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ABSTRACT 
European cities are essential in the development of Europe as they constitute 
the living environment of more than 60% of the population in the European 
Union and are drivers of the European economy – just under 85% of the EU’s 
gross domestic product is produced in urban areas (EC, 2007a). 

The car has been one of the main factors of development during the 20th 
century, but it is at the same time the origin of the key problems cities have to 
face: traffic increase. This has resulted in chronic congestion with many adverse 
consequences such as air pollution and noise. This loss of environmental quality 
is one of the reasons for urban sprawl in European cities during recent decades. 
But this urban sprawl at the same time worsens the environmental conditions. 

We must return to the dense city, but clean and competitive, and this implies 
reducing car use yet provides quality transport alternatives sufficient to recover 
and maintain the competitiveness of cities (EC, 2007a). 

Consequently, European cities need to establish an urban transport strategy 
which helps reduce their environmental problems –mainly emissions and noise 
– but without decreasing their trip attraction. This aspect is very important 
because a loss of trip attraction would result in an increase of people moving to 
more disperse areas, contributing towards worsening the current situation. 

This thesis is an attempt to contribute solutions to this problem in two ways: 

1) The first is to analyze the complementarity and possible synergies of 
several urban transport measures aimed at improving a modal split to a 
more sustainable means of transport. This analysis will focus on the three 
aspects already mentioned: emissions, noise and attractiveness or 
competitiveness. 

2) Once possible synergies and complementarities have been analyzed, the 
second objective is to propose the best combination of these measures, 
in terms of level of implementation, to achieve the maximum benefit with 
respect to the three aspects previously established: emissions, noise and 
attractiveness or competitiveness. 

Therefore, within the wide range of measures enhancing sustainable urban 
transport, three of them have been be selected in this thesis to establish a 
methodology for achieving these objectives. 

The analysis will be based on the region of Madrid, which is also the case study 
selected for this research. 



 

 

  



 

 

RESUMEN 
Las ciudades europeas son piezas fundamentales para el desarrollo europeo, ya 
que son el lugar de residencia de más del 60% de la población de la unión 
europea así como los motores de su economía – casi el 85% del PIB europeo se 
produce en áreas urbanas (EC, 2007a). 

El coche ha sido uno de los principales motores de desarrollo de las ciudades 
durante el siglo XX, pero se ha teminado por convertir a su vez en uno de los 
principales problemas con los que tiene que lidiar las ciudades: el aumento del 
tráfico. Esto ha derivado en unos niveles crónicos de congestión, con multitud 
de efetos adversos, entre los que cabe destacar la contaminación del aire y el 
ruido. Esta pérdida de calidad ambiental es una de las razones que ha 
propiciado la dispersión urbana que han expermientado las ciudades europeas 
en las últimas décadas. Pero esta dispersión urbana a su vez contribuye a 
empeorar las condiciones ambientales de las ciudades. 

Debemos retornar a la ciudad densa, pero limpia y competitiva, y esto implica 
reducer el uso del coche, pero proporcionando alternativas de transporte que 
permitan recuperar y mantener la competitividad de las ciudades (EC, 2007a). 

Por lo tanto, las ciudades europeas necesitan encontrar una estrategia de 
transporte urbano que ayude a reducir sus problemas medio ambientales – 
principalmente ruido y emisiones – pero sin hacerlas perder atractividad o 
competitividad. Este aspecto tiene gran importancia porque una pérdida de la 
misma se traduciría en un aumento de dispersión de la población hacia áreas 
periféricas, contribuyendo a empeorar la situación actual. 

Esta tesis contribuye a solucionar este problema de dos maneras: 

1) La primera, analizando la complementariedad y posibles sinergias de 
diferentes medidas de transporte urbano orientadas a promover un 
reparto modal hacia modos más sostenibles. Este análisis se centrará en 
los tres aspectos anteriormente citados: emisiones, ruido y atractividad o 
competitividad. 

2) Una vez las posibles sinergias y complementariedades se han analizado, 
el segundo objetivo es proponer la mejor combinación de estas medidas 
– en términos de grado de aplicación - para lograr el máximo beneficio 
en lo que respecta a los tres objetivos previamente establecidos. 

Para ello, en esta tesis se han seleccionado una serie de medidas que permitan 
establecer una metodología para alcanzar estos objetivos previamente 
definidos. 



 

 

El análisis se centra en la ciudad de Madrid y su área metropolitana, la cual se 
ha escogido como caso de estudio para realizar esta investigación. 

  



 

 

GLOSSARY 
This glossary is a summary of the abbreviations and acronyms used throughout 
this thesis. 

Some of the abbreviations in the thesis may have been substituted by the 
complete name, but since they may still appear in tables or figures, they have 
been included within this list. 

Finally, some acronyms may originate from different Spanish agencies and they 
are included here in both the Spanish original and English equivalent. 

 

Acronym Description 

A1, A2, A3 and A4 Area 1, Area 2, Area 3 and Area 4 

BL Bus Lanes 

CA Central Area 

CM Comunidad de Madrid 

Regional Government of Madrid 

CRTM Consorcio Regional de Transportes de Madrid 

DGT Dirección General de Tráfico 

National Traffic Authority 

EC European Commission 

ECMT European Conference of Ministers of Transport 

EDM Encuesta Domiciliaria de Movilidad 

Household Mobility Survey 

EMT Empresa Municipal de Transportes 

Madrid city bus company 

ERP Electronic Road Pricing 

EU European Union 

GDP Gross Domestic Product 

ICT Information and Communication Technologies 

INE Instituto Nacional de Estadística 

LTP Local Transport Plan 

MA Metropolitan Area 

MFOM Ministerio de Fomento 

Ministry of Transport and Infrastructures 



 

 

Acronym Description 

O-D Origin-Destination 

OF Objective Function 

PD Peripheral Districts 

PEI Pollutants Emission Index 

PT Public Transport 

R1, R2 and R3 Ring 1, Ring 2 and Ring 3 

SUTP Sustainable Urban Transport Plans 

TC Traffic Calming 

UT Urban Toll 

Veh-km Vehicles per kilometer 

VT Value of Time 

WHO World Health Organization 
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1.1 INTRODUCTION 

European cities are essential in the development of Europe, as they constitute 
the living environment of more than 60% of the population in the European 
Union and are drivers of the European economy – just under 85% of the EU’s 
gross domestic product is produced in urban areas (EC, 2007a). 

The car has been one of the main factors of development during the 20th 
century, but it is at the same time the origin of the main problems cities have 
to face: traffic increase. This has resulted in chronic congestion (Monzón and 
Guerrero, 2004), producing a loss of 1% of the EU’s GDP, with many adverse 
consequences such as: air pollution, urban traffic is responsible for 40% of CO2 
emissions and 70% of emissions of other pollutants, and noise, about 40% of 
the population is exposed to road traffic noise exceeding 55 dB. (WHO, 2000; 
EC, 2007a). 

During the last few decades, cities have experienced a process of urban sprawl, 
evolving from the traditional compact model to more disperse urban areas.  

Defenders of this scheme of disperse city argue that decentralization implies a 
geographical approach of population and employment, decreasing distances and 
travel time (Cervero and Wu, 1998; Gordon and Richardson, 2000). But 
detractors argue that, assuming the principle of Zahavi (1974, 1980), which 
states that the travel time budget is a universal constant, this “approach” of 
employment to people will not be reflected in a reduction of the time expended 
in travelling, but in an increase either of distances or number of daily trips. This 
hypothesis has been contrasted by several authors, including: Levinson and 
Kumar (1994), Naess and Sandberg (1996) and Kölbl (2000). 

What is evident is that this new metropolitan model has produced an increase 
in the motorized trips, and a higher dependency on the car (Gutiérrez and 
García-Palomares, 2007; Monzón and de la Hoz, 2009). As a result, car use has 
increased, and, consequently, all their associated problems: congestion, 
emissions and noise among others. This car use increase has also been 
reinforced by the increasing use of public space for car use in detriment of 
other transport modes. 

This problem has concerned city officials, institutions and researchers since the 
1980’s, as it will be shown in Chapter 2, but the complexity of city and 
transport dynamics makes it difficult to find a practical solution. Some authors 
have even claimed it is impossible to find an effective sustainable mobility 
(Banister, 2008). 

In response to this urban sprawl, the concept of Smart Growth was introduced 
as a reaction to the undesirable features of continuing growth through “urban 
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sprawl” (Burchell et al., 2000; Downs, 2001; Burchell et al., 2002). Smart 
Growth includes different theories that advocate the recovery of urban models 
that encourage and promote mobility based on more sustainable modes, such 
as public transport, walking or cycling. 

Among these theories, it is worth noting the recovery of the Compact City 
(Schwanen et al., 2004). The Compact City concept emerged in the 
Netherlands, and promotes an urban model with high densities, land use mix, 
public transport promotion, concentration of urban development around major 
transport nodes, regeneration and revitalization of urban centers and growth 
restrictions in the peripheral areas. 

Despite the urban sprawl experienced in recent decades, European cities, 
especially city centers, still retain the main characteristics of a compact city - 
high population densities, mix of land uses and location of a high percentage of 
activity – acting as important attractors and generator poles. Moreover, this 
fact is at the same time positive, with high densities that help public transport 
competitiveness, and negative, car use increase has worsened congestion, 
emissions and noise, thus deteriorating urban conditions. 

One of the reasons why urban sprawl has taken place is the loss of quality and 
competitiveness of urban centers due to the pressure of car trips. 

We must return to the dense city, but clean and competitive, and this implies 
reducing car use yet provide quality transport alternatives sufficient to recover 
and maintain the competitiveness of cities (EC, 2007a). 
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1.2 OBJECTIVES 

Consequently, European cities need an urban transport strategy which helps 
reduce their environmental problems –mainly emissions and noise – but without 
decreasing their trip attraction This aspect is very important because a loss of 
trip attraction would result in an increase of people moving to more disperse 
areas, contributing to worsen the current situation. 

Measuring this attraction in terms of travel time, one could consider trip 
attraction will increase with travel time saving. But, according to several 
authors (Zahavi, 1974; Zahavi, 1980; Metz, 2004; Knoflacher, 2007), travel 
time budget is a universal constant. This means that a speed increase will not 
produce a time saving but an increase in distances travelled or number of daily 
trips. 

If time dedicated to travel is constant, then modal distribution will be 
determined by the possibility of reaching different destinations within these 
temporal limits; so that, if the time difference between car and public transport 
increases in favour of the car, public transport will not be an acceptable choice 
(Monzón and de la Hoz, 2009). Therefore, the third target to achieve, together 
with a decrease of emissions and noise, is to increase public transport 
competitiveness by reducing public transport travel time. 

The objectives to achieve within the strategy sought for consolidated cities are 
already clear but depend on the specific policies that should be applied. The 
need for integrated transport strategies has been largely discussed (May et al., 
2006; Zhang et al., 2006), and there is no discussion about this need in this 
thesis. But there is still a lack of knowledge on what policy measures to 
implement. 

During the progress of the Thematic Strategy preparation, the EC supported the 
study “Sustainable Urban Transport Plans (SUTP) and Urban Environment: 
Policies, Effects and Simulations” (Rupprecht Consult, 2005), with the purpose 
of analyzing complementarity and compatibility among the different measures. 
This study pinpointed the lack of knowledge regarding compatibility, 
complementarity and existing gaps. 

This thesis contributes at filling this gap in two ways: 

1) The first one is to analyze the complementarity and possible synergies 
of several urban transport measures aimed at improving the 
environmental conditions of cities – emissions and noise – , but without 
producing a loss of trip attraction, a fact which will be measured in terms 
of public transport competitiveness. 
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The concept of win-win, based on game theory, is to reach a gain for all the 
implied agents. In this case, a win-win strategy has to produce a benefit in the 
threefold objective previously defined. However, an important issue is whether 
this objective is achievable with one measure or do we need to consider a 
combined strategy? 

To achieve this first objective, there are first several specific goals to meet: 

 First, a literature review of all the different measures already tested or 
applied in urban areas, especially in city centers which meet the 
specifications of compact cities. This literature review will provide the 
knowledge to choose the measures to test within this thesis. The criteria 
used for selecting the measures to choose will be: 

 Proved effectiveness in achieving one or more of the three 
objectives to be reached within the sought strategy, 

 Evidence or assumption of complementarity. 

 The development of a tool to simulate these measures.  

 The definition of a set of indicators to measure the goals to achieve. 

 

2) Once possible synergies and complementarities have been analyzed, the 
second objective is how to implement the best combination of these 
measures to achieve the goals previously mentioned.  

To achieve this second objective requires: 

 The definition of an Objective Function to maximize the three goals 
previously established: emissions decrease and noise reduction with no 
loss of competitiveness, 

 Establish a set of scenarios, varying the measures considered, and the 
area covered for each measure. 

Therefore, this thesis has selected several measures to establish a methodology 
for achieving the objectives previously defined. 
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1.3 STRUCTURE 

This thesis is structured into 6 chapters, according to the following structure: 

Chapter 2 is a consideration of the first specific objective: it includes a brief 
review of the current situation of urban sustainable transport, the main 
problems derived from it and the initiatives and findings on this subject, as well 
as the policy measures  to consider for this research. This chapter highlights the 
importance and the reliance on Sustainable Urban Transport Plans, as well as 
the lack of knowledge on synergies and complementarities amongst all the wide 
range of possible measures. From all the wide range of measures, in the 
analysis we focus on the ones aiming to promote a modal shift, and, especially, 
on congestion pricing, a very controversial policy, but highly effective in 
reducing car use. 

Chapter 3 includes an analysis of the urban structure of the region of Madrid, 
the case study of this research. This analysis begins with a description of the 
metropolitan area of Madrid and its transport network structure, and continues 
with an analysis of the main mobility patterns which have led to the selection of 
the study area chosen. 

Once the measures and the study area have been selected, Chapter 4 includes 
the methodology used to reach the objectives established in section 1.2, as well 
as the data sources used for this research. Section 4.2.1 is a description of the 
transport model fitted to carry out the analysis. Section 4.2.2 is a summary of 
the indicators selected to measure the goals defined in Section 1.2. Section 
4.2.3 is a description of the scenarios considered as well as how the different 
measures have been simulated. Finally, section 4.2.4 defines the Objective 
Function needed to reach the Second Objective of this thesis. 

Chapter 5 includes the results of this analysis, structured into three different 
parts; first, section 5.1 is an analysis of each measure individually, in order to 
understand the impacts of each of them. Once this analysis has been carried 
out, these measures are combined into different policy packages, firstly two by 
two and then three of them together. These results are presented in section 
5.2; in this case, the aim is to analyze the synergies and complementarities 
between them. And, finally, all the different policy packages are compared in 
order to find the best combination of measures which maximizes the Objective 
Function (OF).This comparison is done in section 5.3. 

Finally, Chapter 6 is a summary of the main conclusions of this research, the 
limitations the work carried out, and proposals for further research to continue 
the analysis developed here and to address new issues complementing and 
reinforcing the findings of this thesis. 
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The concept of Sustainable Development - development that meets the needs 
of the present without compromising the needs of future generations to meet 
their own needs- was first defined in 1987 (United Nations, 1987), when people 
and institutions became concerned about sustainability. 

City authorities were the first agents to look at sustainable transport. A 
milestone event was the Charter of Aalborg (1994) in May 1994, with the first 
Conference about Sustainable Cities and Towns. The Cities authorities accepted 
the commitment of “integrating the principles of sustainability in all our 
policies” as well as to “improve accessibility and sustain social welfare and 
urban lifestyle with less transport”. 

However, since urban transport is not only a local problem but also entails a 
global dimension, the European Commission (EC) has expressed great interest 
in this subject, as shown by the large number of communications and initiatives 
they launched, taking the lead on this theme despite not having competences 
on urban transport, according to the principle of subsidiarity. 

2.1 THE EUROPEAN STRATEGY ON URBAN 
TRANSPORT 

The first of these communications was the Citizen’s Network Green Paper (EC, 
1995). This Communication, which focuses on citizens, already points out the 
need for integrating different planning scales – national, regional and local – 
and the problems produced by abusive car use. 

In 1995, the European Conference of Ministers of Transport (ECMT) published 
the study Urban Travel and Sustainable Development (ECMT, 1995), where 
they stated the need to address the growing threat to sustainability in urban 
areas. This study also summarized different policies and measures that had 
already been taken to reduce car use, such as new public transit services, 
traffic management, car restraint, pricing, traffic calming or land use 
planning measures. 

A year after, in 1996, a group of European Union experts drafted the report 
"European Sustainable Cities" (EC, 1996), which established a detailed 
framework for local action, emphasizing fundamental principles to move 
towards sustainability in urban areas: urban congestion, the integration of 
policies, approaches at the ecosystem level, and cooperation and partnership. 

Building on this report, the European Commission published in 1997 the 
Communication “Towards an Urban Agenda in the European Union” (EC, 1997), 
focusing on the economic, social and environmental challenges facing European 
towns and cities, and underlining the need for an urban perspective in EU 
policies. 
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Following on from the 1997 EC document, the EC published in 1998 a new 
Communication - "Framework for action on sustainable urban development in 
the European Union" (EC, 1998) - in which, for the first time, the EC raises a 
sustainable development, defining a series of interdependent objectives, one of 
them being to "minimize the negative impacts of transport through an economic 
development with less transport and encouraging the use of more 
sustainable means of transport from the point of view environment. 
This objective, highlighted again in the White Paper “European transport policy 
for 2010: Time to decide” (EC, 2001), will then be the foundation for the 
Thematic Strategy on Urban Environment (EC, 2005). 

Among all the different initiatives launched by the DG Tren (Transport and 
Energy) of the EC to reach the objectives of Sustainable Mobility, we should 
point out the CIVITAS initiative (CIVITAS, 2010) - cleaner and better transport 
in cities - stands for CIty-VITAlity-Sustainability started in 2002, within the 5th 
Framework Research and Development Programme. With the CIVITAS 
Initiative, the EC aims to generate a decisive breakthrough by supporting and 
evaluating the implementation of ambitious integrated sustainable urban 
transport strategies that should make a real difference in the welfare of 
European citizens. Up to now, almost 60 European cities have been co-funded 
by the European Commission to implement innovative measures in clean urban 
transport. Furthermore, almost 200 cities – comprising the CIVITAS Forum 
network –are committed at implementing and integrating sustainable urban 
mobility measures. 

On the other hand, the growing concern about the impact of urban mobility in 
the urban environment is highlighted within the Thematic Strategy on Urban 
Environment launched by the DG Environment. 

Indeed, the Thematic Strategy on the Urban Environment, adopted in 2006 
(EC, 2005), strongly recommends the development and implementation of 
Sustainable Urban Transport Plans (SUTP) for cities above 100,000 inhabitants. 
This recommendation is based on the significant contribution of urban mobility 
to problems such as congestion, poor air quality, greenhouse emissions, high 
levels of ambient noise, social exclusion or urban sprawl, which most European 
cities have to face. This interest in increasing the taking-up of SUTP in Europe is 
also included in the Action Plan on Urban Mobility (EC, 2009). This SUTP are 
already being developed in several European countries. 

France can be considered the pioneer in SUTP since in 1982 they introduced the 
concept of PDU (Plan de Déplacements Urbains). Indeed this instrument 
entered into force in that same year with the passing of the LOTI (Loi 
d’Orientation des Transports Intérieurs, 1982, Ministry of Transport), and was 
later reinforced with two other laws: the LAURE (Loi sur l’Air et l’Utilisation 
Rationnelle de l’Energie, 1996, Ministry of the Environment), which makes PDU 
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preparation compulsory for agglomerations of more than 100,000 inhabitants, 
and the SRU (Loi relative à la Solidarité et au Renouvellement Urbain, 2000, 
Ministry of Transport) requires PDU’s to address road safety and to assure 
compatibility with land use planning (Lopez-Lambas et al., 2012). 

The Italian Urban Mobility Plans, or PUMs (Piani Urbani della Mobilità), have 
been enforced since 2000, when the 340/2000 National Law prompted (but did 
not require) municipalities with more than 100,000 inhabitants to enforce plans 
to manage local mobility problems. PUMs are an evolution of former regulatory 
tools, the Urban Traffic Plans – UTPs, compulsory for communities with more 
than 30,000 inhabitants since 1996, and aimed at enforcing regulations on 
private traffic issues, such as congestion or parking management. Currently, 
many municipalities, qualified to implement such plans, already have PUMs in 
force, whereas UTPs are still in the making off. The reason is due to the broad 
scope of the PUMs, which includes the provision of long-term strategies to 
manage private traffic, transit and parking, develop infrastructure, implement 
ITS, support “niche” measures such as car pooling/sharing in a comprehensive 
way, providing decision-makers with the opportunity to manage all the 
mobility-related problems with just one planning tool. According to this 
approach, UTPs become a mere regulatory tool to manage roads and traffic, 
coherent with the general goals stated in the PUMs. Air quality improvement, 
Acoustic pollution reduction, modal split to public transport and public transport 
improvement are, among others, objectives stated in every PUM (Lopez-
Lambas et al., 2012). 

In the UK, according to the Transport Act (UK Government, 2000), “each Local 
Transport Authority – LTA – must prepare a document known as the Local 
Transport Plan (LTP) containing their policies for the promotion and 
encouragement of safe, integrated, efficient and economic transport facilities 
and carry out their functions so as to implement those policies, services to, 
from and within their area.” This is applicable to all local transport authorities. 
For their LTPs, authorities must consider their contribution to national transport 
goals as part of over-arching priorities, i.e., tackling climate change, supporting 
economic growth, promoting equality of opportunity, contributing to better 
safety, security and health and improving quality of life. LTPs must be prepared 
within the context of broader policies and objectives contained in relevant 
Regional Strategies (Lopez-Lambas et al., 2012). 

In Spain, there are no legal requirements forcing municipalities to develop a 
SUTP (Plan de Movilidad Urbana Sostenible - PMUS), with the exception of the 
Mobility Law enacted by the Catalan Government in 2003. Instead, these plans 
were launched within the framework of a well-defined, strategic plan, formed by 
both the National Master Plan for Infrastructures and Transport and the Energy 
Savings and Efficiency Strategy. In 2006 the Institute for Diversification and 
Energy Savings (Instituto para la Diversificación y Ahorro Energético –IDAE) 
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published a guide –Guía práctica para la elaboración e implantación de PMUS – 
with the aim of helping municipalities in implementing these SUTP (IDAE, 
2006). But since January 1, 2012, with the entry into force of the Law of 
Sustainable Economy, regional, local or state aids or grants for urban public 
transport will be conditional on the existence of a SUTP and their consistency 
with the Spanish Strategy for Sustainable Mobility (Lopez-Lambas et al., 2012). 
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2.2 THE COMPLEXITY OF URBAN SUSTAINABLE 
TRANSPORT 

However, despite all the concerns and efforts aimed at achieving sustainable 
urban mobility patterns, and the reliance on Sustainable Urban Transport Plans, 
in practice sustainable mobility remains an entelechy. There is no single reason 
for this disparity between theory and practice but a mixture of political will, 
absence of public awareness, coordination, and lack of knowledge. 

May et al (2006) cluster the main barriers in four groups: 

 Legal and institutional barriers: lack of legal powers to implement a 
particular instrument, and legal responsibilities which are split between 
agencies, limiting the ability of the city authority to implement the 
affected instrument. 

 Financial barriers: budget restrictions limiting the overall expenditure on 
the strategy, financial restrictions on specific instruments and limitations 
on the use of revenues to finance the full range of instruments. 

 Political and cultural barriers: lack of political acceptance, normally linked 
to public acceptance of an instrument, pressure groups or attitudes to 
enforcement, among others. Pricing is one of the policies mostly affected 
by this type of barriers. 

 Practical and technological barriers: such as land acquisition, engineering 
design or availability of technology are included within this group. 

But, together with all these categories, we can consider two other barriers, 
which are: 

1) The inherent complexity of the concept of Sustainable Urban Transport. 

Sustainable Urban Transport is a clear concept when defined theoretically - 
transport systems meet society’s economic, social and environmental needs 
whilst minimising their undesirable impacts on the economy, society and the 
environment (EC, 2007a)-, but the wide range of specific objectives to be 
achieved - to reduce energy use, greenhouse gas and pollutant emissions, 
noise, land consumption and accidents, as well as to increase equity, 
accessibility and opportunities, without producing an economic loss - hinders 
the development of the appropriate transport strategy. 
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2)  The lack of knowledge regarding policy integration impacts. 

There is little empirical evidence on the benefits of policy integration, basically 
due to the difficulty of isolating the impacts of each measure from the global 
impact of the strategy implemented. Given this limited empirical evidence, 
knowledge on this subject is then based on analytical studies such as the 
London Congestion Charging Study (May et al., 1996), or the Propolis study of 
Dortmund (Lautso et al., 2004) among others. 

Rupprecht Consult (2005) identifies assessed synergies between different 
policies, such as land use planning, congestion charging, public transport 
promotion or low emissions zone. 

On their part, Mayeres et al (2003) identify four terms that describe how the 
different measures in policy packages combine with each other: 

 Complementarity: the use of two instruments gives greater total benefits 
than the use of either one alone: 

Welfare gain (A+B) > Welfare gain A and 

Welfare gain (A+B) > Welfare gain B 

 Additivity: the welfare gain from the use of two or more instruments in a 
policy package is equal to the sum of the welfare gains of using each in 
isolation: 

Welfare gain (A+B) = Welfare gain A + Welfare gain B 

 Synergy: occurs when the simultaneous use of two or more instruments 
gives a greater benefit than the sum of the benefits of using either of 
them alone: 

Welfare gain (A+B) > Welfare gain A + Welfare gain B 

 Perfect substitutability: the use of one instrument eliminates entirely the 
welfare gain from using another instrument: 

Welfare gain (A+B) = Welfare gain A = Welfare gain B 

It is, therefore, necessary to deepen the understanding and interaction between 
measures oriented to enhance sustainable mobility patterns. 
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2.3 MEASURING SUSTAINABLE URBAN MOBILITY 

Sustainable urban transport involves a large open list of specific objectives to 
achieve. And these objectives need to be measured to know whether the 
established objectives have been achieved. As stated by the European 
Environment Agency, “You can’t manage what you can’t measure” (EEA, 2000) 

But, when choosing the indicators to be considered, there are several points to 
take into account:  

 First of all, they have to be specific for the objectives to achieve. 

 They have to be comprehensive and easy to implement (Nicolas et al., 
2003). 

 They have to be clearly defined: geographic scope, calculation procedure, 
data sources, etc. 

 They have to be normalized: this means they have to be “transformed” 
into dimensionless numbers. One way of normalizing indicators is to 
establish a relationship between a reference value of the indicator (I0) 
and the different values that the indicator (Ii) will take in the different 
scenarios analyzed (Manzini et al., 2011). 

The spectrum of indicators is as wide, or more, than the specific goals to 
achieve with sustainable urban mobility. This carries the risk of double counting 
or more of the same impact, something which has to be avoided. For example, 
greenhouse gas emissions and fuel consumed are two different indicators, but 
one is obtained by multiplying the other by a factor. 

The second question to be taken into account is the need to gather all the 
indicators considered into one single element to measure the joint impact on 
sustainability. A method commonly used is the definition of an Objective 
Function including all the indicators considered, with their corresponding 
weights (Lautso et al., 2004). 
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2.4 MEASURES ENHANCING SUSTAINABLE URBAN 
TRANSPORT 

There is a wide variety of measures and policies aiming to promote a more 
sustainable urban transport. Several agencies and authorities have provided a 
list of them, grouping them by different criteria. In this case, the measures 
have been clustered according to the different stages in transport activity (EC, 
2007b), as shown in Figure 2-1. 

 

FIGURE 2-1 Stages in transport activity 

Source Author’s elaboration based on Rupprecht Consult (2005). 

The first two groups act on the decisions taken by people – first on travelling or 
not and secondly on the mode chosen - , while the other two groups affect 
directly the transport system. The aim of this thesis is to address the strategies 
for enhancing sustainable mobility patterns by changing people’s option when 
choosing their means of transport. Therefore, while there is no doubt that 
measures improving the efficiency either of the vehicles or the transport system 
will produce positive benefits, they are not the matter of this research. 

The following chapter briefly describes the measures acting on people’s 
behavior, either on reducing the need for motorized transport or enhancing a 
modal shift to more sustainable transport modes. 
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2.4.1 REDUCING THE NEED FOR MOTORISED TRANSPORT 

Mobility has increased in recent years, not only in travel distances but also in 
number of daily trips. For example, in Madrid the number of mechanized trips 
per person has increased from 1.36 in 1996 to 2.1 in 2004 (CRTM, 1998; 
CRTM, 2006), which means a 54% increase in 8 years. 

Land use policies such as mixed land use, higher density urban developments 
or transit oriented developments coincide with the concept of recovering the 
Compact City. They aim to reduce travel distances, a fact which will reduce the 
need for using the car. Impacts of these types of policies have been studied by 
several authors (Lautso et al., 2004; Kollamthodi and Watkiss, 2005), providing 
different results on the level of impact of these types of measures, but 
coinciding on the need of coordinating land use and transport policies. 

These types of measures, strongly related with the recovery of the Compact 
city (Schwanen et al., 2004), focus on new urban developments or disperse 
areas but have less space in strategies oriented to dense cities, a reason why 
these measures will be deeply analyzed within this research. 

Another way of reducing the need for motorized transport is by substituting 
motorized transport for information and communication technologies (ICT), 
such as tele-working, tele-conference or e-commerce. The potential impact of 
this type of measures was analyzed within the UK Smarter Choices initiative 
(Cairns et al., 2004a), which underlines their potential to reduce the need for 
motorized travel. This gain can lead to an increase in the daily activities or a 
shift between travel motives. 

2.4.2 ENHANCING MODAL SHIFT 

Once the choice to travel has been made, a decision has to be made on what 
mode of transport to use. This decision is based on the existing alternatives, as 
well as on personal factors influencing this choice. Therefore, the first thing 
needed to make a modal choice is to have an alternative, reason why measures 
enhancing a modal shift are effective in areas where public transport is a real 
alternative to the car. 

Steg and Vlek (1997) classified these policies in “push” and “pull” measures 
depending on whether they penalize car use or they intend to increase 
attractiveness of alternative means of transport. 

But there is a third group of measures, which are not purely “pull” measures 
though they sometimes can be included in this group, based on the concept of 
re-distribution of urban space. This group includes measures such as traffic 
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calming, lane width reduction or re-assignment of road space to cycling, 
walking or public transport. 

TABLE 2-1  Classification of measures enhancing modal shift 

Type Objective 

“Push” Disuade car use by restricting / penalising it 

“Pull” Increase alternative modes by increasing other modes 

attractiveness 

Urban space redistribution Vary modal choice by varying the urban space 

dedicated to each mode 

Source Author’s elaboration. 

Supporting this concept, Knoflacher (2007) argues that urban transport needs a 
change on the physical structure to balance car and public transport. 

Each of these categories groups a broad spectrum of measures, too broad to be 
of interest to describe each and every one of them. Therefore, the following 
chapters describe the most notable in the literature review developed for the 
objectives pursued with this thesis. 

2.4.2.1 “PUSH” MEASURES 

Car users are very reluctant to switch to other modes (Ministry of Transport, 
1964). Incentives to other modes of transport have little impact on them, and 
only do so with car constraints (access restrictions) or car penalties (pricing) 
that they change their modal choice. 

Within these “pull” measures, road pricing is the most discussed, as it is the 
most controversial. 

ROAD PRICING 

Politicians have always been reluctant at implementing pricing policies, since 
they are strongly rejected by people (Schade and Schlag, 2003), particularly 
when it is an existing infrastructure that they first used for free and now have 
to pay for (Palma et al., 2006). 

The economic theory of road pricing dates back to the works of Knight (1924) 
and Pigou (1932), who wrote their seminal contributions on the misallocation of 
resources that would result from free access to public roads. From a purely 
economic point of view, in the optimal pricing scheme – “first best”- prices 
should equal marginal costs; but this is only true when the rule is applied to all 
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prices, in our case, to the whole network or at least, to the congested network 
(Rouwendal and Verhoef, 2006).  

Whilst theoretical road pricing approaches have focused on the “first-best” - 
that is to say, marginal cost pricing - practical applications have considered 
second-best options, which are much more feasible to implement and more 
transparent regarding the charge applied. 

Since 1985 Switzerland has implemented a tax for using all first and second-
class motorways. The tax applies to all motor vehicles and trailers up to a total 
weight of 3.5 tonnes each (e.g. passenger vehicles, caravans, motorcycles, 
etc.) and to motor vehicles and trailers with a total weight of over 3.5 tonnes 
each that are not subject to the heavy vehicle charge which started in 2001. 

Austria has implemented a similar system in their entire highway network: a 
time based system was introduced in 1997 for all vehicles under 12 tons, and a 
distance based system for all vehicles over 12 tons since 2004. 

Germany has also implemented a national tax, but in this case only for trucks 
weighing over 12 tons. Since 2005 these vehicles pay a charge based on 
distance traveled, emissions by vehicle class, and number of axles. 

But most of the road pricing structures do not include the whole network but 
specific corridors or road sections, such as a bridge or a tunnel. In Spain we can 
cite the AP-51, the AP-6, the tunnels of Vallvidriera, the toll motorways entering 
Madrid (R-2, R-3, R-4, R-5) among others. 

Urban road pricing 

Urban road pricing policy has been proposed as one of the most effective 
policies to curb down traffic congestion in the metropolitan areas (Ministry of 
Transport, 1964). But it was not until 1986 that implementation of urban road 
pricing came into effect in European cities. 

Regarding urban areas, road pricing schemes can be classified into two main 
types: a toll depending on the distance / time traveled within the affected area; 
or a fixed charge when entering the zone: cordon rings. Although researchers 
suggest that distance-based charging is likely to out-perform cordon schemes 
(May and Milne, 2000), they also conclude that cordon-based schemes are 
likely to be more acceptable in the short term, and more feasible according to 
current technology (Richards et al., 1996) These type of schemes – cordon 
based - have been widely analyzed from a theoretical perspective (Verhoef, 
2002; Mun et al., 2003; Santos, 2004; Zhang and Yang, 2004). However, real 
experiences are not as extended. 
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Asian experiences: Singapore and Hong Kong 

Singapore was the first city to introduce an urban pricing scheme, in 1975. 
Following Singapore’s experience, Hong Kong addressed electronic road pricing 
(ERP) in 1983-85, again in 1997 – 2000, and, more recently, in 2004-2006. 
Despite these three trials, which have worked successfully, the government is 
still considering its options in 2012, but has not yet decided to implement it. 

Norway: Bergen, Oslo and Trondheim 

Bergen was the first European city to introduce a cordon pricing scheme, in 
1986, only charging vehicles entering the city. This experience was followed by 
Oslo, in 1990, and Trondheim, in 1991. 

Bergen’s ring toll covers an area of 18 km2, while Oslo’s is 64 km2 and 
Trondheim’s 50 km2. 

These schemes were initially developed to help pay for infrastructure but 
evolved into congestion management tools. 

London (UK) 

The Central London Congestion Charging Scheme was introduced in February 
17th 2003. The charging area, marked off by the inner ring road, corresponds to 
the center of London – an area of 22 km2 (representing 1.3% of the total 1,579 
km2 of Greater London), with 150,000 inhabitants and 1,200,000 jobs. 

 

FIGURE 2-2 London congestion charging zone 

Source TfL 2004. 
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The system implemented is a cordon-based scheme, active between Monday 
and Friday, from 9 am to 5 pm, with a flat tariff (initially £5 per vehicle/day in 
2003). 

This policy, accompanied by several public transport improvement measures, 
produced an 18% decrease in vehicles entering the tolled area, and a 15% 
decrease in terms of annual vehicle-km (TfL, 2004), partly as a consequence of 
car occupancy increase (10%), and partly due to the increase of public 
transport use of 14,000 users per day. Also, as a result of the congestion relief, 
bus speed increased, reducing waiting time. In terms of emissions, this traffic 
reduction accounts for 12% reduction of NOx and PM10 and 19% CO2. 

This area was extended to the West – the Western extension – in February 
2007, but removed by the new mayor on the 4th January 2011. Though traffic 
decreased within the new tolled area by approximately 12%, the reason for this 
removal seems to be public resistance (Tuerk et al., 2012). 

Stockholm (Sweden) 

In the case of Stockholm, the project was first introduced on a trial basis for 6 
months (January 3 – July 31, 2006), with the purpose of “testing whether the 
efficiency of the traffic system could be enhanced by congestion charges” 
(Armelius and Hultkrantz, 2006). The toll was expected to “reduce congestion, 
increase accessibility, and improve the environment” (Eliasson et al., 2009). 
After the trial, it was submitted to a vote on whether it should be maintained or 
removed; it was decided to keep the scheme. 

 

FIGURE 2-3 Stockholm congestion charging zone 

Source Swedish Transport Agency. 
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The toll area extends to around 30 km2, with fewer than 300,000 inhabitants - 
approximately 60,000 of whom commute to work outside the zone – and with 
almost 23,000 workplaces which employ around 318,000 people, more than 
two thirds of whom commute from outside the zone. The cordon toll was 
implemented on workdays, from 6:30 am to 18:30 am, with a maximum daily 
charge of €6.60; in combination with improved public transport and the 
introduction of a park&ride service. This has led to a 22% decrease in the 
number of vehicles entering the area, and a 15% decrease in terms of annual 
vehicle-km circulating (Eliasson et al., 2009). In terms of emissions, the 
decrease in the inner city has been of 13% PM10, 8.5% NOx and 40% CO2 
(Eliasson et al., 2009). 

Milan (Italy) 

Firstly, the city of Milan implemented the Ecopass program, which was a traffic 
pollution charge for some motorists traveling within the tolled area - Cerchia dei 
Bastioni - (around 8.2 km2). The Ecopass was implemented as a one-year trial 
program on January 2, 2008, and later extended until December 31, 2009. A 
public consultation was planned for 2009 to decide if the charge becomes 
permanent. Subsequently, the charge-scheme was prolonged until December 
31, 2011.  

According to the Milanese Agency of Mobility and the Environment in December 
2008, traffic entering the area decreased 12.3% in the first eleven months, 
while outside of the Ecopass area traffic decreased by 3.6%. 

On January 16 2012, a new scheme – Area C - was introduced, based on the 
same area as the Ecopass, but converting it from a pollution-charge to a 
conventional congestion charge. At the end of April, traffic inside Area C had 
reduced by 34.3% compared to the same period of the previous year, and total 
traffic in the Milan area had reduced about 7%. 

Gothenburg (Sweden) 

After the success of the Stockholm congestion charging, from the 1st of January 
2013 Gothenburg is implementing a congestion tax for vehicles entering / 
exiting central Gothenburg. 

Urban road pricing in Gothenburg has been debated almost since the 
Gothenburg Agreement of 1995, which established road tolls were a requisite 
for financing new road infrastructure. Different schemes have been studied 
within the PRoGR€SS project, launched in 2000, but it will not be until 2013 
when urban road pricing will become a reality. This time span demonstrates the 
difficulty of implementing urban road pricing schemes. 
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Historical City Centres 

Cordon pricing schemes have also been introduced in small historical 
downtowns, such as Genoa (Italy), Durham (England) (2002), Riga(Latvia), 
Valletta (Malta) (2007) or Znojmo (Czech Republic). 

US experience 

The success of London and Stockholm not only has expanded throughout 
Europe but also to the United States. 

In 2008, the Mayor of New York tried to introduce a congestion charging 
system. The charge proposed would apply on weekdays from 6:00 a.m. to 6:00 
p.m, to vehicles entering southern Manhattan from outside Manhattan. Though 
the proposal failed, but in 2012 a new proposal is “making the rounds.” 

San Francisco is also considering the implementation of a congestion pricing 
scheme. This process started in 2008, and is still being debated. Different 
schemes and proposals have been considered since then. A study published in 
2010 by the San Francisco County Transport Authority proposed 3 alternatives 
and recommended the implementation of a trial program with a duration 
between six-month to one-year trial in 2015. But so far it has not been decided 
to implement it. 

2.4.2.2  “PULL” MEASURES 

This category includes all the different measures trying to enhance the use of 
alternatives means of transport instead of the car. 

Within these measures we can consider two different groups: trying to influence 
individual decision making by providing more attractive means of transport, and 
another by focusing on people’s perceptions and motivations (Möser and 
Bamberg, 2008). 

Within this second category, Cairns et al (2004b) identify several types of 
measures, which can be clustered as follows: 
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 Car sharing tries to change the concept from car ownership to car co-
property. This option reduces car costs and also helps in using the car in 
a more rational way, just when needed, not because “I have it”. The 
concept was born around mid 20th century, but it was not until 1987 in 
Switzerland that it started to become popularized; today it is widely 
extended not only in this country but in Germany, Austria and the 
Netherlands. It is also in operation on a small-scale in some other 
European countries, and also in Canada, United States, Australia, Japan 
and Singapore. Though its use has increased rapidly in recent years, it is 
still a minority which makes use of this innovative car use solution –
almost 350,000 users around the world in 2006. 

 Car pooling consists in sharing a car ride instead of the car’s property. 
This way, individual costs reduce, whilst it produces a global benefit – 
less veh-km. In Spain this measure is being implemented in the main 
cities, such as Barcelona, Valencia and Madrid. Also, there was an 
attempt at extending this use in the A-6 corridor with the start of the 
Public Transport and High Occupancy lane (BUS-VAO), but this initiative 
failed. 

 Mobility plans are work-places, companies or school based plans which 
try to provide mobility alternatives to specific groups. Results of the 
MOST project show car use can decrease in a range between 7% and 
15%, but only in the specific group for which the plan had been 
developed. 

 Marketing and awareness campaigns try to make people conscience 
of the positive benefits of alternative transport means, such as health, 
bring people closer to the public transport system, or inform them of the 
pernicious effects of inadequate car use. It is claimed that these 
campaigns influence people’s perception and  therefore modify their 
mobility patterns. 

Though defenders of these type of policies estimate a high impact of these 
measures (Cairns et al., 2004a), other authors conclude their effectiveness 
increases when implemented with other policy measures that change the 
relative attractiveness of the different means of transport (Bamberg et al., 
2011). However, there are two reasons for not considering these types of 
measures in this analysis: they are oriented at restricted groups and they try to 
influence people’s perception, which is a subjective matter that needs to be 
approached from another angle. 
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Regarding the first group – measures trying to influence individual decision 
making by providing more attractive means of transport – these measures can 
be mainly oriented at enhancing walking facilities, public transport facilities or 
cyclist facilities. 

We have focused on public transport improvement because, the case study is of 
a big city and public transport is the means of transport that can compete 
better with the car. 

But the most common measures included within these “pull” category are 
measures trying to enhance more sustainable transport means, such as 
walking, cycling or public transport, by varying the transport system conditions. 

PUBLIC TRANSPORT IMPROVEMENT 

This category includes a wide range of measures aiming to improve the public 
transport system conditions by upgrading different aspects concerning public 
transport service quality: availability, coverage, frequency, travel speed, 
reliability, integration, price structure, comfort, security, affordability, 
information, aesthetics or amenity (Litman, 2012). 

Within all the possible measures aiming to enhance the public transport system, 
we can group them in the following three categories: 

 Ticketing: integrated ticketing systems or smart cards have been widely 
implemented around Europe - Lille (France), La Rochelle (France), 
Krakow (Poland), Stockholm (Sweden) or Preston (United Kingdom) 
among others -, aiming to attract the user’s perception of the public 
transport network by conceiving it as a single network instead of several 
isolated transport systems. Madrid also implemented an integrated 
ticketing system in 1987, which involved a turning point in the public 
transport demand. 

 Improving existing services: either focusing on objectives characteristics 
such as speed or frequency or in more subjective aspects such as 
aesthetics. The latter is singled out by Levinger and McGehee (2008) as 
one of the main factors to increase public transport use 

 Developing either new services, such as new routes, or new 
infrastructures 

Stradling et al (2000) found that measures reducing journey times have the 
higher effectiveness, followed by decreasing interchange times and increasing 
reliability. 
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The spectrum of practical experiences is quite high. But, as public transport 
improvement measures are normally implemented or simulated within a set of 
measures, isolated impacts are difficult to estimate. 

However, despite their extensive implementation and the high level of public 
acceptance, public transport improvement by their selves appear not to be 
sufficiently effective in promoting a modal shift to public transport (Rupprecht 
Consult, 2005). 

2.4.2.3 PUBLIC SPACE MANAGEMENT: TRAFFIC CALMING 

This category groups all the measures aimed at redistributing the public space 
according to the different transport modes. Though most of them – if not all – 
can be considered “push” measures, since they restrict or limit car use, the 
basic idea supporting them is to promote the use of other modes by re-
organizing public space. Within these measures, traffic calming has been the 
most widespread. Traffic calming aims at redistributing public space not by 
restricting space dedicated to car but by reducing speed. This way, traffic 
calming increases walking and cycling viability (Saelens and Handy, 2008), 
improving livability in these areas. 

Heidelberg, Friburg, Zurich, Graz or Stockholm has extended this measure to all 
their residential areas, within the exception of the main distributor axis. 

Although the term of Traffic Calming first emerged in the 1980’s, the principles 
of traffic calming date back from the 1960’s, with the rapid expansion of car 
ownership in the 1960’s and 1970’s. When first implemented, the main 
objectives of these measures were safety and security: according to the WHO 
report (WHO, 2000), the probability for a pedestrian of dying in an accident 
involving a car decreases from 80% if the car’s speed is 50 km/h, to 10% if 
speed decreases to 30 km/h. The extensive literature on the subject suggests 
that crash frequency decreases around 40% to 60% (Grundy et al., 
2008;Webster and Mackie, 1996), and that it is better to cover wider areas 
better than just a few streets (O'Fallon and Sullivan, 2011). 

Also traffic calming has also proved to be quite effective in reducing noise 
levels, producing decreases by up to 4 dB (Rupprecht Consult, 2005). 

Furthermore, the SMILE project Guidelines for road traffic noise abatement 
(SMILE, 2010) concludes that traffic calming is one of the most efficient 
measures for reducing traffic noise. 

With noise being one of the objectives, with emission decrease and without loss 
of competitiveness, the SMILE findings (SMILE, 2010), as well as Rupprecht 
Consult’s (2005), make this measure a very interesting for this thesis.   
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2.5 SEARCHING FOR A WIN-WIN STRATEGY 

The previous sections show two main points: 

1) Policy integration is a need for achieving sustainable urban mobility 
patterns. 

2) There is a lack of information regarding complementarity between 
policies. 

According to May et al (2000), the key for integrated transport strategies is the 
specification of the objectives to achieve. 

Litman (2011) describes win-win transportation solutions as those which have 
only positive or neutral impacts on the three aspects covered by sustainability: 
economic, social and environmental. 

Therefore, in our case a win-win strategy has to provide positive or neutral 
impacts in the three aspects considered: emissions decrease, noise reduction 
and a gain of competitiveness of public transport compared to the car, but 
without varying global travel time. 

As previously mentioned Chapter 1, this thesis is focused on compact urban 
areas: the reason why measures aimed at promoting a modal shift that is less 
dependent on the car seem more adequate than land use measures. 

On the other hand, due to the reluctance of car users to change their mode of 
transport, “push” measures are essential in any transport strategy aimed at 
promoting a modal shift from the car to other modes. Within these measures, 
urban road pricing has been considered to be a promising tool in theoretical 
debates. But this has not been the case since the success of the congestion 
pricing schemes of London and Stockholm that this measure has started to 
spread to other cities. 

However, “pull” measures are normally rejected by people, the reason why they 
need to be implemented with other transport modes incentives measures 
(“push”) (OECD, 2004; Casello, 2007). The recent experiences of London and 
Stockholm have proved that, when public transport is improved at the same 
time as the new toll is implemented, rejection tends to decrease, since people 
perceive a direct benefit for them, not just an extra toll (Armelius and 
Hultkrantz, 2006). Zhang et al (2006) have also observed the goodness of this 
policy package – toll + public transport improvement. 

As already described in section 2.4.2.2, public transport improvement covers a 
multitude of measures, each of them enhancing a different aspect of the public 
transport system: journey time, interchange time, reliability, cost… 
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These past few decades buses have been displaced by rail systems, which were 
considered faster, more reliable and more comfortable than buses. But these 
factors were not inherent to the bus system but consequence of sharing space 
with the rest of traffic, and therefore affected by congestion (Valdés and López-
Lambas, 2010). 

The EC (EC, 2007b) defines reserved corridors as the best solutions to ensure 
not only speed but regularity, which are crucial for public transport 
competitiveness. At the same time, this measure also supports Banister and 
Marshall’s conclusions (2000), who argued for measures to encourage modal 
shift, such as pricing, must be combined with strategies to make the best use of 
the “released space”. 

Both cordon pricing schemes – London and Stockholm – have proved to 
produce positive impacts in terms of traffic and emissions reduction, but there 
is no evidence on noise decrease, which one of the goals to achieve within the 
transport strategy sought. 

 

 

FIGURE 2-4 Selection of measures 

Source Author’s elaboration. 

For its part, the SMILE project (2010) – Guidelines for road traffic noise 
abatement - concludes that traffic calming is one of the most efficient measures 
for reducing traffic noise. 
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Finally, the EC (2007b) states that reserved corridors for buses support and are 
supported by traffic calming schemes, but does not give any evidence for this 
assertion. 

Summarizing, these three measures – urban toll, dedicated bus lanes and 
traffic calming - seem to address the three goals to achieve: emissions 
reduction and noise decrease with no loss of trip attraction. Positive effects of 
combining them have been proven in road pricing and public transport 
improvement, but not with traffic calming. Therefore, these three measures are 
the ones selected to test and analyze in this thesis. The case study for this 
analysis will be the region of Madrid, which is described in Chapter 3. 

 

FIGURE 2-5 Measures and goals to achieve 

Source Author’s elaboration. 
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The study area for this analysis will be the region of Madrid. This chapter is 
divided into 4 sections – sections 3.1 and 3.2 include a brief explanation of the 
metropolitan area of Madrid. Section 3.1 concerns population and employment 
evolution and distribution, while section 3.2 concerns a description of the 
transport network. Section 3.3 is a summary of the mobility patterns on a work 
day in the metropolitan area of Madrid. 

3.1 NETWORK STRUCTURE 

The region of Madrid is located in the center of the Iberian Peninsula and covers 
an area of 8,021 square km and is home to 6 million inhabitants. The city of 
Madrid – with a population density of 5,160.57 inhabitants/square km - is 
located in the center of the region, and together with other 179 municipalities 
they form the region. These municipalities surround the city forming two rings: 
the inner ring is the metropolitan region, which in further analysis, will be 
referred to as Madrid’s Metropolitan Area (MA), and the outsider regional ring. 

The network structure is represented in FIGURE 3-1. 

 

FIGURE 3-1 Madrid’s network structure 

Source Author’s elaboration     
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The road network has a radio centric structure with eight main highways 
entering the city of Madrid and four highways encircling it: the first is the M-30, 
which has today been absorbed into the city, divides the city into two parts, the 
inner part - from now on Central Area (CA)- and the peripheral districts (PD), 
and it functions as a local distributor road; the second is the M-40, which 
encompasses most of the city of Madrid, and is the most congested road in the 
Madrid metropolitan area (MA); and the M-45 and M-50, both yet incomplete 
rings. 

Running in parallel to four of the main highways, are four toll highways (R-2, R-
3, R-4 and R-5), which end in the surrounding rings M-40 (R-2, R-3 and R-5) 
and M-50 (R-4) (see FIGURE 3-1). 

Regarding the public transport network, the region has four transport systems, 
two of them serving mainly the city of Madrid – METRO and urban buses (EMT) 
- and other two connecting the city with the metropolitan area – commuter 
train (Cercanías) and intercity bus lines. Both, commuter trains and intercity 
bus lines have a radio centric network, connecting the surrounding 
municipalities with the city of Madrid, but they do not link these municipalities 
between each other. 

The short distance train network has 339.1 kilometers. The system is organized 
in 12 route lines, with 99 stops (see FIGURE 3-2). 

The intercity bus system in 2004 was made up of 302 route lines, which 
accounts for a total length of 3488 kilometers. 211 out of the 302 route lines, 
which means almost 70% of them, connect the surrounding municipalities with 
the city of Madrid. 

The METRO network has a total length of 226.7 km, structured into 12 route 
lines and 237 stops (see FIGURE 3-3). 

Although all these public transport systems are the responsibility of different 
administrative bodies, they are managed by the Transport Authority of Madrid. 
This integrated coordination is also reflected in tariffs, and since 1985 there has 
been an integrated tariff scheme for the whole transport system. 
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FIGURE 3-2 Short distance train network transport network of Madrid 

Source CRTM, 2008 

 

FIGURE 3-3 METRO network of Madrid 

Source CRTM, 2008      
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Regarding the urban bus network, in 2004 the city had a total length of 3,215 
kilometers: 160 route lines running during the day period, with an average 
speed of 13.95 km/h.  

The number of kilometers of dedicated lanes increased substantially during the 
70’s, but has remained practically constant since 1995, even with a decrease: 
while in 1995, the overall length of dedicated bus lanes was 92.5 km, in 2003 it 
decreased to 91.47 and to 90.76 in 2008. This decrease is quite small in 
absolute kilometer terms – 2%-, but this 2% decrease results in an 11% 
decrease when the variation of the total bus system length is considered, which 
has increased by 10% in the same period, from 2,905 (in 1995) to 3,215 km 
(2008). 

TABLE 3-1  Bus system evolution in Madrid: 1996-2004 

Parameter 1996 2004 
Average annual 

increase 
Bus system length 2,905 3,215 1.3% 

Average speed 14.69 13.95 -0.6% 
Annual trips (millions) 460 408 -1.5% 

Annual passenger-km (millions) 1,698 1,658 -0.3% 
Source Madrid Transport Authority Annual report (CRTM, 1997 and CRTM, 2005a). 

Probably related to this fact, speed has been decreasing during recent years, 
the same way as demand. This speed decrease not only affects global travel 
time, but punctuality and reliability, which induces people moving to more 
reliable transport modes, such as rail systems. 

TABLE 3-2  Transport system’s demand variation: 1996-2004 

Transport system Average annual increase 1996-2004 
Trips Passenger-km 

Urban transport 

systems 

Bus (EMT) -1.5% -0.3% 
Metro 5.3% 7.4% 

Metropolitan 

transport systems 

Intercity buses 3.6% 10.8% 
Commuter train 5.2% 7.6% 

Source Madrid Transport Authority Annual report (CRTM, 1997 and CRTM, 2005a). 
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3.2 THE METROPOLITAN AREA OF MADRID 

In 2004, the reference year of the thesis, the region of Madrid had 5.4 million 
inhabitants, 600,000 more than in 1998. As in other European cities, this 
population increase has concentrated in the metropolitan area, keeping the 
population of the city of Madrid practically constant, especially in the centric 
districts. 

 
FIGURE 3-4 Population distribution and evolution in Madrid region 

Source INE, 2009. 

Population density is lower in the metropolitan area than in Madrid city. But this 
density also varies within the different districts of Madrid, decreasing as we 
move away from the city center. Therefore, population density is more than 
twice in peripheral districts compared to the Central Area. Cervero and 
Kockelman (1997) correlate higher density with non-auto travel. 

 

FIGURE 3-5 Average population density by ring. Year 2004 

Source INE, 2009. 
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According to the literature, car travel is strongly affected by car ownership, 
even more than income level (Dargay, 2007). Though income has a strong 
influence on car purchase, once the car is anavailable means it is not income 
but car availability which more influences car use. Hensher and Reyes (2000) 
also identify car availability as a significant barrier to public transport use. 

The vehicle fleet in the region has also increased during recent years: a 51% 
from 1998 to 2009, versus a 25% increase of the population, thus increasing 
the motorization rate: a 20% in this 11 years period. This motorization rate 
increase has also concentrated in the metropolitan area, remaining constant in 
the city of Madrid. 

 

FIGURE 3-6 Motorization rate variation:1998-2009 

Source La Caixa, 2011 

Together with the population decentralization observed in Figure 3-4, 
employment has also moved from the center of Madrid to industrial, 
technological or commercial areas located in peripheral districts or the 
metropolitan ring. 

 

FIGURE 3-7 Employment distribution and evolution in Madrid region 

Source EDM 1996 and EDM 2004 (CRTM, 1998 and CRTM, 2006)     
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3.3 MOBILITY PATTERNS 

According to the Household Mobility Survey of the region of Madrid carried out 
in 2004 -EDM’04- (CRTM, 2006), 14,511,301 trips were made daily in the 
region on an average work day, around 69% of them by mechanized modes 
(10,000,257), from which approximately 25% were made by ers of the public 
transport system, considering captive users all those not having either a car 
license or car availability. 

The percentage of mechanized trips has increased in four points since 1996, 
mainly due to car use increase (see Figure 3-8). 

 

FIGURE 3-8 Mode distribution: 1996 and 2004 comparison 

Source EDM 1996 and EDM 2004 (CRTM, 1998 and CRTM, 2006) 

According to the EDM 2004, mechanized trips have increased from 1.36 to 2.1 
average trips per person and day within the period 1996-2004, while non 
mechanized trips have varied from 0.8 to 0.95 trips. This higher increase of 
mechanized trips compared to non mechanized is in consonance with detractors 
of the disperse city (Levinson and Kumar, 1994; Kölbl, 2000). 

Despite the decentralization experienced by both employment and population, 
the Central Area still remains as origin or destination of more than 40% of the 
mechanized trips made daily in the region (see TABLE 3-3). 
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TABLE 3-3  O-D trip distribution on an average working day 

Origin –destination relation EDM 1996 EDM 2004 
Central Area – Central area 13% 

49% 

12% 

43% Central Area- Peripheral districts 26% 21% 

Central Area- Metropolitan area 10% 10% 
Peripheral districts - Peripheral districts 20% 

51% 

20% 

57% Peripheral districts - Metropolitan area 13% 12% 

Metropolitan area - Metropolitan area 18% 25% 
Source EDM 1996 and EDM 2004 (CRTM, 1998 and CRTM, 2006) 

Average travel time by car and by public transport are shown in TABLE 3-4. 
Differences in time between modes are lower in trips with origin or destination 
the Central Area. 

TABLE 3-4  Average travel time by mode between the different areas 

Origin –destination relation 
Travel time 

PT 
(min.) 

Travel time 
car  

(min.) 

TPT / 
TCar 

Central Area - Central Area 31 22 141% 
Central Area - Peripheral districts 41 28 146% 
Central Area - Metropolitan Area 60 40 150% 

Peripheral districts - Peripheral districts 39 21 186% 
Peripheral districts - Metropolitan Area 60 34 176% 
Metropolitan Area - Metropolitan Area 37 19 195% 
Source EDM 2004 (CRTM, 2006) 

As shown in FIGURE 3-9, in the region of Madrid it seems that, over time the 
difference between car and public transport increases, which means that as 
public transport looses competitivity compared to the car, public transport use 
also decreases. 
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FIGURE 3-9 Modal split and ratio of time per mode by O-D ring 

Source EDM 1996 and EDM 2004 (CRTM, 1998 and CRTM, 2006) 

It therefore seems clear that the ratio between travel time in both modes is 
essential to increase public transport participation, as already stated by Monzón 
and de la Hoz (2009). 

Urban sprawl implies an increasing interaction of the metropolitan flows in the 
transport network, with an increasing combination of origins and destinations. 
The flow structure of this metropolitan model is now a mesh network, instead of 
the radial model of the previous decades (Gutiérrez and García-Palomares, 
2007). The consequences of this new structure are an increase in the number 
of motorized trips, and a higher dependency on car, as public transport looses 
efficiency and consequently, competitivity. But, within this new flow structure, 
trips with origin or destination Central Area still have a high share of public 
transport use, as shown in FIGURE 3-9. 
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3.4 ACTION AREA 

After the analysis carried out in sections 3.2 to 3.3, there are several reasons to 
choose the Central Area of the city of Madrid as the simulation area for this 
thesis: 

 It is a very consolidated area: despite the urban sprawl suffered in recent 
years, the total number of both, population and employment, have 
remained practically constant, even with a slight increase (see FIGURE 3-
4 and FIGURE 3-7). 

 It has a high population density (see FIGURE 3-5), a fact favouring a 
lower car use. 

 Motorization rate has remained practically constant (see FIGURE 3-6). 

 It is still the origin and/or destination for 43% of the mechanized trips 
done daily within the Metropolitan Area of Madrid (TABLE 3-3). 

 Public transit share is around 60% to 75% in trips with origin and/or 
destination the Central Area (FIGURE 3-9): according to Armelius et al 
(2006), road pricing is more acceptable when the share of public 
transport is already high. 

 Public transport competitiveness compared to car use is higher in trips 
with origin and/or destination the Central Area rather than other origin-
destination relations (FIGURE 3-9). 
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4.1 DATA SOURCES 

Most of the data were used to feed and calibrate the model. These data were 
obtained for 2004, the reference year considered for this thesis. 

 The main source of data was the Transport Authority of Madrid: 

 Public transport routes, stops, frequencies and tariffs were 
obtained from the web site (CRTM, 2008). 

 The Department of METRO and EMT has provided the real speeds 
of urban bus lines during the peak hour (CRTM, 2005b). 

 Demand and average speed of rail systems were obtained from the 
Annual report of the Transport Authority of Madrid (CRTM, 2005a). 

 The Department of Mobility provided the origin – destination 
matrices for the rush hour, aggregated by O-D pairs. These 
matrices were obtained from the Household Mobility survey carried 
out in 2004 by the Transport Authority (CRTM, 2006). 

Also, traffic counts were necessary to calibrate the models. These traffic counts 
were obtained from three different sources: 

 The Ministry of Transport and Infrastructure (MFOM, 2005). 

 The Road Department of the Regional Government of Madrid (CM, 2005). 

 The Mobility Department of the Madrid City Council (Ayuntamiento de 
Madrid, 2005). 

Population and population density were obtained from two different sources: 

 The Bureau of National Statistics (INE, 2009) for data of the different 
municipalities of the metropolitan area of Madrid. 

 The regional database of the region of Madrid (CM, 2009) for data of the 
different districts comprising the city of Madrid. 

Motorization rate was obtained from the Annual Economic Report of La Caixa for 
the reference year 2004 (La Caixa, 2005). 

The vehicle fleet distribution was provided by the National Traffic Authority 
(DGT, 2009).     
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4.2 METHODOLOGY 

As already established in Chapter 1, to achieve the objectives set in this thesis, 
there are several steps to take. 

Objective 1) Complementarity and sinergies between measures 

 First, the selection of the measure to test. 

 The development of a tool to simulate these measures.  

 The definition of a set of indicators to measure the goals to achieve. 

Objective 2) Best combination of measures which maximises the three 
objectives: emissions decrease and noise reduction with no loss of trip 
attraction 

 The definition of an Objective Function to maximize. 

 The establishment of a set of scenarios, varying the measures considered 
and the area covered by each measure. 

The different sections of Chapter 4 develop the process followed for achieving 
them: 

 Section 4.2.1 describes the model used for testing the different 
measures. 

 Section 4.2.2 presents the indicators selected to measure the 
objectives to achieve: emission decrease and noise reduction 
without loosing trip attraction. 

 Section 4.2.3 defines all the different scenarios considered in the 
simulations carried out. 

 Section 4.2.4 identifies the Objective function defined. 
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4.2.1 THE TRANSPORT MODEL 

Transport models have been used recursively in transport planning. Though 
these tools are in constant development, there are two modeling approaches 
which were widely used for analyzing transport strategies: multimodal traffic 
assignment models and land use and transport models.  

Multimodal traffic assignment models usually include a detailed zoning of the 
study area as well as of the transport network. This makes estimating more 
realistic costs, since specific costs by link can be calculated, but, on the other 
hand the models need more inputs for calibration and validation. Boilé and 
Spasovic (2000), Boilé (2002), and Casello (2007) have used multimodal traffic 
assignment models for their analysis. 

In strategic models the level of aggregation is quite high, and the physical 
transport network is not directly represented. Travel costs are then either fixed 
inputs for each origin-destination pair or estimated for wider areas (May et al., 
2000). These types of models were used by May et al. (2002) and Shepherd et 
al. (2006) among others. 

Both types are sophisticated tools for transport planning and appraisal. 
Choosing one or the other should therefore not be a matter of preferences but 
of specifications of the research to develop. 

As already said in section 1.2, the focus of this research is on urban areas, 
where different traffic flows constantly interact within each other, and measures 
selected directly affect the transport network, and, consequently, the flows and 
the modal choice. As stated by Casello (2007) and by Monzón and De la Hoz 
(2009), travel costs are very important in modal split. Therefore, the reliability 
of this modal choice depends substantially on the quality of the travel costs 
estimated for the study area. These reasons have led to select a traffic 
assignment model to carry out the different simulations. In this case, the model 
developed covers the whole region of Madrid, with higher level of detail in the 
inner part of the city than in the peripheral districts or the metropolitan area. 

The reliability of transport models – always assuming a certain level of error 
exists in every modeling process – depends on the calibration and validation of 
the model, and this depends on the availability of data, as well as on the quality 
of the data. 

Since disaggregated data for each of the trips carried out in the morning rush 
hour were not available but aggregated by origin-destination pairs, this 
conditioned the analysis to an estimation of an aggregated modal choice model, 
thus variables of individual impact, such as income or car availability, were 
excluded from this estimation. 
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The tool used for these simulations is a multimodal assignment model, 
developed using the VISUM software. Sections 4.2.1.1 to 4.2.1.6 provide a 
detailed explanation of the zoning defined, the network characterization, the 
model structure, the matrices adjustment, the modal choice model estimation 
and the assignment process. 

4.2.1.1 Zoning 

The first step required in a modeling process is the division of the territory into 
different areas, which will be called zones. 

The zoning defined in this case consists of 636 zones, distributed as follows: 

 355 correspond to Madrid City, where each of the neighborhoods of the 
city of Madrid comprises at least two zones, in some cases three or more. 
Among all of them, 144 belong to the Central Area while the other 244 
correspond to the peripheric districts. 

 144 zones correspond to the 49 municipalities of the metropolitan area. 
In this case, each of the municipalities of the metropolitan and regional 
area is disaggregated into census sections, though in some cases more 
than one census section is included in each zone. 

 130 zones correspond to the 130 municipalities of the regional ring. In 
this case, each municipality is represented by one zone. 

 7 zones represent the road connections of Madrid with the rest of the 
regions bordering the city. 

TABLE 4-1  Number of zones per ring in the region of Madrid 

Ring Nº zones 

Madrid 
Central Area 111 
Peripheral districts 244 

Other municipalities 
Metropolitan area 144 
Regional area 130 

Outside the region 7 

Total 636 
Source Author’s elaboration. 

 



CHAPTER 4: DATA SOURCES AND METHODOLOGY 

51 

TABLE 4-2  Number of zones per district in Madrid 

District Nº zones 
Nº 

neighborhoods 
Ratio zones / 
neighborhood 

1 Centro 16 6 2.7 
2 Arganzuela 16 7 2.3 
3 Retiro 14 6 2.3 
4 Salamanca 15 6 2.5 
5 Chamartin 19 6 3.2 
6 Tetuan 15 6 2.5 
7 Chamberi 16 6 2.7 
8 Fuencarral – El Pardo 27 8 3.4 
9 Moncloa - Aravaca 21 7 3.0 
10 Latina 27 7 3.9 
11 Carabanchel 22 7 3.1 
12 Usera 13 7 1.9 
13 Puente de Vallecas 25 6 4.2 
14 Moratalaz 11 6 1.8 
15 Ciudad Lineal 23 9 2.6 
16 Hortaleza 17 6 2.8 
17 Villaverde 11 5 2.2 
18 Villa de Vallecas 9 2 4.5 
19 Vicalvaro 11 2 5.5 
20 San Blas 20 8 2.5 
21 Barajas 7 5 1.4 
Source Author’s elaboration. 

These zones are connected to the road network by 7,716 links-connectors. 
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4.2.1.2 Network characterization 

The multimodal assignment model includes a network model of the main roads 
of the region (6,350 km.), with a higher level of detail in Madrid city, and in 
particular for the city center. 

This road network is classified into five main types, depending on the type of 
road they represent. These five types are shown in Table 4-3. 

TABLE 4-3  Road type distribution of the network 

Type of road Km. % 
Urban: streets & avenues… 1,750 28% 

Conventional roads 2,727 43% 

Highways 1,386 22% 
Junctions and service lanes 178 3% 

Toll motorways 310 5% 
Source author preparation 

 

FIGURE 4-1 Transport model: road network 

Source Author’s elaboration. 
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Each of these types includes several subtypes, according to the free flow speed 
of the specific road. Speed, and therefore time, variation depending on the 
traffic flow is estimated by using BPR (Bureau of Public Roads) delay functions. 

Four types of BPR delay functions are considered to estimate the current travel 
time by car, depending on the link type, with the following scheme: 

	 1                                                                       (4.1) 

Where tcur stands for the current travel time, t0 is the time in free flow speed, q 
is the traffic volume, qmax the capacity, and a, b and c are parameters for each 
link type. They were fit using the correspondence between speed and hourly 
traffic volume per hour and per lane for each type of road section estimated for 
Spain by the META model (Di Ciommo et al., 2010) for 2005. Parameters of 
these functions are shown in Table 4-4. 

TABLE 4-4  Parameters of the BPR functions used 

BPR function a b c 
Highway 1.68 9.64 0.96 
Road 2.27 7.66 0.88 

Street 3.92 2.45 0.5 

Avenue 3.92 2.45 0.6 
Source Di Ciommo et al, 2010. 

 

 

FIGURE 4-2 BPR curves used in the transport model 

Source Author’s elaboration based on Di Ciommo et al (2010). 
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The transport network also includes the public transport supply: 447 public 
transport lines (bus, metro and train), with a total length of 17,593 km. 

TABLE 4-5  Public transport lines per transport mode 

Mode Nº lines Length (km.) 
Intercity bus 261 7,030 
Urban bus 161 8,651 
Metro 13 790 

Local train 12 1,123 
Total 447 17,593 
Source Author’s elaboration. 

A total of 2,320 stop points have been defined. This network includes all the 
different public transport systems within the public transport network of Madrid 
for the year 2004, either with urban or metropolitan. 

This public transport network is represented in Figure 4-3. 
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FIGURE 4-3 Transport model: public transport network 

Source Author’s elaboration.  
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4.2.1.3 Model structure 

The model was defined for the morning rush hour (8 am - 9 am), mainly for 
two reasons: 

 This time is the most congested period of the day, as shown in FIGURE 
4-4. 

 

FIGURE 4-4 Hourly traffic distribution in an average working day 

Source EDM 2004 (CRTM, 2006) 

 Most trips are home-work, which, due to frequency and enforcement are, 
more flexible in changing transport mode, since the alternatives are well 
known, but less flexible in changing destination. 

 

FIGURE 4-5 Hourly traffic distribution per reason in an average working day 

Source EDM 2004 (CRTM, 2006)    
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ccording to Shepherd et al (2006), peak period interventions are more effective 
than off-peak ones. 

The origin-destination matrix for the morning rush hour was obtained from the 
Mobility survey carried out by the Transport Authority of Madrid in 2004 (CRTM, 
2006). This survey was conducted throughout the Community of Madrid by 
interviewing more than 35,000 households on their travel habits on a weekday. 

Demand was classified into two groups: 

 For public transport, trips were disaggregated into two groups, depending 
on whether travelers are captive of public transport - they do not have 
either a driving license and/or a vehicle - or they can choose between 
public transport and car. 

 For car trips, we have disaggregated trips into two groups: the first one, 
origin-destination pairs for which the survey only includes car trips; and 
the second one, origin-destination pairs where there are trips in both 
modes: car and public transport. The first group will be referred to as 
“car captive”; although they are not really captive but just public 
transport does not seem an alternative for those origin-destination trips. 
They are all trips between the metropolitan ring and the regional ring, or 
just inside one of them. These trips will not be directly affected by the 
measures considered, since they are far away from the Study Area, 
except for the benefits derived from congestion relief that would result in 
such case in an increase of car, which is not possible due to the absence 
of public transport trips in such relationships between the metropolitan 
area and the regional ring. 

The initial matrix for the modal split model is obtained from the sum of the two 
non-captive matrices for the two different modes considered. 

The global matrix of trips for the morning rush hour is divided into four groups, 
first according to the mode (car and public transport), and second depending on 
their available alternatives, i.e., if they are captive or not. Non captive users 
are split again into two new matrices of car and public transport users.  

These new matrices, added to the captive users of each mode, form the final 
matrices which will be assigned to the network. 

Car assignment is assigned first; afterwards, bus speed is recalculated and 
public transport matrix is split  into two, depending on whether they use METRO 
or local buses (EMT). These two matrices are then assigned. 

  



CHAPTER 4: DATA SOURCES AND METHODOLOGY 

58 

This is an iterative process which ends when the O-D matrices converge in two 
consecutive iterations. 

All these steps explained in the previous page are shown schematically in 
Figure 4-6. 

 

FIGURE 4-6 Demand model structure 

Source Author’s elaboration. 
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4.2.1.4 O-D matrix adjustment 

4.2.1.4.1 Car 

The O-D matrix obtained from the EDM 2004 was calibrated by using 257 traffic 
flow counters from the Ministry of Transport and Infrastructure (MFOM,2005), 
the Road Department of the Regional Government of Madrid (CM,2005) and the 
Mobility Department of the Madrid City Council (Ayuntamiento de Madrid,2005). 

 

 

FIGURE 4-7 Traffic counters location 

Source Author’s elaboration (screenshot of the transport model). 

TABLE 4-6  Traffic counters distribution 

Authority Number Road 
Ministry of Transport and 

Infrastructure 
83 

25: ring road M-40 
58: main radial highways 

Regional Government 44 
16: conventional roads 
28: partial ring road M-45 

Madrid city council 130 
44: M-30 
86: local roads in the city of 
Madrid 

Source Author’s elaboration. 

The count locations of the Ministry of Transport and Infrastructures have a 
different level of reliability, depending on the number of days traffic was 
measured: permanent stations measure every day, primary stations do it one 
week every two months, secondary stations once a month and tertiary ones 
only 2 days a year, providing for the latter the daily traffic but not hourly 
distribution or month, weekend or night correcting factors. 
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In all the corridors entering the city there is at least one traffic counter of the 
first three classes. The hourly traffic for the rush hour of the tertiary stations 
was then obtained considering the same behavior of the more reliable count 
location of the same corridor, but using its own data of daily traffic. 

In the case of the M-40, hourly distribution was obtained from data provided by 
the National Traffic Authority, with the daily traffic provided by the count 
location of the Ministry of Transport and Infrastructure 

Count locations of the regional government do not have a classification 
according to reliability: in the case of the regional government, hourly 
distribution was assumed to be the same as the closest Ministry’s count 
location, while count locations of the City Council do provide this hourly 
distribution. 

The adjustment to traffic counters was  carried out with the adjustment 
procedure for O-D matrices “T Flow Fuzzy”, with a tolerance of 20% of the 
values of count locations. 

As seen in FIGURE 4-8, the fit obtained shows a good convergence between the 
real data of traffic flow and the results obtained from assigning the new 
morning rush hour matrix, with an R2 of 0.55 (see Appendix A 1 for detailed 
data). 

 

FIGURE 4-8 Traffic adjustment of the whole network 

Source Author’s elaboration based on real traffic data and modeling results. 

Disaggregating these data into different road types (urban road infrastructure) 
or specific roads with high importance due to their role in traffic distribution in 
the region (Highways connecting the Madrid Metropolitan Area with the city or 
belts such as M-30 or M-40), a high correlation is shown in FIGURE 4-9.        
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FIGURE 4-9 Traffic adjustment by road type 

Source Author’s elaboration based on real traffic data and modeling results.  
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Comparing the new matrix adjusted to count locations with the previous one 
obtained from the EDM 2004, the curve fit yields a R2 coefficient of 0.94, with 
an adjustment function expressed by Y=0.9595•X +8.1409 (FIGURE 4-10), 
where the horizontal axis stands for estimated car trips and vertical axis for 
observations. 

 

FIGURE 4-10 Correlation between prior and post-modal O-D matrix 

Source Author’s elaboration. 

The resulting matrix is 1.09% above the matrix obtained from the EDM'04; the 
adjustment travel between pairs OD is high. 
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4.2.1.4.2 Public transport 

Main route characteristics for defining the public transport system are speed 
and headway, both obtained from the Transport Authority of Madrid, as 
explained in section 4.1. 

The commercial speeds of the modes with a dedicated infrastructure (metro 
and train) were obtained from the annual report of the Transport Authority of 
Madrid (CRTM, 2005), being 30 km/h for commuter train and 25 km/hfor 
Metro. 

The average speed was estimated weighting the speed of each line by the 
percentage of veh-km each line represents in the total metro system. 

TABLE 4-7  Commercial speed of the metro network. Year 2004 

Metro line Commercial speed (km/h) 
1 23.35 
2 16.72 
3 18.27 
4 19.45 
5 19.74 
6.1 23.58 
6.2 23.89 
7 24.83 
8 41.11 
9a 26.24 
10 31.31 
11 17.41 
Ramal Ópera - P.Pío 11.71 
Average speed 25.22 
Source CRTM, 2005. 

The Transport Authority of Madrid provided data for local buses with individual 
data for several bus lines during the morning rush hour. In this case, we had to 
consider two different types of bus lanes, depending on whether they shared 
space with car or they were reserved lanes. Speed in the first case will depend 
on congestion: 

min	 , ∝	 	                                                                     (4.2) 

: buses free flow speed 

: cars’ speed with congestion 

∝: parameter to estimate 
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While it should be constant in the second case: 

                                                                                      (4.3) 

 and ∝ are to be estimated.  

To set an initial value for bus free flow speed, individual speeds of the two lines 
with a higher share of dedicated lane – lines 27 (80%) and 61 (70%) – were 
considered, with 14.17 and 14.67 km/h respectively, which implied a free flow 
speed of at least 15 km/h. Several tests varying  from 15 to 20, and ∝ from 
0.5 to 1 were carried out, comparing speeds obtained from the model with real 
data obtained from the Department of METRO and EMT of the Transport 
Authority of Madrid. The values finally adopted were 15 km/h and 0.66. For 
conventional roads and highways, the free flow speed was set to 80 km/h. 

Of the 161 urban bus lines defined in the model, 322 considering both ways, 
real data are available in 120 of them (37%). The regression fit inferred a R2 
coefficient of 0.47, with an adjustment function given by Y=0.7552•X +2.3641, 
as depicted in FIGURE 4-11, where the x-axis stands for modeled speeds and y-
axis for observed ones (see Appendix A 2 for detailed data). 

 

FIGURE 4-11 Correlation between modeled and real speed of urban bus lines 

Source Author’s elaboration based on real bus speed (CRTM, 2005b) and modeling 
results. 
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Once speed was calibrated, the modal split between different transport systems 
has to be estimated. For this reason, the public transport system was split into 
two sub-systems, the first of them excluding METRO – TS1 - and the second 
one excluding urban buses (EMT) –TS2 -: 

 TS1 includes intercity buses, commuter train and METRO. 

 TS2 includes intercity buses, commuter train and urban buses.  
 

The public transport matrix is split  into two sub-matrices. The modal choice 
defined only considers travel times for the Utility function definition: 

	 	  

	 	  

Comparing the morning rush hour results with the annual data published in the 
annual report of the Transport Authority of Madrid for the reference year 2004, 
the results show some overestimation of bus users. However, the different 
scales make this comparison only an indicative data. 

 

FIGURE 4-12 Modal split of public transport trips in Madrid 

Source CRTM, 2005. 
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4.2.1.5 Modal choice model 

The definition of the modal choice model was determined by the availability of 
data. As these were provided only aggregated by origin-destination zones, the 
model was estimated in an aggregated way. 

The variables considered had to meet the following conditions: they had to have 
zonal characteristics, not individual ones, and data should be available for the 
different zones considered. 

The following variables were considered: travel costs, population density in both 
origin and destination, regulated parking at origin and destination (dummy 
variables) and distance between origin and destination. 

Several aggregate models were tested from which a binomial logit model 
yielded the best fit. Income was also a variable to include, but, the only 
available data was the average income of the zone. Though it did not seem a 
good approximation, it was considered in several tests, providing very rigid 
models. The variable was then rejected. 

For the logit model calculation the zoning of the model was aggregated into 
districts, for the case of Madrid, and municipalities for the rest of the region. It 
was at this level of aggregation that we could have all the zonal variables 
considered. This aggregation required an accurate data treatment for some of 
the variables. 

The generalized costs defined for each of the alternatives (car-C- and public 
transport-PT) are defined as: 

 In the case of the car, the generalized cost is the sum of travel time, 
operation costs and toll costs: 

Car: 	 	                                            (4.4) 

Where: 

TT=Travel time 

	
∙

€

€                                                                         (4.5) 

	
€
€                                                                               (4.6) 

L: Length of the road section 

C: unitary cost per kilometer 
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VT: value of time. Estimated value of money users accept to pay to save 
travel time 

 For public transport, the generalized cost is the sum of the travel time 
perceived by the user and the cost of the fare cost; this cost was 
estimated as the minimum of the single ticket and the monthly ticket 
divided by 44 (2 trips per day × 22 work days per month) 

Public transport:                                                         (4.7) 

PTT= perceived travel time, being formulated as follows: 

2.5 ∙ 2.5 ∙ 2.5 ∙ 3 ∙ 3 ∙      (4.8) 

With 

tvehicle: time spent in the vehicle 

taccess: time spent from the origin of the trip to the connection point with the 
public transport system 

tegress: time spent from the public transport system to the destination 

twalk: time spent walking inside the public transport system 

twait: time spent waiting for the vehicle 

 a penalty of 5 minutes per transfer 

Although many studies between 1967 and 1980 estimated walk and wait time 
around 2 and 3 respectively (Quarrmby, 1967; Daly and Zachary, 1977; 
McKnight, 1982; TRRL, 1980; Steer Davies Gleave), a more recent study 
(Wardman, 2004) concludes that “as far as average values are concerned, it is 
reasonable to value walk time as twice in-vehicle time (IVT), but a weight of 
2.5 is more appropriate in the case of wait time”. Access and egress time were 
considered the same as walking time. According to Evans (2004), the 
equivalent to the extra cost imposed by a transfer varies from 5 to 15 minutes. 

The unitary trip cost of the monthly ticket has been estimated by considering a 
month of 22 work days as average, with a minimum of two trips per day. 

min	 	 	,
	 	 )                                                        (4.9) 

The value of time (VT) considered, €9 /hour, was obtained by evaluating the 
travel demand model with the current tolled highways in Madrid. A similar value 
of time was estimated for the second largest metropolitan region (Barcelona) in 
Spain (Salas et al., 2009). 
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Value of time can be disaggregated not only by mode users, but depending on 
the user type per each mode. This means, travel time spent on a bus or in a 
train is not valued the same by a public transport user than by a car user, and 
varies also according to the means of transport and the distance travelled 
(Wardman, 2004). In this case, as the value of time was not the aim of this 
study, following what was  done in other studies (Karlström and Franklin, 
2009), we have considered the same value of time for all users. 

The Utility functions distinguish among pairs of zones and they are defined in 
the following variables: 

 GC:	generalized costs of each mode (previously defined).	

 PO,	 PD,: dummy variable which differentiates origin and destination zones 
with free parking from regulated ones. 

 PDO,	PDD,: population density at origin and destination. 

 	: distance between origin and destination. 

Utility expressions are defined as follows: 

∙ 	 ∙ ∙ ∙ ∙ ∙          (4.10) 

                                                                     (4.11) 

 

The probability of use of each mode is, then, derived as:: 

                                                                              (4.12) 

                                                                            (4.13) 

According to Berkson-Theil transformation: 

ln                                                                            (4.14) 

From where we obtain: 

ln ∙ 	 	 ∙ ∙ ∙ ∙ ∙     

                                                                                                          (4.15) 
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The coefficients estimated are obtained by a linear regression modelling using 
the software SPSS. 

Bear in mind that expressions 4.12 and 4.13 have a negative sign affecting 
utility functions, thus expressions 4.10 and 4.11 have a disutility meaning. 

Considering different combinations of the variables considered, several models 
were estimated, summarized in TABLES 4-8. 

TABLE 4-8  Variables considered in the Utility function definition 

Model GC PO PD PDO PDD DIS 
M1       

M2       

M3       

M4       

M5       

M6       

M7       

Source Author’s elaboration. 

TABLE 4-9 summarizes the main coefficients of all the modal choice models 
defined in TABLE 4-8. 

TABLE 4-9  Estimated coefficients of the Utility function 

Model GC 
 

PO 

 
PD 

 
PDO 

 
PDD 

 
DIS 

 
 

M1 4.057 -- -- -- -- -- 0.970 
M2 1.856 0.979 0.540 5.351*10-5 4.608*10-5 0 -3.805 
M3 1.4 -- 0.723 -- 4.093*10-5 9.274*10-5 -2.886 

M4 1.783 1.450 0.411 -- 5.013*10-5 0 -3.227 
M5 1.681 0 0.762 7.633*10-5 3.943*10-5 0 -3.869 
M6 1.395 -- 1.181 -- -- 8.981*10-5 -2.503 

M7 1.747 1.336 0.989 -- -- 0 -2.738 
Source Author’s elaboration. 

According to the formulation of the utility functions, positive coefficients imply 
an increase in the value of the utility of the car, and consequently a decrease in 
the probability of using the car. Therefore, it makes sense that higher 
population densities, regulated parking or higher car generalized costs, entail 
less car use. Also, negative values for the constant represents the modal 
preference for the car. 
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TABLE 4-10 summarizes the coefficients and statistic values of all the seven 
models finally estimated. Detailed results of these model estimations are 
included in Appendix A-3. “B” coefficients correspond to the coefficients for 
each independent variable in the regression equation used to predict the 
dependent variable, while the Beta coefficients correspond to those same 
coefficients in case all the variables of the utility function were standardized for 
having an average value of 0 and a standard deviation of 1. The t statistic 
shows the statistical significance of the different variables considered in the 
models. 

TABLE 4-10 Statistical values of the models estimated 

M1 ∙  

Variables 
Standardized coefficients 

Typified 
coefficients 

t 
B 

Standard 
error 

Beta 

GCC, GCPT  4.057 0.019 0.372 215.605 
Constant 0.970 0.014  -70.345 

     

M2 ∙ ∙ ∙ ∙ ∙ ∙  

Variables 
Standardized coefficients 

Typified 
coefficients 

t 
B 

Standard 
error 

Beta 

GCC, GCPT 1.856 0.025 0.170 75.214 

Po 0.979 0.012 0.156 -81.231 
PD 0.540 0.012 0.094 -43.692 
PDo 5.351E-05 0.000 0.172 -86.312 

PDD 4.608E-05 0.000 0.159 -80.930 
DIS 0.000 0.000 0.412 -182.061 
Constant -3.805 0.027  0.000 
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M3 ∙ ∙ ∙ ∙  

Variables 
Standardized coefficients 

Typified 
coefficients 

t 
B 

Standard 
error 

Beta 

GCC, GCPT 1.400 0.026 0.128 54.773 
PD 0.723 0.013 0.127 -57.523 

PDD 4.093E-05 0.000 0.141 -69.631 
DIS 9.274E-05 0.000 0.308 -137.130 
Constant -2.886 0.028  104.865 

     

M4 ∙ ∙ ∙ ∙ ∙  

Variables 
Standardized coefficients 

Typified 
coefficients 

t 
B 

Standard 
error 

Beta 

GCC, GCPT 1.783 0.025 0.164 71.395 

Po 1.450 0.011 0.232 -133.285 
PD 0.411 0.012 0.072 -33.104 

PDD 5.013E-05 0.000 0.173 -87.212 

DIS 0.000 0.000 0.365 -164.051 
Constant -3.227 0.027  120.227 

     

M5 ∙ ∙ ∙ ∙ ∙  

Variables 
Standardized coefficients 

Typified 
coefficients 

t 
B 

Standard 
error 

Beta 

GCC, GCPT 1.681 0.025 0.154 67.634 

PD 0.762 0.012 0.133 -62.527 

PDo 7.633E-05 0.000 0.245 -136.559 
PDD 3.943E-05 0.000 0.136 -69.187 

DIS 0.000 0.000 0.402 -175.847 
Constant -3.869 0.028  140.017 
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M6 ∙ ∙ ∙  

Variables 
Standardized coefficients 

Typified 
coefficients 

t 
B 

Standard 
error 

Beta 

GCC, GCPT 1.395 0.026 0.128 54.143 
PD 1.181 0.011 0.207 -109.398 

DIS 8.981E-05 0.000 0.299 -131.949 
Constant -2.503 0.027  92.056 

     

M7 ∙ ∙ ∙ ∙ ∙ ∙  

Variables 
Standardized coefficients 

Typified 
coefficients 

t 
B 

Standard 
error 

Beta 

GCC, GCPT 1.747 0.025 0.160 69.077 
Po 1.336 0.011 0.214 -122.119 

PD 0.989 0.011 0.173 -92.868 
DIS 0.000 0.000 0.349 -155.286 

Constant -2.738 0.027  102.967 
Source Author’s elaboration. 

These seven models were tested by using VISUM software. For each of them, 
the correspondent utility function for each mode was defined; with these utility 
functions, the modal choice procedure was executed and the new matrices 
obtained from each model were estimated. This is an iterative process that 
finishes when OD matrices for two consecutive iterations converge (see Figure 
4-6 for a schema of the process). 

Total values of the OD matrices obtained for each model are summarized in 
TABLE 4-11. The Reference Scenario corresponds to the original matrices of 
non captive users for both car and public transport obtained from the 
EDM’2004. 
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TABLE 4-11 Prior and post modal choice O-D matrices comparison 

Model 

Hourly trip matrices of non 
captive users: working day 8-9 

am 

Difference with 
Reference 
Scenario 

EDM and post 
modal choice 

matrix 
correlation: R2 

coefficient 
Car Public transport Car PT Car PT 

Ref. 270,273 70% 115,090 30% --- --- --- --- 
M1 300,728 78% 84,635 22% 11% -26% 0.884 0.370 
M2 316,092 82% 69,272 18% 17% -40% 0.856 0.234 

M3 275,032 71% 110,331 29% 2% -4% 0.914 0.541 
M4 315,463 82% 69,900 18% 17% -39% 0.857 0.233 
M5 324,405 84% 60,959 16% 20% -47% 0.863 0.247 

M6 275,000 71% 110,363 29% 2% -4% 0.913 0.536 
M7 319,804 83% 65,560 17% 18% -43% 0.860 0.237 
Source Author’s elaboration. 

Though all of them fit quite well, models M3 and M6 have both a better total 
value for the O-D matrices and an R2 coefficient. 

Table 4-12 focuses now on trips with destination inside the Central Area and 
origin outside of it. 

TABLE 4-12  Prior and post modal choice trips comparison with O/D in CA 

Model 
Hourly trip matrices of non 

captive users: work day 8-9 am 

Difference 
(variation 
amongst 
reference 
scenario) 

EDM and post 
modal choice 

matrix 
correlation: R2 

coefficient 
Car PT Car PT Car PT 

Ref. 93,336 62% 56,388 38% --- --- --- --- 
M1 108,909 73% 40,815 27% 17% -28% 0.901 0.485 
M2 107,088 72% 42,636 28% 15% -24% 0.903 0.509 
M3 91,759 61% 57,965 39% -2% 3% 0.911 0.540 
M4 105,821 71% 43,903 29% 13% -22% 0.900 0.494 
M5 112,550 75% 37,175 25% 21% -34% 0.904 0.508 
M6 101,957 68% 47,767 32% 9% -15% 0.903 0.472 
M7 118,681 79% 31,043 21% 27% -45% 0.894 0.457 
Source Author’s elaboration. 

In previous table 4-12 we can appreciate that R2 coefficients are quite similar 
for all of them, but regarding the total values of the new estimated matrices, 
M3 is the model which best fits. 
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In view of the results, the model finally chosen is M3: considering the global 
number of trips within the metropolitan area, M3 and M6 were the two best 
models regarding the original matrices obtained from the EDM’2004; but when 
focusing on trips with origin or destination Central Area, M3 provides much 
better results than M6. 

A summary of the model M3, the model finally considered, follows: 

∙ 	 ∙ ∙ ∙                                   (4.16) 

∙                                                                        (4.17) 

TABLE 4-13 Modal choice model: coefficients and main values 

Model 
GC 

 
PD 

 
PDD 

 
DIS 

 
 

Pre&post modal 
choice matrix 
correlation: R2 
Car PT 

M3 1.4 0.723 4.093*10-5 9.274*10-5 -2.89 0.914 0.541 
Source Author’s elaboration. 

4.2.1.6 Matrix estimation and assignment 

The starting point is the original modal matrices (M0) of the Reference Scenario, 
obtained from the Mobility survey. The resulting modal matrices are obtained 
from an iterative process where new O-D matrices are estimated using the 
modal choice model previously defined in this section (where time and cost are 
inputs from the assignment model); these new matrices are then assigned to 
the network model, obtaining new travel times and costs which are new inputs 
for the modal choice model, and a new iteration is then started (see FIGURE 4-
13). 

Final O-D matrices (M1) for the Reference Scenario are obtained when 
convergence is reached, with the criteria defined that the difference of trips per 
mode between each O-D pair is smaller than 1%: 

∀	 , :		 , 	 , min	 0,01 max	 , , ,                                         (4.18) 
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FIGURE 4-13 O-D matrices estimation process: Reference Scenario 

Source Author’s elaboration. 

In the preceding schema the first step corresponds to the car matrix assigned 
following the Wardrop Principle (Ortuzar and Willumsen, 1994), and, with the 
resulting congestion, public travel times are estimated and public transport is 
then assigned. As already explained in section 4.2.1.4.2, public transport 
matrix is split  into two different matrices: the first one excluding the urban bus 
transport system (TS1), and the second one excluding metro system (TS2). 

The same process was followed for each of the scenarios simulated, using the 
Reference Scenario matrices estimated with the modal choice model as the 
initial ones. These matrices are assigned to the network under the new policy 
defined, varying the travel times and costs from the Reference Scenario. These 
new travel variables are considered in the new running of the modal choice 
model, and the matrices obtained are again re-assigned into the transport 
network model. The scheme of the iterative process is shown in FIGURE 4-14. 

 

FIGURE 4-14 O-D matrices estimation process: simulated scenarios 

Source Author’s elaboration.     
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4.2.2 INDICATORS 

From all the transport related problems, the focus of this thesis is set on the 
three issues established in section 1.2- emissions, noise and potential trip 
attraction. 

As already explained in section 1.2, the three measures to test primarily intend 
to promote a modal split where the car has a smaller share. But this modal split 
is not an objective by itself but an attempt to reduce the main environmental 
problems produced by traffic - emissions and noise – without reducing the 
potential travel attractor of city centers, a fact measured in terms of public 
transport competitiveness and global travel time. 

Indicators – summarized in TABLE 4-14 - were defined according to the 
requirements set in section 2.3. 

TABLE 4-14 Indicators 

Indicator Geographic scope 

Modal split 
Car trip variation Metropolitan area 

Car-km decrease 
Central Area 

Metropolitan area 

Emissions PEI (NOx, PM) Central Area 
CO2 Metropolitan area 

Noise Noise Central Area 

Travel time 
Travel time Trips with origin and/or 

destination in Central 
Area 

Ratio 	  

Public transport speed 
Source Author’s elaboration. 

 

MODAL SPLIT INDICATORS 

The impact on modal split was measured in two different ways: 

 The number of trips made by car and its variation with respect to the 
Reference Scenario. In this case, the impact is measured globally. 

 The number of veh-km made by car and its variation with respect to the 
Reference Scenario. This impact is estimated for both, only the Central 
Area and the whole region. 
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EMISSIONS 

Emissions can be disaggregated into two different types, depending on whether 
they are responsible for air quality, affecting human health directly (pollutants)  
or they contribute to global warming (CO2). While pollutants have a local 
impact, CO2 has to be considered globally. 

1) Local pollutants: the main pollutants concerning air quality in urban 
areas are particulate matter (PM) and oxides of nitrogen (NOx) (May and 
Marsden, 2010), the reason why this study focused only on both of them.  

According to the results obtained in the NEEDS project (NEEDS, 2011)-, the 
toxicity factor of nitrogen oxides is 0.5 the toxicity of PM. Then, an index of 
pollutants emissions (PEI) was defined (expression 4.19): 

	 . 	

.
                                                                     (4.19) 

NOx and PM values were estimated using the expression (see 4.20) and 
coefficients of the Department of Transport of the UK for routes (DETR, 2007): 

	 ln

                                                                                       (4.20) 

With a, b, c, d, e, f, g, h, I, j and x being estimated coefficients depending on 
the type of vehicle and the considered pollutant (DETR, 2007) and V the the 
average vehicle speed. 

2) CO2: responsible for global warming, does not have a local impact but a 
global effect. 

CO2 values were estimated using the expression (see 4.21) and coefficients 
estimated by Boulter (2009): 

	 /               (4.21) 

With a, b, c, d, e, f, g, k and x being estimated coefficients depending on the 
type of vehicle (Boulter, 2009), and V the average vehicle speed. 

Being the global emissions (GE) in both cases: 

	                                                                              (4.22) 

Where E stands in both cases for the emission rate expressed in g/km. 
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Emissions vary depending on traffic volume, speed and vehicle type. Results 
were estimated considering the fleet distribution of Madrid for the year 2009, 
which was obtained from the National Traffic Authority (DGT, 2009). 

 

 

FIGURE 4-15 Madrid fleet distribution. Year 2009 

Source DGT, 2009 

With this fleet distribution, the emission factor E varies with speed as shown in  
FIGURE 4-16. 
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FIGURE 4-16 Emissions-speed curves 

Source Author calculations based on data from the DETR (2007), Boulter (2009) 
and the DGT (2009). 

NOISE LEVEL 

Noise is not perceived by humans proportionally to the noise level, but through 
thresholds; this means that an increase of the noise level from 35 dB to 40 dB 
is not perceived by human hearing, although it is an increase of 14%. 
Annoyance level was set in about 50 to 55 Db, and over 65 dB LAeq are 
detrimental to health (WHO, 2000). 
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Noise level was estimated using the VISUM module of noise calculation Noise-
Emis-Nordic procedure (see 4.23), which estimates noise emissions levels in 
accordance with the regulation of the Nordic Council of Ministers. 

37.5 10 lg 1 0.082 %                                  (4.23) 

being: 

 HT: hourly traffic per link 

 % hv: percentage of heavy vehicles 

 : Factor for noise correction due to current speed 

According to this formulation, noise decreases not only with traffic reduction but 
with speed as well, as shown in FIGURE 4-17: 

 

FIGURE 4-17 Noise level according to traffic and speed 

Source  Author calculations based on VISUM data. 

Using the model previously defined in Chapter 4, in our case study, almost all 
the roads inside the Central Area (98%) overpass the threshold of 55 dB in the 
peak hour, and 73% more than 65 dB. 
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TRAVEL TIME 

In a first step, this indicator is measured as the sum of all the individual travel 
times of the trips with origin or destination Central Area in the window time 
corresponding to the assignment period, i.e., the morning rush hour. 

But, as travel time seems to remain more or less constant (Levinson and 
Kumar, 1994; Kölbl, 2000;), a saving of time will in the medium or long term 
increase either the number of trips or the distances travelled. Therefore, a time 
saving is not an objective; but a loss of time will prejudice accessibility, helping 
urban sprawl. 

This is why it is not only global travel time the indicator that has to be 
measured but the ratio between the average travel time by public transport and 
the average travel time by car for the trips with origin and/or destination 
Central Area, ratio that measures public transport competitivity with respect to 
the car, expressed as: 

Ratio 	 	 	 	 	 		

	 	 	 	
 

This value was obtained as a weighted sum of these ratios per origin and 
destination by the number of trips for each O-D. 

But, as public transport can increase its competitiveness by decreasing time by 
public transport or increasing car time, then, travel time is a complex indicator 
where three elements need to be considered: 

 First, global travel time cannot increase but also should not decrease 
substantially. 

 Second, public transport competitiveness has to increase. 

 Third, competitiveness has to increase mainly by increasing public 
transport speed. 
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4.2.3 SCENARIOS 

Specific scenarios are required for the second objective of the thesis, which is 
to find the best combination of measures to achieve the different established 
goals, all of them integrated in an Objective Function (OF). Is it possible to find 
the optimum level of implementation of each of the measures considered? On 
this way, each of the measures was simulated on three areas of different size. 
Each area included the previous one and a new ring around it. These areas 
were established based on the road network of Madrid (our case study), with 
the aim of making it clearly defined and recognizable by commuters. 

The use of different scenarios is frequently used in transport planning (May et 
al., 2000a; Minken et al., 2003; Zhang et al., 2006; Eliasson et al., 2009). 

As already mentioned in Chapter 3, the action area corresponds to the inner 
part of Madrid City, Central Area, delimited by the first ring road, M-30. This 
ring road - M-30 - an originally peripheral circular highway currently absorbed 
by the city of Madrid, divides the city into two sections: the Central Area, which 
is our action area, and the peripheral districts. Apart from this surrounding ring 
of the Central Area, the M-30, two more rings were established: the inner ring 
(Ring 1) surrounds the central district and an intermediate one (Ring 2) formed 
by consecutive big avenues which function as a main traffic-distributor axis 
inside Central Area. 

These three rings meet the conditions of being easily recognizable within the 
road network structure of the city and being concentric within each other. They 
divide the Central Area in three different areas: 

 A1: inside ring 1 

 A2: between ring 1 and ring 2 

 A3: between ring 2 and ring 3 

The peripheral districts and the metropolitan ring are included in a fourth area, 
named A4. 

The three rings as well as the three areas are shown in FIGURE 4-18. 
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FIGURE 4-18 Study area division for simulation scenarios 

Source Author’s elaboration. 

Efficiency is one of the main criteria taken into account when considering the 
implementation of dedicated bus lanes (Sanz, 2008): the impact of a bus 
dedicated lane increases with the number of bus services that benefit from the 
measure, and bus services normally running along the main avenues, at least in 
most of their route. 

Concerning traffic calming, this measure has normally been implemented in 
local streets, where livability has greater importance. 

Therefore, a road hierarchy was defined for road infrastructure within the 
Central Area, considering two types of roads: distributor axis, and local streets. 
The basic criterion for this classification is capacity: vertebral axes have a 
higher capacity, with at least 3 lanes per road section, while local streets have 
two or less. The second criterion is continuity; this means that vertebral axes, 
as traffic distributors, have to allow traffic continuity. To enable this continuity 
of the vertebral axis, once the road infrastructure was classified following the 
criteria of capacity, some road sections were changed from local to distributors, 
although not fulfilling the requisites, because they were part of an axis where 
most of the sections had higher capacity. 
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This road hierarchization, together with the division in rings of the Central Area 
divides the road infrastructure in eight different types, formalized in Table 4-15. 

TABLE 4-15 Road type classification 

Area Road type 

Central 

Area 

A1: area 1 
Vertebral axis A1 
Local streets A1 

Ring 1 Vertebral axis 

A2: area 2 
Vertebral axis A2 
Local streets A2 

Ring 2 Vertebral axis 

A3: area 3 
Vertebral axis A3 
Local streets A3 

Ring 3: M-30 

Source Author’s elaboration. 

Almost 60% of the bus routes run along the vertebral axis, though they are just 
32% of the total road length of Central Area (489 km out of 720 km). 

 

FIGURE 4-19 Road type hierarchization 

Source Author’s elaboration. 
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4.2.3.1 Individual measures simulations 

Each of the 3 selected measures was tested individually for the different areas 
in which the Central Area was divided. As previously explained, the criteria 
followed to define these areas were to be concentric within each other and 
easily recognizable within the road network structure. 

Each of the measures considered was modeled as follows: 

 The urban toll, as an extra cost in the link entering the tolled area. This 
extra cost, 4 Euros, is converted into time by using the Value of Time 
defined in section 4.2.1.5 (9 Euros/hour). 

 Traffic calming is modeled by decreasing the free flow speed of the links 
affected from 50 km/h to 30 km/h. 

 Bus dedicated lanes is simulated by reducing car capacity on the links 
affected from n lanes to n-1 and varying the bus speed calculation: 

from those links where buses share space with the car: 

min	 , ∝	 	                                                             (idem 4.2) 

to links with no car interference: 

                                                                                  (idem 4.3) 

4.2.3.1.1 Urban toll measures 

Five different urban toll scenarios were considered (see TABLE 4-16). Firstly, 
three scenarios in which a simple cordon scheme was defined involving an 
entrance toll of 4 Euros to one of the three areas: tolling in the first area is 
modeled in Scenario 1 (UT1), the second area in Scenario 2 (UT2), and the 
third in Scenario 3 (UT3).  

Following conclusions by May et al. (2002), two more complex scenarios were 
tested (UT4 and UT5), combining the previous ones, as shown in TABLE 4-16. 

The toll rate was estimated using the same ratio tariff/per capita GDP of London 
when the Congestion Pricing scheme was implemented. Considering Madrid’s 
GDP per capita, the estimated toll has resulted in a rounded value of €4. 
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TABLE 4-16 UT scenarios 

Scheme 

type 
Scenario Toll location Toll (€) 

Simple 

cordon toll 

schemes 

UT1 Access to area A1 delimited by ring 1 €4 
UT2 Access to area A1&A2 delimited by ring 2 €4 

UT3 Access to area (A1&A2&A3) delimited by ring 3 €4 

Double 

cordon toll 

schemes 

UT4 
Access to area (A1&A2&A3) delimited by ring 3 
and 
to area (A1) delimited by ring 1 

€4 (A3)  
 

€4 (A1) 

UT5 
Access to area (A1&A2&A3) delimited by ring 3 
and 
to area (A1&A2) delimited by ring 2 

€4 (A3)  
 

€4 (A2) 
Source Author’s elaboration. 

Single cordon schemes are shown in FIGURE 4-20. 
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FIGURE 4-20 UT scenarios: toll barriers location 

Source Author’s elaboration. 
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4.2.3.2 Tariff elasticity 

To check the stiffness of the model, a sensitivity analysis was conducted on the 
implemented tariff. 

Tariff elasticity (see expression 4.24) is defined as the variation of indicator I 
with respect to a reference scenario according to the tariff variation with 
respect this same reference scenario (S0): 

                                                                                      (4.24) 

In this case, the indicator I corresponds to the number of trips entering the 
tolled area. 

Tariffs tested vary from 2 Euros to 7 Euros, with the 4 Euros tariff analyzed in 
the previous sections as the reference one. 

Considering only the three single cordon scenarios, tariff elasticity respect to 
the number of car trips entering the tolled area varies from -0.15 to -0.26 (see 
Table 4-17), which evidences a certain rigidity of the model. Real values 
measured in the Central London Congestion Charging Scheme provide a tariff 
elasticity of -0.37 (TfL, 2007). 

TABLE 4-17 UT scenarios: tariff elasticity analysis 

Scenario 2€ 3€ 5€ 6€ 7€ 
UT1 -0.194 -0.174 -0.161 -0.154 -0.158 
UT2 -0.249 -0.249 -0.223 -0.202 -0.190 
UT3 -0.260 -0.241 -0.223 -0.215 -0.204 
Source Author’s elaboration. 
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4.2.3.2.1 Public transport priority: bus dedicated lanes 

For this measure, the priority is given by dedicating an exclusive lane for buses, 
fact which consequently produces a reduction in car capacity. 

This measure was implemented just in vertebral axis, as implementation in 
local streets, with just one lane per way in most of the cases, entails closing the 
streets for the rest of road traffic. 

The same as with the traffic calming measure, it was implemented by areas, 
but just considering two scenarios because of the small percentage of bus-km 
running along the distributor axis of A1 (2%). 

TABLE 4-18 BL scenarios 

Scenario Area affected 

% car capacity 
reduction over 

Reference 
scenario 

% bus-km 
running along 
dedicated bus 

lanes 
BL2 A1&A2 distributor axis -12% 25% 

BL3 A1,A2&A3 distributor axis -18% 66% 

Source Author’s elaboration. 

Without any further analysis, implementing the measure in A1&A2&A3 seems 
more efficient, as with just a 6% decrease more of car capacity in BL3 than in 
BL2, the percentage of bus-km benefited from this measure increases 41% 
from one scenario to the other, as shown in TABLE 4-18. 

Although in A3 a significant part of bus services running inside this area do it 
along local streets, this measure has not been implemented in this type of 
streets due to the two following reasons: 

 The number of bus services running along these streets is lower than 
along main streets, which reduces the positive impact of the measure 
(see Table 4-19). 



CHAPTER 4: DATA SOURCES AND METHODOLOGY 

90 

TABLE 4-19 Average bus services per lane and road type 

Road type Average bus services per lane in peak hour 

A1 
Local 22 
Main 28 

Ring 1 33 

A2 
Local 12 
Main 25 

Ring 2 25 

A3 
Local 15 
Main 26 

Ring 3 13 
Source Author’s elaboration. 

 Reducing to one lane car capacity on these streets not only reduces car 
capacity but may impede it completely, as they may have only one lane 
per direction. 

Bus dedicated lanes scenarios are shown in FIGURE 4-21. 

  

FIGURE 4-21 BL scenarios: affected road 

Source Author’s elaboration. 
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4.2.3.2.2 Traffic calming measures 

This measure consists in limiting speed to a lower level, 30 km/h in our case. It 
was implemented just in the local streets, but not in the vertebral axis. In the 
three scenarios considered, the area affected by this policy increases from A1 to 
the whole Central Area, restricting speed only in local roads. The percentage of 
the total road capacity within Central Area affected by the speed limit reaches 
more than 50% in scenario TC3, as shown in TABLE 4-20. 

TABLE 4-20 TC scenarios 

Scenario Area affected % capacity with speed limit 30 
km/h over whole Central Area 

TC1 Local streets of A1 9.2% 
TC2 Local streets of A1&A2 22.2% 
TC3 Local streets of A1,A2&A3 53.7% 
Source Author’s elaboration. 
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Traffic calming scenarios are shown in FIGURE 4-22. 
 

  

 

FIGURE 4-22 TC scenarios: affected road 

Source Author’s elaboration.   
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4.2.3.3 Policy package scenarios 

After analyzing the impacts of each of the measures individually, these 
measures were then combined in different policy packages, first two by two and 
finally the three of them together.  

For the policy packages including two measures, the scenarios considered are 
all the possible combinations of areas of implementations for each of the 
measures. This results in: 

 6 scenarios for Urban toll & dedicated bus lanes (3×2), 

 9 scenarios for Urban toll & Traffic calming (3×3), 

 6 scenarios for Traffic calming &dedicated bus lanes (3×2). 

For the policy package including the three measures, their combination provides 
a range of 18 scenarios. Due to the high number of possibilities within this 
policy package, a pre-selection was carried out of those which, a priori are 
expected to provide the best results in maximizing the Objective Function (OF) 
defined in section4.2.4. 

For this pre-selection, values of each of the indicators have been estimated as a 
sum of the individual values of each of the measues, i.e the impact of scenario 
UT1&TC2&BL2 it will be the impact of Scenario UT1+Scenario 
TC2+ScenarioBL2, this means with no complementary or synergic effects. As 
this is not how measure combination is expected to behave, not only the 
scenarios maximizing the OF but also the second and third best options have 
been included in this preselection. 

TABLE 4-21 to TABLE 4-24 show the scenarios to consider. 

TABLE 4-21 UT & BL: scenarios 

Scenario Toll scheme Bus dedicated lanes area 
UT1&BL2 Access to A1 Distributor axis of A1&A2 

UT1&BL3 Access to A1 Distributor axis of A1,A2&A3 
UT2&BL2 Access to A1&A2 Distributor axis of A1&A2 

UT2&BL3 Access to A1&A2 Distributor axis of A1,A2&A3 
UT3&BL2 Access to A1&A2&A3 Distributor axis of A1&A2 
UT3&BL3 Access to A1&A2&A3 Distributor axis of A1,A2&A3 
Source Author’s elaboration.   
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TABLE 4-22 UT & TC: scenarios 

Scenario Toll scheme Traffic calming area 
UT1&TC1 Access to A1 Local streets of A1 
UT1&TC2 Access to A1 Local streets of A1&A2 

UT1&TC3 Access to A1 Local streets of A1,A2&A3 
UT2&TC1 Access to A1&A2 Local streets of A1 
UT2&TC2 Access to A1&A2 Local streets of A1&A2 

UT2&TC3 Access to A1&A2 Local streets of A1,A2&A3 
UT3&TC1 Access to A1&A2&A3 Local streets of A1 
UT3&TC2 Access to A1&A2&A3 Local streets of A1&A2 

UT3&TC3 Access to A1&A2&A3 Local streets of A1,A2&A3 
Source Author’s elaboration. 

TABLE 4-23 TC & BL: scenarios 

Scenario Traffic calming area Bus dedicated lanes area 
TC1&BL2 Local streets of A1 Distributor axis of A1&A2 
TC1&BL3 Local streets of A1 Distributor axis of A1,A2&A3 

TC2&BL2 Local streets of A1&A2 Distributor axis of A1&A2 
TC2&BL3 Local streets of A1&A2 Distributor axis of A1,A2&A3 
TC3&BL2 Local streets of A1,A2&A3 Distributor axis of A1&A2 

TC3&BL3 Local streets of A1,A2&A3 Distributor axis of A1,A2&A3 
Source Author’s elaboration. 

TABLE 4-24 UT, TC and BL: scenarios 

Scenario UT TC BL 

UT2_TC2_BL3 Access to A1&A2 A1&A2 A1&A2&A3 

UT2_TC3_BL2 Access to A1&A2 A1&A2&A3 A1&A2 

UT2_TC3_BL3 Access to A1&A2 A1&A2&A3 A1&A2&A3 

UT3_TC2_BL3 Access to A1,A2&A3 A1&A2 A1&A2&A3 

UT3_TC3_BL2 Access to A1,A2&A3 A1&A2&A3 A1&A2 

UT3_TC3_BL3 Access to A1,A2&A3 A1&A2&A3 A1&A2&A3 

Source Author’s elaboration. 

Figures of all the different scenarios considered in this thesis are included in 
Appendix A-4. 
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4.2.4 THE OBJECTIVE FUNCTION 

The definition of an Objective Function to maximize was recursively used in 
Sustainable Urban Mobility Analysis, as different objectives are necessarily 
considered. 

The second objective of this thesis is to propose the best combination of these 
measures to achieve the three goals (emissions, noise and travel time), and 
Objective Function combining the three impacts is proposed. Each impact is 
measured as variation with respect to the reference Scenario. The Objective 
Function defined is then formulated as shown in the expression 4.25. 

	                                                                  (4.25) 

 I1= emissions 

 I2= noise 

 I3=travel time 

With: 

 I1: in this case, as the study is focused on the Central Area, the indicator 
chosen is the PEI. But this objective has to be achieved without 
increasing CO2 emissions. 

 I2: noise level variation regarding the Reference Scenario 

 I3: the three selected indicators, travel time, transit competitiveness and 
public transport speed have to be considered, as the desired combination 
is to increase public transport competitiveness by decreasing public 
transport travel time, but without increasing global travel time (negative 
impact to society) or either decreasing it substantially (it may increase 
distances or number of trips in the long run). 

 , , : weights for each of the indicators, where ( )=1, and 
0 

In this case, the method chosen, the Weight Space Analysis (Jones and 
Mehrdad, 2010), consists of a graphical representation of the best scenarios for 
all the different weights of the indicators included. The strength of this method 
is the easy display of all the best scenarios to consider within the different 
weights of each of the factors included in the Objective Function, but its use is 
limited to an Objective Function with three indicators. 
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These best scenarios are represented as areas contained in a triangle. Each of 
the vertices of the triangle represents the weight =1 for one of the indicators, 
and =0 for the other two, each side of the triangle represents a varying weight 
from 1 to 0 for two indicators and =0 for the third one, and all the 
intermediate points within the area of the triangle represent all the rest of 
possibilities of different weights. 

 

FIGURE 4-23 Weight space analysis representation 

Source Jones and Mehrdad, 2010. 
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5.1 INDIVIDUAL MEASURE SIMULATIONS 

5.1.1 URBAN TOLL 

5.1.1.1 Modal split 

As previously explained when describing the Urban Toll (UT) scenarios for 
simulation, the implemented toll was a 4 Euros tariff for entering the tolled 
area. This tariff was chosen as a function of the ratio tariff / GDP per capita of 
London when the congestion pricing scheme was first implemented; the GDP 
per capita of Madrid for 2004 was used which is also the reference year for this 
thesis. This approach makes it possible to contrast the results in the different 
simulations tested with data of a real implementation. 

The implementation of a cordon ring to enter the tolled area produces, as 
expected, a reduction in car use, both in terms of trips and traffic, as shown in 
TABLE 5-1. 

TABLE 5-1  Single UT scenarios: trip and traffic variation 

TRIPS UT1 UT2 UT3 
Total variation -1.2% -3.1% -3.5% 
Entering 
tolled area 

Reference scenario 36,156 196,824 313,278 
Variation -10% -12% -9% 

Outside 
tolled area 

Reference scenario 274,190 267,518 240,176 
Variation -1.9% -4.9% -6.4% 

TRAFFIC UT1 UT2 UT3 
Central Area -3.8% -9.9% -8.0% 
Metropolitan area -2.1% -5.3% -5.9% 
Inside 
tolled area 

Reference scenario 10,317 56,039 114,958 
Variation -10% -12% -8% 

Outside 
tolled area 

Reference scenario 348,177 302,455 243,536 
Variation -2% -4% -5% 

 

This impact, although higher in the tolled area than outside it, also has a 
significant positive effect in the whole metropolitan area, as shown in Appendix 
A 5. 

In the three cases, the total decrease is higher in terms of veh-km than car 
trips (see TABLE 5-1), which means that trips transferring to public transport 
have an average distance higher than the average distance of the whole car 
trips. 
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When analyzing the results of the simple cordon scenarios (UT1, UT2 & UT3) in 
terms of modal transfer, the variation is most significant in Scenario UT3, 
where the number of car trips decreased by 5.9% over the whole metropolitan 
area (TABLE 5-1). However, although the tolled area is almost four times the 
area of Scenario UT2, the difference in modal split is only 0.6% higher. 
Conversely, when we focus on the veh-km travelled inside the Central Area, 
traffic reduction is higher in scenario UT2 than in UT3, 9.9% against 8% 
(Valdés et al, 2012). 

In view of these results, a comparative analysis of scenarios UT2 and UT3 
deserves further study in detail, to understand this apparent discrepancy of 
results in terms of veh-km. 

For this analysis, car trips were aggregated depending on the area of origin and 
destination of the trip, corresponding A1 to the area delimited by Ring 1, A2 
between Ring 1 and Ring 2, A3 between Ring 2 and Ring 3, and A4 the area 
outside ring Ring 3, i.e., the M-30. The Central Area includes A1, A2 and A3, 
while A4 includes all the area outside the Central Area. 

TABLE 5-2  Single UT scenarios: car trip variation respect Reference 
scenario 

DES →  
ORI ↓ 

Reference Scenario 
A1 A2 A3 A4 CA Total 

A1 861 1,027 1,572 4,305 7,766 
A2 1,313 4,332 4,885 13,138 23,668 
A3 2,236 5,362 13,288 23,453 44,338 
A4 7,270 16,391 33,236 142,383 199,280 
CA    34,876   

Total 11,680 27,112 52,981 183,279   275,052 

DES →  
ORI ↓ 

Scenario UT1 vs, Reference Scenario 
A1 A2 A3 A4 CA Total 

A1 -33 -3 -3 -5 -44 
A2 -482 -46 -69 -352 -949 
A3 -653 -104 -89 -261 -1,107 
A4 -1,934 -750 -340 -108 -3,132 
CA -1,482 

Total -3,102 -904 -500 -726 -5,233 
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TABLE 5-3  Single UT scenarios: car trip variation respect Reference 
scenario 

DES →  
ORI ↓ 

Scenario UT2 vs, Reference Scenario 
A1 A2 A3 A4 CA Total 

A1 -28 -26 -17 -88 -160 
A2 -174 -169 -122 -219 -683 
A3 -769 -1,933 -594 -936 -4,232 
A4 -2,150 -4,537 -1,391 -393 -8,472 
CA    -3,831 

Total -3,121 -6,665 -2,124 -1,636 -13,546 

DES →  
ORI ↓ 

Scenario UT3 vs, Reference Scenario 
A1 A2 A3 A4 CA Total 

A1 6 19 18 17 60 
A2 15 45 44 44 148 
A3 -13 -23 -262 -153 -451 
A4 -1,854 -4,340 -6,814 -2,262 -15,271 
CA    -151   

Total -1,846 -4,300 -7,014 -2,354   -15,514 
 

TABLE 5-4  Single UT scenarios: car trip variation comparison 

DES →  
 ORI ↓ 

Scenario UT2 vs, Scenario UT1 
A1 A2 A3 A4 CA Total 

A1 5 -23 -15 -83   -116 
A2 308 -123 -53 134   266 
A3 -116 -1,828 -505 -676   -3,125 
A4 -216 -3,787 -1,052 -285   -5,339 
CA         -2,349   

Total -18 -5,760 -1,625 -910   -8,313 
DES →  
 ORI ↓ 

Scenario UT3 vs, Scenario UT2 
A1 A2 A3 A4 CA Total 

A1 35 45 35 105   220 
A2 189 214 166 262   831 
A3 756 1,909 332 783   3,780 
A4 296 197 -5,423 -1,869   -6,799 
CA         3,680   

Total 1,275 2,365 -4,890 -718   -1,968 
 

Comparing scenario UT3 with UT2 (TABLE 5-2 and TABLE 5-3), a car trip 
increase can be observed in the Central Area – area A1, A2 &A3 – with respect 
to scenario UT2; while in this scenario car trips with origin and destination in 
the Central Area decrease in 3,831 displacements (TABLE 5-2), with an 11% of 
the total car trips, in scenario UT3 this decrease is only of 0.4% (TABLE 5-2). 
This reduction is due mainly to car trips with origin in the peripheral zones of 
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the Central Area that used the M-30 (ring R3) to reach the destination. Trips 
from more centric areas do not reduce car use but increase it. Although these 
relationships have the best public transport alternative, since they benefit from 
congestion relief derived from the toll charging, they increase their car use. 

Analyzing this same effect in areas A1&A2 for scenarios UT2 and UT1, the same 
effect was observed, although with a lower impact: 565 car trips less over 
7,533 in scenario UT1 versus 397 in scenario UT2 (TABLE 5-4 and TABLE 5-2), 
that is, as the toll entering A1 (UT1) leads to a reduction of car trips inside 
A1&A2 of 7.5%, a toll around UT2 reduces this effect by 5.3%. 

TABLE 5-5  Single UT scenarios: car trip variation depending on O-D areas 

Car trip reduction with origin or destination inside different areas 
Areas UT1 UT2 UT3 

A1&A2 
-565 -397 85 

-7.5% -5.3% 1.1% 

A1.A2&A3 
-1,482 -3,831 -151 
-4.3% -11.0% -0.4% 

 

It appears that the adverse effect increases with the size of the tolled area. This 
can be explained because the bigger the tolled area is, the more internal trips 
are made of a long enough duration to benefit from the alleviation of congestion 
produced by people who avoid entering from outside the area. 

Then, what happens with the trips outside the tolled area with origin and 
destination outside this area? As shown in Table 5-5 , this reduction is higher as 
the tolled area increases, which seems to confirm that excessively small tolled 
areas are too easy to avoid, with people finding a new route for crossing trips 
that make it worth avoiding the charge. 

TABLE 5-6  Single UT scenarios: car trip variation outside the tolled area 

Car trip reduction with origin or destination outside the tolled area 

Scenario Reference scenario 
Car variation with toll 

implementation 
UT1 274,190 -5,199 -1.9% 
UT2 267,518 -13,149 -4.9% 
UT3 240,176 -15,363 -6.4% 
 

So, it appears that, to avoid adverse effects, a more complex toll scheme has to 
be implemented, intercepting more O-D pairs (May et al., 2002). 

To contrast these hypotheses, two more scenarios with a double cordon toll 
were then tested, combining the previous ones. In the first case the toll is 
implemented around A1 and A3, and in the second case around A2 and A3. 



CHAPTER 5:RESULTS 

103 

TABLE 5-7  Double UT scenarios: car trip and traffic variation 

DOUBLE CORDON SCENARIOS 

Scenario Car trips 
Veh-km 

metropolitan 
area 

Veh-km Central 
Area 

UT4 -4.6% -7.8% -11.4% 
UT1+UT3 -4.7% -8% -11.8% 

Difference -2.1% -2.5% -3.4% 
UT5 -6.2% -10.5% -16.7% 

UT2+UT3 -6.6% -11.3% -18% 

Difference -6.1% -7.1% -7.2% 
 

In the two scenarios with double cordon toll, traffic reduction is higher than in 
single cordons although the impact is lower than the sum of effects of the two 
single cordons. In the case of scenario UT4, this difference is around 2%-3%, 
while in scenario UT5 increases to 6%-7%, as shown in TABLE 5-6. 

Although the effects are higher inside the tolled area, the whole road 
infrastructure profits from the implementation of a toll, since car trip reduction 
does not only affect the area closed to the tolled but longer trips. 

A detailed analysis according to road type is shown in Appendix A 5.  

   



CHAPTER 5:RESULTS 

104 

5.1.1.2 Travel time saving 

Congestion relief produces an increase in the average speed, which results in a 
saving of time. This saving of time is quite low, less than 3% (see TABLE 5-7), 
even more if we only consider trips with origin and/or destination inside the 
Central Area, which means that part of the benefit goes to users making 
metropolitan trips, i.e., on trips with no connection to the Central Area. 

But, apart from metropolitan commuters, mostly car users who enjoy part of 
the benefit of time saving, who else benefits from the implementation of the 
toll? Analyzing the average time saving by mode of trips with origin and/or 
destination inside the Central Area; it is observed that car user savings are 
around 4 times higher than public transport commuter savings. Though both, 
car users and bus users do benefit from congestion relief, this difference is 
explained by different reasons: 

 Car users benefit from congestion relief from the beginning to the end of 
the trip, while public transport users only benefit during their local bus 
stage. 

 Public transport benefits less from congestion relief due to the continuous 
stops it has to make, benefiting only during the bus running time. 

This higher decrease of car speed produces an increase in the ratio between 
travel time by public transport and by car, which means a loss of 
competitiveness of public transport in trips with origin and/or destination 
Central Area, thus increasing social inequity and incentivizing car use for those 
who can afford it. 

TABLE 5-8  UT scenarios: time variation according to mode and O-D 

Scenario Global 
travel time  

O and/or D in Central Area 

Travel 
time 

Car PT 
Ratio 	  

variation 
UT1 -0.7% -0.64% -3.2% -0.9% 3.4% 

UT2 -1.5% -1.15% -7.6% -2.0% 8.7% 
UT3 -2.1% -1.77% -9.9% -2.1% 8.1% 

UT4 -2.4% -1.99% -12.0% -2.8% 11.1% 

UT5 -2.6% -1.90% -14.6% -3.4% 15.6% 

 

In a first step analysis, when implementing a cordon toll scheme, time savings 
increase with the size of the area tolled or the complexity of the toll scheme; 
this behavior is mirrored by revenues. 
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But these two indicators, time savings and revenues, do not increase 
proportionally: for example, a comparison of Scenario UT2 and Scenario UT1 
shows that while time savings increases 92%, the revenues increase 177% (see 
TABLE 5-8), almost double. Therefore, a third indicator should be considered: 
the “cost” of time savings, which measures the socio-economic efficiency of the 
tolling scheme. 

Following Laird and Mackie's definition of the methods for transport policy 
assessment (Laird and Mackie, 2009), we adopted an indicator of transport 
economic efficiency (TEE) focused on the welfare benefits of a policy measure: 
i.e. private operating cost and external costs saving. More specifically, if the 
ratio between collected toll revenue and value of time is higher, that means 
that the economic efficiency of this transport measure is lower as road users 
pay a higher price to avoid congestion: i.e. private and external time costs. In 
other words, consumer surplus is lower because the difference between the 
user's willingness to pay and the price paid to avoid congestion is also lower. 
Following the mainstream of benefit economic analysis and identifying the 
maximization of the social welfare function with the maximization of the sum of 
all consumer surpluses, a lower ratio between collected revenue and value of 
saved time maximizes the social welfare function. Hence, the UT3 scenario 
should be chosen to maximize the social welfare function. 

From the previous analysis we can conclude that, with the objectives of either 
maximizing the revenues obtained or reducing the total travel time, Scenario 
UT5 is the best case. However, when considering socio-economic efficiency, we 
find that Scenario UT3 is where users pay the lowest cost for time savings 
(Valdés et al, 2012). 

As the “cost” of time saved is higher than the value of time considered, 
generalized costs increase, more as higher the modal transfer and the “cost” of 
time saved are. 
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TABLE 5-9  Travel time savings and toll revenues: the cost of time saving 

INDICATOR S0 UT1 UT2 UT3 UT4 UT5 
Total travel time (hours) 353,929 351,534 349,372 346,882 345,728 345,177 
Time saving (hours) -2,395 -4,558 -7,047 -8,201 -8,752 

 

Vehicles entering A1 18,346 15,166 (*) 14,785 16,222 13,424 (*) 13,154  
Vehicles entering A2 53,480 49,810 42,160 (*) 47,213 43,957 37,396 (*) 

Vehicles entering A3 56,610 54,240 50,778 44,082 (*) 42,520 (*) 40,091 (*) 
Toll revenues  60,664 168,640 176,328 223,776 309,948 
Cost of time savings (€ / hour).  25.3 37.0 25.0 27.3 35.4 
(*) Vehicles passing the toll gate 
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5.1.1.3 Environmental impact 

Emissions and noise are two major problems for medium and big cities in 
the EU, and are therefore the two impacts to consider here. 

From a global perspective for the whole metropolitan area, all the scenarios 
that were considered lead to emissions and noise reduction. Both vary 
similarly to traffic reduction. Thus, the higher the tolled area is or the more 
complex the toll scheme is, the more they decrease. But, while emissions 
decrease more than traffic, since they benefit from both traffic decrease and 
consequent speed increase, noise only benefits from traffic variation, with 
an effect of around 10% of the impact on pollutants (see Table 5-9). 

Focusing on Central Area, UT2 is a better option than UT3, as was the case 
with traffic reduction, due to the increase of internal mobility in the Central 
Area in UT3 with respect to UT2. This same effect occurs when considering 
the variation in noise level. 

UT1 does produce a positive impact, though rather small compared to 
scenarios UT2 or UT3, especially regarding emissions. 

TABLE 5-10  UT scenarios: environmental impact 

Scenario Central Area Metropolitan area 
Traffic PEI Noise Traffic CO2 

UT1 -3.79% -4.3% -0.33% -2.12% -2% 

UT2 -9.93% -11.3% -1.10% -5.33% -4% 

UT3 -8.03% -10.1% -1.11% -5.92% -6% 

UT4 -11.37% -13.6% -1.66% -7.78% -7% 

UT5 -16.67% -19.3% -2.19% -10.48% -9% 
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5.1.2 DEDICATED BUS LANES 

5.1.2.1 Modal split 

As already defined, the modal split measure consists in the splitting up of 
surface public transport from the car, reserving one lane for public transport 
use in the main road infrastructure. 

Two scenarios were considered (BL2 and BL3), in the first one the measure 
was implemented in areas A1 and A2, and in the second one in the whole 
Central Area. This means a capacity constraint for cars in the Central Area 
of 12% in BL2 and 18% in BL3 (see TABLE 5-11). 

In terms of modal split, the impact of this measure is more moderate than 
in the case of implementing an urban toll. In number of car trips, the 
estimated decrease is 0.7% (for BL2) and 1.3% (BL3), which is around 30% 
of the estimated reduction when considering the implementation of an 
urban toll, as shown in TABLE 5-10. 

The same difference appears when comparing traffic reduction in the whole 
metropolitan area. But this difference narrows when focusing on the Central 
Area, producing even better results with the implementation of bus 
dedicated lanes in all the main roads inside Central Area rather than a toll 
around A3: for scenario BL2, the impact was 30% lower than when 
implementing a toll for entering A2 (6.9% versus 9.9%), but for scenario 
BL3, the estimated effect is 15% higher than UT3 (9.2% versus 8.0%). This 
can be explained by the traffic increase inside Central Area when 
implementing an access toll around A3 (as explained in section 5.1.1). 

TABLE 5-11  BL scenarios: traffic variation 

Scenario Car trips 
Veh-km 

Metropolitan area Central Area 
BL2 -0.7% -1.8% -6.9% 
BL3 -1.3% -2.7% -9.2% 
 

Dedicated bus lanes have been implemented in main avenues; it is 
therefore in this road type where car capacity was reduced and, 
consequently, traffic decreased. This decrease was around 20% to 30% of 
the traffic in the roads affected. Two thirds of this traffic reduction resulted 
in a traffic decrease of the whole network, while the remaining third part 
moved to the closest streets where capacity was not constrained, and also 
to the M-30 ring.   
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TABLE 5-12 BL scenarios: traffic variation by road type 

Road type Traffic reduction 
Capacity 
reduction 

Saturation increase 

BL2 BL3 BL2 BL3 BL2 BL3 
A1 (local) 5.9% 5.5% 0% 0% 3% 3% 
A1 (main) -32.9% -33.5% -42% -42% 10% 10% 
Ring 1 -26.8% -27.3% -36% -36% 10% 9% 
A2 (local) 14.8% 14.5% 0% 0% 6% 6% 
A2 (main) -19.3% -19.9% -35% -35% 13% 12% 
Ring 2 -30.9% -30.0% -40% -40% 8% 9% 

A3 (local) 1% 7% 0% 0% 0% 3% 
A3 (main) -1.2% -21.6% 0% -36% -1% 13% 
Central Area -7% -9% -12% -18% 3.0% 5.5% 
Ring 3: M-30 3.8% 4.9% 0% 0% 3% 4% 

Outside CA 0.0% -0.3% 0% 0% 0% 0% 
Total -1.8% -2.7% -4% -6% 1% 1.5% 

 

While there is an overall traffic reduction, there is also a reduction of car 
capacity of more than two times the traffic decrease. Therefore, road 
network saturation increases: 1% (for BL2) and 1.5% (BL3) for the whole 
network but 3% and 5.5%, respectively, if only the road network of the 
Central Area is considered (see TABLE 5-11). 

  



CHAPTER 5:RESULTS 

110 

5.1.2.2 Travel time saving 

Since bus services running along main roads are now free from congestion, 
their speed has consequently increased, but saturation increased in the rest 
of the roads resulting in a decrease in the average speed for both cars and 
buses running outside the dedicated bus lanes. 

In global terms, this produces an increase in the total travel time of all 
commuters during the peak hour (car + public transport), mainly of the 
trips with origin and/or destination within the Central Area (see Table 5-12). 

TABLE 5-13 BL scenarios: travel time variation 

Scenario 
Global 

travel time 
decrease 

O and/or D in Central Area 

Travel time Car PT 

Ratio 
	

	 	

	 	 	 	

variation 
BL2 0.47% 0.84% 4.9% -0.9% -6.0% 
BL3 0.54% 1.16% 9.4% -2.2% -10.9% 

 

This travel time increase does not affect the whole society in the same way: 
in this case, public transport commuters benefit from the implementation of 
this measure while car users time increases. 

However, public transport average time saving is rather small. Apart from 
the reason already mentioned when analyzing the toll scenarios, public 
transport users only benefit from bus speed increase in their bus stage, 
saturation increase also reduces speed of the local buses running outside 
the dedicated bus lanes. 

This produces an increase in the public transport competitiveness ratio 
	 	 	 	 		
	 	 	 	

	, as shown in TABLE 5-12. Since bus services running 

along main roads are now free from congestion, their speed has 
consequently increased, but saturation increased in the rest of roads 
resulting in a decrease in the average speed for both cars and buses 
running outside the dedicated bus lanes. 

In global terms, this produces an increase in the total travel time of all 
commuters during the peak hour (car + public transport), mainly of the 
trips with origin and/or destination within the Central Area (see TABLE 5-
12). But this increase is more due to car speed decrease rather than public 
transport speed improvement. 



CHAPTER 5:RESULTS 

111 

Although it remains true that, from an equity perspective, it is good that the 
time saved focuses on public transport users, although it is not positive that 
car users experience a travel time increase. 

5.1.2.3 Environmental impact 

In this case, the positive effect is focused on the Central Area, where the 
Pollution Emissions Index (PEI) defined in section 0 decreases in both cases, 
while CO2 impact for the whole metropolitan area increases, though this 
increase is almost insignificant. Noise impact in the Central Area is almost 
insignificant in global terms. 

Both, emissions and noise do decrease in the affected road network, but it 
increases in the adjacent streets, as shown in Appendix A 5. 

TABLE 5-14 BL senarios: environmental impact 

Scenario PEI 
(CA) 

CO2 
(MA) 

Noise 
(CA) 

BL2 -4.12% 0.20% 0.34% 

BL3 -5.57% 0.30% 0.56% 

 

We can therefore conclude that bus dedicated lanes do not produce 
significant benefits by themselves in terms of emissions and noise. This 
conclusion is also supported by Rupprecht Consult (2005). 
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5.1.3 TRAFFIC CALMING: ZONES 30 

5.1.3.1 Modal split 

As expected, the implementation of a traffic calming measure has a positive 
effect on modal split, causing a shift of car users to public transport. 

Overall, this measure has much less impact than the implementation of a 
congestion charge or dedicated bus lanes: thus, while the implementation of 
a toll for entering the Central Area, produces a traffic reduction of 5.9 % 
(see TABLE 5-1) in the whole metropolitan area, the traffic reduction 
estimated when implementing the calming traffic measure in the same area 
is 2.1%, almost a quarter of the effect produced by the toll for entering this 
same area (5.9%). 

Compared to dedicated bus lanes, the effect is again lower, but in the same 
range: implementing dedicated bus lanes in the main network inside the 
Central Area, which means 18% capacity constraint inside the Central Area, 
produces a 2.7% decrease (TABLE 5-11), while traffic calming in the local 
network, with 54% of capacity affected, produces a 2.1% traffic decrease. 

TABLE 5-15 TC scenarios: traffic variation 

Scenario Car trips 
Veh-km 

Metropolitan area Central Area 
TC1 -0.1% -0.3% -1.1% 
TC2 -0.3% -0.8% -3.0% 
TC3 -0.7% -2.1% -7.6% 

 

In the three cases, the effect concentrates in the affected area, which 
means that traffic calming, the same as bus dedicated lanes, has a local 
impact. This local impact does not benefit the whole area, but concentrates 
on the affected road, producing traffic spillovers in the adjacent roads not 
affected by the new constraint. 

Traffic reduction in local roads is around 25%-30%, as can be seen in 
TABLE 5-15. These values are quite similar to those reported in Webster 
and Mackie’s (1996). From traffic "evicted" from the local roads where 
speed is restricted to 30 km / h, between 50% and 60% "disappears" from 
the road network, as a result of modal transfer to public transport. The 
other 40% - 50% moves from the affected streets to the adjacent non 
affected ones, thereby increasing the saturation of the main arteries by 
around 4%-6%.   
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TABLE 5-16 TC scenarios: traffic variation per road type 

Road type TC1 TC2 TC3 
A1 (local) -24.3% -24.3% -22.7% 
A1 (main) 4.3% 4.5% 4.3% 
Ring 1 4.1% 4.6% 7.8% 
A2 (local) 0.1% -33.6% -34.8% 
A2 (main) -0.2% 6.1% 5.8% 
Ring 2 0.2% 5.0% 5.8% 
A3 (local) 0.6% 0.0% -24.0% 
A3 (main) -0.1% 0.0% 6.9% 
Ring 3: M-30 0.7% 1.5% 3.0% 
Outside Central Area 0.0% 0.0% -0.1% 
Total -0.3% -0.8% -2.1% 
 

In the road infrastructure external to the affected area, the traffic variation 
is almost negligible (≤0.2%), except for ring 3 (M-30 ring road), which 
delimits the Central Area. This ring absorbs some of the traffic "expelled” 
from the local roads in either scenario, increasing this traffic absorbed 
within the size of the area affected. 

We define elasticity in this case as the ratio between the percentage of 
traffic variation and the percentage of capacity represented by the roads 
affected. 

Measured in this way, it is observed that elasticity increases with the size of 
the area with traffic calming. This shows that although it is a measure of 
very clear local effect, a certain synergy does occur when increasing the 
area affected. 

TABLE 5-17 TC scenarios: % traffic variation versus % of road affected 

Traffic variation versus % capacity affected 
Central Area 

Scenario Veh-km  % cap-km Elasticity 
TC1 -1.1% 9.2% -0.121 
TC2 -3.0% 22.2% -0.136 
TC3 -7.6% 53.7% -0.141 

Metropolitan area 
Scenario Veh-km  % cap-km Elasticity 
TC1 -0.3% 3.7% -0.081 
TC2 -0.8% 9.0% -0.093 
TC3 -2.1% 21.9% -0.097 
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5.1.3.2 Travel time saving 

Speed decrease of both car and public transport is an obvious result of this 
measure. This speed decrease does not only occur on local roads with speed 
restriction, but also in the main roads as a consequence of the saturation 
increase, which, in turn, produces a global travel time increase. 

Disaggregating the time increase by modes, it is seen that this increase 
does not affect car and public transport in the same way: it focuses much 
more on the car and mainly with an origin from or destination to the 
affected area. 

TABLE 5-18  TC scenarios: time variation according to mode and O-D 

Scenario 
Global 
travel 
time 

O and/or D in Central Area 

Travel 
time 

Car PT 
Ratio 	 	 	

	 	
 

variation 
TC1 0.2% 0.37% 0.8% 0.1% -0.9% 
TC2 0.4% 0.68% 2.0% 0.1% -2.1% 

TC3 1.8% 2.49% 6.9% 0.6% -5.9% 

 

In the case of public transport, although the time increase is much more 
moderate, mainly it is not due to speed reduction in local roads but as a 
consequence of congestion increase in the main roads because of the 
"transfer" of flow from the local road. 

This produces an increase of public transport competitiveness, but not due 
to public transport speed improvement but because it worsens less than car 
speed. 
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5.1.3.3 Environmental impact 

Regarding emissions, a reduction could be expected due to traffic decrease. 
Emissions depend on both speed and traffic intensity; as already seen in 
TABLE 5-14, traffic is reduced in the local roads with traffic calming, which 
should result in a reduction of emissions and increases in the adjacent main 
roads, where emissions should then increase. Speed, however, decreases in 
both cases: in the local road due to the restriction, and in the main avenues 
because of the congestion increase. This speed reduction leads to an 
increase of the PEI. In the local streets we then have one of the variables 
affecting positively, while the other one negatively; in the main avenues 
both lead to an increase of emissions. 

Just as happened when the bus lanes measure was simulated, emissions do 
not affect the entire road in the same way, but produce a positive effect on 
the roads on which the speed restriction was imposed, and conversely a 
negative effect on the adjacent non affected road infrastructure - the 
vertebral axis. In the case of the affected streets, traffic decreases more 
than emissions, since these are higher at lower speeds. In the case of the 
adjacent main avenues, emissions increase more than traffic, due to a 
reduction in speed, but in this particular case it was due to congestion 
increase. 

TABLE 5-19  TC scenarios: environmental impact 

Scenario PEI 
(Central Area) 

CO2 
(Metropolitan area) 

Noise 
(Central Area) 

TC1 -0.6% 0.0% -0.63% 

TC2 -1.53% 0.1% -1.89% 

TC3 -4.67% 0.4% -3.76% 

 

The TC policy has a positive effect on noise. This impact is higher than the 
reduction of traffic estimated, since noise benefits not only from less traffic 
but especially from speed decrease. As with dedicated bus lanes, benefits 
concentrate on the affected road, while adjacent non affected streets have 
an increase as a consequence of the new traffic supported (see Appendix A 
5). 

  



CHAPTER 5:RESULTS 

116 

5.1.4 SUMMARY OF INDIVIDUAL POLICY IMPACTS 

This chapter is a summary of the results presented in sections  5.1.1 to 
5.1.3, grouped by area of implementation of each of the measures. Thus, 
TABLE 5-20 is a synthesis of the data of the simulation of each of the 
measures in areas A1, A1&A2 and A1&A2&A3 respectively. 

In terms of car trips and traffic in the metropolitan area, an urban toll 
produces both a car trip and traffic decrease more than 3 times higher than 
dedicated bus lanes or traffic calming, when considering the whole 
metropolitan area (see TABLE 5-20). But this difference decreases 
substantially when focusing only on the Central Area, with the impact of 
UT3 even higher than reserving bus lanes in all the main roads inside the 
Central Area (BL3). This difference is a consequence of the impact area of 
the measure, with dedicated bus lanes or, even more, traffic calming, 
measures with a clear local effect. 

In the three measures, the global saving of time is rather small. Differences 
are more significant when disaggregating by modes, and depending on 
which mode benefits more, public transport will gain or lose 
competitiveness. The only measure producing an increase in public 
transport speed is dedicated bus lanes, but it is at the same time the one 
which increases more car time.  

From the point of view of emissions, it is also the implementation of an 
urban toll the best option for reducing them, since emissions decrease 
benefits not only from traffic decrease, but also from the speed increase 
produced by congestion relief. 

Regarding noise reduction, the most effective measure is traffic calming. 
Although some noise reduction is achieved by traffic decrease it is lower 
speeds that cause the substantial noise reduction. 

We can then conclude that the three measures do produce a change in 
modal split, but their impact differs substantially. No single measure 
produces a win-win scenario, since no measure produces a positive effect in 
the three factors: time, emissions and noise. Policy packages combining 
measures seem to be the better solution. 

Once the three measures were analyzed individually, section 5.2 includes an 
analysis of the synergies and complementarities between them when 
considered together. First are considered two measures in combination and 
then a combination of the three of them. 
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TABLE 5-20 UT, BL and TC scenarios comparison 

     

Scenario  
Traffic (veh-km)  Trips with origin and/or destination CA  Emissions (g.)  

Noise (CA) 
(dB)  CA  MA  Time  

Average 
car time  

Average PT 
time  

PT comp. 
ratio  

PEI (CA)  CO2 (MA)  

Reference 114,958  358,494  31,981,955 19.4  36.2  1.78  383,709  777,527,576  412,516  
                    

UT1  -3.8% -2.1% -0.6% -3.2% -0.9% 3.4% -4.3% -1.8% -0.3% 
UT2  -9.9% -5.3% -1.2% -7.6% -2.0% 8.7% -11.3% -4.4% -1.1% 
UT3  -8.0% -5.9% -1.8% -9.9% -2.1% 8.1% -10.1% -5.8% -1.1% 

Impact  ++ ++ ++ ++ + - ++ ++ + 
                    

BL1  -6.9% -1.8% 0.8% 4.9% -0.9% -6.0% -4.1% 0.2% 0.3% 
BL2  -9.2% -2.7% 1.2% 9.4% -2.2% -10.9% -5.6% 0.3% 0.6% 

Impact + + - - + + + - - 
                    

TC1  -1.1% -0.3% 0.4% 0.9% 0.1% -0.9% -0.6% 0.0% -0.6% 
TC2  -3.0% -0.8% 0.7% 2.0% 0.1% -2.1% -1.5% 0.1% -1.9% 
TC3  -7.6% -2.1% 2.5% 6.9% 0.6% -6.0% -4.7% 0.4% -3.8% 

Impact  + + - - - + + - + 
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5.2 SINERGIES OF POLICY PACKAGES 

5.2.1 URBAN TOLL AND DEDICATED BUS LANES 

As already seen in the earlier part of Chapter 0, the main strength of an 
urban toll is, apart from the traffic reduction, the reduction in pollutants and 
CO2 emissions. The weak point is, however, that car users’ benefit more 
from congestion relief than public transport users. 

In the short term, this impact stresses social inequity, an aspect always 
pointed out by road pricing detractors. In the long term, a loss of public 
transport competitiveness can lead to an opposite effect than the expected 
one, producing a modal shift from public transport to the car. 

One possible solution is to avoiding the idea that this is “occupying” the 
road space liberated by the toll with dedicated bus lanes, although, as 
shown in section 5.1.2, this measure does increase bus speed, but it does 
not produce a benefit in terms of noise. 

When combining urban toll and dedicated bus lanes, as in the scenarios 
considered in this section, traffic decreases more than when only simulating 
one of the measures but not as much as the sum of individual impacts. This 
is because, while the implementation of a toll produces a relief from 
congestion, and therefore an increase in speed; this congestion relief is 
partially “occupied” by vehicles expelled from the lanes now dedicated for  
public transport only.  

Combining both measures, public transport speed increases more than in 
scenarios with only bus dedicated lanes: to speed increase when buses run 
in exclusive lanes, we have to add the speed increase of those running out 
of these exclusive lanes which were negatively affected by the traffic 
expelled from the lanes dedicated exclusively to buses but now benefited 
from the congestion relief produced by the toll scheme. The two measures 
reinforce their effects in this aspect, producing a higher increase when 
considered together. 

On the contrary, car speed in the Central Area is negatively affected when 
dedicated bus lanes are simulated together with the urban toll. Although 
traffic flow decreases more than only with the toll, car capacity reduces with 
bus dedicated lanes, resulting in an increase of the traffic saturation with 
respect to the toll scenarios. However, when both measures cover a wide 
area (A1&A2 or even A3), the impact on traffic decrease is higher than the 
capacity constraint, so car users still benefit from a speed increase, in most 
cases higher than public transport users. 
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Regarding local pollutants in the Central Area, these two measures also 
reinforce each other, together producing a higher impact than any of them 
individually. By road type (see Appendix A 5), in avenues where capacity 
was constrained by reserving lanes exclusively for public transport use, the 
joint policy produces a double positive effect, although lower than the sum 
of the individual impacts. But in the local roads, the positive effect obtained 
with the toll is reduced by the absorption of traffic dislodged from the main 
roads when reserving lanes for public transport. 

On the other hand, CO2 emissions decrease with the combined policy 
compared with only the toll. This negative effect concentrates in the 
surrounding ring M-30, which absorbs part of the traffic expelled from 
Central Area. 

Noise level is the weak point of this policy package: the already low 
decrease estimated with the implementation of a toll decreases even further 
with bus lanes. 

This negative impact is concentrated in local streets, since they partially 
absorb the traffic expelled from the main avenues due to bus dedicated 
lanes. Although this aspect is not measured in this thesis, most of the 
residential places are concentrated in local street and because of their 
narrow design are more sensitive to noise level. 

We can then conclude that the main positive aspect of this policy package is 
that it reinforces the increase in public transport speed, though it is still not 
enough to overpass public transport speed. 

The weak point of this policy package is the insignificant noise decrease. 
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TABLE 5-21  UT&BL scenarios: traffic and time results1 

Scenario 

Traffic (veh-km) Trips with origin and/or destination Central Area 
Metropolitan 

area (MA) 
Central Area 

(CA) 
Time 

Average car 
time 

Average PT time 
PT 

competitiveness 
ratio 

Reference 358,494 114,958 31,981,955 19.4 36.2 1.78 

       UT1 -2.12% -3.79% -0.64% -3.24% -0.90% 3.44% 
UT2 -5.33% -9.93% -1.15% -7.62% -1.95% 8.66% 
UT3 -5.92% -8.03% -1.77% -9.93% -2.11% 8.09% 

       BL2 -1.83% -6.85% 0.84% 4.90% -0.92% -6.02% 
BL3 -2.68% -9.19% 1.16% 9.37% -2.23% -10.87% 

       UT1&BL2 -3.7% -10.1% 0.12% 1.35% -1.71% -2.5% 
UT1&BL3 -4.6% -12.5% 0.49% 5.63% -2.84% -7.4% 
UT2&BL2 -6.6% -15.4% -0.45% -3.25% -2.58% 2.5% 
UT2&BL3 -7.3% -17.6% -0.17% 0.60% -3.56% -2.2% 
UT3&BL2 -7.4% -14.1% -1.06% -5.41% -2.88% 1.8% 
UT3&BL3 -8.1% -16.1% -1.00% -7.34% -4.50% 5.3% 

       Impact  + + + + + -/+  
Individual 
impacts  

(+) & (+) (+) & (+) (+) & (-) (+) & (-) (+) & (+) (-) & (+) 

Sinergies  C C S* S* C C* 
  

                                       

1 * Meets the criteria defined by May et al ( ) though one of the measures does not produce a welfare benefit. 
** One of the measures produces a negative impact, occurring when the joint impact is lower than the sum of isolated effects: Welfare (A+B)<Welfare (A) +Welfare 
(B)  
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TABLE 5-22  UT&BL scenarios: environmental impact2 

Scenario 
Traffic Emissions (g.) 

Noise (dB) 
(CA) Metropolitan 

area (MA) 
Central Area 

(CA) 
PEI 
(CA) 

CO2 
(MA) 

Reference 358,494 114,958 383,709 777,527,576 412,516 

  UT1 -2.12% -3.79% -4.3% -1.84% -0.33% 
UT2 -5.33% -9.93% -11.3% -4.41% -1.10% 
UT3 -5.92% -8.03% -10.1% -5.75% -1.11% 

  BL2 -1.83% -6.85% -4.12% 0.22% 0.34% 
BL3 -2.68% -9.19% -5.57% 0.28% 0.56% 

  UT1&BL2 -3.7% -10.1% -8.07% -1.6% 0.0% 
UT1&BL3 -4.6% -12.5% -9.60% -1.5% 0.2% 
UT2&BL2 -6.6% -15.4% -14.53% -4.0% -0.8% 
UT2&BL3 -7.3% -17.6% -15.93% -3.9% -0.7% 
UT3&BL2 -7.4% -14.1% -13.80% -5.5% -0.7% 
UT3&BL3 -8.1% -16.1% -15.13% -5.3% -0.8% 

  Impact  + + + + -/+  
Individual 
impacts  

(+) & (+) (+) & (+) (+) & (+) (+) & (-) (+) & (-) 

Sinergies  C C C C* S* 
 

                                       

2 * Meets the criteria defined by May et al ( ) though one of the measures does not produce a welfare benefit. 
** One of the measures produces a negative impact, occurring when the joint impact is lower than the sum of isolated effects: Welfare (A+B)<Welfare (A) +Welfare 
(B)  
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5.2.2 URBAN TOLL AND TRAFFIC CALMING 

Both measures lead to a modal transfer to public transport; the joint action 
reinforces the individual effects of any of them, but does not overcome the 
sum of individual impacts. However, the impact of this policy package is 
always higher than 90% of the sum of the effects of isolated measures 
scenarios. 

Urban toll produces a positive impact on emissions, while traffic calming 
seems to be very effective in reducing noise level. The combination of both 
measures should have a positive impact regarding environmental aspects. 

Regarding travel time, none of the individual measures produce a big gain, 
since the benefit for the winners is practically neutralized by the loss of the 
extra time spent by the loosers. While a toll produced an average time for 
both modes - higher for cars - traffic calming increases travel time, again 
more for cars than for public transport users. 

In eight out of nine scenarios, public transport does not gain competitivity 
against the car. This stresses the disadvantages of public transport users, 
part of them captives of the public transport system, and may in the long 
run lead to a modal shift to the car or to an urban sprawl. 

Regarding emissions, both measures had a positive impact inside the 
Central Area; therefore, they reinforce each other when considered 
together. Similarly to traffic decrease, the joint impact (IUT+TC) does not 
exceed the sum of individual effects (IUT + ITC), however, it is always within 
90% of the sum of individual effects. 

Noise emissions is the strong point of this policy package, since the joint 
action not only produces an impact higher than the individual effects of any 
of the measures, but overcomes the sum of effects of each one. These 
synergies are especially higher in scenarios UT2&TC2, UT2&TC3, UT3&TC2, 
but lower in scenarios with one of the measures only in A1 and in UT3&TC3.  

This policy package is then positive regarding noise and emissions in CA. In 
those scenarios where the ratio between average time by public transport 
and by car decreases is not due to a rise in public transport speed but to a 
decrease in car speed. 
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TABLE 5-23  UT&TC scenarios: traffic and time results3 

Scenario 
Traffic (veh-km) Trips with origin and/or destination Central Area 

Metropolitan 
area (MA) 

Central Area 
(CA) 

Time 
Average car 

time 
Average PT time PT comp. ratio 

Reference 358,494 114,958 31,981,955 19.4 36.2 1.78 

UT1 -2.12% -3.79% -0.64% -3.24% -0.90% 3.44% 
UT2 -5.33% -9.93% -1.15% -7.62% -1.95% 8.66% 
UT3 -5.92% -8.03% -1.77% -9.93% -2.11% 8.09% 

TC1 -0.30% -1.11% 0.37% 0.85% 0.14% -0.89% 
TC2 -0.84% -3.03% 0.68% 2.00% 0.08% -2.13% 
TC3 -2.11% -7.59% 2.49% 6.86% 0.62% -5.95% 

UT1&TC1 -2.1% -4.4% -0.4% -2.2% -0.8% 2.0% 
UT1&TC2 -2.6% -6.3% 0.1% -0.9% -0.7% 0.7% 
UT1&TC3 -3.9% -10.9% 1.8% 3.8% -0.2% -3.3% 
UT2&TC1 -5.5% -11.0% -0.9% -6.9% -1.9% 7.6% 
UT2&TC2 -5.7% -12.2% -0.6% -5.4% -1.9% 5.7% 
UT2&TC3 -6.9% -16.7% 1.0% -0.6% -1.4% 1.2% 
UT3&TC1 -6.2% -9.2% -1.6% -9.2% -2.1% 6.9% 
UT3&TC2 -6.7% -11.0% -1.2% -7.9% -2.1% 5.4% 
UT3&TC3 -7.7% -15.2% 0.4% -3.1% -1.6% 0.9% 

Impact  + + + + + - 
Indiv. impacts  (+) & (+) (+) & (+) (+) & (-) (+) & (-) (+) & (-) (-) & (+) 

Sinergies  C C S* C* S* S* 

                                       

3 * Meets the criteria defined by May et al ( ) though one of the measures does not produce a welfare benefits. 
** One of the measures produces a negative impact, occurring when the joint impact is lower than the sum of isolated effects: Welfare (A+B)<Welfare (A) +Welfare (B)  
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TABLE 5-24  UT&TC scenarios: environmental impact4 

Scenario 
Traffic Emissions 

Noise (dB) 
(CA) Metropolitan 

area (MA) 
Central Area 

(CA) 
PEI 
(CA) 

CO2 
(MA) 

Reference 358,494 114,958 383,709 777,527,576 412,516 

UT1 -2.12% -3.79% -4.3% -1.84% -0.33% 
UT2 -5.33% -9.93% -11.3% -4.41% -1.10% 
UT3 -5.92% -8.03% -10.1% -5.75% -1.11% 

TC1 -0.30% -1.11% -0.69% 0.03% -0.63% 
TC2 -0.84% -3.03% -01.53% 0.11% -1.89% 
TC3 -2.11% -7.59% -4.67% 0.44% -3.76% 

UT1&TC1 -2.1% -4.4% -4.4% -1.6% -1.1% 
UT1&TC2 -2.6% -6.3% -5.3% -1.5% -2.6% 
UT1&TC3 -3.9% -10.9% -8.5% -1.2% -4.4% 
UT2&TC1 -5.5% -11.0% -11.9% -4.3% -2.0% 
UT2&TC2 -5.7% -12.2% -12.1% -4.0% -4.0% 
UT2&TC3 -6.9% -16.7% -15.3% -3.7% -6.0% 
UT3&TC1 -6.2% -9.2% -10.7% -5.7% -1.8% 
UT3&TC2 -6.7% -11.0% -11.5% -5.7% -3.6% 
UT3&TC3 -7.7% -15.2% -14.5% -5.2% -5.2% 

Impact  + + + + + 
Indiv. impacts  (+) & (+) (+) & (+) (+) & (+) (+) & (-) (+) & (+) 

Sinergies  C C C C* S 

                                       

4 * Meets the criteria defined by May et al ( ) though one of the measures does not produce a welfare benefits. 
** One of the measures produces a negative impact, occurring when the joint impact is lower than the sum of isolated effects: Welfare (A+B)<Welfare (A) +Welfare (B) 
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5.2.3 TRAFFIC CALMING AND DEDICATED BUS LANES 

Both measures, traffic calming and bus dedicated lanes, entail a traffic 
decrease, with a significant local impact. Whilst having a perceptible impact 
outside the affected area, it seems reasonable that the joint impact is very 
similar to the sum of the effects measured testing each of them separately. 

Both measures produced a spillover effect on the adjacent non affected 
roads. When combining the two measures, in the area in which both are 
tested, spillovers practically disappear, remaining just slightly on the 
surrounding roads. Traffic reduction in the vertebral axis was lower than 
when only considering bus dedicated lanes. And in the local roads impact 
was lower compared to traffic calming scenarios; this is explained in part by 
the traffic “expelled” when considering only one of the measures now 
remains in their original routes. In those areas in which only one of the 
measures is considered – the area of one of the measures exceeds the area 
of the other – the impact is very similar to the one observed when 
considering only one measure: a higher decrease in the affected roads, 
partially due to traffic decrease in the overall network and partially due to 
spillovers to the adjacent roads. 

With regard to travel time by public transport, the impact varies depending 
on the area in which the measure is tested. In dedicated bus lanes, public 
transport speed remains constant, so variation will depend on what happens 
on local streets. If the dedicated bus lanes exceed the traffic calming area – 
i.e., BL2&TC1, BL3&TC1 or BL3&TC2 -, bus speed practically remains 
constant compared with only dedicated bus lanes scenarios. But when the 
area with traffic calming exceeds the area with bus dedicated lanes 
(TC3&BL2), public transport speed decreases. Mainly, in the area where 
only traffic calming is considered (A3), part of the traffic is expelled to the 
vertebral axis – where most buses run – increasing congestion in these 
roads, and, as a consequence, decreasing bus speed. When dedicated bus 
lanes are also considered in area A3, bus speed only decreases in local 
roads, but increases in the vertebral axis. 

In the case of the car, speed decreases with any of these measures; and 
even more when considering both measures, – traffic calming and dedicated 
bus lanes. This way, public transport competitiveness increases compared 
with the car, though more due to car speed decrease than public transport 
speed increase, as shown in TABLE 5-25. 

Regarding emissions, a higher traffic decrease entails a higher reduction of 
emissions. However, this decrease is lower than the sum of individual 
impacts, not only because traffic decrease is lower but also because car 
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speed decreases more. This difference, however, is insignificant in absolute 
terms. 

Within noise variation, the combination of both measures produces negative 
synergies. With any of these measures by itself, noise decreased in the 
affected roads while increased in the adjacent non affected streets. When 
considered together, both positive and negative effects decrease, the first 
as a consequence of a lower traffic reduction, and the second ones due to 
the absence of spillover effects.  
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TABLE 5-25  TC&BL scenarios: traffic and time results5 

Scenario 

Traffic (veh-km) Trips with origin and/or destination Central Area 

Metropolitan 
area (MA) 

Central 
Area (CA) 

Time 
Average car 

time 
Average PT time 

PT 
competitiveness 

ratio 
Reference 358,494 114,958 31,981,955 19.4 36.2 1.78 

BL2 -1.83% -6.85% 0.84% 4.90% -0.92% -6.02% 
BL3 -2.68% -9.19% 1.16% 9.37% -2.23% -10.87% 

TC1 -0.30% -1.11% 0.37% 0.85% 0.14% -0.89% 
TC2 -0.84% -3.03% 0.68% 2.00% 0.08% -2.13% 
TC3 -2.11% -7.59% 2.49% 6.86% 0.62% -5.95% 

TC1&BL2 -2.2% -8.1% 1.0% 5.7% -1.0% -7.0% 
TC1&BL3 -3.0% -10.4% 1.3% 10.2% -2.3% -11.7% 
TC2&BL2 -2.9% -10.4% 1.3% 7.1% -1.2% -8.3% 
TC2&BL3 -3.7% -12.6% 1.8% 11.7% -2.3% -12.9% 
TC3&BL2 -4.1% -14.6% 3.2% 12.4% -0.6% -12.0% 
TC3&BL3 -5.0% -17.0% 3.7% 17.6% -1.9% -16.9% 

Impact  + + - - + + 
Indiv. impacts  (+) & (+) (+) & (+) (-) & (-) (-) & (-) (-) & (+) (+) & (+) 

Sinergies  S S S C S* C 
 

                                       

5 * Meets the criteria defined by May et al ( ) though one of the measures does not produce a welfare benefits. 
** One of the measures produces a negative impact, occurring when the joint impact is lower than the sum of isolated effects: Welfare (A+B)<Welfare (A) +Welfare (B)  
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TABLE 5-26  TC&BL scenarios: environmental impact6 

Scenario 
Traffic Emissions 

Noise (dB) 
(CA) Metropolitan 

area (MA) 
Central Area 

(CA) 
PEI 
(CA) 

CO2 
(MA) 

Reference 358,494 114,958 383,709 777,527,576 412,516 

BL2 -1.83% -6.85% -4.12% 0.22% 0.34% 
BL3 -2.68% -9.19% -5.57% 0.28% 0.56% 

TC1 -0.30% -1.11% -0.6% 0.03% -0.63% 
TC2 -0.84% -3.03% -1.53% 0.11% -1.89% 
TC3 -2.11% -7.59% -4.67% 0.44% -3.76% 

TC1&BL2 -2.2% -8.1% -4.9% 0.2% -0.3% 
TC1&BL3 -3.0% -10.4% -6.2% 0.3% 0.0% 
TC2&BL2 -2.9% -10.4% -6.1% 0.2% -0.8% 
TC2&BL3 -3.7% -12.6% -7.2% 0.4% -0.5% 
TC3&BL2 -4.1% -14.6% -8.9% 0.6% -2.1% 
TC3&BL3 -5.0% -17.0% -10.2% 0.7% -1.5% 

Impact  + + + - + 
Indiv. impacts  (+) & (+) (+) & (+) (+) & (+) (-) & (-) (+) & (-) 

Sinergies  S S C S C* 
 

                                       

6 * Meets the criteria defined by May et al ( ) though one of the measures does not produce a welfare benefits. 
** One of the measures produces a negative impact, occurring when the joint impact is lower than the sum of isolated effects: Welfare (A+B)<Welfare (A) +Welfare (B)  
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5.2.4 SUMMARY OF TWO MEASURES PACKAGES 

Summarizing all the two measures scenarios analyzed in sections 5.2.1 , 
5.2.2 and 5.2.3, it was found that: 

 UT&BL is the most effective policy package for reducing traffic inside 
Central Area, as well as for increasing public transport speed (see 
TABLE 5-21). Pollutants (PEI) and CO2 emissions are also higher than 
in the other policy packages, although the difference is rather low, 
but the impact on noise level is almost insignificant (see TABLE 5-21). 

 Regarding the UT&TC policy package, the most positive impact is the 
positive synergy on noise reduction (see TABLE 5-24). But, although 
public transport seems to gain competitiveness against the car, it is 
not because of public transport speed increase but a lower decrease 
compared to car speed decrease. Therefore, in global terms, travel 
time increases (see TABLE 5-23). 

 The combination of TC and BL provides a positive impact on public 
transport competitiveness, as it raises public transport speed, though 
not as much as in UT&BL policy package; but it lowers car speed, 
instead of increasing it (see TABLE 5-25). Both environmental aspects 
- emissions and noise - do not practically benefit from this joint action 
(TABLE 5-26). 
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TABLE 5-27  Two measures policy packages: summary of impacts 

Scenario 
Traffic Trips with origin and/or destination CA Emissions 

Noise (CA) 
MA CA Global Car PT PT comp. ratio PEI (CA) CO2 (MA) 

Reference 358,494 114,958 31,981,955 19.4 36.2 1.78 383,709 777,527,576 412,516 

         
UT1 -2.12% -3.79% -0.64% -3.24% -0.90% 3.44% -4.3% -1.84% -0.33% 
UT2 -5.33% -9.93% -1.15% -7.62% -1.95% 8.66% -11.3% -4.41% -1.10% 
UT3 -5.92% -8.03% -1.77% -9.93% -2.11% 8.09% -10.1% -5.75% -1.11% 

Impact + + + + + - + + + 

          
BL2 -1.83% -6.85% 0.84% 4.90% -0.92% -6.02% -4.12% 0.22% 0.34% 
BL3 -2.68% -9.19% 1.16% 9.37% -2.23% -10.87% -5.57% 0.28% 0.56% 

Impact + + - - + + + - - 

          
TC1 -0.30% -1.11% 0.37% 0.85% 0.14% -0.89% -0.6% 0.03% -0.63% 
TC2 -0.84% -3.03% 0.68% 2.00% 0.08% -2.13% -1.53% 0.11% -1.89% 
TC3 -2.11% -7.59% 2.49% 6.86% 0.62% -5.95% -4.67% 0.44% -3.76% 

Impact + + - - - + + - + 

          
UT1&BL2 -3.7% -10.1% 0.12% 1.35% -1.71% -2.5% -8.07% -1.6% 0.0% 
UT1&BL3 -4.6% -12.5% 0.49% 5.63% -2.84% -7.4% -9.60% -1.5% 0.2% 
UT2&BL2 -6.6% -15.4% -0.45% -3.25% -2.58% 2.5% -14.53% -4.0% -0.8% 
UT2&BL3 -7.3% -17.6% -0.17% 0.60% -3.56% -2.2% -15.93% -3.9% -0.7% 
UT3&BL2 -7.4% -14.1% -1.06% -5.41% -2.88% 1.8% -13.80% -5.5% -0.7% 
UT3&BL3 -8.1% -16.1% -1.00% -7.34% -4.50% 5.3% -15.13% -5.3% -0.8% 
Impact + + + + + -/+  + + -/+  
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Scenario 
Traffic Trips with origin and/or destination CA Emissions 

Noise (CA) 
MA CA Global Car PT PT comp. ratio PEI (CA) CO2 (MA) 

Reference 358,494 114,958 31,981,955 19.4 36.2 1.78 383,709 777,527,576 412,516 

         
UT1&TC1 -2.1% -4.4% -0.4% -2.2% -0.8% 2.0% -4.4% -1.6% -1.1% 
UT1&TC2 -2.6% -6.3% 0.1% -0.9% -0.7% 0.7% -5.3% -1.5% -2.6% 
UT1&TC3 -3.9% -10.9% 1.8% 3.8% -0.2% -3.3% -8.5% -1.2% -4.4% 
UT2&TC1 -5.5% -11.0% -0.9% -6.9% -1.9% 7.6% -11.9% -4.3% -2.0% 
UT2&TC2 -12.2% -5.7% -0.6% -5.4% -1.9% 5.7% -12.1% -4.0% -4.0% 
UT2&TC3 -16.7% -6.9% 1.0% -0.6% -1.4% 1.2% -15.3% -3.7% -6.0% 
UT3&TC1 -9.2% -6.2% -1.6% -9.2% -2.1% 6.9% -10.7% -5.7% -1.8% 
UT3&TC2 -11.0% -6.7% -1.2% -7.9% -2.1% 5.4% -11.5% -5.7% -3.6% 
UT3&TC3 -15.2% -7.7% 0.4% -3.1% -1.6% 0.9% -14.5% -5.2% -5.2% 
Impact + + + + + - + + + 

          
TC1&BL2 -8.1% -2.2% 1.0% 5.7% -1.0% -7.0% -4.9% 0.2% -0.3% 
TC1&BL3 -10.4% -3.0% 1.3% 10.2% -2.3% -11.7% -6.2% 0.3% 0.0% 
TC2&BL2 -10.4% -2.9% 1.3% 7.1% -1.2% -8.3% -6.1% 0.2% -0.8% 
TC2&BL3 -12.6% -3.7% 1.8% 11.7% -2.3% -12.9% -7.2% 0.4% -0.5% 
TC3&BL2 -14.6% -4.1% 3.2% 12.4% -0.6% -12.0% -8.9% 0.6% -2.1% 
TC3&BL3 -17.0% -5.0% 3.7% 17.6% -1.9% -16.9% -10.2% 0.7% -1.5% 
Impact + + - - + + + - + 
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5.2.5 URBAN TOLL, DEDICATED BUS LANES AND TRAFFIC 
CALMING 

Among the 18 possible scenarios to be considered by combining the three 
measures with different intensities, we only tested those which, from the 
values obtained in single measure scenarios, could produce the best results: 

 Travel time decrease: with the main objective of these measures 
being to promote a modal split to public transport, it seems clear that 
it is public transport travel time which has to be reduced, always 
provided that there is not a global time increase or a loss of public 
transport competitiveness. 

 Reduction of PEI in Central Area. 

 Noise reduction in Central Area. 

The Objective Function defined includes these three factors (identified by 
the EEA and the EC as the main problems currently facing European cities: 
congestion, air quality and noise).  

	                                                     (idem 4.25) 

With: 

 I1: the variation of the average travel time of public transport users 
with origin and/or destination in Central Area, 

 I2: PEI variation with respect the Reference Scenario, 

 I3: noise level variation respect the Reference Scenario, 

 , , : weights for each of the indicators, where ( )=1, 
and 0. 

With these estimated values, the 0F for 5,151 different weights was 
calculated for , 	and	 . As demonstrated in previous Chapters that 
synergies do exist, not only the best solution was considered but the three 
best solutions for each combination of weights were included in the 
scenarios to be tested. 

Accordingly, the scenarios to consider for proposing the best policy 
packages are shown in Table 5-27. 
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TABLE 5-28  UT&TC&BL scenarios 

Scenario Toll TC BL 
UT2_TC2_BL3 Ring 2 A1&A2 A1&A2&A3 
UT2_TC3_BL2 Ring 2 A1&A2&A3 A1&A2 
UT2_TC3_BL3 Ring 2 A1&A2&A3 A1&A2&A3 
UT3_TC2_BL3 Ring 3 A1&A2 A1&A2&A3 
UT3_TC3_BL2 Ring 3 A1&A2&A3 A1&A2 
UT3_TC3_BL3 Ring 3 A1&A2&A3 A1&A2&A3 

 

In the light of these results, the combination of the three measures 
produces the results compiled in Tables 5-28 and 5-29. 
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TABLE 5-29  UT&TC&BL scenarios: traffic and time results7 

Scenario 

Traffic (veh-km) Trips with origin and/or destination Central Area 
Metropolitan 

area (MA) 
Central Area 

(CA) 
Time 

Average car 
time 

Average PT 
time 

PT 
competitiveness 

ratio 
Reference 358,494 114,958 31,981,955 19.4 36.2 1.78 

UT2_TC2_BL3 -7.9% -20.3% 0.0% 0.7% -3.6% -5.0% 
UT2_TC3_BL2 -8.3% -22.5% 1.7% 4.3% -2.2% -4.9% 
UT2_TC3_BL3 -9.2% -24.8% 2.0% 9.0% -3.4% -9.7% 
UT3_TC2_BL3 -9.0% -19.5% 0.0% 0.7% -3.6% -5.0% 
UT3_TC3_BL2 -9.4% -21.6% 1.3% 1.9% -2.3% -5.0% 
UT3_TC3_BL3 -10.0% -23.6% 1.6% 6.4% -3.4% -9.6% 

Impact  + + - - + + 
Indiv. impacts  (+) & (+)&(+) (+) &(+)&(+) (+) & (-)&(-) (+) & (-)&(-) (+) & (-)&(+) (-) & (+)&(+) 
Sinergies  C C S* C* C* S* 
  

                                       

7 S* Meets the critera defined by Mayeres et al (2003) - Welfare (A+B+C)>Welfare (A) +Welfare (B) +Welfare (C)- though one of the measures does not produce a 
welfare 
C* Meets the critera defined by Mayeres et al (2003) - Welfare (A+B+C)<Welfare (A) +Welfare (B) +Welfare (C) - though one of the measures does not produce a welfare 
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TABLE 5-30  UT&TC&BL scenarios: environmental impacts8 

Scenario 
Traffic Emissions 

Noise (CA) Metropolitan 
area (MA) 

Central area 
(CA) 

PEI (CA) CO2 (MA) 

Reference 358,494 114,958 383,709 777,527,576 412,516 

UT2_TC2_BL3 -7.9% -20.3% -17.0% -3.2% -2.1% 
UT2_TC3_BL2 -8.3% -22.5% -18.6% -3.6% -3.2% 
UT2_TC3_BL3 -9.2% -24.8% -19.9% -3.5% -3.8% 
UT3_TC2_BL3 -9.0% -19.5% -16.9% -4.7% -2.0% 
UT3_TC3_BL2 -9.4% -21.6% -18.5% -5.4% -3.1% 
UT3_TC3_BL3 -10.0% -23.6% -19.6% -5.3% -3.5% 

Impact  + + + + + 
Indiv. impacts  (+) & (+)&(+) (+) & (+)&(+) (+) & (+)&(+) (+) & (-)&(-) (+) & (+)&(-) 
Sinergies  C C C C* C* 

                                       

8 S* Meets the critera defined by Mayeres et al (2003) - Welfare (A+B+C)>Welfare (A) +Welfare (B) +Welfare (C)- though one of the measures does not produce a 
welfare 
C* Meets the critera defined by Mayeres et al (2003) - Welfare (A+B+C)<Welfare (A) +Welfare (B) +Welfare (C) - though one of the measures does not produce a welfare 
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5.3 BEST POLICY COMBINATION 

Once all the different measures and policy packages were analyzed, the second 
objective was to find the best solution for maximizing the Objective Function. 

Before dealing with this objective, an analysis of the different values of each 
indicator for all the scenarios considered was carried out. 

Regarding global travel time, the results do not differ substantially, except for 
two of the scenarios combining TC&BL –TC3&BL2 and TC3&BL3 (highlighted 
with a red circle in FIGURE 5-1) - in which travel time increases between 3% 
and 4%. All the rest vary from 2% decrease to 2% increase. From this point of 
view, either an urban toll itself, or an urban toll combined with one of the other 
two measures, public transport or traffic calming, seem to provide the best 
results. 

 

FIGURE 5-1 Travel time comparison 

 

Considering the travel time ratio between car and public transport, is the same 
policy package that produced the highest travel time increases, TC&BL, which 
produces the higher reductions on this ratio (highlighted with a green circle in 
Figure 5-2), increasing public transport competitiveness with respect to the car, 
and the policy packages which produced the highest savings of time; the ones 
which produce a higher increase of car competitiveness: UT, UT&BL and UT&TC. 
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FIGURE 5-2 Travel time ratio comparison 

 

Focusing now on public transport time variation, the maximum decrease is 
obtained by combining bus dedicated lanes with urban toll (UT&BL) or the three 
of them (UT&BL&TC), as highlighted in Figure 5-3. 

 

FIGURE 5-3 Public transport travel time comparison 
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Regarding pollutant emissions, the highest effects were obtained for the policy 
package combining the three measures, followed by the combination of an 
urban toll with bus dedicated lanes. Traffic calming or bus dedicated lanes 
produce a quite low effect on PEI reduction, but the combination of both of 
them increases this effect significantly. 

 

FIGURE 5-4 PEI comparison 

 

Focusing now on CO2 emissions, the effects of CO2 vary less than with PEI 
emissions, mainly because CO2 has to be measured al the metropolitan area 
level while PEI has to be measured locally, in the case of this thesis, the Central 
Area. But some of the conclusions shown in FIGURE 5-5 are rather similar: 
combination of the three measures, together with all the other policy packages 
including a toll – UT&BL, UT&TC and UT by itself – provide the best results for 
decreasing CO2 emissions (highlighted in green in Figure 5-5), while the impact 
of bus dedicated lanes, traffic calming or the combination of both is not 
significant at all (remarked in red in Figure 5-5). 
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FIGURE 5-5 CO2 comparison 

 

Considering noise variation, it is evident that the best solution is to combine 
traffic calming with an urban toll, producing a decrease in noise levels by 
including dedicated bus lanes. 

 

FIGURE 5-6 Noise comparison 

 

The best solutions vary depending on the variable measured. FIGURE 5-1 to 
FIGURE 5-3 show the complexity of measuring the accuracy of the different 



CHAPTER 5: RESULTS 

140 

policy packages in travel time: the best solutions for a global travel time saving 
are at the same time within the worst options for increasing public transport 
competitiveness, while the worst solutions in global travel time saving are the 
best for increasing public transport competitiveness. The best solutions for 
increasing public transport speed – UT&BL and UT&BL&TC - have intermediate 
values on both indicators travel time saving and the travel time ratio between 
car and public transport. Regarding environmental aspects, the best policy 
package for decreasing emissions are UT&BL and UT&BL&TC, while regarding 
noise, the inclusion of bus dedicated lanes reduces the impacts, but a better 
solution would be combining an urban toll with traffic calming: UT&TC. 

After this analysis, the next step is to estimate the best scenario which 
maximizes the Objective Function defined in section 4.2.4. As already 
mentioned, for the objective set with this thesis, the method chosen is a 
graphical representation of the best scenarios for all the different weights of the 
indicators included.  

In our case, the Objective Function to maximize is the one already formulated 
in section 4.2.4 (see Expression 4.25), with the restrictions: 

 R1:Travel time decrease of trips with origin and / or destination the CA, 

 R2:Loss of competitiveness of public transport compared to car, 

 R3: increase of CO2 emissions in whole metropolitan area. 

Assuming a certain error in the modeling, a tolerance of 2% was set; only 
scenarios with a travel time increase higher than the average 2% and scenarios 
with an increase of auto competitiveness higher than 4% were rejected. 
Regarding CO2, all the scenarios not including an urban toll produce an increase 
in CO2 emissions, but, since this increase is lower than 1% for all the cases, no 
scenario is rejected due to this restriction. 

With these restrictions, 9 out of 35 scenarios were rejected: TC3&BL2, TC3&BL3 
due to travel time increase, and UT2, UT3, UT3&BL3, UT2&TC1, UT2&TC2, 
UT3&TC1 and UT3&TC2 due to car competitiveness increase. 

FIGURE 5-7 shows the different best combinations for all the different weights 
considered. 
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FIGURE 5-7 Graphical representation of the best solution 

 

As already seen when analyzing the indicators individually, when noise is the 
main indicator to reduce, a combination of an urban toll and traffic calming 
seems the best solution. This is because dedicated bus lanes produce an 
increase as a consequence of the congestion increase produced in the main 
roads by the capacity constraint, and in the local roads by the traffic previously 
overflowed from the local streets to the main avenues which now remain. But 
when the main indicator is either public transport travel time increase, 
emissions or an equilibrated gain of the three of them, the policy package 
combining the three measures is a better option. There is a clear best solution – 
UT2&BL3&TC2 –which is the best for more than half of the possible  

But when the objective is a more equilibrated weight of the three of them, then 
a combination of all three is a better solution. 
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This chapter is a summary of the main conclusions from the analysis carried out 
in this thesis, a description of the limitations of the study, and finally an outline 
of further in depth research based on this thesis. 

6.1 OBJECTIVES COMPLIANCE REVIEW 

As previously explained in Chapter 1, the objective of this thesis was twofold: 

1) To analyze the complementarity and possible synergies of several urban 
transport measures oriented to improve the environmental conditions of 
cities – emissions and noise –, but without decreasing their 
attractiveness, measured in terms of public transport competitiveness. 

2) To propose the best combination of these measures to achieve the goals 
previously said.  

Regarding the first objective, TABLE 5-21 to TABLE 5-25 and TABLE 5-28 to 
TABLE 5-29 are a summary of the different types of interaction between the 
evaluated measures. As can be seen, sometimes the implementation of more 
than one measure entails a reinforcement of the positive impacts, sometimes 
complementary, Welfare (A+B) < Welfare (A) + Welfare (B), as emissions 
decrease in UT&BL package, and sometimes producing positive synergies, 
Welfare (A+B) > Welfare (A) + Welfare (B), as noise decrease in UT&TC 
package. 

However, the most important conclusion is that none of the measures on its 
their own achieves a gain within the three objectives established in Chapter 1 – 
emission decrease, noise reduction and a gain in trip attraction - which confirms 
the need for integrated policy packages. 

In addition, the interaction between measures is not therefore limited to the 
four categories described in Chapter 2 – complementarity, additivity, synergy 
and perfect substitutability-, but also annulled the negative impact of one 
measure with respect to one of the objectives to achieve. This is the 
case, for example, of the integrated package UT+BL: the toll produces a 
positive impact on emissions and noise, i.e., a decrease, but it reduces the 
competitiveness of public transport versus car; bus lanes override this negative 
effect, but the joint impact of this package is smaller than the sum of individual 
effects. 

As for the second objective of this research, FIGURE 5- 7 shows that, while an 
integrated policy package produces not only a better but a more balanced 
impact than a single measure, it does not necessarily mean that "more" is 
"better". If this is the case the scenario that would maximize the Objective 
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Function defined in section 4.2.4 would be the scenario UT3&TC3&BL3, that, 
conversely, is not any of the three best options represented in FIGURE 5-7. 

For this purpose, a systematic method was developed for generating scenarios 
to achieve multiple objectives and partially contradictory. The analysis 
methodology – combining scenario generation with a demand model and a 
method of analysis of maximization of the Objective Function - has proven to be 
valid for the objectives established: analyze the complementarity and possible 
synergies of several urban transport measures oriented to improve the 
environmental conditions of cities – emissions and noise – , but without 
decreasing their attractiveness, fact which will be measured in terms of public 
transport competitiveness and estimate the best combination of these 
measures to achieve the goals previously said. 

6.2 DISCUSSION OF RESULTS 

Regarding the results presented in Chapter 5, we must highlight the following 
aspects: 

First, the toll appears to be a measure with greater and more global impact that 
measures like bus dedicated lanes or traffic calming, and affecting only specific 
roads. However, the impact, in terms of traffic decrease, inside the tolled area 
can be even negative, leading inside this area to an increase in car use. This 
occurs as a result of the congestion decrease produced by the cars no longer 
accessing the tolled area, releasing a space which is occupied by users 
previously travelling inside the area by public transport, that now see how 
travel time by car decreases. This adverse effect confirms the argument put 
forward by Banister and Marshall (2000), who argued that measures to 
encourage modal shift, such as pricing, must be combined with strategies to 
make the best use of the “released space”. 

On the other hand, measures acting directly on the road network, like bus 
dedicated lanes or traffic calming, have a clear “local” effect. These measures 
produce positive effects where implemented, but partly at the expense of 
producing “spillovers” in the surrounding roads. This “spillover” effect has to be 
taken into account, as the damage caused may exceed the benefit produced. 
Best policy combinations are obtained implementing these two measures, 
together with an urban toll, either in the same area or exceeding the bus 
dedicated lanes area the one with traffic calming, but never exceeding the area 
with traffic calming the one with bus dedicated lanes. 

So, by implementing jointly an urban toll and dedicated bus lanes, the bus 
dedicated lanes offset the two negative aspects of the urban toll: on the one 
hand they “restrict” the released space inside the tolled area and, secondly, 
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they increase bus speed in the routes running along the dedicated bus lanes, 
therefore increasing public transport competitiveness. 

However, dedicated bus lanes worsen the noise decrease derived from the 
traffic reduction produced by the implementation of an urban toll, whereby the 
impact on the noise level of this strategy is almost negligible. The impact on 
this target is however the strength of the UT+TC strategy: the impact of 
applying these two measures together produces clear positive synergies, i.e., 
the overall impact is greater than the sum of individual impacts. Since noise is 
one of the major problems European cities have to deal with, this combination 
of measures has been proven to be a strategy worth considering. But, contrary 
to UT+BL strategy, which has frequently been considered, the combination of 
an urban toll with traffic calming (UT+TC) is unusual, at least in theoretical 
analysis. 

However, this strategy (UT+TC) also has its weakness, which is the loss of 
competitiveness of public transport. The toll produces a speed increase on both 
modes, higher for cars than for public transport, and traffic calming produces a 
decrease, also for both but lower impact, resulting the dual impact in what has 
already been said: public transport looses competitiveness compared to the car. 

If we now consider the three measures together (UT+BL+TC) then there is a 
positive impact on the three aspects considered – emissions decrease, noise 
reduction and improvement of public transport competitiveness, such as: 

 With respect to emissions, the three measures produce a positive impact, 
so the UT+BL+TC strategy it further has. 

 As for noise, the negative impact of the bus lanes is offset by the positive 
synergies that occur when implementing together an urban toll and traffic 
calming. 

 The most complicated aspect is public transport competitiveness, since it 
must increase without varying substantially the total travel time, because: 

 An urban toll produces a global time saving, but public transport 
looses competitiveness compared to car, 

 Bus dedicated lanes partially offset this loss of competitiveness, 
but not sufficiently. 



CHAPTER 6: DISCUSSION AND CONCLUSIONS 

148 

 The joint implementation of traffic calming and dedicated bus lanes 
makes the restriction higher for cars than for public transport: the 
speed restriction of the traffic calming measure entails a loss of 
speed. Implemented by itself, traffic calming affects both modes, 
partially due to the speed restriction and partially due to the 
congestion increase in the adjacent main roads produced by the 
spillovers. But when bus dedicated lanes are considered together 
with traffic calming, buses are practically not affected by the speed 
restriction, as they run mostly along dedicated bus lanes in the 
main roads. 

 The car speed imposed by traffic calming schemes produces a 
negative impact on global time saving when implemented by itself, 
but together with an urban toll this negative impact is annulled by 
the positive impact of the toll. 

All that has been presented above shows how the combination of measures is 
fundamental in achieving sustainable mobility. As already mentioned, 
sustainable mobility encompasses a host of different goals to achieve, whilst no 
single measure has a positive effect on all. However, when combined, 
sometimes they reinforce each other to a greater or lesser extent, and 
sometimes annul the negative effects of another measure for a specific target. 
Thus jointly achieving an impact that, although not necessarily higher in each 
one of the targets considered, it does produce a positive impact when 
considering all of them. This is what we call a WIN-WIN strategy. 

However, to achieve this balance is essential to select the measures based on 
the objectives to be achieved, as stated by May et al (2000a). This may seem 
obvious, however, it is one of the main problems that SUTP have to face. As 
seen in Chapter 0, the policy package combining the three measures produces 
a benefit in the three targets considered, whilst the policy packages considering 
only two do not. In practice this means that despite how well the SUTP is 
defined, the results do not produce a positive impact on all the targets if only 
part of the measures is implemented. 
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6.3 LIMITATIONS AND FURTHER RESEARCH 

As stated in this thesis, sustainable mobility is a concept easy to understand 
but a difficult one to implement. The same happens when modeling or 
simulating any attempt of sustainable mobility. 

Indeed, in the research developed in this thesis, the analysis has focused on 
three measures that modify the conditions of the transport network, reason 
why the model used should include the network itself and the modal choice 
model should be based on the variables concerning the network, this is travel 
time and costs. But other variables, of personal type, such as disposable 
income or the need of using the car in another journey, sooner or later, have 
not been considered. 

On the other hand, despite being true that a) the simulation is based on a 
dense and consolidated city, and b) one of the targets is that the city does not 
lose attractiveness, precisely to avoid the harmful effects of urban sprawl, the 
fact remains that any transport strategy interacts with land use in the medium-
long term, fact which has not been considered in this research. 

Third, the sensitivity of the variable Value of time, should be highlighted. The 
influence of this variable is such that by itself we could prepare a separate 
thesis simply analyzing this variable. However, doing an in depth analysis of 
this one single variable would be beyond the scope of this thesis. Therefore, it 
was decided to estimate this variable through a double process: on one hand a 
literature review of the more common values, especially in cities of similar 
characteristics as Madrid and, on the other hand, checking the assignment 
results for the reference scenario with the real data of the toll highways 
currently operating in the region of Madrid. 

Finally, the results here presented correspond to the morning peak hour, i.e., 
these results cannot be extrapolated to the whole day, as either traffic 
conditions or displacement characteristics are different. However, as the aim of 
the thesis was not to quantify the impact but to develop a methodology to 
analyze and understand the possible synergies, these interactions between the 
different measures can be transferred not only to other periods of the day but 
other cities as well. 

These constraints simultaneously open the door to future research lines to 
continue deepening on this area, as follows: 

1) The first one, moreover obvious, is to use the same methodology here 
developed to analyze the interaction of new measures to add to the 
strategies tested within this thesis, as well as the impact on other 
objectives concerning sustainable mobility. 
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2) The second research line is to link the research developed in this thesis 
with different geographical scopes: firstly by considering a more detailed 
level, local approach, and then, linking results here obtained with the 
LUTR model in this thesis, to analyze the possible territorial impacts on 
Land Use (see Figure 6-1). 

 

Link with a GIS system: 
relate emissions and noise 
with the population 
affected. 

Link with an LUTR model 
(Valdés, 2008):estimate 
territorial impacts in the 
long run. 

FIGURE 6-1 Links with other geographical scopes 

 

3) The third research line has to deal with the sensitivity of the variable 
Value of Time. Therefore, a sensitivity analysis of the variation of impacts 
when varying the value of time is another interesting research line to 
continue delving into this topic. 

4) And finally, the same analysis here developed could and should be 
carried out for the different periods of the day, at least the off-peak hour, 
as this one represents most of the day. While this is irrefutable, the basic 
problem of modeling the off-peak hour is the variability of data 
concerning off-peak trips, resulting in an incomplete database. 

 



 

 

 

 

 

 

 

 

 

 

 

 

7 REFERENCES 
 

  



 

 

 



CHAPTER 7: REFERENCES 

153 

1.  ARMELIUS, H. and HULTKRANTZ, L., 2006. The politico-economic link 
between public transport and road pricing: An ex-ante study of the 
Stockholm road-pricing trial. Transport Policy 13(2), 162-172. 

2.  AYUNTAMIENTO DE MADRID, 2005. Área de Movilidad. Intensidades medias 
diarias 2004. 

3.  BAMBERG, S., FUJII, S., FRIMAN, M. and GÄRLING, T., 2011. Behaviour 
theory and soft transport policy measures. Transport Policy 18(1), 228-235.  

4.  BANISTER, D. and MARSHALL, S., 2000. Encouraging Transport 
Alternatives: Good Practice in Reducing Travel. The Stationery Office, 
London. 

5.  BANISTER, David, 2008. The sustainable mobility paradigm. Transport Policy 
15, pp. 73-80. 

6.  BOILÉ, M. and SPASOVIC, L., 2000. An implementation of the mode-split 
traffic assignemnt method. Computer-Aided Civil and Infrastructure 
Engineering 15(4), 293-307.  

7.  BOILÉ, M., 2002. Evaluating the efficiency of transportation services on 
intermodal commuter networks. Journal of the Transportation Research 
Forum, Transportation Quarterly 56(1), 75-88.  

8.  BOULTER, P.G., BARLOW, T.J. and McCRAE, I.S., 2009. Emission factors 
2009: Report 3 - Exhaust emission factors for road vehicles in the United 
Kingdom. Published project report PPR356. Department for Transport, 
United Kingdom. 

9.  BURCHELL, R., LISTOKIN, D. and GALLEY, C.C., 2000. Smart growth: More 
than a ghost of urban policy past, less than a bold new horizon. Housing 
Policy Debate II, Rutgers, the State University of New Jersey (821-879).  

10.  BURCHELL, R., LOWENSTEIN, G., DOLPHIN, W.R., GALLEY, C.C., 
DOWNS, A., SESKIN, S., STILL, K.G. and MOORE, T., 2002. Cost of sprawl 
2000. Transit Cooperative Research Programme Report 74 .  

11.  CAIRNS, S., SLOMAN, L., NEWSON, C., ANABLE, J., KIRKBRIDE, A. and 
GOODWIN, P., 2004a. Smarter choices: Changing the way we travel. Main 
report. 

12.  CAIRNS, S., SLOMAN, L., NEWSON, C., ANABLE, J., KIRKBRIDE, A. and 
GOODWIN, P., 2004b. Smarter choices-changing the way we travel. Final 
report of the research project: The influence of soft factors interventions on 
travel demand.  

13.  CASELLO, J.M., 2007. Transit competitiveness in polycentric 
metropolitan regions. Transportation Research Part A: Policy and Practice 
41(1), 19-40.  



CHAPTER 7: REFERENCES 

154 

14.  CERVERO, R. and KOCKELMAN, K., 1997. Travel demand and the 3D's: 
Density, diversity and design. Transportation Research Part D: Transport 
and Environment 2(3), 199-219.  

15.  CERVERO, R. and WU, K., 1998. Sub-centring and Commuting: Evidence 
from the San Francisco Bay Area, 1980-90. Urban Studies 35(7), 1059-
1076. 

16.  Charter of Aalborg, 1994. Charter of European Cities & Towns Towards 
Sustainability. European Conference on Sustainable Cities & Towns,Aalborg, 
Denmark, May 1994. 

17.  CIVITAS, 2010. CIVITAS initiative -City-Vitality-Sustainability:Cleaner 
and Better Transport in Cities. 5th, 6th and 7th Framework Programme of the 
European Comission. 2002-2013. http://www.civitas.eu. Accessed during 
2009 2010. 

18.  CM, 2005. Comunidad de Madrid. Dirección General de Carreteras. Mapa 
de tráfico 2004.  

19.  CM, 2009. Comunidad de Madrid. Dirección General de Economía, 
Estadística e Innovación Tecnológica. Consejería de Economía y Hacienda. 
ALMUDENA: Banco de datos municipal y zonal. 
http://www.madrid.org/desvan/almudena. Accessed: 2009. 

20.  CRTM, 1997. Memoria del Consorcio Regional de Transportes públicos 
regulares de Madrid. Ejercicio 1996. 

21.  CRTM, 1998. Encuesta Domiciliaria de Movilidad 1996 en la Comunidad 
de Madrid. Madrid: Consorcio Regional de Transportes de Madrid. 

22.  CRTM, 2005a. Memoria del Consorcio Regional de Transportes públicos 
regulares de Madrid. Ejercicio 2004. 

23.  CRTM, 2005b. Consorcio de Transportes de Madrid. Área de Metro y 
EMT. 

24.  CRTM, 2006. Encuesta Domiciliaria de Movilidad 2004 en la Comunidad 
de Madrid. Madrid: Consorcio Regional de Transportes de Madrid. 

25.  CRTM, 2008. Consorcio Regional de Transportes dela Comunidad de 
Madrid. http://www.ctm-madrid.es. Accessed: 01/2008 to 12/2008. 

26.  DALY, A.J. and ZACHARY, S., 1977. The effect of free public transport on 
the journey to work. Transport and Road Research Laboratory 
Supplementary Report, Crow. 

27.  DARGAY, J., 2007. The effect of prices and income on car travel in the 
UK. Transportation Research Part A: Policy and Practice 41(10), 949-960. 

28.  DETR, 2007. Design Manual for Roads and Bridges. Vol. 11. London: 
Department for Transport. Environmental Assessment Techniques. 



CHAPTER 7: REFERENCES 

155 

29.  DGT, 2009. Dirección general de Tráfico (DGT). Datos del parque 
automovilístico de la Comunidad de Madrid. 

30.  DI CIOMMO, F. , MONZÓN, A. ,COMENDADOR J., 2010. Road transport 
social costs in Spain: a new rationale for pricing policy. Proceedings of the 
World  Conference on Transport Research (WCTR), Lisbon, July 2010.  

31.  DOWNS, A., 2001. What does "smart growth" really mean?. Planning 
67(4), 20-25.  

32.  EC, 1995. Green Paper: The Citizen's Network European Union. COM 
(95) 601. 

33.  EC, 1996. Expert Group on the Urban Environment. European 
Commission. Directorate General XI. Environment, Nuclear Safety and Civil 
Protection. European Sustainable Cities: report. 

34.  EC, 1997. Towards an urban agenda in the European Union. COM (97) 
197. 

35.  EC, 1998. Sustainable Urban Development in the European Union: a 
framework for action. COM (98) 605. 

36.  EC, 2001. White Paper: European transport policy for 2010: time to 
decide. COM(2001) 370. 

37.  EC, 2005. Thematic Strategy on the Urban Environment. COM (2005) 
718. 

38.  EC, 2007a. Green Paper on Urban Environment: Towards a new culture 
for urban mobility. COM (2007) 551. 

39.  EC, 2007b. Sustainable Urban Transport Plans. Preparatory Document in 
relation to the follow-up of the Thematic Strategy on the Urban 
Environment. 

40.  EC, 2009. Action Plan on Urban Mobility. COM (2009) 490. 

41.  EEA, 2000. TERM Report 2000: Are we moving in the right direction? 
Indicators on transport and environment integration in the EU. European 
Environment Agency. Copenhagen, January 2000. 

42.  ECMT, 1995. European Conference of Ministers of Transport and 
Organization for Economic Cooperation. Urban Travel and Sustainable 
Development. 

43.  ELIASSON, J., HULTKRANTZ, L., NERHAGEN, L. and SMIDFELT 
ROSQVIST, L., 2009. The Stockholm congestion – charging trial 2006: 
Overview of effects. Transportation Research Part A, 43(3), 240-250.  

44.  EVANS, J.E., 2004. Transit Scheduling And Frequency, TCRP Report 95, 
Transportation Research Board (www.trb.org); at 
http://onlinepubs.trb.org/onlinepubs/tcrp/tcrp_rpt_95c9.pdf .  



CHAPTER 7: REFERENCES 

156 

45.  GORDON, P. and RICHARDSON, H.W., 2000. Critiquing Sprawl’s Critics. 
Cato Policy Analysis 365.  

46.  GRUNDY, C., STEINBACH, R., EDWARDS, P., WILKINSON, P. and 
GREEN, J., 2008. 20mph zones and road safety in London: a report to the 
London Road Safety Unit. London: LSHTM. 

47.  GUTIERREZ, J. and GARCÍA-PALOMARES, J.C., 2007. New spatial 
patterns of mobility within the metropolitan area of Madrid: Towards more 
complex and dispersed flow network. Journal of Transport Geography 15(1), 
18-30. 

48.  HENSHER, D.A. and REYES, A.J., 2000. Trip chaining as a barrier to the 
propensity to use public transport. Transportation 27, 341-361. 

49.  IDAE, 2006. Guía práctica para la elaboración e implantación de Planes 
de Movilidad Urbana Sostenible. Madrid, Instituto para la Diversificación y 
Ahorro de la Energía (IDAE). 

50.  INE, 2009. Instituto Nacional de Estadística. Series históricas de 
población y empleo. http://www.ine.es. Accessed: 2009. 

51.  JONES, D. and MEHRDAD, T., 2010. Practical Goal Programming.  
Springer e-ISBN: 978-1-4419-5771-9. 

52.  KARLSTRÖM, A. and FRANKLIN, J.P., 2009. Behavioral adjustments and 
equity effects of congestion pricing: Analysis of morning commutes during 
the Stockholm Trial. Transportation Research Part A: Policy and Practice 
43(3), 283-296. 

53.  KNIGHT, F.H., 1924. Some Fallacies in the Interpretation of Social Costs. 
Quarterly Journal of Economics 38, 582-606.  

54.  KNOFLACHER, H., 2007. Success and failures in urban transport 
planning in Europe—understanding the transport system. Sadhana 32 (4), 
293-307.  

55.  KÖLBL, R., 2000. A bio-physical model of trip generation/trip 
distribution. Dissertation, Doctoral Thesis.  

56.  KOLLAMTHODI, S. and WATKISS, P., 2005. Technical and Non-technical 
Options to Reduce Emissions of Air Pollutants from Road Transport. 
Oxfordshire. On behalf of DEFRA (Department for Environment, Food and 
Rural Affairs - Wales). 

57.  La Caixa, 2005. Anuario Económico de España 2004.  

58.  LAIRD, J. and MACKIE, P., 2009. Review of Economic Assessment in 
Rural Transport Appraisal. Transport research series, Institute for Transport 
Studies, University of Leeds, Leeds, UK , 1-96.  

59.  LAUTSO, K., SPIEKERMANN, K., WEGENER, M., SHEPPARD, I., 
STEADMAN, P., MARTINO, A., DOMINGO, R. and GAYDA, S., 2004. Planning 



CHAPTER 7: REFERENCES 

157 

and Research of Policies for Land Use and Transport for Increasing Urban 
Sustainability. PROPOLIS Project. Helsinki: European Commission. Final 
Report  

60.  LEVINGER, D., McGEHEE, M., 2008. Connectivity: Responding to New 
Trends Through a Usability Approach. Community Transportation , 33-37.  

61.  LEVINSON, D.M. and KUMAR, A., 1994. The Rational Locator: Why 
Travel Times Have Remained Stable. Journal of the American Planning 
Association, 60(3), 319-332. 

62.  LITMAN, T., 2011. Win-win transportation solutions. Mobility 
Management Strategies That Provide Economic, Social and Environmental 
Benefits. Victoria Transport Policy Institute. 

63.  LITMAN, T., 2012. Evaluating Public Transit Benefits and Costs. Best 
Practices Guidebook. Victoria Transport Policy Institute. 

64.  LÓPEZ-LAMBAS, M.E., CORAZZA, M.V., MONZON, A., MUSSO, A., 2012. 
Rebalancing urban mobility: a tale of four cities. Proceedings of the 
Institution of Civil Engineers Urban Design and Planning (doi:Paper 
1100044). 

65.  MANZINI, F., ISLAS, J., MACÍAS, P., 2011. Model for evaluating the 
environmental sustainability of energy projects. Technological Forecasting 
and Social Change 78(6), 931-944. 

66.  MAY, A.D., COOMBE, D., TRAVERS, T., 1996. The London Congestion 
Charging programme: assessment of the impacts. Traffic Engineering and 
Control 37(6). 

67.  MAY, A.D., SHEPHERD, S. and TIMMS, P.M., 2000. Optimal transport 
strategies for European cities. Transportation 27 (3), pp. 285-315. 

68.  MAY, A.D., MILNE, D.S., 2000. Effects of alternative road pricing 
systems on network performance. Transportation Research Part A: Policy 
and Practice 34(6), 407-436.  

69.  MAY, A.D., LIU, R., SHEPHERD, S. P., SUMALEE, A., 2002. The impact of 
cordon design on the performance of road pricing schemes. Transport Policy 
9(3), 209-220.  

70.  MAY, A.D., KELLY, C., SHEPHERED, S., 2006. The principles of 
integration in urban transport strategies. Transport Policy 13(4), 319-327.  

71.  MAY, A.D., MARSDEN, G., 2010. Urban Transport and Mobility. 
Document produced as background for the 2010 International Transport 
Forum on Transport and Innovation: Unleashing the Potential. Leipzig, 
Germany, 26-28 May 2010. 

72.  MAYERES, I., PROOST, S., EMBERGER, G., GRANT-MULLER, S., KELLY, 
C. and MAY, A.D., 2003. Deliverable D4: Synergies and Conflicts of 



CHAPTER 7: REFERENCES 

158 

Transport Packages. SPECTRUM (Study of Policies regarding 
Economicinstruments Complementing Transport Regulation and the 
Understanding of physical Measures)Leeds, Institute for Transport Studies.  

73.  McKNIGHT, A., 1982. The Value of Travel Time Savings in Public Sector 
Evaluation. Australian Government Publishing Service.ISBN: 
9780644017824. 

74.  METZ, D., 2004. Travel time constraints in transport policy. Transport. 
Proceedings of the Institution of Civil Engineering 157(2), 99-105. 

75.  MFOM, 2005. Ministerio de Fomento. Mapa de Tráfico 2004. 

76.  Ministry of Transport, 1964. Road Pricing: The economic and technical 
Possibilities. 

77.  MINKEN, H., JONSSON, D., SHEPHERD, S., JÄRVI, T., MAY, A., PAGE, 
M., PEARMAN, A., PFAFFENBICHLER, P., TIMMS, P. and VOLD, A., 2003. 
Developing Sustainable Land Use and Transport Strategies. A Methodological 
Guidebook. 

78.  MONZÓN, A. (2003). Integrated policies for improving modal split in 
urban areas. 16th ECMT Symposium, Budapest. 

79.  MONZÓN, A., GUERRERO, M.J., 2004. Valuation of social and health 
effects of transport-related air pollution in Madrid (Spain). Science of the Total 
Environment, 334-335, pp. 427-434. 

80.  MONZÓN, A. and DE LA HOZ, D., 2009. Efectos sobre la movilidad 
dinámica territorial de Madrid. Urban, 14, pp 58-71. Departamento de 
Urbanística y Ordenación del Territorio, Madrid. 

81.  MÖSER, G. and BAMBERG, S., 2008. The effectiveness of soft transport 
policy measures: A critical assessment and meta-analysis of empirical 
evidence. Journal of Environmental Psychology 28(1), 10-26.  

82.  MUN, S., KONISHI, K. and YOSHIKAWA, K., 2003. Optimal cordon 
pricing. Journal of Urban Economics 54(1), 21-38. 

83.  NAESS, P. and SANDBERG, S.L., 1996. Workplace Location, Modal Split 
and Energy Use for Commuting Trips. Urban Studies 33(3), 557-580. 

84.  NEEDS, 2011. NEEDS project:New Energy Externalities Developments 
for Sustainability. 6th Framework Programme of the European Comission. 
2004-2009. Final report. http://www.needs-project.org. Accessed in 
September 2011. 

85.  NICOLAS, J. POCHET, P. and POIMBOEUF, H., 2003. Towards sustainable 
mobility indicators: application to the Lyon´s conurbation. Transport Policy 
10(3), 197-208.  



CHAPTER 7: REFERENCES 

159 

86.  OECD, 2004. Organisation for Economic Co-operation and Development. 
Communicating environmentally sustainable transport: the role of soft 
measures. Report of the Workshop held in Berlin, December 2002.  

87.  O'FALLON, C. and SULLIVAN, C., 2011. Slow zones: their impact on 
mode choices and travel behaviour. New Zealand Agency reseacrh report 
438. 

88.  ORTÚZAR, J.D. and WILLUMSEN, L. G., 1994. Modelling Transport. 
Wiley, England. ISBN 047194193X. 

89.  PALMA, A., LINDSEY, R. and PROOST, S., 2006. Research challenges in 
modelling urban road pricing: An overview. Transport Policy 13(2), 97-105.  

90.  PIGOU, A.C., 1932. The Economics of Welfare. Library of Economics and 
Liberty. 

91.  QUARRMBY, D., 1967. Choice of travel mode for the journey to work. 
Journal of Transport Economics and Policy 1, 273-314.  

92.  RICHARDS, M., GILLIAM, C. and LARKINSON, J., 1996. The London 
congestion charging research programme:6. The findings. Traffic 
Engineering and Control 37 (7/8), 436-440.  

93.  ROUWENDAL, J. and VERHOEF, E.T., 2006. Basic economic principles of 
road pricing: From theory to applications. Transport Policy 13(2), 106-114. 

94.  RUPPRECHT CONSULT, 2005. Sustainable Urban Transport Plans (SUTP) 
and urban environment: Policies, effects, and simulations. Review of 
European references regarding noise, air quality and CO2 emissions. Final 
report. 

95.  SAELENS, B.E., HANDY, S.L., 2008. Built environment correlates of 
walking: a review. Medicine&Science in Sports and Exercisa 40.  

96.  SALAS, M., ROBUSTÉ, F. and SAURI, S., 2009. Impact of Two-Part 
Pricing Scheme on Social Welfare for Congested Metropolitan Expressway 
Networks. Transportation Research Record: Journal of the Transportation 
Research Board 2115, 102-109.  

97.  SANTOS, G., 2004. Urban Congestion Charging: A Second-Best 
Alternative. Journal of Transport Economics and Policy 38, 345-369.  

98.  SANZ, A., 2008. Calmar El Tráfico. Pasos Para Una Nueva Cultura De La 
Movilidad Urbana. Ministerio de Fomento. Centro de Publicaciones, 2008. 

99.  SCHADE, J. and SCHLAG, B., 2003. Acceptability of urban transport 
pricing strategies. Transportation Research Part F: Traffic Psychology and 
Behaviour 6(1), 45-61.  

100.  SCHWANEN, T., DIJST, M., DIELEMAN, F. M., 2004. Policies for urban 
form and their impact on travel: the Netherlands experience. Urban Studies 
41(3), 579-603.  



CHAPTER 7: REFERENCES 

160 

101.  SHEPHERD, S.P., ZHANG, X., EMBERGER, G., HUDSON, M., MAY, A.D. 
and PAULLEY, N., 2006. Designing optimal urban transport strategies: The 
role of individual policy instruments and the impact of financial constraints. 
Transport Policy 13(1), 49-65. 

102.  SMILE, 2010. SMILE project: Guidelines for Road Traffic Noise 
Abatement. European Commission "LIFE-Environment" research 
programme. LIFE00 ENV/F/000640. 

103.  STEER DAVIES GLEAVE, 1997. Transport Quality and Values of Travel 
Time. Prepared for TRENEN II STRAN, Trinity College, Dublin. 

104.  STEG, L. and VLEK, C., 1997. The role of problem awareness in 
willingness to change car use and in evaluating relevant policy measures. 
Traffic and Transport Psychology, Pergamon Press, Oxford, UK , 465-475.  

105.  STRADLING, S.G., MEADOWS, M.L. and BEATTY, S., 2000. Helping 
drivers out of their cars: integrating transport policy and social psychology 
for sustainable change. Transport Policy 7(3), 207-215. 

106.  Swedish Transport Agency. http://www.transportstyrelsen.se/en/. 
Accessed: may 2011. 

107.  TfL, 2004. Transport for London. Congestion Charging Central London. 
Impacts monitoring. Second annual report . http://www.tfl.gov.uk. 
Accessed: 2011. 

108.  TfL, 2007. Transport for London. Congestion Charging Central London. 
Impacts monitoring. Fifth annual report. http://www.tfl.gov.uk. Accessed: 
2011. 

109.  TRRL (Transport and Road Research Laboratory), 1980. The Demand for 
Public Transport. Report on the international Collaborative Study of the 
Factors Affecting Public Transport Patronage. 

110.  TUERK, A., MACDONALD, M.G., DANIEL, J., LI, H., 2012. Impact of 
Congestion Charging on Traffic Volumes: Evidence from London. TRB 91st 
Annual Meeting. Washigton D.C. , US, January 2012. 

111.  UK GOVERNMENT, 2000. Transport Act 2000. United Kingdom, 30 

November 2000. http://www.legislation.gov.uk/ukpga/2000/38/contents. 
Accessed: 2012. 

112.  UNITED NATIONS, 1987. Our common future. Brundtland Report. 
Oxford, The World Commission on Environment and Development. Oxford 
University Press. 

113.  VALDÉS, C., 2008. Integración de modelos estratégicos con modelos de 
transporte. Aplicación al modelo MARS.Dissertation research. September 
2008. (Available at http://oa.upm.es/1449/). 



CHAPTER 7: REFERENCES 

161 

114.  VALDÉS, C., LÓPEZ-LAMBAS, M.E. Del BRT al BHLS: un enfoque europeo 
de los sistemas de transporte masivo en autobús. Actas del XI Congreso de 
Ingeniería del Transporte. Madrid, 7-9 Julio 2010. ISBN 978-84-96398-41-2. 

115.  VALDÉS, C., MONZÓN, A., GARCÍA BENÍTEZ, F., DI CIOMMO, F., 2012. 
Simulación de un peaje urbano en la ciudad de Madrid. Actas del XII 
Congreso de Ingeniería del Transporte. Granada, 20-22 Junio 2012. ISBN 
978-84-338-5402-5. 

116.  VERHOEF, E.T., 2002. Second-best congestion pricing in general 
networks. Heuristic algorithms for finding second-best optimal toll levels and 
toll points. Transportation Research Part B 36(8), 707-729.  

117.  WARDMAN, M., 2004. Public transport values of time. Transport Policy 
11(4), 363-377. 

118.  WEBSTER, D. and MACKIE, A. M., 1996. Review of traffic calming 
schemes in 20 mph zones. TRL report no. 215. 

119.  WHO (World Health Organization), 2000. World Health Report 2000. 
Health Systems: Improving Performance. 

120.  ZAHAVI, Y., 1974. Travel time budgets and mobility in urban areas. 
Federal Highway Administration, Washington DC., U.S. Department of 
Transportation.  

121.  ZAHAVI, Y. 1980. Regularities in travel time and money expenditures. 
Transportation Research Record 750, 13-19.  

122.  ZHANG, X. and YANG, H., 2004. The optimal cordon-based network 
congestion pricing problem. Transportation Research Part B: Methodological 
38(6), 517-537.  

123.  ZHANG, X., PAULLEY, N., HUDSON, M. and RHYS-TYLER, G., 2006. A 
method for the design of optimal strategies. Transport Policy 13, 329-338. 

 



 

 

 

 



 

 

 

 

 

 

 

 

 

 

8 APPENDICES 



 

 

 



CHAPTER 8: APPENDICES 

165 

 

 

 

A 1 TRAFFIC COUNT LOCATIONS: REAL DATA 
VERSUS ASSIGNMENT RESULTS 

 

A 2 BUS LINES SPEED: REAL VERSUS MODELED 

 

A 3 SPSS MODAL CHOICE MODELS RESULTS 

 

A 4 SCENARIOS 

 

A 5 IMPACTS DETAILED BY ROAD TYPE 

 





CHAPTER 8: APPENDICES 
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ROAD TYPE COUNT LOCATION CODE

Adjusted matrix 

assignment result Count location data

Autovias radiales MF0211  4460 5963
Autovias radiales MF1001  5132 6714
Autovias radiales MF1011  4128 5456
Autovias radiales ES7  2596 2880
Autovias radiales MF2161  1444 2822
Autovias radiales MF2191  1498 2720
Autovias radiales PM10001  5611 5803
Autovias radiales MF2651  2782 5062
Autovias radiales MF0921  629 1603
Autovias radiales MF0341  2155 3105
Autovias radiales MF0431  2173 4305
Autovias radiales MF0432  2829 4127
Autovias radiales MF0442  2522 3031
Autovias radiales MF0441  2196 3162
Autovias radiales MF0451  1096 2553
Autovias radiales MF0452  1262 2466
Autovias radiales MF0521  943 1850
Autovias radiales MF2672  1179 2238
Autovias radiales MF2671  936 3697
Autovias radiales MF2001  410 2852
Autovias radiales MF2002  868 2162
Autovias radiales MF0622  2796 3339
Autovias radiales MF0721  907 2849
Autovias radiales MF0192  468 2252
Autovias radiales MF0712  468 2569
Autovias radiales MF0711  1067 3048
Autovias radiales MF0731  0 2349
Autovias radiales MF0732  0 1980
Autovias radiales MF0902  1847 4000
Autovias radiales MF0901  1760 5279
Autovias radiales MF2692  3052 3973
Autovias radiales MF2691  3184 5045
Autovias radiales MF1501  2902 2850
Autovias radiales PM10041  5037 6561
Autovias radiales MF6031  3152 5683
Autovias radiales FN1‐2  1309 2847
Autovias radiales FN1‐1  1660 4274
Autovias radiales MF2701  765 5683
Autovias radiales MF2702  988 2826
Autovias radiales MF2681  3391 5422
Autovias radiales MF6621  4621 5683
Autovias radiales MF2211  2683 3887
Autovias radiales MF1112  2068 2911
Autovias radiales MF1111  943 3245
Autovias radiales MF0222  3242 3760
Autovias radiales MF0221  2495 6167
Autovias radiales MF1161  5499 6008
Autovias radiales MF0621  1794 4217

A1 ‐ TRAFFIC COUNTS: REAL DATA VERSUS ADJUSTED OD MATRIX ASSIGNMENT

Autovias radiales MF0051  3508 4754
Autovias radiales FN1‐5  177 538
Autovias radiales FN3‐2  0 623
Autovias radiales FN3‐1  57 806
Autovias radiales MF1041  1547 4279
Autovias radiales MF1042  2661 3366
Autovias radiales MF0632  1616 2789
Autovias radiales MF0631  1325 3530
Autovias radiales MF0531  0 1826
Autovias radiales MF0532  173 1090
Carreteras C1‐35 M‐851 611 743
Carreteras C1‐35 M‐851 159 301
Carreteras C1‐31 M‐616 1104 1110
Carreteras C1‐49 M310 520 823
Carreteras C1‐49 M310 438 590
Carreteras C1‐13 M‐408 19 946
Carreteras C1‐13 M‐408 40 498
Carreteras C1‐41 M‐600 730 1006
Carreteras C1‐41 M‐600 55 384
Carreteras C1‐8 M446 1322 1836
Carreteras N‐1 LA CABRERA, PK 60,300, SALIDA 49 591
Carreteras M‐607 CERCEDA, PK 49,600, ENTRADA 97 227
Carreteras M‐501PELAYOS, PK 49,200, SALIDA 90 231
Carreteras M‐501PELAYOS, PK 49,200, ENRADA 12 356
Carreteras C1‐69 M‐103 59 300
Carreteras C1‐69 M‐103 49 249

Traffic counts



ROAD TYPE COUNT LOCATION CODE

Adjusted matrix 

assignment result Count location data

A1 ‐ TRAFFIC COUNTS: REAL DATA VERSUS ADJUSTED OD MATRIX ASSIGNMENT

M30 PM20041 ENTRE TORROJA Y MANOTERAS 7047 7164
M30 PM10152 TORROJA SAL C. RICA 1149 2032
M30 PM10332 ENTRE C.RICA Y R.CAJAL 2987 6494
M30 PM10252 ENTRE PIO XII/A.SORIA Y CRICA 3023 4142
M30 PM20402 ENTRE AV AMERICA Y R. CAJAL 2513 3527
M30 PM10562 ENTRE P.AVENIDAS Y P.VENTAS 2773 4209
M30 PM22211 PALACIO DE LA MONCLOA 4776 4570
M30 PM22341 PK 23+250 3126 4489
M30 PM12321 ENTRE P.MONCLOA Y A‐6 5017 6642
M30 PM20322 ENTRE R.CAJAL Y COSTA RICA 2490 4269
M30 PM12121 ENTRE P.FRANCESES Y P.MONCLOA 4898 6182
M30 PM20452 AVDA AMERICA 1437 1622
M30 PM10472 AV AMERICA 3409 3640
M30 PM11141 ENTRE MZ ALVARO Y NUDO SUR 6004 8381
M30 PM11721 ENTRE P.S.ISIDRO Y P.SEGOVIA 3388 4826
M30 PM10942 ENTRE AV.MED Y P.VALLECAS 1572 4263
M30 PM11781 ENTRE P.SEGOVIA Y P.REY 3388 4332
M30 PM20401 ENTRE AV AMERICA Y R. CAJAL 5856 6272
M30 PM12061 PUENTE DE LOS FRANCESES 5062 6450
M30 PM20151 TORROJA 5000 6601
M30 PM10212 ENTRE PIO XII Y ARTURO SORIA 2401 4947
M30 PM20262 ENTRE C.RICA Y PIO XII‐A.SORIA 2590 5077
M30 PM12331 PK 23+260 3688 4101
M30 PM10013 ACCESO CARRETERA COLMENAR (M‐607) 2054 2330
M30 PM21841 PUENTE DEL REY 4781 5545
M30 PM12391 PK 23+860 4120 4869
M30 PM12471 PK 24+660 3390 3947
M30 PM22281 ENTRE A6 Y P. MONCLOA 3425 4689
M30 PM22081 PUENTE DE LOS FRANCESES 4155 4444
M30 PM10722 ENTRE P.VENTAS Y O'DONNEL 2237 3138
M30 PM10662 ENTRE P.VENTAS Y O'DONNEL 1275 2434
M30 PM21352 ENTRE SM CABEZA Y NUDO SUR 734 1167
M30 PM21561 GTA PIRAMIDES 3627 3658
M30 PM12211 PALACIO DE LA MONCLOA 4942 6920
M30 PM22391 PK 23+850 3126 4570
M30 PM11011 PUENTE DE VALLECAS 4358 7534
M30 PM10861 ENTRE O'DONNEL Y AVDA MEDITERRANEO 4465 5208
M30 PM10941 ENTRE AV.MED Y P.VALLECAS 3881 4789
M30 PM10512 PUENTE DE LA PAZ LATERAL 3458 4189
M30 PM10811 ENTRE O'DONNEL Y AVDA.MEDITERRANEO N‐III 3941 5499
M30 PM10812 ENTRE O'DONNEL Y AVDA.MEDITERRANEO N‐III 1656 3470
M30 PM21781 ENTRE P.SEGOVIA Y P.REY 4120 4201
M30 PM20212 ENTRE C.RICA Y PIO XII‐A.SORIA 2214 3986
M30 PM11201 NUDO SUR 3323 5205
M40 F10 Sec11  M‐40  Int ‐ 8,900 3c   4301 5040
M40 F15 Sec19  M‐40  Int ‐ 17,080 3c 4207 5298
M40 F21 Sec23  M‐40  Int ‐ 21,825 3c 3265 5919
M40 F19 Sec22  M‐40  Ext ‐ 21,000 4c 5422 6536
M40 F18 Sec20  M‐40  Int ‐ 20,221 3c 4624 5183
M40 F26 Sec32  M‐40  Int ‐ 30,500 3c 3643 4685
M40 F27 Sec31  M‐40  Ext ‐ 30,500 3c 4789 6180
M40 F4 Sec06  M‐40  Int ‐ 6,350 3c 5545 6623
M40 F14 Sec14  M‐40  Ext ‐ 12,138 3c 5368 7141
M40 F12 Sec13  M‐40  Ext ‐ 10,415 4c 6668 8248
M40 F28 Sec34  M‐40  Int ‐ 33,600 3c 4746 6220
M40 F30 Sec35  M‐40  Int ‐ 35,000 3c 4746 6364
M40 F29 Sec33  M‐40  Ext ‐ 33,600 3c 1723 3960
M40 F31 Sec37  M‐40  Int ‐ 38,000 3c 3601 7383
M40 F33 Sec39  M‐40  Int ‐ 39,200 4c 3601 7228
M40 F34 Sec38  M‐40  Ext ‐ 39,200 4c 1012 3576
M40 F32 Sec36  M‐40  Ext ‐ 38,000 3c 1012 3401
M40 F36 Sec41  M‐40  Int ‐ 43,850 3c 4692 7306
M40 F35 Sec40  M‐40  Ext ‐ 43,100 3c 1307 2570
M40 F44 Sec42  M‐40  Int ‐ 45,600 4c 5950 8236
M40 F45 Sec43  M‐40  Ext ‐ 45,600 4c 1713 2796
M40 F40 Sec46  M‐40  Ext ‐ 57,025 3c 2934 4659
M40 F41 Sec47  M‐40  Int ‐ 57,025 3c 4973 6571
M40 F42 Sec45  M‐40  Ext ‐ 52,500 3c 2761 2796
M40 F6 Sec08  M‐40  Ext ‐ 7,600 4c 4701 7427
M45 PM009 TRONCO IZQDO PK3,5 0 3541
M45 PM016 TRONCO IZQDO PK 17,830 139 5020
M45 PM013 TRONCO DRCHO PK 19,770 155 4185
M45 PM007R TRONCO IZQDO PK 23,400 1292 4078
M45 PM008R TRONCO DRCHO PK 23,400 1165 6680
M45 PM005R TRONCO IZQDO PK 25,900 820 3960
M45 PM006R TRONCO DRCHO PK 25,900 613 6055
M45 PM004R TRONCO DRCHO PK 29,300 136 5361
M45 PM003R TRONCO IZQDO PK 29,300 214 2949
M45 PM001R TRONCO IZQDO PK 32,400 901 2780
M45 PM021 TRONCO IZQDO PK 12,980 295 5052
M45 PM019 TRONCO IZQDO PK 15,380 295 5060
M45 PM017 TRONCO DRCHO PK 17,830 350 6625
M45 PM002R TRONCO DRCHO PK 32,400 817 4912
M45 PM010 TRONCO DRCHO PK3,5 8 4813
M45 PM003 TRONCO DRCHO PK 7,650 212 5133
M45 PM007 TRONCO DRCHO PK6,520 301 4155
M45 PM006 TRONCO IZQDO PK 6,520 17 2513
M45 PM029 TRONCO DRCHO PK 8,450 212 3682
M45 PM028 TRONCO IZQDO PK 8,450 17 4093
M45 PM025 TRONCO DRCHO PK 10,230 370 5921
M45 PM002 TRONCO IZQDO PK 7,650 17 3459
M45 PM023 TRONCO IZQDO PK 10,230 295 3715
M45 PM020 TRONCO DRCHO PK 15,380 376 6597
M45 PM022 TRONCO DRCHO PK 12,980 370 6238
M45 PM012 TRONCO IZQDO PK 19,770 139 2621
M45 PM010R TRONCO DRCHO PK 17,830 594 6099
M45 PM009R TRONCO IZQDO PK 17,830 504 4069

Traffic counts



ROAD TYPE COUNT LOCATION CODE

Adjusted matrix 

assignment result Count location data

A1 ‐ TRAFFIC COUNTS: REAL DATA VERSUS ADJUSTED OD MATRIX ASSIGNMENT

Vías urbanas ES2 PRINCESA (S leonardo‐V corbalan) 672 1497
Vías urbanas ES2 PRINCESA (VRguez‐VzCorbalán) 483 996
Vías urbanas ES16 AAGUILERA (conde duque‐R jimenez) 1943 2843
Vías urbanas ES23 PASEO PRADO (Huertas‐Carlos V) 1652 1956
Vías urbanas ES13 GENOVA (Argensola‐M. Ensenada) 1351 1538
Vías urbanas ES24 G VIA SAN FRANCISCO (Pta Toledo‐Carr S fco) 923 1205
Vías urbanas ES22 RONDA VALENCIA (Mesón Paredes‐Fray Luis León) 904 2230
Vías urbanas ES23 PASEO PRADO (gta Carlos V‐Huertas) 3015 3847
Vías urbanas ES40 R.FDZ VILLAVERDE (ACano‐Ponzano) 1959 2686
Vías urbanas ES40 R.FDZ VILLAVERDE (Ponzano‐ACano) 1861 3646
Vías urbanas ES3 DR ESQUERDO(S.Baranda‐Ibiza) 1603 2252
Vías urbanas ES3 D ESQUERDO (ibiza‐s baranda) 809 1574
Vías urbanas ES29 P.INFANTA ISABEL (CarlosV‐Alfonso XII) 1168 2384
Vías urbanas ES29 P.INFANTA ISABEL (Alfonso XII‐CARLOS v) 1842 2334
Vías urbanas ES31 FR.RODRIGUEZ (Pirineos‐A.Machado) 487 469
Vías urbanas ES56 ARCENTALES (HGNoblejas‐Ajofrin) 882 1012
Vías urbanas ES48 HNOS G NOBLEJAS (Pobladura valle‐Arcentales) 1102 2270
Vías urbanas ES33 S.DELGADO (G.Limia‐Piedrafita Cebrero) 1101 1770
Vías urbanas ES31 FR.RODRIGUEZ (A.Machado‐pirineos) 1056 991
Vías urbanas ES41 BR. MURILLO (Cap Blanco Argibay‐Pinos Alta) 690 1602
Vías urbanas ES21 PPE VERGARA (Uruguay‐Colombia) 1109 1510
Vías urbanas ES37 COSTA RICA (Paraguay‐Jose Mª Soler) 904 1779
Vías urbanas ES37 COSTA RICA (Jose Mª Soler‐Paraguay) 1257 2504
Vías urbanas ES6 A.SORIA (‐Ram.Arellano‐Sorzano) 952 1174
Vías urbanas ES6 A.SORIA (Sorzano‐Ram.Arellano) 864 1538
Vías urbanas ES47 ALCALA (JM Pereda‐Hnos Gomez) 825 855
Vías urbanas ES17 CEA BERMUDEZ (Galileo‐Vallehermoso) 3096 3487
Vías urbanas ES12 J.ABASCAL (Fz Hoz‐Zurbano) 2295 2969
Vías urbanas ES36 P.CASTELLANA (Gral Yagüe‐R Salgado) 1516 2129
Vías urbanas ES36 P.CASTELLANA (R.Salgado‐Gral Yagüe) 1686 2878
Vías urbanas ES1 CASTELLANA (E Dato‐M. Riscal) 908 1138
Vías urbanas ES45 VELAZQUEZ (J. Juan‐Goya) 1853 2793
Vías urbanas PM10666 ENTRE P.VENTAS Y O'DONNELL 962 1127
Vías urbanas ES49 AV VALLADOLID (loeches‐MMonistrol) 895 1297
Vías urbanas C2‐4 M501 4301 4280
Vías urbanas ES59 SAN CIPRIANO (Villalmanzo‐Jardín Duquesa) 403 607
Vías urbanas ES59 SAN CIPRIANO (Jardín Duquesa‐Villalmanzo) 265 392
Vías urbanas ES46 AV ALBUFERA (R‐Alberti‐P Neruda) 848 1279
Vías urbanas ES46 AV ALBUFERA (P.Neruda‐R‐Alberti) 934 1362
Vías urbanas ES43 P. EXTREMADURA (P.angel‐S.ursula) 900 1649
Vías urbanas ES55 ALCOCER (Arechavaleta‐Virgen desamparados) 211 416
Vías urbanas ES55 ALCOCER (Arechavaleta‐Virgen Desamparados) 188 319
Vías urbanas ES54 RAFAELA  YBARRA 38 479 492
Vías urbanas ES28 MENDEZ ALVARO (P Bosh‐Rmrez de prado) 867 1211
Vías urbanas ES28 MENDEZ ALVARO (Rz Prado‐P.Bosch) 629 945
Vías urbanas PM11207 NUDO SUR 2434 3911
Vías urbanas ES53 Marcelo Usera nº 6 672 780
Vías urbanas PM11564 GTA PIRAMIDES 245 452
Vías urbanas ES5 SMCABEZA (Peñuelas‐Arquitectura) 1115 1615
Vías urbanas ES5 SMCABEZA (caceres‐gral palanca) 1672 2380
Vías urbanas ES34 MAYOR (Herradores‐Bordadores) 828 1839
Vías urbanas ES60 C.VINATEROS (A. Media Legua‐D.Valderrábanos) 1777 2053
Vías urbanas ES1 CASTELLANA (E Dato‐E Castelar) 1804 3266
Vías urbanas C1‐18 M‐406 417 672
Vías urbanas C1‐18 M‐406 440 875
Vías urbanas C1‐16 M‐406 571 1005
Vías urbanas C2‐3 M600 1586 2659
Vías urbanas C1‐20 M‐506 448 699
Vías urbanas C1‐20 M‐506 631 917
Vías urbanas PM10664 ENTRE P.VENTAS Y O'DONNEL 734 971
Vías urbanas ES57 SILVANO (Machupichu‐JD Rus) 1026 1124
Vías urbanas ES57 SILVANO (JD Rus‐Machupichu) 921 1210
Vías urbanas PM008 VIA COLECTORA DRCHA PK 6,520 59 3151
Vías urbanas PM004 VIA COLECTORA DRCHA PK 7,650 148 1692
Vías urbanas PM005 VIA COLECTORA IZQDA PK 6,520 96 1784
Vías urbanas PM001 VIA COLECTORA IZQDA PK 7,650 96 1604
Vías urbanas PM030 VIA COLECTORA DRCHA PK 8,450 222 3197
Vías urbanas PM027 VIA COLECTORA IZQDA PK 8,450 55 891
Vías urbanas PM011 VIA COLECTORA IZQDA PK 19,770 376 2534
Vías urbanas PM014 VIA COLECTORA DRCHA PK 19,770 770 2842
Vías urbanas ES58 AV LOGROÑO (Brezos‐M aguilar) 630 669
Vías urbanas ES58 AV LOGROÑO (M.Aguilar‐Brezos) 453 567
Vías urbanas PM11562 GTA PIRAMIDES 83 638
Vías urbanas PM21568 GTA PIRAMIDES 400 408
Vías urbanas PM21562 GTA PIRAMIDES 1039 1092
Vías urbanas PM21653 PUENTE DE S.ISIDRO 859 1025
Vías urbanas ES35 ARENAL (P.Sol‐Fuentes) 510 582
Vías urbanas ES24 G VIA SAN FRANCISCO (Crrera SFco‐Pta Toledo) 1105 1611
Vías urbanas ES8 GRAN VIA (Salud‐Tres Cruces) 1139 1356
Vías urbanas ES8 GRAN VIA (Salud‐Tres Cruces) 966 1829
Vías urbanas ES9 ATOCHA (SSebast‐L.Guevara) 569 700
Vías urbanas ES30 EMBAJADORES (Labrador‐Seb.Elcano) 507 1083
Vías urbanas ES13 GENOVA (Argensola‐M. Ensenada) 1543 2267
Vías urbanas ES22 RONDA VALENCIA (Fray Luis León‐Mesón Paredes) 1619 2204
Vías urbanas ES14 O.GASSET (Díaz Polier‐PVergara) 941 1257
Vías urbanas ES19 B MURILLO (C.Bordiu‐RRosas) 2082 2393

Traffic counts
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Bus line
Modeled speed 

(km/h)

Real speed 

(km/h)
Bus line

Modeled speed 

(km/h)

Real speed 

(km/h)
1_R 14.4 8.7 19_R 13.0 9.6

100_R 15.1 12.8 2_H 14.3 9.7

101_H 50.1 20.9 20_R 14.2 11.4

102_R 13.0 12.3 200_H 44.0 43.4

103_R 13.5 15.8 200_R 44.7 39.6

104_H 12.8 13.2 21_R 11.4 12.5

104_R 12.3 13.6 215_R 14.8 12.5

105_R 12.4 14.9 22_R 16.0 11.6

106_R 12.9 11.5 23_R 14.8 8.4

107_R 13.2 13.4 247_R 16.6 10.0

108_R 15.0 12.0 25_R 12.9 14.9

109_R 13.7 8.9 26_H 12.2 10.0

11_R 11.4 10.3 27_H 13.7 10.6

110_H 12.8 11.9 28_R 13.5 13.3

111_R 11.6 9.9 29_R 14.2 11.5

112_R 43.7 18.7 3_H 11.9 9.0

113_H 13.8 11.1 3_R 13.5 12.4

113_R 16.0 12.9 30_R 13.5 10.5

114_H 38.1 16.1 31_R 13.5 11.9

114_R 46.3 19.9 310_R 12.9 9.5

115_H 50.5 18.0 32_R 14.0 10.0

115_R 43.2 22.0 33_R 16.2 17.2

116_R 17.8 13.0 34_R 13.8 11.3

117_R 11.5 14.5 35_R 13.5 9.5

119_R 13.8 12.4 36_R 15.0 15.2

12_R 12.5 10.5 37_R 14.1 11.2

120_R 12.8 12.5 38_R 13.6 14.9

121_H 15.4 15.9 39_R 25.7 16.7

121_R 14.7 13.1 4_R 13.3 10.5

122_H 12.9 10.9 40_R 14.9 8.7

122_R 14.4 19.2 41_H 14.4 11.7

123_R 15.6 15.1 42_R 12.4 11.4

124_H 13.4 11.9 43_H 12.7 11.1

124_R 13.9 12.0 43_R 12.2 10.2

125_H 31.5 10.5 44_R 13.0 10.9

125_R 30.4 17.6 45_H 13.9 10.4

126_R 12.4 11.0 45_R 14.0 8.8

127_R 10.0 11.2 46_H 13.9 10.5

128_R 12.5 10.3 46_R 12.1 10.0

129_R 10.7 9.8 47_R 15.2 10.2

130_H 16.6 19.5 48_R 12.2 12.3

131_R 14.9 15.8 49_R 11.7 12.4

132_H 11.8 11.8 5_R 14.5 9.8

132_R 11.3 12.4 50_R 11.3 11.1

133_H 16.6 14.0 51_R 16.0 12.3

133_R 21.2 14.5 52_R 14.4 11.7

134_H 13.3 12.8 53_H 11.6 8.7

134_R 12.8 13.9 53_R 12.3 11.2

135_H 14.6 12.3 55_R 15.4 12.2

136_R 13.5 10.4 56_R 13.0 6.6

137_H 13.0 13.1 57_R 13.0 10.9

137_R 11.3 13.6 58_R 21.5 15.1

138_R 12.3 15.1 59_R 14.9 13.5

139_H 13.0 17.7 6_R 14.0 8.3

139_R 13.2 12.6 60_R 17.8 8.0

14_H 13.9 11.1 61_H 14.9 10.2

140_H 13.2 8.4 61_R 14.6 9.1

140_R 13.7 13.7 62_R 14.1 7.6

141_R 14.3 11.0 63_R 29.4 13.1

142_R 12.8 13.4 64_R 11.9 12.0

143_R 21.0 9.6 65_R 13.0 11.4

144_R 14.2 12.9 66_R 14.2 12.7

145_R 29.5 18.9 67_R 14.8 11.5

146_R 12.5 12.5 7_R 15.0 12.6

147_R 14.5 12.8 70_R 12.6 10.1

148_R 16.1 9.9 71_R 14.2 12.9

149_R 14.6 12.1 72_R 12.7 14.5

15_R 13.6 10.9 73_R 12.6 12.3

150_H 15.6 11.5 74_R 14.1 11.2

150_R 22.1 14.7 75_R 8.2 9.1

152_R 12.2 8.8 76_R 15.8 13.3

153_H 13.3 13.4 77_H 30.9 17.5

153_R 17.2 12.5 77_R 32.5 16.0

16_H 13.7 9.3 78_R 14.5 10.2

16_R 13.3 10.6 79_R 27.5 17.3

160_H 37.7 21.7 8_R 14.6 11.2

160_R 25.1 20.2 80_H 13.8 11.1

161_H 35.7 19.5 81_H 15.9 13.4

161_R 27.9 19.9 81_R 14.5 11.9

162_H 44.3 26.7 82_H 12.7 13.5

162_R 50.2 31.8 82_R 14.3 15.7

17_R 12.1 11.5 83_H 17.0 16.5

172_H 7.8 18.3 83_R 22.2 12.9

172_R 6.8 17.1 85_R 14.9 10.4

173_H 18.2 19.4 86_R 15.8 11.3

173_R 28.5 17.8 87_R 12.2 14.6

174_H 16.8 17.1 88_H 15.9 19.4

174_R 20.1 17.3 9_R 12.9 10.7

18_R 15.8 8.5

A2 ‐ BUS' SPEED: REAL VERSUS MODELED

EMT_speed
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REGRESSION

  /MISSING LISTWISE

  /STATISTICS COEFF OUTS R ANOVA

  /CRITERIA=PIN(.05) POUT(.10)

  /NOORIGIN

  /DEPENDENT Ln_Pc_Ptp.

Regresión

[Conjunto_de_datos1] F:\_CRISTINA\20_Tesis\101_Reparto modal\SPSS\110321.sa

v

*ADVERTENCIA* Continúa la exploración de la sintaxis REGRESSION. Los próximos 
diagnósticos de este comando pueden no ser exactos. Interprételos con precaución.

Execution of this command stops.

La ecuación REGRESSION está incompleta. Es necesario especificar un método. Los 
métodos deben ir inmediatamente después de la especificación dependiente. Sintaxis 
para especificar una ecuación: "/DEPENDENT nomvar/METHOD=método 
listavar/método ...". ’. La lista de variables es opcional con todos los métodos excepto 
REMOVE y TEST. Ejemplo: "/DEPENDENT SALARIO/METHOD=STEPWISE".

Advertencia

REGRESSION

  /MISSING LISTWISE

  /STATISTICS COEFF OUTS R ANOVA

  /CRITERIA=PIN(.05) POUT(.10)

  /NOORIGIN

  /DEPENDENT Ln_Pc_Ptp

  /METHOD=ENTER CGtp_CGcoche.

Regresión

[Conjunto_de_datos1] F:\_CRISTINA\20_Tesis\101_Reparto modal\SPSS\110321.sa

v

Método
Variables 

eliminadas
Variables 

introducidas

1 Introducir.CGtp_
CGcoche

a

ModeloModelo

Variables introducidas/eliminadas
b

a. Todas las variables solicitadas introducidas.

b. Variable dependiente: Ln_Pc_Ptp

Error típ. de la 
estimación

R cuadrado 
corregidaR cuadradoR

1 2,65111,139,139,372
a

ModeloModelo

Resumen del modelo

a. Variables predictoras: (Constante), CGtp_CGcoche

Página 1



Sig.F
Media 

cuadráticagl
Suma de 

cuadrados

Regresión

Residual

Total

1

2890962358589,246

7,0282890952031870,760

,000
a

46485,575326718,4861326718,486

ModeloModelo

ANOVA
b

a. Variables predictoras: (Constante), CGtp_CGcoche

b. Variable dependiente: Ln_Pc_Ptp

Error típ.B Beta Sig.t

Coeficientes 
tipificadosCoeficientes no estandarizados

(Constante)

CGtp_CGcoche

1

,000215,605,372,0194,057

,000−70,345,014−,970

ModeloModelo

Coeficientes
a

a. Variable dependiente: Ln_Pc_Ptp

REGRESSION

  /MISSING LISTWISE

  /STATISTICS COEFF OUTS R ANOVA

  /CRITERIA=PIN(.05) POUT(.10)

  /NOORIGIN

  /DEPENDENT Ln_Pc_Ptp

  /METHOD=ENTER CGtp_CGcoche SER_ORI SER_DES DIS DRESOri DRESDes.

Regresión

[Conjunto_de_datos1] F:\_CRISTINA\20_Tesis\101_Reparto modal\SPSS\110321.sa

v

Método
Variables 

eliminadas
Variables 

introducidas

1 Introducir.DRESDes, 
SER_ORI, 
CGtp_
CGcoche, 
DRESOri, 
SER_DES, 
DIS

a

ModeloModelo

Variables introducidas/eliminadas
b

a. Todas las variables solicitadas introducidas.

b. Variable dependiente: Ln_Pc_Ptp

Página 2



Error típ. de la 
estimación

R cuadrado 
corregidaR cuadradoR

1 2,43078,276,276,525
a

ModeloModelo

Resumen del modelo

a. Variables predictoras: (Constante), DRESDes, SER_ORI, 
CGtp_CGcoche, DRESOri, SER_DES, DIS

Sig.F
Media 

cuadráticagl
Suma de 

cuadrados

Regresión

Residual

Total

1

2890962358589,246

5,9092890901708149,927

,000
a

18346,897108406,5536650439,318

ModeloModelo

ANOVA
b

a. Variables predictoras: (Constante), DRESDes, SER_ORI, CGtp_CGcoche, DRESOri, 
SER_DES, DIS

b. Variable dependiente: Ln_Pc_Ptp

Error típ.B Beta Sig.t

Coeficientes 
tipificadosCoeficientes no estandarizados

(Constante)

CGtp_CGcoche

SER_ORI

SER_DES

DIS

DRESOri

DRESDes

1

,000−80,930−,159,000−4,608E−5

,000−86,312−,172,000−5,351E−5

,000−182,061−,412,000,000

,000−43,692−,094,012−,540

,000−81,231−,156,012−,979

,00075,214,170,0251,856

,000139,205,0273,805

ModeloModelo

Coeficientes
a

a. Variable dependiente: Ln_Pc_Ptp

REGRESSION

  /MISSING LISTWISE

  /STATISTICS COEFF OUTS R ANOVA

  /CRITERIA=PIN(.05) POUT(.10)

  /NOORIGIN

  /DEPENDENT Ln_Pc_Ptp

  /METHOD=ENTER CGtp_CGcoche SER_DES DIS DRESDes.

Regresión

[Conjunto_de_datos1] F:\_CRISTINA\20_Tesis\101_Reparto modal\SPSS\110321.sa

v

Página 3



Método
Variables 

eliminadas
Variables 

introducidas

1 Introducir.DRESDes, 
CGtp_
CGcoche, 
SER_DES, 
DIS

a

ModeloModelo

Variables introducidas/eliminadas
b

a. Todas las variables solicitadas introducidas.

b. Variable dependiente: Ln_Pc_Ptp

Error típ. de la 
estimación

R cuadrado 
corregidaR cuadradoR

1 2,53641,211,211,460
a

ModeloModelo

Resumen del modelo

a. Variables predictoras: (Constante), DRESDes, CGtp_CGcoche, 
SER_DES, DIS

Sig.F
Media 

cuadráticagl
Suma de 

cuadrados

Regresión

Residual

Total

1

2890962358589,246

6,4332890921859840,313

,000
a

19381,278124687,2334498748,932

ModeloModelo

ANOVA
b

a. Variables predictoras: (Constante), DRESDes, CGtp_CGcoche, SER_DES, DIS

b. Variable dependiente: Ln_Pc_Ptp

Error típ.B Beta Sig.t

Coeficientes 
tipificadosCoeficientes no estandarizados

(Constante)

CGtp_CGcoche

SER_DES

DIS

DRESDes

1

,000−69,631−,141,000−4,093E−5

,000−137,130−,308,000−9,274E−5

,000−57,523−,127,013−,723

,00054,773,128,0261,400

,000104,865,0282,886

ModeloModelo

Coeficientes
a

a. Variable dependiente: Ln_Pc_Ptp

REGRESSION

  /MISSING LISTWISE

  /STATISTICS COEFF OUTS R ANOVA

  /CRITERIA=PIN(.05) POUT(.10)

  /NOORIGIN

  /DEPENDENT Ln_Pc_Ptp

  /METHOD=ENTER CGtp_CGcoche SER_DES DIS DRESDes SER_ORI.

Regresión
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[Conjunto_de_datos1] F:\_CRISTINA\20_Tesis\101_Reparto modal\SPSS\110321.sa

v

Método
Variables 

eliminadas
Variables 

introducidas

1 Introducir.SER_ORI, 
DRESDes, 
CGtp_
CGcoche, 
SER_DES, 
DIS

a

ModeloModelo

Variables introducidas/eliminadas
b

a. Todas las variables solicitadas introducidas.

b. Variable dependiente: Ln_Pc_Ptp

Error típ. de la 
estimación

R cuadrado 
corregidaR cuadradoR

1 2,46190,257,257,507
a

ModeloModelo

Resumen del modelo

a. Variables predictoras: (Constante), SER_ORI, DRESDes, 
CGtp_CGcoche, SER_DES, DIS

Sig.F
Media 

cuadráticagl
Suma de 

cuadrados

Regresión

Residual

Total

1

2890962358589,246

6,0612890911752168,098

,000
a

20010,739121284,2305606421,148

ModeloModelo

ANOVA
b

a. Variables predictoras: (Constante), SER_ORI, DRESDes, CGtp_CGcoche, SER_DES, 
DIS

b. Variable dependiente: Ln_Pc_Ptp

Error típ.B Beta Sig.t

Coeficientes 
tipificadosCoeficientes no estandarizados

(Constante)

CGtp_CGcoche

SER_DES

DIS

DRESDes

SER_ORI

1

,000−133,285−,232,011−1,450

,000−87,212−,173,000−5,013E−5

,000−164,051−,365,000,000

,000−33,104−,072,012−,411

,00071,395,164,0251,783

,000120,227,0273,227

ModeloModelo

Coeficientes
a

a. Variable dependiente: Ln_Pc_Ptp

REGRESSION

  /MISSING LISTWISE

  /STATISTICS COEFF OUTS R ANOVA

  /CRITERIA=PIN(.05) POUT(.10)
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  /NOORIGIN

  /DEPENDENT Ln_Pc_Ptp

  /METHOD=ENTER CGtp_CGcoche SER_DES DIS DRESDes DRESOri.

Regresión

[Conjunto_de_datos1] F:\_CRISTINA\20_Tesis\101_Reparto modal\SPSS\110321.sa

v

Método
Variables 

eliminadas
Variables 

introducidas

1 Introducir.DRESOri, 
SER_DES, 
CGtp_
CGcoche, 
DRESDes, 
DIS

a

ModeloModelo

Variables introducidas/eliminadas
b

a. Todas las variables solicitadas introducidas.

b. Variable dependiente: Ln_Pc_Ptp

Error típ. de la 
estimación

R cuadrado 
corregidaR cuadradoR

1 2,45837,259,259,509
a

ModeloModelo

Resumen del modelo

a. Variables predictoras: (Constante), DRESOri, SER_DES, 
CGtp_CGcoche, DRESDes, DIS

Sig.F
Media 

cuadráticagl
Suma de 

cuadrados

Regresión

Residual

Total

1

2890962358589,246

6,0442890911747138,459

,000
a

20234,792122290,1575611450,786

ModeloModelo

ANOVA
b

a. Variables predictoras: (Constante), DRESOri, SER_DES, CGtp_CGcoche, DRESDes, 
DIS

b. Variable dependiente: Ln_Pc_Ptp
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Error típ.B Beta Sig.t

Coeficientes 
tipificadosCoeficientes no estandarizados

(Constante)

CGtp_CGcoche

SER_DES

DIS

DRESDes

DRESOri

1

,000−136,559−,245,000−7,633E−5

,000−69,187−,136,000−3,943E−5

,000−175,847−,402,000,000

,000−62,527−,133,012−,762

,00067,634,154,0251,681

,000140,017,0283,869

ModeloModelo

Coeficientes
a

a. Variable dependiente: Ln_Pc_Ptp

REGRESSION

  /MISSING LISTWISE

  /STATISTICS COEFF OUTS R ANOVA

  /CRITERIA=PIN(.05) POUT(.10)

  /NOORIGIN

  /DEPENDENT Ln_Pc_Ptp

  /METHOD=ENTER CGtp_CGcoche SER_DES DIS.

Regresión

[Conjunto_de_datos1] F:\_CRISTINA\20_Tesis\101_Reparto modal\SPSS\110321.sa

v

Método
Variables 

eliminadas
Variables 

introducidas

1 Introducir.DIS, 
SER_DES, 
CGtp_
CGcoche

a

ModeloModelo

Variables introducidas/eliminadas
b

a. Todas las variables solicitadas introducidas.

b. Variable dependiente: Ln_Pc_Ptp

Error típ. de la 
estimación

R cuadrado 
corregidaR cuadradoR

1 2,55759,198,198,445
a

ModeloModelo

Resumen del modelo

a. Variables predictoras: (Constante), DIS, SER_DES, 
CGtp_CGcoche
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Sig.F
Media 

cuadráticagl
Suma de 

cuadrados

Regresión

Residual

Total

1

2890962358589,246

6,5412890931891032,178

,000
a

23826,049155852,3563467557,068

ModeloModelo

ANOVA
b

a. Variables predictoras: (Constante), DIS, SER_DES, CGtp_CGcoche

b. Variable dependiente: Ln_Pc_Ptp

Error típ.B Beta Sig.t

Coeficientes 
tipificadosCoeficientes no estandarizados

(Constante)

CGtp_CGcoche

SER_DES

DIS

1

,000−131,949−,299,000−8,981E−5

,000−109,398−,207,011−1,181

,00054,143,128,0261,395

,00092,056,0272,503

ModeloModelo

Coeficientes
a

a. Variable dependiente: Ln_Pc_Ptp

REGRESSION

  /MISSING LISTWISE

  /STATISTICS COEFF OUTS R ANOVA

  /CRITERIA=PIN(.05) POUT(.10)

  /NOORIGIN

  /DEPENDENT Ln_Pc_Ptp

  /METHOD=ENTER CGtp_CGcoche SER_ORI SER_DES DIS.

Regresión

[Conjunto_de_datos1] F:\_CRISTINA\20_Tesis\101_Reparto modal\SPSS\110321.sa

v

Método
Variables 

eliminadas
Variables 

introducidas

1 Introducir.DIS, 
SER_DES, 
SER_ORI, 
CGtp_
CGcoche

a

ModeloModelo

Variables introducidas/eliminadas
b

a. Todas las variables solicitadas introducidas.

b. Variable dependiente: Ln_Pc_Ptp
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Error típ. de la 
estimación

R cuadrado 
corregidaR cuadradoR

1 2,49407,238,238,487
a

ModeloModelo

Resumen del modelo

a. Variables predictoras: (Constante), DIS, SER_DES, SER_ORI, 
CGtp_CGcoche

Sig.F
Media 

cuadráticagl
Suma de 

cuadrados

Regresión

Residual

Total

1

2890962358589,246

6,2202890921798266,822

,000
a

22519,563140080,6064560322,424

ModeloModelo

ANOVA
b

a. Variables predictoras: (Constante), DIS, SER_DES, SER_ORI, CGtp_CGcoche

b. Variable dependiente: Ln_Pc_Ptp

Error típ.B Beta Sig.t

Coeficientes 
tipificadosCoeficientes no estandarizados

(Constante)

CGtp_CGcoche

SER_ORI

SER_DES

DIS

1

,000−155,286−,349,000,000

,000−92,868−,173,011−,989

,000−122,119−,214,011−1,336

,00069,077,160,0251,747

,000102,967,0272,738

ModeloModelo

Coeficientes
a

a. Variable dependiente: Ln_Pc_Ptp
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A4: Scenarios 

 

 

 

 

 

URBAN TOLL 

 

 

 

 

  



A4: Scenarios 

 

 

 

FIGURE A5 - 1.  Scenario UT1 

  



A4: Scenarios 

 

 

 

FIGURE A5 - 2.  Scenario UT2 

  



A4: Scenarios 

 

 

 

FIGURE A5 - 3.  Scenario UT3 

 

  



A4: Scenarios 

 

 

 

FIGURE A5 - 4.  Scenario UT4 

 

  



A4: Scenarios 

 

 

 

FIGURE A5 - 5.  Scenario UT5 

 

  



A4: Scenarios 

 

 

 

 

 

BUS DEDICATED LANES 

  





A4: Scenarios 

 

 

 

FIGURE A5 - 6.  Scenario BL2 

  



A4: Scenarios 

 

 

 

FIGURE A5 - 7.  Scenario BL3 
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TRAFFIC CALMING 

  



A4: Scenarios 

 

 

 
FIGURE A5 - 8.  Scenario TC1 

 
  



A4: Scenarios 

 

 

 
FIGURE A5 - 9.  Scenario TC2 

  



A4: Scenarios 

 

 

 
FIGURE A5 - 10.  Scenario TC3 

 
  



A4: Scenarios 

 

 

 

 

 

URBAN TOLL & BUS 
DEDICATED LANES 

  





A4: Scenarios 

 

 

 
FIGURE A5 - 11.  Scenario UT1&BL2 

 
  



A4: Scenarios 

 

 

 
FIGURE A5 - 12.  Scenario UT1&BL3 

 
  



A4: Scenarios 

 

 

 
FIGURE A5 - 13.  Scenario UT2&BL2 

  



A4: Scenarios 

 

 

 
FIGURE A5 - 14.  Scenario UT2&BL3 

  



A4: Scenarios 

 

 

 
FIGURE A5 - 15.  Scenario UT3&BL2 

  



A4: Scenarios 

 

 

 
FIGURE A5 - 16.  Scenario UT3&BL3 
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A4: Scenarios 

 

 

 
FIGURE A5 - 17.  Scenario UT1&TC1 

 
  



A4: Scenarios 

 

 

 
FIGURE A5 - 18.  Scenario UT1&TC2 

 
  



A4: Scenarios 

 

 

 
FIGURE A5 - 19.  Scenario UT1&TC3 

 
 
  



A4: Scenarios 

 

 

 
FIGURE A5 - 20.  Scenario UT2&TC1 

 
  



A4: Scenarios 

 

 

 
FIGURE A5 - 21.  Scenario UT2&TC2 

 
  



A4: Scenarios 

 

 

 
FIGURE A5 - 22.  Scenario UT2&TC3 

 
 
  



A4: Scenarios 

 

 

 
FIGURE A5 - 23.  Scenario UT3&TC1 

 
  



A4: Scenarios 

 

 

 
FIGURE A5 - 24.  Scenario UT3&TC2 

 
  



A4: Scenarios 

 

 

 
FIGURE A5 - 25.  Scenario UT3&TC3 

 
  



A4: Scenarios 
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A4: Scenarios 

 

 

 
FIGURE A5 - 26.  Scenario TC1&BL2 
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FIGURE A5 - 27.  Scenario TC1&BL3 

 
  



A4: Scenarios 

 

 

 
FIGURE A5 - 28.  Scenario TC2&BL2 

 
  



A4: Scenarios 

 

 

 
FIGURE A5 - 29.  Scenario TC2&BL3 

  



A4: Scenarios 

 

 

 
FIGURE A5 - 30.  Scenario TC3&BL2 
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FIGURE A5 - 31.  Scenario TC3&BL3 
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FIGURE A5 - 32.  Scenario UT2&TC2&BL3 
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FIGURE A5 - 33.  Scenario UT2&TC3&BL2 

 
  



A4: Scenarios 

 

 

 

FIGURE A5 - 34.  Scenario UT2&TC3&BL3 
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FIGURE A5 - 35.  Scenario UT3&TC2&BL3 
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FIGURE A5 - 36.  Scenario UT3&TC3&BL2 
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FIGURE A5 - 37.  Scenario UT3&TC3&BL3 
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A 5 IMPACTS DETAILED BY ROAD TYPE 

 

 

 

 



Road type Traffic (veh‐km) PEI Noise

A1 ‐ local streets ‐10.0% ‐12.3% ‐1.6%

A1 ‐ main avenues ‐9.7% ‐13.4% ‐0.7%

R1 ‐6.1% ‐8.0% ‐0.4%

A2 ‐ local streets ‐4.2% ‐4.6% ‐0.4%

A2 ‐ main avenues ‐3.2% ‐4.0% ‐0.2%

R2 ‐2.6% ‐3.4% ‐0.1%

A3 ‐ local streets ‐3.1% ‐3.7% 0.0%

A3 ‐ main avenues ‐1.5% ‐1.8% ‐0.1%

R3: M‐30 ‐1.6% ‐1.9% ‐0.1%

Outside Central Area ‐1.3% ‐1.0% ‐0.1%

Total ‐2.1% ‐1.5% ‐0.2%

Road type Traffic (veh‐km) PEI Noise

A1 ‐ local streets ‐12.8% ‐15.7% ‐1.5%

A1 ‐ main avenues ‐11.1% ‐15.5% ‐0.7%

R1 ‐9.7% ‐12.9% ‐0.6%

A2 ‐ local streets ‐13.9% ‐15.9% ‐1.9%

A2 ‐ main avenues ‐11.7% ‐14.3% ‐1.2%

R2 ‐8.8% ‐11.0% ‐0.5%

A3 ‐ local streets ‐8.4% ‐9.4% ‐0.9%

A3 ‐ main avenues ‐7.1% ‐8.4% ‐0.4%

R3: M‐30 ‐3.9% ‐4.5% ‐0.2%

Outside Central Area ‐3.0% ‐2.4% ‐0.4%

Total ‐5.3% ‐3.6% ‐0.8%

Road type Traffic (veh‐km) PEI Noise

A1 ‐ local streets ‐7.4% ‐10.0% ‐0.7%

A1 ‐ main avenues ‐5.7% ‐8.3% ‐0.4%

R1 ‐6.7% ‐9.2% ‐0.4%

A2 ‐ local streets ‐7.4% ‐8.4% ‐1.0%

A2 ‐ main avenues ‐6.4% ‐7.9% ‐0.8%

R2 ‐7.3% ‐8.8% ‐0.5%

A3 ‐ local streets ‐10.1% ‐11.8% ‐1.9%

A3 ‐ main avenues ‐9.0% ‐10.6% ‐0.5%

R3: M‐30 ‐4.7% ‐5.5% ‐0.3%

Outside Central Area ‐5.0% ‐3.7% ‐0.7%

Total ‐5.9% ‐4.6% ‐1.0%

URBAN TOLL SCENARIOS: RESULTS DETAILED BY ROAD TYPE

UT1

UT2

UT3



URBAN TOLL SCENARIOS: RESULTS DETAILED BY ROAD TYPE

Road type Traffic (veh‐km) PEI Noise

A1 ‐ local streets ‐16.7% ‐20.6% ‐2.8%

A1 ‐ main avenues ‐14.9% ‐20.0% ‐1.0%

R1 ‐11.9% ‐15.6% ‐0.8%

A2 ‐ local streets ‐10.9% ‐12.5% ‐1.6%

A2 ‐ main avenues ‐9.6% ‐11.7% ‐1.0%

R2 ‐9.3% ‐11.4% ‐0.6%

A3 ‐ local streets ‐12.6% ‐14.5% ‐2.3%

A3 ‐ main avenues ‐10.1% ‐11.9% ‐0.6%

R3: M‐30 ‐6.3% ‐7.1% ‐0.4%

Outside Central Area ‐6.1% ‐4.5% ‐0.8%

Total ‐7.8% ‐5.8% ‐1.3%

Road type Traffic (veh‐km) PEI Noise

A1 ‐ local streets ‐19.4% ‐23.5% ‐3.5%

A1 ‐ main avenues ‐16.0% ‐21.9% ‐1.0%

R1 ‐15.1% ‐19.8% ‐0.9%

A2 ‐ local streets ‐19.6% ‐22.1% ‐2.7%

A2 ‐ main avenues ‐16.7% ‐20.1% ‐1.5%

R2 ‐14.5% ‐17.7% ‐0.9%

A3 ‐ local streets ‐17.3% ‐19.4% ‐2.7%

A3 ‐ main avenues ‐14.6% ‐16.8% ‐0.9%

R3: M‐30 ‐8.4% ‐9.3% ‐0.5%

Outside Central Area ‐7.4% ‐5.6% ‐0.9%

Total ‐10.5% ‐7.6% ‐1.7%

UT5

UT4



Road type Traffic (veh‐km) PEI Noise

A1 ‐ local streets ‐24.3% ‐20.2% ‐7.0%

A1 ‐ main avenues 4.3% 5.6% 0.3%

R1 4.1% 4.4% 0.3%

A2 ‐ local streets 0.1% 0.3% ‐0.3%

A2 ‐ main avenues ‐0.2% ‐0.2% 0.0%

R2 0.2% 0.2% 0.0%

A3 ‐ local streets 0.6% 0.6% 0.5%

A3 ‐ main avenues ‐0.1% ‐0.1% 0.0%

R3: M‐30 0.7% 0.7% 0.0%

Outside Central Area 0.0% 0.0% 0.0%

Total ‐0.3% 0.0% ‐0.4%

Road type Traffic (veh‐km) PEI Noise

A1 ‐ local streets ‐24.3% ‐19.9% ‐5.0%

A1 ‐ main avenues 4.5% 6.1% 0.3%

R1 4.6% 5.0% 0.3%

A2 ‐ local streets ‐33.6% ‐29.3% ‐9.4%

A2 ‐ main avenues 6.1% 7.4% 0.5%

R2 5.0% 5.9% 0.3%

A3 ‐ local streets 0.0% ‐0.1% 0.8%

A3 ‐ main avenues 0.0% ‐0.3% 0.0%

R3: M‐30 1.5% 1.7% 0.0%

Outside Central Area 0.0% 0.1% ‐0.1%

Total ‐0.8% 0.0% ‐1.2%

Road type Traffic (veh‐km) PEI Noise

A1 ‐ local streets ‐22.7% ‐17.9% ‐4.5%

A1 ‐ main avenues 4.3% 5.4% 0.3%

R1 7.8% 9.4% 0.5%

A2 ‐ local streets ‐34.8% ‐30.8% ‐10.1%

A2 ‐ main avenues 5.8% 7.2% 0.4%

R2 5.8% 6.9% 0.3%

A3 ‐ local streets ‐24.0% ‐17.9% ‐4.9%

A3 ‐ main avenues 6.9% 9.3% 0.7%

R3: M‐30 3.0% 4.1% 0.2%

Outside Central Area ‐0.1% 0.3% 0.0%

Total ‐2.1% 0.1% ‐2.3%

TRAFFIC CALMING SCENARIOS: RESULTS DETAILED BY ROAD TYPE

TC1

TC2

TC3



Road type Traffic (veh‐km) PEI Noise

A1 ‐ local streets 5.9% 7.2% 1.3%

A1 ‐ main avenues ‐32.9% ‐27.7% ‐2.4%

R1 ‐26.8% ‐20.2% ‐2.5%

A2 ‐ local streets 14.8% 17.6% 1.8%

A2 ‐ main avenues ‐19.3% ‐13.8% ‐1.7%

R2 ‐30.9% ‐26.8% ‐2.5%

A3 ‐ local streets 0.9% 0.8% 1.2%

A3 ‐ main avenues ‐1.2% ‐1.5% 0.0%

R3: M‐30 3.8% 4.5% 0.2%

Outside Central Area 0.0% 0.2% ‐0.1%

Total

Road type Traffic (veh‐km) PEI Noise

A1 ‐ local streets 5.5% 6.5% 1.3%

A1 ‐ main avenues ‐33.5% ‐29.4% ‐2.5%

R1 ‐27.3% ‐21.5% ‐2.5%

A2 ‐ local streets 14.5% 17.1% 1.9%

A2 ‐ main avenues ‐19.9% ‐14.9% ‐1.8%

R2 ‐30.0% ‐25.6% ‐2.4%

A3 ‐ local streets 7.7% 9.1% 2.4%

A3 ‐ main avenues ‐21.6% ‐17.9% ‐1.6%

R3: M‐30 4.9% 6.1% 0.3%

Outside Central Area ‐0.3% 0.0% ‐0.2%

Total

BUS DEDICATED LANES SCENARIOS: RESULTS DETAILED BY ROAD TYPE

BL1

BL2



Road type Traffic (veh‐km) PEI Noise

A1 ‐ local streets ‐3.6% ‐5.1% ‐0.2%

A1 ‐ main avenues ‐38.7% ‐36.4% ‐2.9%

R1 ‐30.8% ‐26.4% ‐2.8%

A2 ‐ local streets 10.9% 12.6% 1.6%

A2 ‐ main avenues ‐21.6% ‐17.1% ‐1.9%

R2 ‐32.4% ‐29.0% ‐2.6%

A3 ‐ local streets ‐2.1% ‐2.8% 1.0%

A3 ‐ main avenues ‐2.9% ‐3.4% ‐0.1%

R3: M‐30 2.2% 2.5% 0.1%

Outside Central Area ‐1.2% ‐0.9% ‐0.2%

Total ‐3.7% ‐1.5% 0.0%

Road type Traffic (veh‐km) PEI Noise

A1 ‐ local streets ‐4.9% ‐6.7% 0.0%

A1 ‐ main avenues ‐39.7% ‐38.0% ‐3.1%

R1 ‐31.5% ‐27.8% ‐2.8%

A2 ‐ local streets 10.5% 11.8% 1.9%

A2 ‐ main avenues ‐22.5% ‐18.5% ‐2.0%

R2 ‐31.9% ‐28.5% ‐2.6%

A3 ‐ local streets 4.7% 5.3% 2.1%

A3 ‐ main avenues ‐22.6% ‐19.3% ‐1.7%

R3: M‐30 3.5% 4.3% 0.3%

Outside Central Area ‐1.6% ‐1.0% ‐0.3%

Total ‐4.6% ‐1.6% 0.0%

Road type Traffic (veh‐km) PEI Noise

A1 ‐ local streets ‐6.3% ‐8.5% ‐0.2%

A1 ‐ main avenues ‐38.9% ‐36.9% ‐3.0%

R1 ‐33.2% ‐30.6% ‐3.0%

A2 ‐ local streets 0.3% ‐0.2% 0.3%

A2 ‐ main avenues ‐27.3% ‐25.1% ‐2.4%

R2 ‐36.4% ‐34.6% ‐3.0%

A3 ‐ local streets ‐7.5% ‐8.6% ‐0.3%

A3 ‐ main avenues ‐7.9% ‐9.4% ‐0.4%

R3: M‐30 ‐0.1% ‐0.3% ‐0.1%

Outside Central Area ‐2.8% ‐2.1% ‐0.5%

Total ‐6.6% ‐3.4% ‐0.7%

UT&BL SCENARIOS: RESULTS DETAILED BY ROAD TYPE

UT1&BL1

UT1&BL2

UT2&BL1



UT&BL SCENARIOS: RESULTS DETAILED BY ROAD TYPE

Road type Traffic (veh‐km) PEI Noise

A1 ‐ local streets ‐7.3% ‐9.7% ‐0.4%

A1 ‐ main avenues ‐40.1% ‐39.1% ‐3.1%

R1 ‐33.6% ‐31.5% ‐3.0%

A2 ‐ local streets 0.1% ‐0.5% 0.8%

A2 ‐ main avenues ‐28.2% ‐26.4% ‐2.5%

R2 ‐36.3% ‐34.4% ‐3.0%

A3 ‐ local streets ‐1.1% ‐1.1% 0.3%

A3 ‐ main avenues ‐26.4% ‐24.5% ‐2.1%

R3: M‐30 1.4% 1.5% 0.1%

Outside Central Area ‐3.0% ‐2.2% ‐0.4%

Total ‐7.3% ‐3.6% ‐0.6%

Road type Traffic (veh‐km) PEI Noise

A1 ‐ local streets ‐1.6% ‐3.2% 0.8%

A1 ‐ main avenues ‐36.7% ‐34.0% ‐2.8%

R1 ‐30.8% ‐27.5% ‐2.7%

A2 ‐ local streets 7.2% 7.9% 1.3%

A2 ‐ main avenues ‐24.0% ‐20.5% ‐2.1%

R2 ‐35.4% ‐33.1% ‐2.9%

A3 ‐ local streets ‐9.3% ‐11.0% ‐1.1%

A3 ‐ main avenues ‐10.2% ‐12.2% ‐0.6%

R3: M‐30 ‐0.7% ‐1.2% ‐0.1%

Outside Central Area ‐4.9% ‐3.6% ‐0.8%

Total ‐7.4% ‐4.7% ‐0.7%

Road type Traffic (veh‐km) PEI Noise

A1 ‐ local streets ‐2.3% ‐4.1% 0.7%

A1 ‐ main avenues ‐37.7% ‐35.3% ‐2.9%

R1 ‐31.3% ‐28.5% ‐2.7%

A2 ‐ local streets 7.1% 7.5% 1.4%

A2 ‐ main avenues ‐24.6% ‐21.5% ‐2.2%

R2 ‐34.8% ‐32.2% ‐2.8%

A3 ‐ local streets ‐3.1% ‐3.9% ‐0.7%

A3 ‐ main avenues ‐27.9% ‐26.5% ‐2.1%

R3: M‐30 0.5% 0.5% 0.0%

Outside Central Area ‐5.0% ‐3.7% ‐0.8%

Total ‐8.1% ‐4.7% ‐0.8%

UT3&BL2

UT2&BL2

UT3&BL1



Road type Traffic (veh‐km) PEI Noise

A1 ‐ local streets ‐33.1% ‐30.9% ‐9.4%

A1 ‐ main avenues ‐4.4% ‐6.5% ‐0.3%

R1 ‐1.7% ‐3.1% ‐0.1%

A2 ‐ local streets ‐3.3% ‐3.6% ‐0.5%

A2 ‐ main avenues ‐3.0% ‐3.7% ‐0.2%

R2 ‐1.6% ‐2.2% ‐0.1%

A3 ‐ local streets ‐2.2% ‐2.8% 0.2%

A3 ‐ main avenues ‐1.4% ‐1.8% ‐0.1%

R3: M‐30 ‐0.7% ‐0.9% ‐0.1%

Outside Central Area ‐1.1% ‐0.9% ‐0.2%

Total ‐2.1% ‐1.3% ‐0.7%

Road type Traffic (veh‐km) PEI Noise

A1 ‐ local streets ‐33.2% ‐30.8% ‐7.1%

A1 ‐ main avenues ‐4.1% ‐5.8% ‐0.3%

R1 ‐0.9% ‐2.7% ‐0.1%

A2 ‐ local streets ‐36.9% ‐33.0% ‐10.4%

A2 ‐ main avenues 3.5% 4.0% 0.3%

R2 3.2% 3.4% 0.2%

A3 ‐ local streets ‐2.8% ‐3.3% 0.2%

A3 ‐ main avenues ‐1.4% ‐1.8% ‐0.1%

R3: M‐30 0.2% 0.1% 0.0%

Outside Central Area ‐1.1% ‐0.8% ‐0.1%

Total ‐2.6% ‐1.3% ‐1.6%

Road type Traffic (veh‐km) PEI Noise

A1 ‐ local streets ‐31.8% ‐28.7% ‐6.9%

A1 ‐ main avenues ‐4.4% ‐6.5% ‐0.3%

R1 2.0% 1.6% 0.2%

A2 ‐ local streets ‐38.3% ‐34.8% ‐11.0%

A2 ‐ main avenues 3.2% 3.7% 0.3%

R2 3.9% 4.4% 0.3%

A3 ‐ local streets ‐26.6% ‐21.0% ‐5.5%

A3 ‐ main avenues 5.5% 7.6% 0.6%

R3: M‐30 1.9% 2.8% 0.2%

Outside Central Area ‐1.2% ‐0.6% ‐0.2%

Total ‐3.9% ‐1.3% ‐2.7%

UT&TC SCENARIOS: RESULTS DETAILED BY ROAD TYPE

UT1&TC1

UT1&TC2

UT1&TC3



UT&TC SCENARIOS: RESULTS DETAILED BY ROAD TYPE

Road type Traffic (veh‐km) PEI Noise

A1 ‐ local streets ‐36.8% ‐35.5% ‐10.6%

A1 ‐ main avenues ‐6.0% ‐8.9% ‐0.4%

R1 ‐6.2% ‐9.0% ‐0.3%

A2 ‐ local streets ‐13.0% ‐15.1% ‐1.7%

A2 ‐ main avenues ‐11.8% ‐14.3% ‐1.2%

R2 ‐8.3% ‐10.5% ‐0.5%

A3 ‐ local streets ‐8.1% ‐9.0% ‐0.8%

A3 ‐ main avenues ‐7.1% ‐8.4% ‐0.4%

R3: M‐30 ‐2.8% ‐3.5% ‐0.2%

Outside Central Area ‐2.9% ‐2.3% ‐0.4%

Total ‐5.5% ‐3.6% ‐1.4%

Road type Traffic (veh‐km) PEI Noise

A1 ‐ local streets ‐36.2% ‐34.8% ‐8.1%

A1 ‐ main avenues ‐6.0% ‐8.5% ‐0.4%

R1 ‐5.0% ‐8.1% ‐0.3%

A2 ‐ local streets ‐47.1% ‐44.5% ‐15.7%

A2 ‐ main avenues ‐4.1% ‐5.4% ‐0.2%

R2 ‐2.5% ‐4.2% ‐0.2%

A3 ‐ local streets ‐8.0% ‐9.0% ‐0.5%

A3 ‐ main avenues ‐6.5% ‐7.9% ‐0.4%

R3: M‐30 ‐2.0% ‐2.5% ‐0.1%

Outside Central Area ‐2.8% ‐2.1% ‐0.4%

Total ‐5.7% ‐3.3% ‐2.6%

Road type Traffic (veh‐km) PEI Noise

A1 ‐ local streets ‐34.8% ‐32.7% ‐8.9%

A1 ‐ main avenues ‐5.9% ‐9.1% ‐0.4%

R1 ‐1.5% ‐3.5% 0.0%

A2 ‐ local streets ‐48.4% ‐46.2% ‐15.6%

A2 ‐ main avenues ‐4.5% ‐5.9% ‐0.2%

R2 ‐2.2% ‐3.6% ‐0.1%

A3 ‐ local streets ‐31.6% ‐26.6% ‐6.8%

A3 ‐ main avenues 0.5% 1.6% 0.3%

R3: M‐30 0.0% 0.4% 0.1%

Outside Central Area ‐2.8% ‐1.9% ‐0.4%

Total ‐6.9% ‐3.3% ‐3.8%

UT2&TC3

UT2&TC1

UT2&TC2



UT&TC SCENARIOS: RESULTS DETAILED BY ROAD TYPE

Road type Traffic (veh‐km) PEI Noise

A1 ‐ local streets ‐31.8% ‐29.9% ‐8.8%

A1 ‐ main avenues ‐1.2% ‐2.6% ‐0.1%

R1 ‐3.2% ‐5.6% ‐0.1%

A2 ‐ local streets ‐7.0% ‐8.0% ‐0.9%

A2 ‐ main avenues ‐6.7% ‐8.2% ‐0.5%

R2 ‐6.8% ‐8.5% ‐0.4%

A3 ‐ local streets ‐9.6% ‐11.3% ‐1.7%

A3 ‐ main avenues ‐9.0% ‐10.8% ‐0.5%

R3: M‐30 ‐3.8% ‐4.5% ‐0.3%

Outside Central Area ‐4.9% ‐3.6% ‐0.7%

Total ‐6.2% ‐4.6% ‐1.4%

Road type Traffic (veh‐km) PEI Noise

A1 ‐ local streets ‐31.7% ‐29.3% ‐7.6%

A1 ‐ main avenues ‐1.4% ‐2.7% ‐0.1%

R1 ‐2.2% ‐4.7% ‐0.1%

A2 ‐ local streets ‐41.0% ‐37.6% ‐12.0%

A2 ‐ main avenues 0.0% ‐0.3% 0.1%

R2 ‐1.9% ‐2.8% ‐0.2%

A3 ‐ local streets ‐10.2% ‐11.8% ‐1.6%

A3 ‐ main avenues ‐8.8% ‐10.8% ‐0.5%

R3: M‐30 ‐3.0% ‐3.7% ‐0.3%

Outside Central Area ‐4.9% ‐3.6% ‐0.8%

Total ‐6.7% ‐4.6% ‐2.5%

Road type Traffic (veh‐km) PEI Noise

A1 ‐ local streets ‐29.6% ‐27.0% ‐6.5%

A1 ‐ main avenues ‐0.9% ‐2.5% 0.0%

R1 1.2% ‐0.6% 0.2%

A2 ‐ local streets ‐42.0% ‐38.9% ‐12.0%

A2 ‐ main avenues ‐0.1% ‐0.4% 0.1%

R2 ‐0.7% ‐1.4% 0.0%

A3 ‐ local streets ‐33.5% ‐29.4% ‐7.1%

A3 ‐ main avenues ‐1.9% ‐1.4% 0.2%

R3: M‐30 ‐1.0% ‐1.0% 0.1%

Outside Central Area ‐4.8% ‐3.4% ‐0.5%

Total ‐7.7% ‐4.5% ‐3.3%

UT3&TC1

UT3&TC2

UT3&TC3



Road type Traffic (veh‐km) PEI Noise

A1 ‐ local streets ‐16.5% ‐10.9% ‐5.6%

A1 ‐ main avenues ‐30.6% ‐23.9% ‐2.2%

R1 ‐24.5% ‐17.1% ‐2.2%

A2 ‐ local streets 14.9% 17.4% 2.0%

A2 ‐ main avenues ‐19.4% ‐13.9% ‐1.8%

R2 ‐30.7% ‐26.7% ‐2.5%

A3 ‐ local streets 1.1% 1.1% 1.3%

A3 ‐ main avenues ‐1.5% ‐1.7% 0.0%

R3: M‐30 4.2% 5.1% 0.2%

Outside Central Area 0.0% 0.2% 0.0%

Total ‐2.2% 0.0% ‐0.2%

Road type Traffic (veh‐km) PEI Noise

A1 ‐ local streets ‐16.8% ‐11.2% ‐5.3%

A1 ‐ main avenues ‐31.0% ‐25.3% ‐2.2%

R1 ‐24.9% ‐18.2% ‐2.2%

A2 ‐ local streets 14.5% 16.9% 2.2%

A2 ‐ main avenues ‐20.1% ‐15.0% ‐1.8%

R2 ‐30.1% ‐25.8% ‐2.4%

A3 ‐ local streets 8.2% 9.6% 2.5%

A3 ‐ main avenues ‐21.6% ‐17.9% ‐1.6%

R3: M‐30 5.4% 6.9% 0.3%

Outside Central Area ‐0.3% 0.0% ‐0.2%

Total ‐3.0% ‐0.2% ‐0.1%

Road type Traffic (veh‐km) PEI Noise

A1 ‐ local streets ‐16.2% ‐10.5% ‐3.3%

A1 ‐ main avenues ‐30.7% ‐23.9% ‐2.2%

R1 ‐23.7% ‐17.0% ‐2.2%

A2 ‐ local streets ‐16.1% ‐8.8% ‐2.4%

A2 ‐ main avenues ‐15.6% ‐9.0% ‐1.4%

R2 ‐28.0% ‐23.1% ‐2.2%

A3 ‐ local streets 0.7% 0.8% 1.3%

A3 ‐ main avenues ‐1.4% ‐1.8% 0.0%

R3: M‐30 5.0% 6.1% 0.2%

Outside Central Area 0.0% 0.2% ‐0.1%

Total ‐2.9% ‐0.1% ‐0.5%

TC&BL SCENARIOS: RESULTS DETAILED BY ROAD TYPE

TC1&BL1

TC1&BL2

TC2&BL1



TC&BL SCENARIOS: RESULTS DETAILED BY ROAD TYPE

Road type Traffic (veh‐km) PEI Noise

A1 ‐ local streets ‐16.6% ‐11.0% ‐3.3%

A1 ‐ main avenues ‐31.0% ‐25.2% ‐2.2%

R1 ‐24.0% ‐17.8% ‐2.2%

A2 ‐ local streets ‐16.2% ‐9.0% ‐1.9%

A2 ‐ main avenues ‐15.9% ‐9.5% ‐1.4%

R2 ‐27.1% ‐21.7% ‐2.2%

A3 ‐ local streets 7.4% 8.9% 2.6%

A3 ‐ main avenues ‐21.6% ‐17.9% ‐1.6%

R3: M‐30 6.2% 7.7% 0.4%

Outside Central Area ‐0.4% 0.0% ‐0.1%

Total ‐3.7% ‐0.2% ‐0.3%

Road type Traffic (veh‐km) PEI Noise

A1 ‐ local streets ‐14.7% ‐7.8% ‐2.5%

A1 ‐ main avenues ‐30.6% ‐24.3% ‐2.2%

R1 ‐22.0% ‐13.9% ‐1.9%

A2 ‐ local streets ‐16.3% ‐9.3% ‐2.3%

A2 ‐ main avenues ‐15.1% ‐8.2% ‐1.3%

R2 ‐26.7% ‐21.4% ‐2.1%

A3 ‐ local streets ‐22.5% ‐16.5% ‐3.3%

A3 ‐ main avenues 5.1% 7.2% 0.6%

R3: M‐30 6.3% 8.3% 0.4%

Outside Central Area ‐0.1% 0.5% ‐0.1%

Total ‐4.1% 0.0% ‐1.3%

Road type Traffic (veh‐km) PEI Noise

A1 ‐ local streets ‐15.5% ‐8.7% ‐2.7%

A1 ‐ main avenues ‐31.1% ‐25.1% ‐2.2%

R1 ‐22.3% ‐15.0% ‐1.9%

A2 ‐ local streets ‐17.0% ‐10.3% ‐2.0%

A2 ‐ main avenues ‐16.0% ‐9.6% ‐1.4%

R2 ‐26.3% ‐20.9% ‐2.1%

A3 ‐ local streets ‐14.2% ‐6.7% ‐1.0%

A3 ‐ main avenues ‐16.9% ‐10.3% ‐1.1%

R3: M‐30 7.3% 9.7% 0.5%

Outside Central Area ‐0.5% 0.0% ‐0.1%

Total ‐5.0% ‐0.4% ‐0.9%

TC3&BL2

TC2&BL2

TC3&BL1



Road type Traffic (veh‐km) PEI Noise

A1 ‐ local streets ‐28.6% ‐26.3% ‐5.6%

A1 ‐ main avenues ‐37.3% ‐35.1% ‐2.8%

R1 ‐30.3% ‐27.8% ‐2.4%

A2 ‐ local streets ‐29.9% ‐25.5% ‐3.9%

A2 ‐ main avenues ‐23.0% ‐19.8% ‐2.0%

R2 ‐32.6% ‐30.0% ‐2.5%

A3 ‐ local streets ‐1.2% ‐0.8% ‐3.6%

A3 ‐ main avenues ‐25.9% ‐23.9% ‐1.5%

R3: M‐30 3.1% 3.8% 0.4%

Outside Central Area ‐2.8% ‐2.0% ‐0.4%

Total

Road type Traffic (veh‐km) PEI Noise

A1 ‐ local streets ‐26.7% ‐23.2% ‐5.7%

A1 ‐ main avenues ‐36.8% ‐33.9% ‐2.7%

R1 ‐28.1% ‐23.9% ‐2.4%

A2 ‐ local streets ‐30.0% ‐25.9% ‐4.2%

A2 ‐ main avenues ‐22.4% ‐18.8% ‐1.9%

R2 ‐31.8% ‐29.1% ‐2.5%

A3 ‐ local streets ‐29.6% ‐25.1% ‐5.9%

A3 ‐ main avenues ‐1.0% ‐0.2% 0.1%

R3: M‐30 3.4% 4.3% 0.2%

Outside Central Area ‐2.3% ‐1.5% ‐0.4%

Total

Road type Traffic (veh‐km) PEI Noise

A1 ‐ local streets ‐27.3% ‐24.1% ‐5.6%

A1 ‐ main avenues ‐37.9% ‐35.8% ‐2.8%

R1 ‐28.5% ‐25.0% ‐2.4%

A2 ‐ local streets ‐30.8% ‐26.7% ‐3.9%

A2 ‐ main avenues ‐23.3% ‐20.1% ‐2.0%

R2 ‐31.9% ‐29.2% ‐2.5%

A3 ‐ local streets ‐22.2% ‐15.9% ‐3.6%

A3 ‐ main avenues ‐21.4% ‐16.8% ‐1.5%

R3: M‐30 4.4% 5.7% 0.4%

Outside Central Area ‐2.7% ‐1.7% ‐0.4%

Total

UT&TC&BL SCENARIOS: RESULTS DETAILED BY ROAD TYPE

UT2_TC2_BL2

UT2_TC3_BL1

UT2_TC3_BL2



UT&TC&BL SCENARIOS: RESULTS DETAILED BY ROAD TYPE

Road type Traffic (veh‐km) PEI Noise

A1 ‐ local streets ‐24.2% ‐21.3% ‐4.1%

A1 ‐ main avenues ‐34.9% ‐31.2% ‐2.6%

R1 ‐28.4% ‐25.7% ‐2.3%

A2 ‐ local streets ‐23.8% ‐18.5% ‐3.0%

A2 ‐ main avenues ‐20.2% ‐15.9% ‐1.7%

R2 ‐31.4% ‐28.3% ‐2.5%

A3 ‐ local streets ‐3.6% ‐4.4% ‐4.4%

A3 ‐ main avenues ‐27.8% ‐26.5% ‐1.6%

R3: M‐30 2.0% 2.1% 0.3%

Outside Central Area ‐5.0% ‐3.6% ‐0.5%

Total

Road type Traffic (veh‐km) PEI Noise

A1 ‐ local streets ‐22.2% ‐18.1% ‐4.6%

A1 ‐ main avenues ‐34.8% ‐31.2% ‐2.5%

R1 ‐26.3% ‐21.7% ‐2.3%

A2 ‐ local streets ‐23.7% ‐18.5% ‐3.2%

A2 ‐ main avenues ‐19.6% ‐14.8% ‐1.7%

R2 ‐31.1% ‐27.8% ‐2.4%

A3 ‐ local streets ‐31.4% ‐28.0% ‐6.0%

A3 ‐ main avenues ‐3.8% ‐3.6% 0.1%

R3: M‐30 2.5% 2.9% 0.2%

Outside Central Area ‐4.5% ‐3.2% ‐0.6%

Total

Road type Traffic (veh‐km) PEI Noise

A1 ‐ local streets ‐22.4% ‐18.6% ‐4.1%

A1 ‐ main avenues ‐35.3% ‐32.1% ‐2.6%

R1 ‐26.7% ‐22.9% ‐2.3%

A2 ‐ local streets ‐24.1% ‐19.0% ‐3.0%

A2 ‐ main avenues ‐20.2% ‐15.8% ‐1.7%

R2 ‐30.8% ‐27.3% ‐2.5%

A3 ‐ local streets ‐24.1% ‐19.2% ‐4.4%

A3 ‐ main avenues ‐23.1% ‐19.4% ‐1.6%

R3: M‐30 3.5% 4.3% 0.3%

Outside Central Area ‐4.8% ‐3.4% ‐0.5%

Total

UT3_TC3_BL2

UT3_TC2_BL2

UT3_TC3_BL1




