision-making. The degree of sustainable mobility depends on
how much the three dimensions of sustainability are met. Urban areas consist of the same
socio-technical components, where the sociocultural identity shapes the characteristics of
the urban system [3]. Socio-technical systems have a very complex structure presenting
multidimensional co-evolutionary dynamics between people and technical factors. As a
result of multidimensional dynamics (i.e., culture, educational level, income level, nature
of demography, technology, policy, land use, and infrastructure) in socio-technical systems,
user choices and urban system characteristics are differentiated geographically [4].
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In a multidimensional examination, a series of indicators and their interactions should
be identified by using logic architectures [1]. The following questions need to be addressed
to form the management logic for urban transportation: How does an urban mobility
system work in various built environments? How do mobility system dynamics interrelate?
In order to identify how socio-technical factors affect user choices and system externalities,
an integrative review is necessary. Holistic socio-technical analysis for urban mobility has
not been traced in the literature yet, and mono-perspectives by themselves cannot offer a
holistic view on the topic. Examining the similarities and differences of urban areas helps
to understand which alternative sustainable transport systems can be successful and under
which socio-technical conditions this success can be achieved.

The European Commission (EC) published an Urban Mobility Package in 2013, where
Sustainable Urban Mobility Plans (SUMPs) are the main focus. The concept of SUMPs aims
to create alternatives to car use and car ownership. SUMPSs provide a shift toward cleaner
and more sustainable transport modes through focusing on people rather than directly
on technical factors while interacting with urban functions and their surroundings [5].
The current study follows up a human-centric approach dwelling on how to increase the
attractiveness of non-motorized modes and public transport along with the co-evaluation of
the system dynamics between people and technical factors. Understanding user choices as
well as under which socio-technical conditions an urban transport system can minimize its
socio-economic costs and environmental impacts is a vital step of sustainable transportation
planning [4]. In this study, an integrative review is presented to highlight how cities
are shaped by socio-technical factors and how these factors affect transport users and
system externalities.

2. Socio-Technical Factors Shaping Urban Mobility System

In this section, a systematic literature review is presented based on the analytical
framework shown in Figure 1. Similar analytical framework approaches were used previ-
ously (see [6]). The current systematic review focuses on socio-technical factors shaping
the urban mobility system. A synthesis of urban mobility and built environment has been
attempted before (see [7]), but the present review uses a different approach and includes a
broader range of elements with providing a more connective point of view. This is the first
systematic review seeking to cover every driver of the transportation system, which sets
apart this study from other reviews. Abductive reasoning is applied here. This approach is
not deterministic but utilitarian. The abductive approach is not based on certain inferences
but rather on logical inferences toward presenting the pieces of the puzzle from what is
known, then merging them to construct a holistic outcome [8]. Practice theory is used as a
background to construct the theoretical structure of the review topic. Practice theory works
on the integration of sets of elements [9], while a socio-technical system includes sets of ele-
ments; therefore, this background suits this study well. Practice theory is highly diversified
and is interpreted by many scientists [9]. In the current review, the three-element model of
practice theory focusing on understanding the overall outcome of different configurations
composed by these elements in a qualitative way is considered. Thus, this method provides
a way of understanding the whole picture while identifying interactions from the obtained
quantitative results by using logic architectures. The qualitative way of this study lies in
the interpretive approach. The three-element model consists of meanings, materials, and
competencies [10]. These elements can be interpreted in the urban transportation system as
the equivalent of sociocultural identity, built environment, and externalities, respectively.
Additionally, the center of all these elements is human.

In this study, 113 papers were utilized and the integrated transport literature is used
as the documentation to draw a holistic view. The methodology of systematic review
is applied as explained in Van Wee and Banister’s work [11]. The analytical process
of the literature investigation is shown in Figure 2. The literature databases: Web of
Science, Scopus, and Google Scholar, are searched. In the databases, the investigated socio-
technical parameters (i.e., the sub-headlines presented under the identities of sociocultural
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structure and built environment subsections) in connection with various synonyms of
“transport” word (mobility, transportation, etc.) are searched to find relevant literature.
Afterward, the abstract reading process is applied to filter whether the results are relevant
to the investigated topic. All cited scientific articles in this review have been cited before.
Excluding books and grey literature, the mean and median citation numbers of the collected
scientific articles in this study are 230.2 and 75.5, respectively. A small number of grey
literature (e.g., some technical reports by EU Commission and IEA), which accounts for
around 18% of the collected literature, are considered, as well. Primarily transport literature
published between 2005 and 2020 is used, while a small number of earlier pioneering works
with a high number of citations are considered, too.
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2.1. The Identities of the Sociocultural Structure

This section focuses on how user choices are connected with the sociocultural structure,
which affects system externalities indirectly.

2.1.1. Culture

Culture is a common characteristic of a society [12], which can be defined more specif-
ically as a way of life that is bonded to “habit” in the field of travel behavior [13]. Culture
is hard to quantify, but two major theories of social scientists attempting to identify cross-
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cultural variation are worth mentioning: Geert Hofstede [14] and Ronald Inglehart [15].
Hofstede’s work is mentioned in travel behavior analysis since this cultural consideration is
more related to human psychology and multidimensional concepts [16]. Hofstede is known
for defining six cultural dimensions (i.e., power distance, uncertainty avoidance [UNC—
degree of built-in worry], individualism versus collectivism [IND/COL —interdependence
degree], masculinity versus femininity [MAS/FEM—competitiveness level], long-term
orientation, and indulgence versus self-restraint), which reflects on society’s needs to orga-
nize itself. Each cultural circumstance leads to different choice evaluations because value
judgments are not the same everywhere [17]. There are two pieces of strong evidence in
the literature that demonstrate the role of cultural circumstances in urban travel patterns.
Research conducted by Syam [18] examines the role of culture in travel mode choice by
applying Hofstede’s cultural dimensions (HCD) for different migrant groups in Auckland.
The results indicate that national culture is a significant reason why public transportation is
thought of differently by various national groups within a community. A recent worldwide
analysis investigates the role of HCD on urban mobility patterns in 87 cities across 41 coun-
tries [16]. The results reveal that cultural circumstances are influential factors in urban
mobility planning. High correlation values show that countries with more individualism
build a more individualistic transport environment, which results in more driving. Such
countries as the US, Australia, Canada, Italy, New Zealand, and the UK have the highest
individualism. On the other hand, collective nations tend to use public transportation
more. Such countries as South Korea, Hong Kong, China, Thailand, Peru, Colombia, and
Brazil demonstrate the highest collectivism. Furthermore, the results show that in the
case of nations with high scores in three cultural dimensions (i.e., collectivism, uncertainty
avoidance, and masculinity), a greater use of public transportation is ensured. On the other
hand, some countries with high individualism show a tendency to adapt to biking. Notable
examples are Denmark and the Netherlands, where car and public transportation modal
shares are low in comparison with other countries. Although the scores of individualism
are high, Denmark and the Netherlands have the greatest bike use among all countries.
Cycling can be called an environmentally friendly individual transport mode, which may
explain why this mode is adopted in these countries.

2.1.2. Educational Level

Culture might be seen as an inherited characteristic, but the educational level can be
called an acquired characteristic of societies. Education and learning are decisive factors in
shaping society and the built environment in a dynamic collective way [19]. In a report of
the United Nations, educating citizens is presented as one of the hopeful paths leading to
sustainable development (see [20]). The report shows that learning about climate change
and sustainable consumption can influence personal choices. By using a large cross-national
database, an analysis is conducted to investigate how people’s attitudes and educational
levels are connected [21]. The obtained results indicate that educational level is well-
correlated with the level of environmental concern, even when other socio-demographic
characteristics are controlled for. Note that a correlation between income and educational
level is not a consistent finding in the literature [4]. Based on a travel survey conducted
in the Netherlands, a study investigates how some characteristics of society affect travel
mode choice [22]. The results confirm that highly educated commuters show the highest
tendency to travel by public transportation instead of traveling by car. Car-sharing is one of
the key strategies aiming at reducing car usage. A study investigates how the membership
of car-sharing programs and socio-demographic factors are connected in Quebec City [23].
The obtained results demonstrate that car-sharing is widely used by certain user groups,
such as people with higher educational levels. Similar findings are observed in another
study, where a survey conducted in the US is analyzed. Based on the results, it can be
concluded that the highly educated participants have a higher tendency to use car-sharing
services [24]. A cross-sectional study is conducted in the urban areas of the United States
to investigate socio-environmental factors and individual attitudes regarding how people
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use bikes [25]. The results show that a higher educational level is positively correlated
with regular-oriented cycling. Recent work investigates the influence of higher educational
level, income level and land-use factors on urban travel mode choices for 45 urban areas
across 29 countries with considering income level and land-use factors [4]. The results
show that an increase in the educational level has the highest influence on dropping car
usage compared to other factors.

2.1.3. Income Level

The income level is an important element in manipulating personal choices. A dis-
crete choice modeling approach is applied for 112 medium-sized cities in Europe [26].
The results demonstrate that car mode share increases with car ownership and with an
increase in GDP per capita. Similar results are presented in a comparative analysis of
travel behavior in the US [27] and in a meta-analysis conducted in the UK [28]. In both
cases, a negative relationship is shown between public transport usage and income level.
However, this negative relationship is not found in the case of 112 medium-sized cities in
Europe [26]. Furthermore, income level provides the basis for the infrastructure construc-
tions and technological developments affecting transport performance indirectly. A study
investigates the effect of the socio-economic situation on transport infrastructure types
for 151 cities worldwide [29]. The results show that GDP per capita is highly correlated
with infrastructure accessibility for road and railway, while it is moderately correlated with
cycle infrastructure accessibility.

2.1.4. Nature of Demography

The nature of demography is a complex structure referring to such factors as the
distribution of gender, age, household composition, marital status, and other variables
in societies [4]. Some major determinants, for example, spending time with a life part-
ner, taking care of household members, different value orientations of men and women,
willingness to have a more comfortable life while aging, make differences in travel mode
priorities [4]. In a number of studies, the obtained results indicate that women use the car
less frequently than men [30], and married people tend to use cars more often than single
people [31]. Furthermore, traveling with young children encourages traveling by car [32].
Car usage increases with aging [33], while trip frequency and travel distance lessen [34].
Focusing on the aspects of gender in urban mobility, a recent study, which combines
commercial and open datasets based on mobile phones, demonstrates that women travel
to unique locations less frequently than men, and women’s travel time among unique
locations is less equally distributed than men in the city of Santiago, Chile [35]. This
gender gap is wider with lower-income administrative divisions. These results reflect
gender inequality in transportation and call for further research on inclusiveness in urban
transport to help the work of policymakers and urban planners.

2.2. Built Environment

This section focuses on how user choices are related to built infrastructures and how
built infrastructures are connected with system externalities.

2.2.1. Infrastructure Types and Network Design
Private Vehicle

A strong relationship between the growth of vehicle ownership and road infrastruc-
ture expansion is observed in 35 cities across 50 countries [36]. A positive correlation
between car usage and highway expansions between 1982 and 2009 is demonstrated in
the United States, too [37]. An empirical study indicates that highway expansions in
the city centers of US metropolises cause an average 18% decrease in inhabitants in the
city centers [38]. At the same time, a negative correlation between highway expansion
and public transport ridership is shown for the Montreal region, Canada [39]. All these
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important findings demonstrate the linkage between urban sprawl, road expansion, car
usage, and transit ridership.

Furthermore, the perspective of trip dimension is an important parameter for car
usage, as well. A study focusing on the tour-based modeling approach analyzes how to trip
duration and trip purpose affect mode choice in Seattle, US [40]. The results of the study
indicate that a 10% increase in car travel time for commuting triggers a 3.1% increase in
public transport demand while raising car travel time by 10% for non-work trips increases
the public transport demand by 2.3%.

In terms of the release of transport-related CO2 emissions, the US is the leading
country in the world [41]. The emissions of the US equal approximately 25% of the global
transport-related CO2 emissions. Overall, the external costs (excluding congestion) of road
transport in the EU, including Norway and Switzerland, are calculated to be more than
EUR 500 billion, i.e., 4% of the total GDP in 2008 [42]. A recent work [4] investigates the
transport-related CO2 emissions of urban areas with the directly observable open-source
data of 57 cities across 33 countries to assess environmental impacts. A linear model for
transport-related CO2 emissions of urban areas is calibrated, where CO2 emissions increase
with the rise of road infrastructure per capita.

A review study analyzes and classifies 137 papers from the literature covering car-
sharing systems in the last 15 years [43]. The study demonstrates that car-sharing extends
with an increase in population density, and multimodal transport networks as well as
sharing systems result in a drop in car ownership.

Public Transportation

Urban rail transit has many advantages compared to road-based urban mobility. These
advantages include a relevant value of passenger capacity with higher speed travel, guar-
anteed travel time, and lower transport-related emissions [44]. A study shows interesting
modal shift outcomes in connection with the construction of light rail transit (LRT) infras-
tructure: 17–37% of former car drivers shift their travel mode toward LRT in Nantes, 21%
switch to Blue Line LRT in San Diego, and 22% choose Super-tram LRT instead of a car in
Sheffield [45]. A study demonstrates differences in long-term car ownership in six Asian
megacities located in China, Japan, and Thailand [46]. The research presents that cities with
low railway intensity have a sharp rise in car ownership, while cities with high railway
intensity have a relatively slow rise. The rail–bus infrastructure replacement results in a
significant increase in transit ridership from 95% to 350% in the major corridors of Los
Angeles [47].

Bus Rapid Transit (BRT) is a sustainable alternative to road-based urban transportation,
where bus infrastructure is segregated, which comes up with high social acceptance. BRT
expansion results in a 125% increase in public transport ridership in Dublin [48], while
BRT infrastructure build-up results in a 40% modal shift from car to O-Bahn BRT in
Adelaide [49].

A positive impact of rail network expansion is shown in the increasing population
density near urban rail stations, thereby strengthening the compactness of cities [50].
However, an important point is to understand how public transit affects the congestion
level and travel time. Light rail corridors succeed in lowering the level of traffic on
highways in Denver [51], and the average travel time reduction by 21% results in an
increased ridership (i.e., 15–20%) of the Los Angeles metro system [52]. Metrobus in
Istanbul with a thorough implementation of BRT elements, including an almost fully
segregated infrastructure, ensures a 65% reduction in travel time [53].

Urban rail transit and BRT systems have significant economic and environmental
contributions to cities. From 1980 to 2005, the net financial returns of urban rail transit in
Hong Kong equal approximately USD 2.33 billion [54]. Carrigan et al. [55] demonstrate the
economic benefits of travel time-saving in the case of BRT system investments; examples
include USD 1830 million for Bogota, USD 6369 million for Istanbul, USD 331 million for
Johannesburg, and USD 142 million for Mexico City. From 1990 to 2011, European railways
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showed a 14% of reduction in CO2 emissions per passenger-kilometers [56]. Based on
an eight-year database of 43 cities, an analysis shows that particle matter drops by 4% in
the city center following investments in the subways system [57]. The benefits provided
by carbon emission reductions in the case of BRT investments are estimated to be USD
239 million for Bogota, USD 152 million for Istanbul, USD 18 million for Johannesburg, and
USD 10 million for Mexico City [55].

Chester and Horvath [58] conduct a life cycle energy analysis and environmental
inventory of passenger transportation in the US. The obtained results show that public
transportation is more energy-efficient compared to a car, although the efficiency of public
transportation depends on the passenger load factor. Regarding load factor, within all
modes, the conventional bus system is the least efficient during off-peak times.

Non-Motorized Mobility

Significant modal shifts from car to cycling are observed in Denmark, the Netherlands,
and other EU regions as a result of investments in cycling infrastructure [59]. A research
paper focusing on cycling infrastructure demonstrates a positive correlation between
bicycle infrastructure expansion and bicycle usage in 43 US urban areas [60]. Estimations
for US cities demonstrate that completing the sidewalk network reduces car travel by 5%
and increases non-motorized travel by 16% [61]. A review study on bike-sharing systems
shows that such services reduce the kilometers traveled by car up to 20% [62].

The systematic classification of the benefits of cycling is reported in [63]. The results
show that the overall economic benefits of cycling in the EU were EUR 513 billion in 2016.
The promotion of bike–train–bike journeys results in a higher percentage of passengers
combining cycling and public transport in Denmark [64]. A rise in the modal share of
walking and cycling modes increases the GDP of German cities by 1.11% [65].

A complete life cycle assessment (LCA) is conducted to compare transportation modes
including walking, cycling, and e-cycling [66]. The results show that the life cycle energy
usage of the modes is 102 KJ/PMT (kilojoules/passenger miles traveled) for walking,
319 KJ/PMT for biking, and 356 KJ/PMT for e-biking. Besides, biking and walking
are the most energy-efficient and environmentally friendly modes. Furthermore, elec-
tric bicycles emit 90% fewer pollutants per passenger mile traveled compared to a bus
operating off-peak.

Studies show that cycling safety is greater and the injury rate is lower in cities with a
high level of cycling infrastructure [67]. For example, the cycling fatality rate in the US is
five times higher than in Denmark and in the Netherlands [68].

Infrastructure Design

In the recent past, urban morphologists made great strides in comprehending the
structure and dynamics of urban transportation networks through network topology
analyses by applying graph theory [69]. The configuration of networks helps to assess
transportation performance [70], to identify the travel behavior of inhabitants [71], and
to understand precisely how urban areas are organized [72]. Complex network analysis
is a highly effective evaluation tool to correct, improve, and upgrade urban transport
networks [73].

Network circuity is a crucial way of measuring the effectiveness of transportation
networks [69]. The average circuity of a network (i.e., network directness) is the ratio of the
shortest distance averaged to the Euclidean distance averaged over all origin-destination
pairs of a network [74]. The circuity of public transport networks is studied for 36 metropoli-
tans in the US [71]. The results reveal that public transit circuity exponentially declines as
travel time increases. Public transport networks are more circuitous than road networks,
which means that the transit network route is much longer than the line of sight. This is
supposed to be one of the reasons behind the preference for cars over public transport.

Networks can be well-connected but still poor in regard to directness. Hence, con-
nectivity and directness should be examined unitedly [75]. A positive correlation is
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demonstrated between road congestion and the average network circuity, and a nega-
tive correlation is shown between the average network circuity and the average network
disconnectivity for 48 cities in the US [70]. By comparing the hierarchy, connectivity, and
directness (i.e., circuity) of road networks, another research compares the road transporta-
tion performance of the 50 largest metropolitan areas in the US [76]. The results show that
a 1% increase in the average network connectivity reduces the commuting time by 0.1%,
and a 1% increase in the average network disconnectivity reduces the car mode share by
0.061%. A recent thesis examines the relationship between the average daily extra travel
time (ADETT) and transport network parameters for 86 cities across over 32 countries [74].
The results demonstrated that an increase in the average road connectivity, meanwhile
a decrease in the average road circuity eases road congestion, most likely because the
road traffic is distributed more homogeneously over the network. Furthermore, the same
situation for sustainable network systems (i.e., railways and cycleways) alleviates road
congestion, too. Car users can be convinced with well-connected alternative networks
with short and direct routes to shift toward alternative modes, which decreases road
traffic volumes.

2.2.2. Land-Use

This section focuses on how land use is connected with other socio-technical factors
and system externalities as well as how the user choices are related to land use. Many
studies demonstrate that cities with a higher population density tend to use public trans-
port or active modes to a greater extent (for example New York Metropolitan Region
—see [77]). Furthermore, a private vehicle is less preferred in denser zones (for example in
the metropolitan area of Milan—see [78]). Moreover, the residents of mixed-use designed
cities with a high population density tend to drive considerably less than others (for ex-
ample in US cities—see [79,80]). Major cities in China with a higher population density
increase the accessibility of public transport services and shorten travel distance and trip
duration compared to other cities [81].

A study investigates the relationship between population density, infrastructure
accessibility (i.e., infrastructure per capita—IA), and traffic congestion for 151 cities across
51 countries [29]. The calibrated models indicate that high road accessibility leads to lower
congestion levels, in particular for the cities with a low population density, while in general,
cities with a high population density have lower congestion levels if the accessibility of
rail infrastructure is high. Once comparing both situations, it can be seen that an increase
in the accessibility of rail infrastructure reduces road congestion four times more than an
increase in road infrastructure accessibility. Note that the changes in demography influence
land use and the cycle of transport feedback, as demonstrated by Wegener’s scheme [82].
High population growth causes land expansion; thus, this situation changes transport
demand–supply balance and influences travel decision-making.

Figure 3 demonstrates a multi-variant graph of 151 worldwide cities created with the
dataset provided in [29] to understand the multi-relationship between the factors deeper.
The dataset includes all types of infrastructure accessibility (i.e., represented by m per
10 inhabitants), the average daily extra travel time (ADETT), the population density, and
the GDP per capita. The graph represents the exponential relationship between the ADETT
and road infrastructure accessibility, where the bubble size is proportional to the population
density. The scaling of other types of infrastructure accessibility is summarized in Table 1.
The filled bubble’s color shows Railway IA (red = RIA > 1100, orange = 223 < RIA < 1100,
green = RIA < 223, non-color = RIA ≈ 0), the bubble’s border color demonstrates Cycleway
IA (red = CIA > 1500, orange = 200 < CIA < 1500, green = 10 < CIA < 200, blue = CIA < 10),
and the color of the starred city labels represents BRT IA (red = BIA > 150, green = BIA < 150,
non-mark = BIA = 0). In the ADETT interval of 14–34 min, a cluster of cities can be seen
below the exponential trendline with common characteristics: a medium level GDP per
capita, high urban railway and bike infrastructure accessibility, but relatively low road
infrastructure accessibility. Within the same range of travel delays, there is a cluster of
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cities above the trendline, as well. These cities feature generally a higher GDP per capita, a
high road infrastructure accessibility, and a low level of railway infrastructure accessibility
or the total absence of urban railways. All of the cities above the trendline are denoted
by low population densities, too. In this ADETT interval, most cities under the trendline
are European cities, while most cities above the trendline are US cities. In the ADETT
interval of 34–44 min, cities have generally an average GDP per capita, a lower road
infrastructure accessibility, and lower accessibility of cycleway infrastructure. In this
ADETT interval, cities are in various regions of the world. The highest congestion delays
with over 44 min of ADETT is shown in cities with a low network infrastructure accessibility,
a low GDP per capita, and a low cycleway infrastructure accessibility (i.e., none of these
cities is among the 25% of the cities with the highest cycleway accessibility). Most of
the highly congested cities are located in Asia. It is surprising to see that cities with a
high BRT infrastructure accessibility are more frequent in the cluster of 14–34 min ADETT
interval and under the exponential trendline where there is the cluster with the highest
multimodal infrastructure accessibility. Generally, cities with a high BRT infrastructure
accessibility are in South America. It is observed that Amsterdam has one of the lowest
road infrastructure accessibility levels among cities, but it has the highest multimodal
infrastructure accessibility as well as railways, cycleways, and BRT lines, which appears to
reduce congestion levels.
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Table 1. Scaling of the Figure 2.

RIA [km Railway Per 10 inh]: CIA [m Cycleway Per 10,000 inh]: BIA [m BRT Per 10,000 inh]:

Bubble Fill Color Bubble Border Color Starred Marker (*)

red = RIA > 1100
orange = 223 < RIA < 1100

green = RIA < 223
non-color = absence of urban rail

red = CIA > 1500
orange = 200 < CIA < 1500

green = 10 < CIA < 200
blue = CIA < 10

red = BIA > 150
green = BIA < 150

Brownstone and Golob [83] present a joint model of vehicle usage, residential density,
and fuel consumption. The researchers’ main findings indicate that a decrease in the
population density by 386 housing units per one square kilometer results in an increase
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in kilometers driven per year by 1931 and 246 more liters of gasoline used per household.
A recent study [84] focuses on transport energy consumption for 57 cities worldwide to
understand how it relates not only to population density but to transport infrastructure, too.
The study presents several calibrated models to define this triangular relationship, in which
a hyperbolic function shows the best fit between population density and transport energy
consumption, which demonstrates the rapid increase in energy consumption. Furthermore,
the results estimate that the accessibility of road infrastructure drops with one over the
square root of the population density. Moreover, the results identify road infrastructure
expansion as causing urban sprawl and high car share, which are the main reasons for the
high transport energy usage.

2.2.3. Natural Environment

This section focuses on the natural environment, which is an indispensable factor
affecting users’ choices and system externalities. The geomorphological features of many
cities including mountains, valleys, and water bodies could make the implementation
of conventional urban transport modes challenging [85]. Ropeways, which are built
on an aerial rope, or suspended rail tracks comparable to a capacity of medium-sized
trams, are the primary alternatives considered in hilly cities [86]. A study provides an
overview of urban ropeway systems including the reasons for building these systems, their
characteristics, benefits, and limitations to be fully recognized as transport mode [85]. The
results demonstrate that ropeway systems are more effective than conventional transport
modes for hilly cities. Furthermore, the study shows that ropeway ridership is higher than
expected. On the one hand, there are the advantages of low operating costs and reduced
environmental impact; on the other hand, disadvantages include the forced shutdowns by
high winds, storms, and privacy issues related to lines passing over private property.

The geomorphology of cities can trigger another challenge in the usage of non-
motorized modes. The hilliness of cities is an important parameter in the case of choosing
the bike mode; a 10% increase in the hilliness results in the reduction in biking commuters
by 8.93% [87]. Besides, walkability depends on the comfort and ease of footways with
around 8% hilliness as a limit [88].

Other transport modes to mention in the case of cities surrounded by water bodies are
ferries or waterbuses. Existing waterborne public transport systems are assessed in a study
worldwide [89]. The results show that the benefits of shifting transport modes to waterways
are lower travel times, higher passenger numbers, and reduced environmental impacts.

Obviously, climate conditions and weather vary over the cities affecting travel behavior
and urban transport performance. A review study assesses findings from all over the world
based on the relationship between weather conditions and travel behavior [90]. The review
demonstrates that cycling is the most elastic to weather changes, where up to 80% of the
fluctuation of daily biking can be explained by weather changes. It is found that bike usage
increases with a rise in temperature up to 25 ◦C. Furthermore, snowing is the major factor,
which negatively impacts bike usage, while precipitation and wind speed drops biking to
a moderate level of usage. The review shows that users tend to shift from non-motorized
modes to the car and public transport during rainy days, while car usage peaks under
low-temperature conditions.

A number of studies assess the impacts of weather conditions on urban transportation
considering traffic speed, travel time, accidents, and infrastructure damage. The impact of
weather events on macroscopic travel times in the Greater London area (UK) is investigated
to integrate weather-related data into traffic operations [91]. The results show that the
total travel time increases by up to 6% during heavy rain, while heavy snow causes an
up-to-15% rise in travel time due to the deterioration of road network performance. A
review study states that the number of road accidents increases up to 75% during heavy
rain and the number of related injuries by up to 45% in mid-sized Canadian cities [92]. The
rate of increase for both cases is higher during heavy snowfall. A case study in Newcastle,
UK, demonstrates that the implementation of both green roof infrastructure and floodwalls
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strategies reduces transport-related damages and enhances the travel time improvements
during flooding up to 22% [93].

2.2.4. Technology

This section focuses on technological improvements, which play a key role in socio-
technical transformations. The energy conversion rates of passenger car types are com-
pared [94]. The results show that electric vehicles (EVs) have a 60% higher energy conver-
sion rate than that of internal combustion engines (ICEs) and 50% higher than that of hydro-
gen cars. In addition, hybrid cars (HEVs) are 35% more fuel-efficient compared to ICE vehi-
cles [95]. A complete LCA of different passenger cars is conducted by Nordelöf et al. [96].
The obtained results indicate that battery electric vehicles (BEV) have the lowest lifetime
GHG emissions, followed by HEVs.

There are significant improvements in the size and capacity of electric batteries, and
recent improvements in EVs help to drop carbon emissions. A study shows that the
electrification of bus systems delivers 37% of fuel-saving in New York City [97]. Another
study shows that a shift from diesel to electricity for Bogota TransMilenio BRT buses reduces
CO2-eq emissions by 86% and PM2.5 emissions by 88% [98]. Furthermore, relatively lower
noise and vibration can be enhanced by operating e-buses [99]. Many studies on the
electrification of transport systems are conducted in Europe [100]. The project entitled:
“ELIPTIC—Electrification of public transport in cities” is completed in the EU Horizon
2020 program [101]. The project strengthens the role of electrification for public transit
systems to provide higher air quality in Barcelona, Bremen, Brussels, Eberswalde, Gdynia,
Lanciano, Leipzig, London, Oberhausen, Szeged, and Warsaw.

Due to environmental concerns, electrification has been trending up in recent years.
According to the International Energy Agency [102], the BEV and PHEV (i.e., Plug-in
Hybrid Electric Vehicle) sales shares of many countries and the shift to e-vehicles and e-car
registration grew within 2010–2016. Comparing 2016 to 2012 in the IEA report, the sales
scores show that China doubled the number of BEV and in the US there is an around 50%
increase in the number of BEV.

In particular, Information and Communications Technology (ICT) is a key element in
intelligent transportation systems, and its diffusion is pivotal to improve their performance.
Global smartphone ownership has a median of 72% across the developed countries, and
internet usage had a median of 87% in 2018 [103]. This information renders intelligent
transportation system applications an important tool to help in optimizing urban mobility
systems. ICT increasingly improves urban transport systems by enabling the efficient
and effective use of travel information and vehicle use as well as developing network
management [4]. In the UK, due to the lack of synchronization, 23% of the travel time is
lost during transfer from one to another transportation mode in the case of multimodal
trips [104]. The contribution of ICT services to urban mobility is shown in several studies.
The function of some services and their benefits are reviewed [4]; results are summarized in
Table 2. The findings of this study highlight the benefits of ICT applications, such as travel
time saving, travel cost-saving, road congestion alleviation, and modal shift depending on
the service type.

Furthermore, ICT has brought along a new concept to transport service called Mobility-
as-a-Service (MaaS) aiming at a shift away from personally-owned modes of mobility. A
recent paper reviews 57 MaaS-focused studies for a comprehensive understanding of
the concept [105]. The paper highlights the MaaS concept as a system, which fulfills the
mobility requirements (i.e, travel plan, payment, access) of users in a single application.
Furthermore, the review presents some examples of the benefits of the MaaS applications.
For example, in the case of Ubigo, the application users state the benefits as delaying the
purchase of a car, shifting toward public transport, shifting toward bicycle, and shifting
toward walking accounting for 36%, 35%, 17%, and 17% of the total, respectively.
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Table 2. The functions and benefits of ICT in transport services.

Application Function Benefits

Zipcar/London Car-sharing service Reduced car travel costs and
miles by 42% per year.

Lyft/USA Ride-share service

Saves over GBP 50 million in
vehicle operating costs, such

as fossil energy, insurance,
and maintenance.

Sfpark/SanFrancisco Parking service Reduced congestion, 30%
drop in GHG emissions.

Suica smartcard/Tokyo Multimodal smart ticketing Integrated payment across
modes, time-saving.

SignalGuru Cambridge
and Singapore

Green Light
OptimalSpeed Advisory

20.3% saving on
fuel consumption.

Moovit, Citymapper
TI system in Monza/IT Real-time journey planner

Modal-shift to PT and
time savings

4.1% modal shift to PT.

Velib and Bicing in Paris Bike-sharing
Reduced demand on

single-mode for
last-mile connections.

TSC—in Aalborg (Denmark)
Across EU

Adaptive traffic signal
control system

Travel time decreased by 8.5%
per trip (for peak times), and
fuel consumption decreased

by 2.5%.
5–20% improvement in the

travel mean speed.

2.2.5. Policies

A number of policies aiming at stressing such points as the reduction in carbon
emissions and congestion can contribute to a modal shift toward sustainable modes of
transport (i.e., public transport). For example, London’s congestion charge is an exceptional
case of such a strategy [106]. Congestion charging resulted in an 11% overall reduction
in vehicle kilometers in London between 2002 and 2012. There was a 28% decline in car
crashes, and the net revenues were calculated to be EUR 123 million in 2007 [107]. A
congestion charging policy applied in Stockholm reduces approximately 20% of the traffic
volume and GHG emissions [108].

Bus priority policies bring important benefits to cities. For example, there is a 52%
reduction in the average public transport waiting times at the traffic lights in Toulouse, an
increase in the frequency of service from 10 min to 7.5 min, and an up-to 4% punctuality of
the system in Malmö [107]. The city of Copenhagen implements mixed-use regulations
regarding public transport connections, station proximity, and parking management poli-
cies [109]. As a result of the successful implementation of a combination of policies, transfer
times within modes are quite low, public transport accessibility is high, and GHG emission
is reduced by a significant level.

Some policies aim to reduce the growth of vehicle fuel consumption by limiting
vehicle usage or vehicle ownership. The limitation of vehicle ownership in Shanghai
and the limitation of vehicle usage in Beijing result in some differences in the number of
passengers per vehicle, GDP per capita, and vehicle type structure [110]. As a result of
policy analysis, the study shows that the fuel consumption in Shanghai is reduced by 59.4%
and in Beijing by 5.7%, which demonstrates that the limitation of vehicle ownership is
more viable in terms of reducing fuel consumption.

3. Holistic View

Based on the background constructed concerning practice theory, it is highlighted
above how the sociocultural identity and built environment including their association are
connected to user choices and, in turn, to the externalities of a socio-technical system. The
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performance of an urban transportation system and the preference of any transportation
mode are derived from how the environment is built, and how the sociocultural identity is
composed. As stated in the EC mobility targets [5], focusing first on people rather than on
the technical aspects is an approach of the current paper, too. Therefore, this integrative
review deeply investigates travel mode choice under different sociocultural and built
environmental conditions to understand how to provide a shift toward cleaner and more
sustainable transport modes.

The modal shift is a crucial element since a prominent increase in public transport and
non-motorized modes significantly reduces transport-related energy consumption, travel
time, and traffic congestion. As a result, air pollution levels, emissions, and transport costs
can be lightened. The present review investigates two major built environment factors: the
infrastructure and the land use, as well as the natural environment, technology, and recent
policies. These factors are examined to understand how to create an accessible system
that provides social equity and how to minimize the socio-economic and environmental
impact of urban mobility systems. The internal relationship between these factors and
their relations with other factors are investigated by questioning how these relationships
influence the modal shift, the congestion level, the travel times, the transport-related energy
consumption, the travel costs, and the environmental impacts.

Some of the parameters and their connections can be more significant on the user
choices and the sustainability of the system than others. The degree of these associations can
be identified with a system dynamics model, and this model can be simulated to withdraw
an optimal solution. The coefficients of this model primarily depend on geographical
location as each location has unique urban morphology and different value judgment.
Furthermore, the urban transportation system is directed by national and local governors;
thus, they grab a big slice of the history in the evolution of the urban transport system.
Therefore, the most important variant of the system is governance. Transport governance
is studied, and how governmental differences can affect user choice, urban environment,
and system externalities is stated in several studies (see for governmental perspectives
on climate change mitigation in transportation—[9,111]; for the historical evolution of
cycling governance and the governance’s influence on cycling usage—[112]; for multi-level
governance efforts to enhance the decarbonized transportation—[10]). Nevertheless, there
is an important question to ask: who governs? As Dahl [113] says “the question has been
asked, I imagine, wherever popular government has developed and intelligent citizens
have reached the stage of critical self-consciousness concerning their society.”. Every adult
can vote in democratic countries; however, knowledge level, wealth level, social position in
the societies are not equally distributed [113]. Therefore, there is a bidirectional relationship
between the governance and the society, in which the composition of sociocultural identity
can be the reflection of how society would like to be governed.

In order to draw a holistic view, an innovative model perspective for urban mobility
system dynamics, which can be utilized by transport scientists and transport planners, is
presented. This model perspective is constructed based on the practice theory to provide a
holistic view, in which the transport system is identified on the basis of a series of indicators
and the interaction among them. The model perspective is shown in Figure 4. The glossary
for the abbreviations used in Figure 4 is shared in Table 3. The arrows in Figure 4 demon-
strate how any system dynamics affect each other with interpretative and guiding signs:
plus and minus. The outermost bubble presents the governance. By the outermost bubble,
the outgoing arrows demonstrate that governors have an influence upon whole system
dynamics, in which the urban environment is built by the local governments, and the
society is controlled by the rules established by national and local governments. Therefore,
national and local governments are primarily responsible for system externalities.
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Table 3. Glossary for Figure 4.

SC = Sociocultural
EDU = Educational Level, HEL = Higher Educational Level
ND = Nature of Demography, M = Male, F = Female, PG = Population Growth, A = Aging, H =
Number of people in household, PG = Population Growth
INC = Income Level, CO = Car Ownership
CUL = Culture, IND = Individualism, COL = Collectivism, MAS = Masculinity, FEM = Femininity,
UNC = Uncertainty
ENV = Environment
LU = Land Use, PD = Population Density, UF = Urban Form
OPT = System Optimizers, P = Policies, T = Technology
INF = Infrastructure, IA = Infrastructure Accessibility, ID = Infrastructure Design, R = Road, S =
Separated Track Infrastructure, B = Bikeways, W = Sideways, SM = Sustainable Modes’
Infrastructure
GM = Geomorphology, HL = Hilliness, WT = Water bodies, SS = Seismicity, WR = Weather, RN =
Rain, SN = Snow, WD = Wind
NM = Non-motorized Modes, CY = Cycling, WA = Walking, PV = Private Vehicle, PT = Public
Transportation, RL = Rail Transit, BRT = Bus Rapid Transit, BS = Bus, SM = Shared Mobility, C =
Car, SC = Scooter, UN = Unconventional Modes, WBS = Waterbus, RP = Ropeway
CON = Congestion, EC = Energy Consumption, SE = Socio-economic, AP = Air Pollution
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The left bubble demonstrates the sociocultural identity of a community in which the
sociocultural composition is shown with the internal boxes. The collective factors in the
presented left bubble determine how society will be governed. Sociocultural composition is
vital when planning how to enhance the modal shift toward more sustainable modes. The
sociocultural identity of a community preforms the user choices. The outgoing arrows from
these internal boxes show how these factors influence user-mode preferences and the built
environment as well as how indirectly the system externalities such as transport-related
costs, air pollution, and CO2 emissions are affected. These dynamics highlight that social
variation in the urban areas shapes the travel mode choices along with such factors as
culture, the nature of demography, educational level, and income level. Therefore, to draft
any urban mobility planning, understanding the sociocultural identity of a community has
paramount importance. Looking through cities’ demographical composition and cultural
values, the socio-economic conditions of cities and the acceptance levels of alternative
systems can be detected. The socio-economically disadvantaged people are a major part
of the societies, where geomorphological and climate conditions are varied. Increasing
the accessibility by alternative modes of transport supports social equity. Following all, a
transportation system must serve diverse demands including culture, different genders,
vulnerable users, and ethnic factors.

The right bubble presents the built environment, in which the technical factors are
presented with internal boxes. The outgoing arrows show how the built environment
induces the travel mode choice toward such factors as land use, infrastructure accessibility,
infrastructure design, technology, policies, and natural environment, which directly affect
the system externalities, such as transport-related costs, air pollution, and GHG level. These
arrows show that any change of transport infrastructure catalyzes the land area growth;
therefore, these factors should be considered together in urban transport planning. Land
use and transport infrastructure are the two major physical characteristics that compose
the urban form. Moreover, land use is influenced by demographical factors like population
growth as shown with an arrow. A high increase in an urban population in the long term
can cause urban sprawl, and in turn, this situation can bring challenges to meet the growing
demand for transport infrastructure. Furthermore, the arrow associations demonstrate that
cities getting sprawled and with low alternative network accessibility result in very high
car usage, which in turn, causes significant socio-economic and environmental costs.

Infrastructure investments are crucial for shifting toward public and active transport.
Thus, the literature review demonstrates that if these infrastructure investments are made,
they will be used by travelers as reflected by the arrows of Figure 4. However, to keep the
interest of public transportation at high levels, focusing on alternative mobility systems
based on separated tracks such as rail transit and BRT systems is vital. The functionality
of conventional bus systems is reduced as a result of rising traffic congestion caused by
the increasing population in many cities. Cities with well-planned and suitable alternative
mobility systems can trigger the modal shift of car users, which alleviates road congestion,
travel costs, and environmental impacts. In literature, the high social acceptability of
rail–transit systems coming with a faster modal shift from private vehicles is observed,
especially in dense cities. Therefore, the densification of urban areas increases the function-
ality of alternative systems and in turn, results in a modal shift, which is demonstrated
by the arrows in Figure 4. Additionally, as shown by the arrows, to further encourage the
modal shift from car use, alternative networks should be designed with highly connected
paths and less circuity providing high-speed access to the final destination thus allowing a
reduction in the traffic volume.

Some dynamics presented with the outgoing arrows from technology and local poli-
cies act as infrastructure optimization tools and reduce the negative externalities of the
urban transportation system. Based on the literature, the electrification of mobility systems
appears to be the best choice in terms of energy efficiency and environmental impacts
compared to other currently available technologies. Furthermore, the technological im-
provements in the field of ICT increase the functionality of multimodality with improving
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multimodal network management and assist in shifting toward sustainable modes by
providing the effective use of travel information, integrated ticketing option, and reliable
planning tool. Policies, such as pricing and proximity regulations, significantly help to
reduce car usage while increasing the efficiency of sustainable transport modes.

Furthermore, the natural environment can constrain the user choices, and weather
conditions can shape the user choices temporarily. As shown with the arrows, extreme
weather conditions and some geomorphological factors, such as hilliness, can limit non-
motorized mode preference, especially for biking. In addition, the natural environment
like water bodies and high altitude settlements can lead the users to a change toward
unconventional modes such as waterbus or ropeway.

4. Conclusions

This review study focuses on socio-technical factors shaping the urban transportation
system. This study is the first systematic review that covers every driver of the trans-
portation system. Practice theory is applied in this study as a background to construct
the theoretical structure of the review topic. The approach of the review is human-centric
and abductive. Firstly, the built environment and sociocultural structure including their
association are synthesized by concerning the user choices, and the influence of these syn-
thesizes on the system externalities is identified. Thereafter, an innovative system model
perspective is presented as integration of interrelations among the system dynamics as
well as their influence on transport users and system externalities. This is the first holistic
model perspective for the urban transportation system. As a result, two vital steps of
sustainable transportation planning are delivered with this review study, which are the
understanding of user choices to increase the attractiveness of sustainable transportation
modes along with the co-evaluation of the built environment and sociocultural identity, and
the understanding of under which socio-technical conditions an urban transport system
can minimize its socio-economic costs and environmental impacts. In a nutshell, the review
pinned down the key factors promoting transport sustainability. Therefore, the current
paper provides important observations for practitioners to review their transportation
policies toward sustainable development, and a useful documentation for scholars. As
the review topic is very broad, the present article did not elaborate on the governance of
urban transportation more in-depth. Future work aims to concern the governance of socio-
technical transition towards a post-car city. Understanding the governance of that type
of radical mobility transitions and integrating the possible pathways of these transitions
would contribute to change the ideology of transport planners and policymakers in the
direction of car-free cities.
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