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Abstract: Transport systems are capable of contributing to the economic robustness of a geographic
area and the well-being of its inhabitants via the supply of the necessary assets for the mobility
of people and goods. However, transport projects have the capacity to produce several negative
externalities such as water pollution, air pollution, barrier effects, noise, and ecological impact,
which affect the quality of people’s life. Considering these facts, the main purpose of this study is
to indicate methodologically how the negative externalities of transport are interlinked, so that to
promote sustainable mobility development. This paper reveals via the method of structural analysis,
the interrelations between the negative externalities of transport, firstly to organize them hierarchically
and secondly to evaluate the potential of sustainable mobility strategies concerning the co-benefits
generated by their implementation for society. The results show that the negative externalities of
transport are not isolated phenomena; on the contrary, they are interlinked and can be organised
hierarchically according to the relationships between them so that certain public policies can be
prioritized and the negative impacts of transport can be tackled more effectively. The most critical
negative externalities are the invasion of public space for the construction of more roads, along with
road accidents, congestion, and local air pollution. On the other hand, the most important group of
strategies for sustainable mobility are the ones oriented to urban design, and more specifically to
transit-oriented development.
Keywords: urban planning; sustainable urban mobility; structural analysis-MICMAC; mobility
demand management; negative externalities of transport

1. Introduction
The twentieth century was decisive for the urbanization of the world as economic, social,
cultural, and political processes such as globalization, in conjunction with population growth, caused
the expansion of cities [1]. Hence, cities needed to be remodelled as they faced overpopulation,
peripheral formations, and metropolization. The structure of the city has transformed into a diversified,
multi-nuclear form, with high rates of environmental pollution and internal insecurity [1]. This situation
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has generated the degradation of public space, the disorganization of urban space, a decrease of
connectivity between localities, and massive migration to the outskirts of the city, generating the
phenomenon of urban sprawl [2]. Through the latter phenomenon, it has become apparent that
travel within cities and from cities to other regions is essential. Transport therefore rose as a key
factor for city planning [3], as it is an important element for influencing the economic robustness
of an area and the well-being of its inhabitants [4–6]. This can be magnified within the context of
urbanization where economic opportunities are strongly related to the urban centres, contrary to the
residential areas, that are mainly located on the outskirts, generating an aggregate mobility demand
and longer travels that start from the suburbs of the city [7,8]. Generally, through literature review
it has been demonstrated that infrastructure investment positively influences growth and economic
impact [9]. Nowadays, the scientific literature has expanded with implemented research using
divergent perspectives, such as growth regressions and production functions. These investigations
have provided evidence that transport has the ability to positively impact growth rate, productivity,
output, and economic development [10–21].
Furthermore, the infrastructure of transport is an essential component to take into account in
order to enhance freight mobility and urban design scenarios [22,23]. Hence, the transport of people
and goods is essential for the development of a country. However, the activities of both types of
transport (freight and passengers) have another characteristic in common, and that is the generation
of several negative externalities, which are rarely considered by the authorities in the private and
public sectors [24]. In general, there is an accord in literature that road transport is responsible for
the generation of several negative externalities, such as congestion, barrier effects, road crashes, oil
dependence, and water and air pollution [25].
Private auto-mobiles have the capacity to contribute to climate changes via the generation of
greenhouse gases and a variety of different pollutants. The latter could severely impact the environment
and consequently the health of the people [26,27]. In Mexico in 2008 there were 14,000 deaths due
to poor air quality because of gasoline combustion, as well as a number of people impacted by road
accidents (750,000 injured, 40,000 disabled, and 24,000 deaths) [28]. The pandemic of traffic accidents
is a major contributor of the social costs generated by the road transport. For instance, in 2007, Parry,
Walls, and Harrington evaluated within the geographical context of the United States of America that
road accidents generated social costs equal to 4.3% of the Gross Domestic Product (GDP), while the
World Health Organization (WHO) values the damage of road traffic crashes for most countries at 3%
of their GDP [29].
In this gloomy panorama, it is important not to forget the degradation of public space due to the
intensive use of private vehicles and associated infrastructure that has harmful effects, not only upon
the psychology of the local population, but also upon the attractiveness and image of the city [30].
The studies of Putnam [31] and Hart [32] provide evidence that the long times spent in travelling
(congestion) reduce the involvement of individuals in their communities and limit social relations.
These negative externalities caused by the transportation sector have serious impact upon sustainable
development that can be defined as the development destined to cover the needs of the present
generations without endangering the capacity of future generations to cover their respective needs [33].
Sustainable development has three axes upon which the quality of life can be based: environment,
economy, and society [34].
Hence, the 21st century introduced new challenges to which the mono-disciplinary concept of
transport failed to respond, such as environmental problems, major congestion, the invasion of public
space in order to build new roads and move vehicles, noise, barrier effects, the inclusive-equitable
management, and the humanization of urban management [3,32]. Therefore, the literature shows
a transition from one approach in terms of transport to one in terms of mobility [35–39]. It is worth
mentioning that this shift from transport to mobility means moving from an approach oriented to the
movement of vehicles and the infrastructure necessary for them, to a mobility approach interested in
the movements of individuals [1].
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Consequently, the motivation of the present study is compatible with the contemporary challenge
posed by urban traffic and urban planning systems, which is more related to the promotion of
sustainable mobility via a qualitative improvement based on the mitigation of transportation’s negative
externalities, participation, and accessibility that incorporates social groups with different mobility
necessities [40,41].
Considering these facts, the aim of this work was to apply a MICMAC-structural analysis method
to the identified negative externalities of transport in order to promote sustainable transportation.
This was achieved in two steps: first we identified the relationships between the different negative
externalities produced by the activities of transport and organized them hierarchically. Second, we
assessed the effectiveness of several public policy-strategies oriented towards sustainable mobility
according to their impact upon the negative externalities and the co-benefits generated by their
implementation for society.
The main research question for this study is: “How is the hierarchical organization of the negative
externalities of transport via a participative-prospective method able to contribute to the promotion of
sustainable mobility development?” This principal question can be divided into five sub-questions:
•
•
•
•
•

RQ1: What are the negative externalities generated by transport?
RQ2: What are the public policies related to sustainable mobility?
RQ3: How are the negative externalities of transport interlinked with each other?
RQ4: How are the negative externalities of transport connected to public policies oriented towards
sustainable mobility?
RQ5: Can public policies be organized in order of importance according to their impact upon the
negative externalities of transport?

The structure of the paper is as follows. Section 2 presents the negative externalities generated by
transport and offers a brief presentation of the literature review related to changes in transportation
paradigms and the existing strategies for sustainable mobility. Section 3 provides information about the
method used to determine the interrelation between the negative externalities of transport, and applies
structural analysis for their organization in order of importance. Section 4 provides the conclusions of
the paper and proposes directions for future research on the issues of sustainable mobility.
2. Literature Review
In this part of the paper, we describe how the literature review was conducted, concerning matters
related to the negative externalities of transport and changes in transportation paradigms along with
strategies oriented towards sustainable mobility.
2.1. The Negative Externalities of Transport
An externality occurs when an agent performs an action from which effects are derived that have
an impact in the form of benefits or costs to other agents. The basic characteristic of an externality is
that the agent causing the external effects is not obliged to make any indemnity to those affected by
the costs imposed, or is not entitled to compensation for the generated profits. There are numerous
reasons why it is interesting to analyse the effects of externalities generated by transport activities.
First, it allows us to understand the use of natural resources in transportation and to assess the social
cost of these negative externalities. Second, it helps with determining whether the actual modal
allocation is appropriate from a social perspective, or if it is decisive to apply remediating mechanisms
to alter it [24].
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As mentioned previously, transport is famous for generating several negative externalities such as
congestion, road traffic crashes, energy dependence, road damage, and air and water pollution [25].
However, there are other types of negative externalities such as visual blight, vibration damage, barrier
effects, and others that could affect the quality of life of people if not treated adequately [42,43]. In the
following figure (Figure 1), the negative externalities associated with transport and their impact upon
the three axes of sustainability can be seen.

Figure 1. The negative externalities of transport.

The list of negative effects from transport activities is long, due to the many impacts that this
industry has. The most obvious problems are air pollution, both locally–regionally and globally
(greenhouse gases-ecological impact), caused by all types of vehicles using fuel and the noise generated
by the engines of those vehicles. Apart from air pollution and noise, transportation activity produces
other environmental externalities, including water pollution, land use modifications, vibration damage,
impacts on historic monuments of human heritage, and impacts on biodiversity and ecosystems [25].
Noise is a very harmful factor for the health of the people and hinders the smooth realization
of their everyday activities. In Europe, as reported by the WHO, road transport noise affects 33%
of people. The main impacts from noise include hearing difficulties, frustration, radical changes in
the behaviour of people, communication complications, fatigue, and difficulty in sleeping. These
impacts can cause serious issues on human organization such as heart diseases and circulatory
problems, hormonal reactions, as well as nutrition issues, failures of immune system, low concentration,
and underachievement at work and school due to fatigue and sleeping difficulties [44].
Fossil fuels are the principal source of energy utilized for road transportation activities [45].
This causes leaks because of fuel combustion and the vaporization of petrol throughout the process
of production, storage, and distribution. Moreover, evaporative emissions can be observed in the
case of petrol-engine vehicles from their gas tank and carburetor. At local and regional levels there
is an extensive list of air pollutants that are capable of affecting human health and the environment.
The typical emissions from road transport can be categorized into three groups, carbon monoxide,
nitrogen oxides, and hydrocarbons, that are responsible for 75%, 58%, and 50% of all the respective
emanations in the European Union [46].
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Transportation activities generate water pollution, produced by flows from auto-mobiles, such as
motor oil escape and discard, salt-laden run-off from streets, particulate matter, and other air pollutants
from exhaust and tire or brakes wear. In addition, infrastructure associated with railways is able to
affect negatively aquatic ecosystems through gasoline escapes from containers, along with various
contaminants [47]. Furthermore, the study conducted by Levengood et al. [48] provided evidence of
dense gathering of heavy metals and polycyclic aromatic hydrocarbons (PAH) in water bodies near to
railways that in some cases represented a risk to aquatic life.
The construction of road infrastructure for the territorial displacement of cars removes land from
other potential productive uses and can also have associated negative impacts, such as [49]:
•
•

•

Habitat loss: Transportation activities demand land and therefore invade the habitats of flora
and fauna.
Habitat fragmentation: Transport systems and their infrastructures penetrate the landscape and
present, in some cases, impassable obstacles, especially for animals. The latter are therefore
obliged to move within a reduced habitat (barrier effect), leading to the isolation of populations
and consequently to in-breeding. The invasion of landscape has, as a result, a more frequent
interaction between vehicles and wildlife, increasing in that way the number of collisions between
animals and auto-mobiles.
Habitat quality loss via disturbance effects: Transport, as has been explained, causes noise, water
pollution, airborne pollutants, visual blight, and vibration, which severely affect the quality of the
animals habitat. Moreover, it should be noted that the aforementioned negative impacts are able
to influence a more extensive area than the one which is directly affected and have the capacity to
alter negatively the value of the land.

The risks of road accidents are included in all transport activities because of the great number
of vehicles circulating at high speeds using common-shared infrastructures. These accidents can be
the result of mechanical misconduct or, more frequently, can be the result of human errors. Hence,
road accidents are events that occur in all means of transport. However, the mode of transportation
responsible for the majority of injuries and casualties (in absolute numbers) in almost every country
of the world is road transport, due to the extensive use of this mode compared to others. In studies
carried out within the context of the European Union to estimate the social costs of externalities related
to transport accidents it has been acknowledged that these are around 2.5% of GDP [24].
The externalities associated with road accidents have become more apparent with the entry of
more vehicles to circulation, increasing non-linearly the possibility for pedestrians, cyclists, drivers
and road-users in general to be part of an accident [25]. Nevertheless, it is worth mentioning that in
cases of heavy traffic, vulnerable groups of road-users such as pedestrians-cyclists are more careful
and drivers are obliged to move at lower speeds, and thus road accidents are not so severe [25].
Road damage externalities are generated due to the utilization of road infrastructures by numerous
types of vehicles of different characteristics. The cost of road damage considers the necessary resources
for the repairing of the damage produced by the flow of vehicles [26]. The deterioration generated
by a vehicle changes in increments according to its dimensions (the bigger the dimensions and the
weight of the vehicle, the bigger the damage provoked on transport infrastructure) [26]. Adding axle
weight increases the risk of damaging pavement structures. For instance, with the same tire type and
tire pressure, the estimated pavement lifetime with a 10 tonne axle can be tens of percentage points
shorter than the lifetime obtained with an 8 tonne axle [50].
Congestion is caused by very high demand for the use of transport infrastructure at specific
periods of time. The problem of congestion in transport arises from a gap between the existing demand
for the use of infrastructure and the maximum capacity of the infrastructure to provide services to the
users. This is a particular feature, as in all modes of transport demand is rarely constant over time.
The impacts are well-known: longer and unreliable travel times, stress, road rage, fuel consumption
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and pollution, along with negative economic effects due to ineffective allocation of services and
products [24].
Another negative externality that transport generates is oil dependence, which can potentially be
an issue for countries that import oil as they are sensitive to oil-price shocks. This can be a threat to
a country’s national security and economy, specifically if this a small country unable to influence world
prices [25]. The extensive use of oil has the capacity to generate climate change due to the fact that oil
combustion constitutes one of the main reasons for the generation of greenhouse gas phenomenon
and consequently an essential factor in climate change, which if not considered could generate severe
universal security issues. The most serious outcomes of climate change could enhance the instability
of governments, intensify terrorist actions, and contribute to the displacement of people because of
food and water shortages, natural catastrophes, waters rising, and more frequent cases of diseases like
malaria [51].
2.2. Changes in Transportation Paradigms and Strategies Oriented towards Sustainable Mobility
Nowadays, the traditional transportation paradigm of capacity that encourages the construction
of new roads in order to freely move vehicles is obsolete, as it generates the phenomenon of induced
traffic and an unsustainable cycle of development [52]. Thus, it is essential to shift the way transport
issues are conceptualized in order to successfully implement integral plans oriented towards the
improvement of the performance of transportation system by diminishing the exaggerated usage of the
car and its associated negative externalities. Now there is a need to transform the habits of territorial
displacement of people and to offer incentives for using public transport and sustainable modes of
mobility (Figure 2).

Figure 2. The evolution of the paradigms of urban mobility. Adapted from [52].
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Capacity paradigm: This approach involves the resolution of vehicle congestion by increasing
road supply, via the construction of new road infrastructure or by utilizing intelligent transportation
systems to improve the performance of the existing ones. This paradigm generates the phenomenon of
induced traffic, and while it is able to reduce congestion in short term, in the medium and long term it
results in increased congestion and encourages the invasion of public space in order to move more
vehicles [53].
Mobility paradigm: This approach focuses on moving goods and people efficiently. It aims to
use road capacity intelligently and effectively, and highlights public transport systems among its
proposals. However, this paradigm detracts from the “slow” transportation modes and minimizes the
importance of demand management strategies, ignoring in this way the importance of urban design
for the accessibility and mobility of people, and therefore it is not a comprehensive solution [53].
Accessibility paradigm: This approach values the level of multi-modal service, as well as the
accessibility of multiple points of interest in order that the people are able to cover their mobility
needs without use of the car, for this reason this approach promotes the densification of land uses and
the creation of compact cities. This is a paradigm based on the concept of accessibility and enables
the development of sustainable mobility [53], since sustainable transportation modes cannot cover
very long distances. Hence, it can be said that the sustainable mobility paradigm proposed by David
Banister [54] continues after that of accessibility in the evolution of the paradigms of urban mobility.
The sustainable mobility paradigm requires actions in order to reduce the realization of unnecessary
travel (promotion of no-mobility concept), to inspire modal change, to shorten the travelled distance,
and to strengthen the performance of the urban transportation system [54]. In the context of the
sustainable mobility paradigm, the links between transport and land use must also be strengthened.
In that way, the densification of land use is able to generate complete neighbourhoods where there is
a balance between employment, transport, studies, green areas, and housing proximity so that people
can cover their human needs without the necessity to use the car.
Sustainable urban mobility, as well as accessibility, depend on car use reduction via several public
policies that need to derive from comprehensive mobility plans rather than partially implemented
counter measures. In this regard, the management of mobility (that is, a very important factor both
for the implementation of accessibility and sustainable mobility paradigms) has to be understood as
the collection of strategies oriented towards the change of people’s territorial displacement habits,
having as a priority the movement of people instead of vehicles and the establishment of more efficient
systems of transport via the accomplishment of certain public policy objectives focused on sustainable
development [52].
There are different groups of strategies and public policies to manage these alternative travel
demands, as can be seen in Tables 1–4. However, it should be noted that the method of filling out the
following tables was by corresponding the ID of each public policy belonging to different strategies
with their expected impacts and the affected negative externalities (within parenthesis).

Sustainability 2020, 12, 6011

8 of 27

Table 1. Strategies oriented to the reduction of auto-mobile dependence and efficient auto-mobile usage.
Strategies Oriented to Efficient Auto-mobile Usage
ID

Public Policies

Policy Definition

Car-pooling [55].

Two or more people regularly share
a car to get to the same destination.
This is usually driven within formal
and secure schemes established
within companies, educational
institutions or governmental bodies.

Planning-Economic

2

High occupancy
vehicle lanes [56].

Sections of fast lanes or avenues that
are restricted for the circulation of
certain type of vehicles. These may
be used by buses, taxis or private
vehicles carrying a minimum number
of passengers.

Regulation

ID

Public Policies

Policy Definition

Based Instrument

1

Alternative work
schedules [53].

Alternative work schedules involve
a change in check-in and check-out
times in order the employees to avoid
peak traffic hours.

Regulation

Telecommuting [53].

Telecommuting involves the use of
telecommunications (phone, email,
instant messaging, video
conferencing) to help people working
while staying at home.

Regulation

1

Based Instrument

Impacts
-

Reduces car usage (1,2).
Reduces congestion (1,2).
Reduces travel times (1).
Reduces emissions (1,2).
Promotes sustainable modes (1).
Promotes social interactions (1).
Improves the image of companies (1).
Improves productivity and employees satisfaction (1).
Reduces companies costs (1).
Promotes efficient land use (2).
Promotes car-pooling (2).

Affected Negative Externalities

-

Soil & Water pollution (1,2).
Air Pollution (1,2).
Green House Gases (1,2).
Ecological Impact (1,2).
Congestion (1,2).
Loss of amenity value (1,2).

Strategies Oriented to Travel Reduction

2

Impacts

-

Reduces car usage (1,2).
Reduces congestion (1,2).
Reduces travel times (1).
Improves habitability (1).
Promotes sustainable modes (1).
Promotes car-pooling (1).
Improves productivity and employee satisfaction (1,2).

Affected Negative Externalities

-

Soil & Water pollution (1).
Air Pollution (1).
Green House Gases (1).
Ecological Impact (1).
Congestion (1,2).
Loss of amenity value (1,2).
Vibration (2).
Noise (2).
Oil dependence (2).
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Table 2. Strategies oriented to vehicles possession and vehicles circulation.
Strategies Focused on Vehicles Possession
ID

Public Policies

Policy Definition

Based Instrument

Vehicle tenure taxes based
on environmental
parameters [57,58].

It is a recurring tax which is imposed
for the possession of a motor vehicle,
depending on the impact that the
vehicle causes to the environment.

Economic

Feebates, discount or
surcharge on the purchase
based on performance
vehicles [59].

The feebates establish payments or
surcharges (fees) and discounts or
rebates to the purchase of private
vehicles based on energy
efficiency parameters.

Economic

3

Fleet renewal [60].

It consists of renovating and
modernizing the vehicles fleet
circulating in a given geographical
area to shorten the environmental
implications of archaic and
ineffective units.

Economic

ID

Public Policies

Policy Definition

Based Instrument

1

Congestion charge [61].

It consists of setting a fare for
motorists who circulate in certain
areas, days and times; as well as
discounts for taxis, vehicles of
disabled people, buses, emergency
vehicles, bicycles, hybrid vehicles
and residents of the areas where the
fare applies.

Planning-Economic

2

Charges of vehicles
kilometres travelled [62].

It consists of applying a tax to the cars
for each kilometre travelled by them.

Economic

3

Fuel taxes based
on environmental
parameters [63,64].

Taxes based on some environmental
parameters that apply to the
purchase offuel used for transport.

Economic

1

2

Impacts

-

Reduces car usage (1,3).
Reduces emissions (1,2,3).
Promotes sustainable modes (1,3).
Reduces the total number of auto-mobiles (1,3).
Generates income (1,2).
Promotes shift to more efficient vehicles (1,2,3).
Reduces energy consumption (2).
Promotes technological innovation (2).

Affected Negative Externalities

-

Soil & Water pollution (1,2,3)
Air Pollution (1,2,3).
Green House Gases (1,2,3).
Ecological Impact (1,2,3).
Loss of amenity value (1,2,3).
Oil dependence (2,3).
Noise (3).
Vibration (3).

Strategies Oriented to Vehicles Circulation
Impacts

-

Reduces car usage (1,2,3).
Reduces congestion (1,2,3).
Reduces travel times (1).
Reduces emissions (1,2,3).
Promotes sustainable modes (1,2,3).
Improves road security (1,2,3).
Improves habitability (1).
Generates income (1,3).
Improves productivity (1).
Promotes economic efficiency (2).
Reduces energy consumption (2).
Promotes the shift to more efficient vehicles (3).

Affected Negative Externalities

-

Soil & Water pollution (1,2,3)
Air Pollution (1,2,3).
Green House Gases (1,2,3).
Ecological Impact (1,2,3).
Congestion (1,2,3).
Vibration (1,3).
Noise (1,3).
Road Infrastructure Damage (1,2,3).
Loss of amenity value (1,2,3).
Road accidents (1,2,3).
Change in land value (1).
Oil dependence (2).
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Table 3. Strategies oriented to parking places and urban planning.
Parking Places Strategies
ID

Public Policies

Policy Definition

1

Parking meters [53].

A parking meter is a device installed
on public roads whose goal is to
regulate (by charging an amount of
money) the use of spaces formally set
in the street for the parking
of vehicles.

Based Instrument

Economic

2

Parking requirements in
constructions and
business [65,66].

Building regulations in cities usually
include minimum parking places
requirements according to the type of
construction. These requirements can
generate a parking offer that, without
wishing, encourages the use of cars.

Economic

Impacts
-

Reduces car usage (1,2).
Reduces congestion (1,2).
Reduces travel times (1).
Reduces emissions (1).
Promotes sustainable modes (1,2).
Improves road security (1).
Improves habitability (1,2).
Improves public space (1,2).
Generates income (1,2).
Increases the availability of parking places (1,2).
Promotes efficient land-use (2).
Reduces construction cost (2).
Promotes real estate development (2).

Affected Negative Externalities

-

Soil & Water pollution (1,2).
Air Pollution (1,2).
Green House Gases (1,2).
Ecological Impact (1,2.
Congestion (1,2).
Vibration (1,2).
Noise (1,2).
Road Infrastructure Damage (1,2).
Loss of amenity value (1,2).
Road accidents (1,2).
Change in land value (1,2).

Strategies Oriented to Urban Planning
ID

1

2

3

Public Policies

Policy Definition

Transit oriented
development [67].

Transit-oriented development (TOD)
is a model of urban design that seeks
to build neighbourhoods around
public transport. A TOD usually has
as its centre a bus station, BRT or
subway, which is surrounded by
a high density development and
mixed land uses.

Transit Pacification [68].

Car-free planning [65,69].

Based Instrument

Planning

Transit pacification encompasses
a collection of design policies and
principles that seek to reduce the
volume and speed of transit on
a particular road or area.

Regulation-Planning

Car-free planning involves the design
of particular areas in order to
encourage the use of non-motorized
modes of transport and consequently
reduce the use of cars.

Regulation-Planning

Impacts

-

Reduces car usage (1,3).
Reduces congestion (1,3).
Reduces emissions (1,3).
Promotes sustainable modes (1,2,3).
Promotes efficient land-use (1,2,3).
Improves road security (1,2,3).
Improves habitability (1,2,3).
Improves public space (1,2,3).
Promotes local economic development (1).
Promotes urban renovation (1).
Improves the amenity value of the area (2).
Improves urban image (3).

Affected Negative Externalities

-

Soil & Water pollution (1,2,3).
Air Pollution (1,2,3).
Green House Gases (1,2,3).
Ecological Impact (1,2,3).
Congestion (1,2,3).
Vibration (1,3).
Noise (1,3).
Road Infrastructure Damage (1,2,3).
Loss of amenity value (1,2,3).
Road accidents (1,2,3).
Change in land value (1,2,3).
Invasion of public space (1,3).
Visual blight (1,3).
Barrier effect (1,3).
Oil dependence (3.
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Table 4. Strategies related to efficient mobility and alternatives to auto-mobile usage.
Strategies Oriented to Public Transport
ID

1

Public Policies

Policy Definition

Based Instrument

Exclusive lanes for public
transport [69,70].

Exclusive lanes are a confined and
reserved section of the road for the
use of trolleybuses or for
high-occupancy vehicles.
This segregation from all other transit,
gives priority to public transport by
reallocating the road space.

Planning

Planning

Planning

2

Bus rapid transit
(BRT) [70].

The BRT is a mass transportation
system which is characterized by
confined lanes, high stations,
pre-boarding payment system, low
emission units and intelligent
transport systems. BRT systems are
designed to provide a similar service
to other massive systems such as the
subway or light rail, but with lower
construction costs.

3

Establishment of other
massive systems, such as
suburban train, metro,
tram [70,71].

The construction or expansion of
public transport systems in order to
provide alternative transportation
modes and improve the quality of
public transport.

Impacts

-

Reduces travel times (1,2,3).
Improves quality of public transport (1,2).
Improves reliability and the efficiency of public transport (1,3).
Reduces car usage (2,3).
Reduces congestion (2).
Reduces emissions (2,3).
Promotes sustainable modes (2,3).
Improves accessibility (2,3).
Improves the image of public transport (2,3).
Improves road security (3).
Improves security (3).
Improves productivity and generates job opportunities (3)

Affected Negative Externalities

-

Congestion (1,2).
Road Infrastructure Damage (1,3).
Loss of amenity value (1,2,3).
Road accidents (1,3).
Invasion of public space (1,2,3).
Soil & Water pollution (2,3)
Air Pollution (2,3).
Green House Gases (2,3).
Ecological Impact (2,3).
Change in land value (2,3).

Strategies Focused on Bicycles and Pedestrians
ID

Public Policies

Policy Definition

Based Instrument

1

Public bicycle system [53].

A public bicycle system is a public
service of individual transport that
operates via the rental of bikes in
urban centres.

Planning

2

Establishment of bike
lanes [53].

The establishment of bike lanes in
order to provide the people with
alternative transportation modes.

Planning

3

Generation of walk-able
spaces [70–72].

The establishment of
pedestrian-friendly neighbourhoods.

Planning

Impacts

-

Reduces travel times (1,2,3).
Promotes sustainable modes (1,2,3).
Promotes efficient land-use (1).
Improves public space (1,2,3).
Promotes intermodality (1).
Enhances the social identity of the city-social cohesion (1,3).
Reduces emissions (2,3).
Reduces car usage (2).
Improves road security (2).
Reduces transportation’s cost (2).
Improves accessibility (3).

Affected Negative Externalities

-

Soil & Water pollution (1,2,3)
Air Pollution (1,2,3).
Green House Gases (1,2,3).
Ecological Impact (1,2,3)
Vibration-Noise (1,2,3)
Road Infrastructure Damage (1,2).
Loss of amenity value (1,2,3).
Change in land value (1,2,3).
Invasion of public space (1,2,3).
Barrier effect (1,3).
Oil dependence (1,2,3).
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Table 1 contains two groups of strategies (strategies oriented to efficient auto-mobile usage and
strategies oriented to travel reduction), each of this group of strategies has its associated public policies
with their respective ID. There are two public policies (car-pooling and high occupancy vehicle lanes)
which belong to the strategies oriented to efficient auto-mobiles usage, both of these public policies are
capable to reduce car usage and congestion; that’s why numbers 1 and 2 can be appreciated within the
parenthesis next to the impacts “reduces car usage” and “reduces congestion”. However, there are
cases where the public policies presented do not have common impacts, as is the case with car-pooling,
which reduces travel times; in that case, solely the number 1 can be appreciated within parenthesis
next to the impact “reduces travel times”. In its part, the strategy oriented to travel reduction includes
two public policies (alternative work schedules and telecommuting), and both of them are capable to
reduce car usage, to reduce congestion and to improve productivity and employee satisfaction.
Table 2 contains two strategies focused on vehicle possession and vehicle circulation with their
associated public policies. The strategy focused on vehicle possession includes three public policies
(vehicles tenure taxes, feebates, fleet renewal), while the strategy oriented to vehicle circulation consists
of three public policies (congestion charge, charges of vehicles per kilometre travelled, and fuel taxes).
The three policies belonging to the first strategy are capable, via shared impacts, of reducing emissions
and promoting a shift to more efficient vehicles, while the three public policies of the second strategy
have the capacity to simultaneously impact car use, congestion, emissions, road security, and the
promotion of sustainable modes of transport.
On its part, Table 3 contains two strategies focused on parking places and urban planning with
their derived public policies. The strategy focused on parking places consists of two public policies
(parking meters, parking requirements in constructions and business), while the strategy oriented to
urban planning considers three public policies (Transit Oriented Development, transit pacification,
car-free planning). The common impacts of the public policies derived from the first strategy of Table 3
are: reduction of car use, reduction of congestion, improvement in terms of habitability and quality of
public space, promotion of sustainable transportation modes and increase in the availability of parking
places. The three public policies of the second strategy have the capacity to positively affect by the
form of common impacts the promotion of sustainable modes of transportation, the efficient land-use,
along with substantial improvements in terms of road security, habitability and quality of public space.
Finally, Table 4 contains two strategies oriented to public transport and to alternative modes of
sustainable mobility (pedestrians and cyclists). The strategy oriented to public transport takes into
account three public policies (exclusive lanes of public transport, bus rapid transit (BRT) approaches
and the establishment of massive public transport networks), while the strategy oriented to cyclists
and pedestrians considers three public policies (public bicycle systems, the establishment of bike lanes,
and the generation of walkable spaces). The three policies belonging to the first strategy are capable,
through common impacts, of reducing travel times, while the three public policies of the second
strategy have the capacity to simultaneously impact the reduction of travel times, the promotion of
sustainable modes of transport and the improvement of public space.
All of the previously seen tables play a double role, firstly, they help the reader to identify the
strategies with their derived public policies that form part of the mobility management approach
to promote the paradigm of sustainable mobility. Secondly, through the aforementioned tables it is
possible to connect several strategies and pubic policies oriented to sustainable mobility with the
negative externalities of transport, which will make feasible, via the structural analysis, the organization
of the negative externalities of transport, in order to judge the importance and evaluate the potential of
sustainable mobility strategies concerning the co-benefits generated by their implementation for society.
3. Methodology and Results
This part of the paper is separated into three sub-sections. The first one presents a brief
introduction to the method of Impact Matrix Cross-Reference Multiplication Applied to a Classification
(MICMAC)-structural analysis. The second section shows the application of the three steps of structural

Sustainability 2020, 12, 6011

13 of 27

analysis to the negative externalities of transport, and the third presents the results and the discussion
of this study.
3.1. Introduction to Structural Analysis: The MICMAC Method
The constant need to know what the future holds has always concerned humanity. From the
beginning of civilization, the human species has tried to decipher it in different ways using arcane
approaches such as magic, divinatory arts, and oracles, and later via scientific approaches such as
mathematical projection and extrapolation of trends.
As time passed, humanity changed, and this also changed the conception of the future. People
ceased to regard the future as a predetermined reality and tried to analyse it from a humanistic
and multifaceted point of view, concluding that it was full of multiple human decisions and thus
indeterminate. This new “way of addressing the future” generated a new branch of research named
prospective studies, whose main premise is that the future does not happen automatically, but depends
on human actions. For this reason, the prospective approach has become a fundamental planning
tool, which, in addition to clarifying the future, is able to guide the human actions that will lead to
its realization.
One of the most typical and well-known apparatus within the field of prospective studies is
structural analysis. The latter has been applied for the first time in the distant 1961 by Jay Forrester in
his research related to industrial and urban dynamics. Throughout the years, structural analysis has
been enriched via the use of matrices and graphs to assist the researchers in their effort to take into
account multiple qualitative and quantitative elements [73].
In 1969, Wanty and Federwish [74] utilized the method of structural analysis to evaluate the
operation of projects associated with industry and transport. In the same period, Teniere-Buchot
used the method of structural analysis within the context of water system analysis to promote
countermeasures destined to tackle water pollution [75]. Soon after, Kane provided evidence of
a model called Kane’s Simulation (KSIM) that is fundamentally based upon structural analysis [74].
Meanwhile, Roberts [75] realized research in the sector of transportation for the understanding of
interrelations between approaches responsible for energy consumption and pollution. Later, Duperrin
and Godet [74] conducted research by using the method of structural analysis in order to organize
variables associated with nuclear energy in order of importance.
Lately, structural analysis has been used by Sharma and Gupta [75] to evaluate waste treatment.
Meanwhile, Arya and Abbasi [75], led works for environmental assessment by using structural analysis.
In addition, structural analysis has been applied by Kanungo, Duda and Srinivas for the estimation of
information systems performance [74]. Furthermore, international relationships approaches have been
combined with the method of structural analysis to identify, characterize, and perceive the nature of
international conflict [74]. Finally, Qureshi, Kumar, and Kumar [75] utilized the method of structural
analysis for the publication and promotion of 3PL provider’s services guidelines.
The structural method is an instrument planned to connect opinions. It permits the explanation of
the system under study via a matrix that interlinks all of its elements. By identifying and studying the
correlations of the system, the method is capable of emphasizing the critical variables for the behaviour
and development of the system.
Structural analysis contains three phases that can be appreciated in the following lines [75]:
Phase 1: Creation of an inventory that includes the variables of the system.
Phase 2: Description of the relations among the variables of the system.
Phase 3: Identification of essential variables and key factors.
The structural analysis method was chosen to be used due to the following advantages: [75,76]
•
•

It enables the identification of the key variables that need to born in mind within the analysis of
the examined system.
It allows the perceptions of experts to be considered within the planing process.
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It permits the in-depth analysis of the system of variables.
It allows the comparison and the hierarchical organization of various variables that generate
valuable information.
It is able, through indirect relationships, to reveal specific variables which due to their
indirect interlinks are critical for the behaviour of the system and via direct classification were
not identifiable.

3.2. Transportation vs Negative Externalities: A Study through the MICMAC Method
This section describes the interlinks between different negative externalities of transport in order
to identify the most effective strategies-public polices according to the expected co-benefits generated
by their implementation. The methodological approach of the study will be described below.
3.2.1. Phase 1: Creation of an Inventory that Includes all the Variables of the System
This phase considers the creation of a table (Table 5) including any of the identified variables
associated to the negative externalities of transport that have been identified through the literature
review as part of the system to strengthen the paradigm of sustainable mobility.
Table 5. The identified variables for the case study.

ID

Nomenclature of Considered
Negative Externalities

Symbolization of Considered
Negative Externalities within the
Software MICMAC

1

Water & Soil Pollution

Water poll

2

Change in Land Value

Chainlaval

3

Road Accidents

Road accid

4

Congestion

Congestion

5

Oil Dependence

Oil depend

6

Invasion of Public Space

Invofpubsp

7

Local Air Pollution

Localairpo

8

Greenhouse Gases

Greenhouga

9

Road Infrastructure Damage

Roinfdamag

10

Vibration Damage

Vibration

11

Ecological Impact

Ecoimpact

12

Visual Blight

Visualblig

13

Barrier Effect

Barriereff

14

Noise

Noise

15

Loss of Amenity Value

Lossameval

3.2.2. Phase 2: Description of the Relations among the Variables of the System
Phase 2 has as an objective the interconnection of the considered variables via a double entry
matrix (Figure 3). The latter reveals at a row level the influence that a variable generates on any of the
considered variables. Meanwhile, the matrix at a column level exposes the dependence that a particular
variable experiences by the others [24]. In the application of classical structural analysis, every pair
of variables needs to be evaluated in terms of interrelations. Hence, if between two variables there
is no relation, it should be recorded as 0; otherwise, the relation is characterized as potential, strong,
medium, or weak according to its nature [73]. However, in our case, for reasons of simplicity, we used
only two values; zero (“0”) when there is no relationship and one (“1”) when there is a relationship
between variables. Thus, the following matrix was produced:
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Figure 3. Matrix of direct influences and dependencies.

The generation of the matrix of direct relations seen in Figure 3 would not have been possible
without a consulting process with various (twelve) interdisciplinary and independent experts that
helped us to identify relations between variables that at first were not obvious [75]. These sample
size and group size choices were in line with the best practice literature [75]. The experts consulted
are geographers, transport engineers, urban planners, experts in energy consumption, sustainable
mobility-accessibility planners, and policy-makers within government agencies. The whole consulting
process is described as follows:
Step 1. The matrix of direct influences was generated by the authors, without taking into account
the opinion of the experts.
Step 2. The interdisciplinary group of experts was assembled, considering academic,
decision-makers, professionals, and consultants.
Step 3. The first contact between the authors and the experts was established, where the necessity to
explain even further the relations between the negative externalities of transport had been highlighted.
Step 4. The authors applied the criteria of Sussman in order to describe the basic characteristics of
the relations between the negative externalities of transportation such as direction of influence, type of
influence and detailed justification of influence.
Step 5. The second contact between the authors and the experts took place, where the need to
create logical relations between the considered negative externalities of transport and public policies
oriented towards sustainable mobility had been mentioned.
Step 6. The authors identified logical connections between the negative externalities of transport and
public policies. In addition, logical interlinks between variables and strategies have been established.
Step 7. The third contact between the authors and the group of experts, where a consensus had
been established between the experts in relation to the importance of the negative externalities of
transport within a sustainable mobility framework.
3.2.3. Phase 3: Identification of Essential Variables and Key Factors
In this stage, variables of greater importance can be identified in terms of influence and
dependence [77]. This can be achieved by calculating the direct connections between the variables
as well as the indirect ones. For that purpose, the elements in each row and column were added.
For example, the variable of water pollution generates an influence rate equal to 4 (Figure 3) because it
affects four variables, while the same variable has a dependence rate equal to 6, as it is affected by
six variables. We are able to generate a graphical representation of the above sums that locates and
categorizes each variable in order of importance and according to the direct relationships between
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them (Figure 4). This map has two axes, where in X axis shows the dependence level and the Y axis the
influence level. The maximum values of influence and dependence are the invasion of public space
(Invpubsp) and loss of amenity value (Lossameval) whose sums are equal to 11 and 13, respectively.

Figure 4. The location of variables as they result from the matrix of direct influences-dependencies.

On the other hand, the indirect classification of variables is the result of elevating the matrix of
direct relations to successive powers until its stabilization. The latter is achieved when the classification
of variables both in terms of dependence and influence is constant between different power elevations.
For instance, in our case the matrix stabilized after five elevations. This means that if we had continued
elevating to the sixth, seventh, and eighth power the results and the classification of variables would
remain unaffected.
Figure 4 can be transformed into a network type diagram in Figure 5, that reveals the direct
relationships among the variables considered for this study.
After the fifth elevation of the matrix of direct relationships (stabilization achieved) we have the
graphical representation (Figure 6) that not only considers direct relationships but also the indirect
among the negative externalities of transport. For this reason, it can be appreciated that several
variables (local air pollution, infrastructure damage, and greenhouse gas) changed their sector location
in comparison to the Figure 4. For its part, Figure 6 can also be transformed to a network type diagram
where the connections between the negative externalities of transport along with their magnitude can
be observed (Figure 7).
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Figure 5. A network type diagram of the direct relationships among the negative externalities of transport.

Figure 6. The location of variables as they result from the matrix of indirect influences-dependencies.
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Figure 7. A network type diagram of the indirect relationships among the negative externalities
of transport.

3.3. Justifications of the Relationships between the Negative Externalities of Transport
In this part of the paper, references coming from the open literature are added in every direct
relationship to further support the opinion of the experts, concerning the influences that each one of
the negative externalities generates upon the others (Table 6).
3.4. Results and Discussion
The method of structural analysis and the opinions of the experts consulted permitted the
organization of the negative externalities of transport along with the strategies oriented towards
sustainable mobility in order of importance. For economy of words and space, it was decided to
present the results of the present study via Table 7.
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Table 6. Justification of the relationships between the negative externalities of transport.
ID

Examined Negative Externality

Directly Interlinked Negative Externalities

1

Water pollution

Change in land value, greenhouse gases, ecological
impact, loss of amenity value [78–82].

2

Road accidents

Water quality, congestion, air pollution. visual blight,
loss of amenity value, ecological impact, noise, road
infrastructure damage [83–85].

3

Congestion

Water pollution, local air pollution, noise, greenhouse
gas, ecological impact, road accidents, loss of amenity
value, change in land value [25,31,32,46,86–89].

4

Oil dependence

Local air pollution, loss of amenity value, water
pollution, visual blight, greenhouse gases, ecological
impact, barrier effect [25,51,90,91].

5

Transportation invasion
of public space

Water pollution, congestion, local air pollution, noise,
vibration, greenhouse gases, ecological impact,
barrier effects, visual blight, change in land/property
value and loss of amenity
value [25,31,32,46,47,86–91].

6

Local air pollution

Water pollution, loss of amenity value, change in
land value, ecological impact, visual blight, road
accidents [92–97].

7

Greenhouse gases

Water pollution, local air pollution, ecological impact,
change in land value, loss of amenity value, barrier
effect [98–106].

8

Road infrastructure damage

Change in land value, road accidents, congestion,
visual blight, loss of amenity value [107,108].

9

Vibration

Change in land value, local air pollution, road
infrastructure damage, ecological impact, noise, loss
of amenity values [108–111].

10

Ecological impact

Water pollution, local air pollution, barrier effect, loss
of amenity value [25,112,113].

11

Visual blight

Change in land value, road accidents, ecological
impact, loss amenity value [93,114–118]

12

Barrier effect

Change in land value, ecological impact, loss of
amenity value [49].

13

Noise

Water pollution, change in land value, local air
pollution, ecological impact, loss of
amenity [44,93,119–121].

14

Loss of amenity value

Change in land value [93].
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Table 7. The hierarchical organization of transportation’s negative externalities and strategies oriented toward sustainable mobility.
ID

Negative Externalities

Sector

1

Invasion of public space

1

Observations

Strategies Hierarchical
Classification

Distinguished Public Policies
Transit Oriented Development.

2

Road accidents

1

3

Congestion

1

4

Local air pollution

1

5

Oil dependence

1

Urban Design
The variables seen in sector 1 are critical, as they have the capacity to define the behaviour of the
system. Invasion of public space for roads construction, congestion, road accidents, oil dependence,
and local air pollution negative externalities are located in this sector and they are negative
externalities primarily related to private car use. Therefore, reduction of its use is a priority for the
establishment of a sustainable environment because private cars may influence in a negative way the
quality of people’s life via ecological impact, urban image degradation, several health issues, visual
blight, barrier effects, loss of land value, and loss of amenity value.

6

Vibration

1

The phenomenon of urban sprawl and the increase in traffic intensity are capable of generating
vibrations. The latter cause severe negative effects (such as stress, sleep disturbance, problems of
concentration and communication among others) on people and serious negative effects on
engineering (both housing and transport) infrastructures via the extension of traffic patterns.

7

Road infrastructure
damage

1

The last negative externality located in sector 1 is road infrastructure damage that not only generates
health impacts via the increase of road insecurity but also affects economic and social matters such as
changes in amenity values, congestion, and barrier effect.

8

Ecological impact

3

9

Water pollution

3

10

Change in land value

3

11

Loss of amenity value

3

12

Noise

4

13

Visual blight

4

14

Greenhouse gases

4

15

Barrier Effect

4

In sector 3 variables such as loss of amenity value, ecological impact, water pollution and changes in
land value are observed, which are truly important for the creation of a sustainable environment and
the improvement of people´s quality of life. Nevertheless, at the same time, these variables are
influenced heavily by many of the other variables considered for this study such as air pollution,
congestion, road accidents, oil dependence, and invasion of public space for the construction of
roads and therefore it is preferable to be managed through them.
In the last sector that is close to the origin of X and Y axes, the variables of oil dependence, noise,
greenhouse gases, visual blight, and barrier effect can be located. However, greenhouse gases
negative externality is equally close to sector 1 and 3 respectively and therefore should be prioritized
in terms of urban management in order to not cause instability to the behaviour of the system.
The negative externality of noise can be managed through the variables that heavily influence it,
such as vibration, congestion, invasion of public space, and road accidents, while the externalities of
barrier effect and visual blight should be incorporated via the externalities of public space invasion,
ecological impact-greenhouse gases, road infrastructure damage, and road accidents.

Car-free planning.
Transit pacification.
Creation of walk-able
neighbourhoods.

Strategies oriented towards
alternative mobility modes
(public transport and
non-motorized mobility).

Establishment of bike lanes.
Promotion of public bicycle systems.
Bus Rapid Transit approach.
Establishment of other kind of
massive transit systems (suburban
train, metro and tram).

Strategies related to
parking places

Parking meters.
Establishment of minimum parking
requirements in houses and business.

Strategies oriented towards
vehicles circulation
Strategies oriented to efficient
auto-mobile usage

Strategies focused on vehicles
possession.

No-mobility strategies

Congestion charge.
Charges of vehicles kilometres
travelled, fuel taxes.
High occupancy vehicle lanes.
Car-pooling.
Vehicle tenure based on
environmental parameters.
Feebates, fleet renewal.
alternative work schedules,
telecommuting.
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4. Conclusions
Today, one of the most important matters that urban and suburban transport has to face is that
of territorial ordering. The expansion of urban areas has resulted in a substantial boost in number
and time of travels to the centre of the city, so that the people to reach health services and sources of
employment and education. Hence, new housing projects are built on the outskirts of the city and
the housing density within the city decreases so that new roads are built that only encourage the
use of private cars. The latter is an important contributor to various negative externalities like traffic
accidents, air pollution, noise, and climate change, which not only affect private car owners but all of
the people who live in the urban-metropolitan centres.
That is why multidisciplinary long-term approaches that encourage transport and urban
development integration should be adopted. Therefore, integral mobility plans should not emphasize
the mitigation of a transport externality, but should try to incorporate all or at least some of the known
negative externalities generated by transport and adopt integral mobility plans. Considering these
facts, this study applied a MICMAC-structural analysis to the negative externalities of transport in
order to organize them hierarchically via the identification of the relations between them to categorize
several strategies oriented towards a sustainable environment according to their impact upon the
negative externalities and the co-benefits that would be generated by their implementation for society.
The most important part of this study is the development of a network-type diagram containing
the set of negative externalities generated by transportation activities that permits the identification
of the most important elements and the type of connections between them (if a relation is influential
or dependent). Therefore, the decision makers have the capacity to understand that the negative
externalities of transport are not isolated phenomena; on the contrary, they are interlinked.
Our findings show that the most important negative externality in terms of influence and
dependence upon the rest of the negative externalities established is the invasion of public places
for road construction, followed by local air pollution, road accidents, congestion, vibration, road
infrastructure damage, and oil dependence due to their high level of influence. The case of greenhouse
gas is a particular one due to the fact that it is very close to being an influential factor for the overall
behaviour of the system, therefore it must be treated accordingly and not be underestimated. The rest
of the identified negative externalities of transport can be treated through the ones that heavily
influence them.
However, the fact that negative externalities of transport such as the barrier effect, noise, and visual
blight have been qualified as less important does not mean that they should be left aside within the
urban planning process. They are truly important factors to be considered for the establishment of
a sustainable environment, but they should be managed in a supplementary way along with the ones
qualified as “critical” if we want to enhance their effectiveness.
Consequently, the most important strategies are the ones related to urban planning, as they tackle
all of the determined transportation´s negative externalities, followed by the strategies related to
alternative transportation modes (cycling, walking) and the ones associated with public transport. Once
the aforementioned strategies are well established, it is preferable to continue with strategies oriented
to the management of parking places and followed by strategies associated with private auto-mobiles
such as vehicles circulation, efficient auto-mobile usage, and strategies focused on vehicles possession.
In a supplementary manner, strategies focused on travel reduction can be adopted.
All of the abovementioned strategies should be part of an integrated long-term plan of mobility
rather than partially implemented counter measures. However, cooperation and participation between
the different actors involved within the urban planning process (transportation and urban design
authorities, planning and public policy agents, and common people) is essential when it comes to the
adoption of integrated and coherent sustainable mobility plans.
The next step to take into account is the mixture of structural analysis with quantitative and
geospatial methodologies in order to evaluate mobility plans with their derived strategies and public
policies and to be able to create global indexes that are capable of explaining to governmental agencies
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the quality of urban mobility in terms of accessibility and connectivity as they result via the coverage and
functionality of urban transportation infrastructure within certain geographic areas by incorporating
the perceptions of the people.
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