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Summary

The excessive accumulation of air pollutants is a source of different environmental,
economical and health-related issues. As a consequence, different intercontinental
and European legislation regulate emissions and set atmospheric pollutant con-
centration limits that should not be over-passed. In urban areas, these limits
are often overpassed due to their population density, their high traffic load and
their urban build. Particularly, in the city of Barcelona (Spain) the two traffic air
quality monitoring stations persistently exceed the NOy concentration limit value
imposed by the European Union. Considering this, local policy makers are forced
to develop air quality plans which often go hand in hand with the development
of mobility policies or traffic management strategies (TMS) which aim to reduce
the vehicle activity within the city and their emission levels. In order to quantify
and evaluate the level of effectiveness of the applied air quality plans, air quality
modelling is presented as a necessary tool to complement the information provided
by the air quality monitoring stations. For the specific case of traffic management
strategies evaluation (e.g., removal of urban vehicle space) the application of inte-
grated traffic-emission-air quality models is crucial to first simulate the new vehicle
routes generated as a consequence of the traffic restrictions, second to estimate the
induced emissions from the previously generated traffic activity and third to com-
pute the dispersion and chemical transformation of the estimated traffic emissions

considering the urban meteorology and background pollutant levels.

In this sense, the present thesis evaluates the impact that the different TMS
have on the resulting NO, emissions and NO, concentration levels in Barcelona. To
accomplish that, we developed an integrated air quality system composed by the
traffic simulator BCN-VML, the emission model HERMESv3 and the street-scale
dispersion model CALIOPE-Urban, which integrates the mesoscale CALIOPE air
quality forecast system and the Gaussian dispersion model R-LINE. The BCN-
VML was developed by the inLab-FIB laboratory within the framework of the
Cooperative Automotive Re-search Network (CARNET) initiative while the HER-
MESv3 and CALIOPE-Urban are state-of-the-art modelling frameworks developed
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by the Earth Science department of the Barcelona Supercomputing Center - Cen-
tro Nacional de Supercomputacién (BSC-CNS). The collaboration between the
BSC and the inLab-FIB allowed to combine the knowledge in traffic simulation
and atmospheric modelling that gave fruit to the resulting integrated system used

in this thesis.

The TMS studied are the current measures applied or planned to be applied
by the Barcelona city hall, gathered from the last Urban Mobility Plan 2018-2024.
These measures try to reduce and renew the number of circulating vehicles in the
city by two lines of action: On the one hand, (i) they reduce urban vehicle space by
removing vehicle lanes from major urban corridors by the so called Tactical Urban
Planing and (ii) they implement traffic calming measures in particular areas of the
city -Superblocks- and, on the other hand, they apply a Low Emission Zone to

exclude the most polluting vehicles from the city.

In order to understand the fundamentals of the different traffic, emission and
air quality models, this work initially presents an overview of their workflow and
main characteristics. This is followed by a discussion of the appropriate level of
detail needed to simulate a desired working domain according to the project goal,
data and computational resources available. Also, different state-of-the-art traffic
and emission models are presented, with a deeper description of the tools selected

for this work according to the characteristics discussed.

In the first work of the thesis, we explain the traffic-emission models coupling
process and the calibration procedure followed to correct some of the limitations
associated to the macroscopic approach followed in this work. In order to validate
the NO, and PM;, annual emission estimates of the developed tool, we performed
an emission simulation of 2017 and compared the obtained NO, and PM;, emission
values against two other emission inventories of the city. The computed annual
NO, emission results are in agreement with the other inventories (range of -5%
and +9%) but higher discrepancies are found regarding PM;, emission estimates
(+18% and +105%). These are believed to be caused by the inclusion of resus-
pension in the HERMESv3 emission model, which were not included in the other
two reports. Additionally, to have a better understanding of the spatio-temporal

emission distribution across the city, we also performed an spatial and temporal
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analysis of the obtained emission results. The spatial analysis shows that a par-
ticular central area of Barcelona -the Eixample district- holds the largest emission
density (291 kg-day~!-km~2) which contrasts with the 144 kg-day~!-km~2 from a
neighboring area. From the emission temporal profile we observe that traffic emis-
sion values follow a steady pattern during the daylight hours (7:00h to 18:00h) and

during weekdays for most of the year.

The first work of the thesis concludes with an emission sensitivity analysis
of typically high uncertainty emission features. This section aims to guide the
modeller into the parameters that require more detailed data due to their high
impact on the estimated emissions. In this sense, different approaches in regard
of vehicle fleet composition, public bus transport implementation, temperature
effect or the application of non-exhaust PM sources are analysed. The main find-
ings show important street gradient differences between the different vehicle fleet
compositions used (up to +788% in NO,) and with the implementation of public
bus transport routes (up to +300% in NO,). Homogeneous increases of +19%
in NO, and +410% in PM are observed at the city level when considering the

temperature-dependent processes and non-exhaust PM sources, respectively.

The second work of the thesis explores the limitations of the developed macro-
scopic system by comparing it with a microscopic approach composed by the micro-
scopic traffic simulator Aimsun Next and the PHEMLight instantaneous vehicle
emission model, also developed during this thesis. To do so, we quantified the
emission discrepancies between both modelling approaches in a limited but repre-
sentative area of Barcelona (0.4 km?). This area contains three urban corridors
representative of different traffic states (free-flow, normal flow and congestion) that
allowed us to observe the influence of the vehicle-to-vehicle microscopic vehicle dy-
namics and the computed instantaneous vehicle emissions on the total estimated
values. The results of this comparison show discrepancies during congested traf-
fic conditions (up to +65% in NO, emissions for the microscopic approach) but
similar results during free and normal flow (-12% and +16% in NO,, for the micro-
scopic approach). Additionally, to compute the impact of another variable which
is not often considered in traffic emission studies, this chapter also analyses the
road gradient effect in emissions for three different vehicle groups (Passenger Car,
HDV and Bus) at the three different corridor types of the study domain. The



observed results show (i) a balance between the extra emissions from the positive
road gradient and the negative one (4+14% and -12%), that (ii) vehicle weight in-
creases the road gradient impact (+20% and +14% for HDV and passenger car,
respectively) and that (iii) the level of congestion decreases road gradient impact

(+20% at free-flow vs a +10% in congested situation).

During the third work of the thesis we quantified the impact at the NO, emis-
sions and the NO, concentration levels of the different TMS adopted or planned to
be adopted in Barcelona during the last 4 years: The previously commented Tac-
tical Urban Planing, Superblocks and Low Emission Zone measures. To do so, we
coupled the VML-HERMESv3 macroscopic traffic-emission system to the street-
scale CALIOPE-Urban and the mesoscale CALIOPE air quality systems to also
expose the differences between a street-scale and a mesoscale simulating approach.
To quantify their specific effects, these were applied to the BCN-VML network
in an individual and combined basis over different simulated scenarios. Results
show that when only implementing measures related to the reduction of private
transport space (Tactical Urban Planning and Superblocks) overall NO, emission
changes at city level are negligible (+0.1%). However, important street-level gra-
dients that can reach up to £17% in NO, and 45 pg/m? in NO, are generated as
a consequence of the traffic re-routing and the newly congested areas. The Low
Emission Zone appears as the measure with higher impacts at city level with re-
ductions of -13% in NO,, emissions and -10 pg/m? in the daily NO, mean. Another
scenario combines all the above-mentioned measures in a demand-reduction case,
where traffic activity is reduced by a -25%. This is the scenario showing higher air
quality improvements with overall NO, reductions of -30% and daily mean NO,
reductions of -25 pg/m? that can go up to -70 pug/m3. The mesoscale approach
shows that despite presenting consistent results, it is not capable of modelling the
strong street gradients and associated NOy concentration changes induced by the
mobility restrictions. Considering the obtained results, although the applied traffic
management strategies lead to significant emissions and air quality improvements,
the reductions achieved are insufficient to ensure compliant air quality levels, and
are very far from reaching the new WHO air quality guideline values. These strate-
gies must be accompanied by a larger decrease in the total number of circulating

vehicles throughout the city which could be achieved, for instance, by the applica-
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tion of a congestion charge in the city, or the implementation of local zero emission

zones similar to the ones that are currently being deployed in the city of London.

The thesis manuscript finishes with the conclusions and most important re-
sults of the work, as well as future works and model improvements section, followed

by some final remarks about urban mobility in the XXI century.
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Resumen

La acumulacion excesiva de contaminantes atmosféricos es una fuente de diferentes
probleméticas ambientales, cuestiones econéomicas y de salud. Como consecuen-
cia, diferentes leyes intercontinentales y europeas regulan las emisiones y estable-
cen limites de concentracion maxima que no deben sobrepasarse. Estos limites a
menudo se exceden en areas urbanas debido a su densidad de poblacién, la alta
carga de tréfico y la edificacién urbana. Particularmente, en Barcelona (Espana)
las dos estaciones de monitoreo de calidad del aire referentes a trafico exceden de
forma continua los limites de NOy impuestos por la Unién Europea. Considerando
lo anterior, los responsables politicos locales se ven forzados a desarrollar planes
de calidad del aire que a menudo van de la mano del desarrollo de politicas de
movilidad o estrategias de restriccion al trafico enfocadas a reducir la actividad
vehicular y sus niveles de emisién en la ciudad. Para cuantificar y evaluar el nivel
de eficiencia de los planes de calidad del aire aplicados, la modelizacion de cal-
idad del aire se presenta como una herramienta necesaria para complementar la
informacion dada por las estaciones de monitorizacion de calidad del aire. Para
la evaluacién especifica de estrategias de restriccién de trafico (e.g., reduccion del
espacio del vehiculo privado) la aplicacion de sistemas integrales de modelizacion
de trafico-emision-calidad del aire es esencial para primero simular las nuevas rutas
de vehiculos generadas como consecuencia de las restricciones al trafico, segundo
para estimar las emisiones inducidas de la actividad vehicular previamente gen-
erada y tercero para computar la dispersion y transformaciones quimicas de las
emisiones de trafico estimadas considerando la meteorologia urbana y los niveles

de contaminacion de fondo.

En este sentido, la presente tesis evaltia el impacto que diferentes planes de
restriccion al trafico tienen en los niveles resultantes de emisiéon de NO,, y de con-
centracion de NO, en Barcelona. Para ello, hemos desarrollado un sistema integral
de calidad del aire compuesto por el simulador de trafico BCN-VML, el modelo de
emisiones HERMESv3 y el modelo de dispersion a nivel de calle CALIOPE-Urban,

que integra el modelo mesoescalar de prediccién de calidad del aire CALIOPE y
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el modelo Gaussiano de dispersién R-LINE. El BCN-VML fue desarrollado por
el laboratorio inLab-FIB en el marco de la iniciativa del Cooperative Automo-
tive Research Network (CARNET) mientras que HERMESv3 y CALIOPE-Urban
son marcos de modelizacion del estado del arte desarrollados por el departamento
de Ciencias de la Tierra del Barcelona Supercomputing Center - Centro Nacional
de Supercomputacién (BSC-CNS). La colaboracién entre ambos centros de inves-
tigacion ha permitido combinar el conocimiento en simulacion de trafico y mod-
elizaciéon atmosférica dando como fruto el sistema integral de calidad del aire usado

en esta tesis.

Las medidas de restriccién al trafico estudiadas estan ya aplicadas o en eje-
cucion, recogidas en el ultimo plan de movilidad urbana de Barcelona 2018-2024.
Estas medidas buscan una reduccion y renovacion del nimero de vehiculos circu-
lantes en la ciudad mediante dos lineas de accién: Por una parte, (i) reducen el
espacio que tiene el vehiculo mediante la reduccién de carriles de circulacion en los
principales corredores de la ciudad por las llamadas medidas de urbanismo tactico
y (ii) implementan medidas de pacificacién de tréfico en areas especificas de la
ciudad -Supermanzanas- y, por otra parte, aplican una zona de bajas emisiones

para restringir la entrada a los vehiculos mas contaminantes.

Para entender los principios fundamentales de los diferentes simuladores de
trafico, emision y calidad del aire, este trabajo presenta inicialmente un resumen
de su metodologia de trabajo y caracteristicas principales. A esto le sigue una dis-
cusion del nivel de detalle apropiado para simular un dominio deseado de acuerdo
al objetivo del proyecto, datos y recursos computacionales disponibles. Ademaés,
se presentan diferentes modelos de trafico y de emisién en el estado del arte, con
una descripcion mas profunda de las herramientas seleccionadas para este trabajo

de acuerdo a las caracteristicas mencionadas.

En el primer trabajo de la tesis, explicamos el proceso de acoplamiento de
los modelos de trafico y emisiones y el proceso de calibracién seguido para corregir
algunas de las limitaciones asociadas a la metodologia macroscépica seguida en
este trabajo. Para validar las emisiones anuales de NO, y PM;q estimadas por
la herramienta desarrollada, realizamos una simulacién de 2017 y comparamos los

valores de NO, y PM;, obtenidos con otros dos inventarios de emision de la ciu-
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dad. Los resultados de emisién anual de NO, computados estan en el orden de los
otros inventarios (rango de -5% y +9%) pero se observan mayores discrepancias
en referencia a las emisiones de PMq estimadas (+18% y +105%). Creemos que
estas discrepancias se deben a que el modelo de emision HERMESv3 considera la
resuspension, no incluida en los otros dos inventarios. Adicionalmente, para tener
un mayor conocimiento de la distribucién espacio-temporal de las emisiones en la
ciudad, también hemos realizado un analisis temporal y espacial de los resulta-
dos de emisién obtenidos. El analisis espacial muestra que una zona particular de
Barcelona -el distrito Eixample- tiene la mayor densidad de emisiones (291 kg-dia™*
km™?) que contrasta con los 144 kg-dia™' -km™2 de un 4rea colindante. Del per-
fil temporal de emisiéon podemos observar que los valores de emision de tréfico
siguen un patrén estable durante las horas diurnas (7:00h a 18:00h) y durante los

laborables durante la mayoria del ano.

El primer trabajo de esta tesis concluye con un andlisis de sensibilidad de
diferentes factores de emisién que usualmente presentan una alta incertidumbre.
Esta seccion pretende guiar al modelizador en los pardmetros que requieren datos
mas detallados dado su alto impacto en la estimacion de emisiones. En este sen-
tido, se analizan diferentes propuestas en cuanto a composicién vehicular, imple-
mentacién del sistema piblico de transporte de bus, el efecto de la temperatura o

la consideracion de emisiones que no salen de los gases de escape.

El segundo trabajo de la tesis explora las limitaciones del sistema macroscopico
desarrollado mediante una comparaciéon con un sistema microscépico compuesto
por el simulador de trafico microscopico Aimsun Next y el modelo instantaneo de
emisiones PHEMLight, también desarrollado en esta tesis. Para ello, cuantificamos
las discrepancias de emision entre las dos formas de modelizacién abordadas en
una zona limitada pero representativa de Barcelona (0.4 km?). Esta zona contiene
tres corredores urbanos representativos de diferentes estados de tréfico (libre, nor-
mal y congestion) que nos permitieron observar la influencia de las dindmicas de
vehiculo a vehiculo microscépicas y de las misiones instantaneas computadas en
el total de emisiones estimadas. Los resultados de esta comparativa muestran dis-
crepancias durante el estado de congestion (hasta un +65% en emisiones de NO,,
para el modelo microscépico). Adicionalmente, para computar el impacto de otra

variable que no se considera de forma habitual en estudios de emisiones de trafico,
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este capitulo también analiza el efecto de la pendiente de calle en las emisiones
para tres tipologias de vehiculo diferentes (turismo, vehiculo pesado y bus) en los
tres tipos de corredores del dominio de estudio. Los resultados obtenidos muestran
(i) un equilibrio entre las emisiones extra de la pendiente positiva y la negativa
(+14% y -12%), que (ii) el peso del vehiculo aumenta el impacto de la pendiente
(+20% y +14% para vehiculos pesados y turismos, respectivamente) y que (iii) el
nivel de congestiéon disminuye el impacto de la pendiente (+20% en estado libre

vs un +10% en estado de congestion).

Durante el tercer trabajo de la tesis hemos cuantificado el impacto en las
emisiones NO, y los niveles de concentraciéon de NOs de las diferentes restricciones
al trafico adoptadas en Barcelona durante los iltimos 4 anos: Las antes comentadas
medidas de urbanismo tactico, Supermanzanas y la zona de bajas emisiones. Para
ello, hemos acoplado el sistema de trafico-emisién macroscépico VML-HERMESv3
al sistema de dispersién a escala de calle CALIOPE-Urban y al sistema de calidad
del aire mesoescalar CALIOPE para exponer también las diferencias entre la escala
de calle y la mesoescalar. Para cuantificar sus efectos especificos, las medidas se
aplicaron a la red BCN-VML de manera individual y combinada sobre diferentes
escenarios de simulacién. Los resultados muestran que cuando solo se implementan
medidas relacionadas con la reduccion del espacio del transporte privado (medidas
de urbanismo téctico y las Supermanzanas) los cambios en las emisiones globales
de la ciudad son negligibles (4+0.1%). Sin embargo, importantes gradientes a nivel
de calle que pueden llegar a £17% en NO, y +5 pg/m? en NO, se generan como
consecuencia de la redistribucion de trafico y de las nuevas zonas de congestion. La
Zona de Bajas Emisiones aparece como como la medida con mayor impacto a nivel
de ciudad, con reducciones del -13% en las emisiones de NO, y de -10 pg/m? en
la media diaria de NOy. Otro escenario combina todas las medidas antes descritas
en un caso de reduccién de demanda, donde la actividad del trafico se reduce un
25%. Este es el escenario que muestra mayores mejoras en la calidad del aire
con reducciones globales de NO, del -30% i reducciones de la media diaria de
NO, de -25 pg/m? que puede llegar a -70 pg/m3. El sistema mesoescalar muestra
que, a pesar de presentar resultados consistentes, no es capaz de modelizar los
gradientes a nivel de calle y los cambios en las concentraciones de NO, asociados a
las restricciones de movilidad. Considerando los resultados obtenidos, aunque las

restricciones de trafico aplicadas llevan a reducciones en emisiones y mejoras en la
xvi



calidad del aire, las reducciones obtenidas son insuficientes para asegurar niveles
de calidad del aire conforme a la legalidad europea. Estas estrategias deben ir
acompanadas por una disminucién aun mayor en el nimero total de vehiculos
circulando por la ciudad, que se podria conseguir, por ejemplo, con la aplicacién

de un peaje de congestién en la ciudad.

El manuscrito de la tesis finaliza con las conclusiones i los resultados maés
importantes del trabajo, asi como un apartado de trabajos futuros y mejoras del

modelo, seguido por unos apuntes finales sobre la movilidad urbana en el siglo
XXI.
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1. Introduction

The excessive accumulation of air pollutants can lead to severe environmental,
economical and health-related issues. These are particularly accentuated in ur-
ban areas due to their population density, the high traffic load and the urban
build, among other urban characteristics. This chapter provides an overview of
the air pollutant health effects, their classification and sources with a deeper de-
scription for the traffic-related air pollutants. Furthermore, the chapter comments
the air quality situation in Europe and Spain, and the regulations that currently
exist to reduce the release of air pollutants and improve air quality. This chapter
also performs a review of the current regulations at urban level which are mostly
focused in the road transport sector and studies the particular air quality situa-
tion of Barcelona. The present Ph.D Thesis is developed at the Earth-Sciences
department of the Barcelona Supercomputing Center - Centro Naconal de Super-
computaciéon (BSC-CNS) in collaboration with the inLab-FIB laboratory from the

UPC. Therefore, a description of both research groups is also provided.

1.1. Air quality and health effects

The number of people living in urban areas has increased from 751 million in 1950
(30%) to 4.2 billion in 2018 (55%) and by 2050 2.5 more billion people are expected
(United Nations, 2018). The rapid growth and densification of urban areas has
largely increased urban emissions and the amount of population exposed to bad air
quality. According to the World Health Organisation (WHO), 9 out of 10 people
around the world breathe highly polluted air. The persistent exposure to it can be
the cause of stroke, ischemic heart disease, chronic obstructive pulmonary disease,
lung cancer, lower respiratory infections and diabetes (WHO, 2018) (Fig. 1.1).
As a consequence, air pollution has become the largest single environmental risk

factor, and the cause of 4 million premature deaths every year (WHO, 2018).

Urban areas are more subject to present excessive air pollution levels due to

their extension, complex geometry, meteorological patterns, the local emission den-
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sity and the temporal pattern in the releases dominated by the traffic rush hours
(Hertel et al., 2009). The constant increase of traffic combined with bad infras-
tructure planning and insufficient public transport policies has led to severe traffic
problems in most of the cities around the globe, carrying with it the noise and
the vehicle emissions associated. Road transport sector produce tailpipe emissions
(e.g., particulate matter, nitrogen oxides), evaporative emissions, resuspension of
road dust, and particles from brake and tyre wear. The release of these pollutants
is of special concern since they are emitted near pedestrians and are particularly
toxic. In 2012 the World Health Organisation (WHO) classified engine exhaust
gases as carcinogenic to humans (Group 1) together with several components from
the air pollution mixture and Particular Matter (PM) (Silverman et al. (2012);
WHO (2013)). PM, specially the fine fraction (PMsy5) and Oj are a source of
breathing problems, cardiovascular disease, and shortened lives, while NO5 causes
irritation of eyes, nose, and throat (Gilda et al., 2013). In 2015, global vehicle
exhaust PM emissions and traffic attributable ozone were responsible of 385.000
premature deaths. This values do not consider other road transport emissions such
as non-exhaust PM sources (e.g., resuspension), evaporative emissions and other
attributable health impacts such as noise, physical activity effects, road injuries or

fuel life-cycle emissions (Anenberg et al., 2019).

.................................. Y . . . o
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Figure 1.1: Potential human health impacts of different ambient air pollutants (EEA, 2019).



1.1. AIR QUALITY AND HEALTH EFFECTS

1.1.1 Air pollutants

Air pollution occurs when air pollutants are present at higher concentrations than
their normal levels, capable of producing adverse effects on humans, animals, veg-
etation or materials (Seinfeld and Pandis, 2016). Air pollutants can be emitted
by human activity (anthropogenic) or by natural activity (biogenic). Besides the
adverse health effects that air pollution have on humans, air pollution has indeed
a direct effect on vegetation and the quality of water and soil that support the
ecosystems (EEA/EMEP, 2017). Forests and plants growth, acidification or eu-
trophication, are some examples of the effects that air pollution has on ecosystems.
Moreover, the damage that they cause to materials and buildings degrade monu-
ments and cultural heritage. In overall, it leads to a large economic cost together
with the loss of labor productivity and additional health expenditure which under-
scores the need for strong policy action (EEA/EMEP, 2017). Air pollution is in
many ways also related to climate change as several air pollutants are also climate
warming forcers, like O3 or black carbon (Williams, 2009). However, in many cases
air pollution relation with global warming is opposite. There are some antagonist
factors, like a majority of aerosols (e.g., nitrate, sulfate, or organic carbon) that
have a cooling effect (Williams, 2009), the use of diesel against petrol vehicles or

the usage of biofuels and biomass (e.g., pellets) for home heating.

Classification of air pollutants: Gaseous and particles

There are two types of air pollutants: particles (solid or liquid) and gaseous.
Gaseous pollutants can be classified as primary (i.e., directly emitted from sources)
or secondary (i.e. formed in the atmosphere from primary precursors). Among the
firsts, the most common ones by historical importance and their effect on humans
health are sulphur dioxide (SO3), oxides of nitrogen (NO, = NO + NO,), and
carbon monoxide (CO) (Tiwary and Colls, 2009). SO, has largely been controlled
in Europe after the introduction of FGD (Flue Gas Desulphurization) abatement
technologies into power station exhaust gasses stacks, and its concentration is
within the legislation limits (Fig. 1.2) (Hertel et al., 2009). NO, gasses are pro-
duced in high-temperature processes during the oxidation of the Ny present in the
air. Such processes occur in boilers and the internal combustion engines equipped

in vehicles. CO is produced during incomplete combustion processes, very com-
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mon on domestic appliances. Its presence in vehicles exhaust gasses has been
controlled by the application of catalytic converters. The Volatile Organic Com-
pounds (VOCs) are other common pollutants in urban areas. These denote the
vapor phase of atmospheric organic compounds (e.g., alkanes, alkenes and aro-
matics) that come from the evaporation of organic compounds such as gasoline
and solvents or the vehicles exhaust gasses due to unburned vehicle’s fuel during
combustion. Although most of the anthropogenic pollutant sources come from in-
dustry or transport sectors, agricultural activities are often an important source to
take into account. The atmospheric ammonia which volatilizes from animal waste
and synthetic fertilizers have a notable effect during the formation of secondary
particulate matter, commented below. From the secondary pollutants the most
common one in urban locations is the tropospheric ozone (O3). This pollutant is
generated during the decomposition of NOy catalysed by sun radiation and has ad-
verse health effects on human health and ecosystems. It usually reaches its higher
levels during the summer season in areas downwind from large urban locations

that generate the primary NOy needed for its composition.

Pollutants in the form of particles -Particulate Matter (PM)- is the term used
to describe a mixture of both, solid particles and liquid droplets (aerosols). They
have different sizes and compositions and can be primary or secondary (commented
later) (Guevara, 2016). Primary PM is mostly composed of a complex mixture of
soot (also referred as black carbon or BC), organic carbon or organic matter (OC
or OM), inorganic materials (e.g., SO7~, NO3) and sea salt (EEA, 2008). They
are classified according to the aerodynamic diameter of the particle as follows: Up
to 10 pm (PMyg), 2.5 ym (PMsys), 0.1 pm (PMgp;) and 0.05 pm (PMggs). Pri-
mary PM can be emitted from both, natural and anthropogenic sources, most of
the lasts originated during combustion (i.e., vehicle engines) and high-temperature
processes. The incomplete combustion of these generates BC and OC, producing
the smallest and most toxic particles, the fine and ultrafine particles (PMy 5 and
PMj 1 respectively). The combination of BC or OC with other gaseous compounds
(e.g., NH3, NO,, SO,, or VOC) during condensation or gas to particle conversion
processes can generate secondary organic or inorganic aerosols (SOA or SIA; re-
spectively) (Guevara, 2016). Secondary organic compounds can contribute to a
great proportion to the total PM registered, being often a significant participant

of the PM registered levels.
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1.2. Air quality in Europe

During the last decades the EU has been working to improve air quality by emission
controls, improving fuel quality and integrating environmental protection require-
ments into the transport, industry and energy sectors. As a consequence, primary
emissions and precursors contributing to PM;, O3 and NO, concentrations have
decreased over the last 20 years despite the Gross Domestic Product (GDP) in-
crease (Fig. 1.2). This was in part led by the decrease on road transport emissions
(Fig. 1.3), which is the sector with higher contribution to NO, emissions (39% in
the EU-28) and a considerable contributor of PM;y and PMs 5 (10% in the EU-28),
black carbon (26% in the EU-28) and CO emissions (20% in the EU-28) (Fig. 1.4)
(EEA, 2020). Despite the general trend in emission reduction, several European
locations persistently present exceendaces for PM;g and NO, (Fig. 1.5). In 2018,
sixteen of the EU Member States had at least one station with NOy values above
the annual limit (EEA, 2020). It is important to note that none of the stations
exceeding NOy values was rural background, and the highest values, as well as
95% of the total exceedances were observed in traffic stations. The same year in
Spain, Madrid exceeded 33 times the hourly limit value of NOy (200 pg/m?), while
Granada, Madrid capital, Corredor del Henares (Madrid) and Barcelona exceeded
the average annual value (40 pg/m?) with values of 46, 55, 41 and 54 ng/m?® re-
spectively (Fig. 1.5) (MITECO, 2019). Twenty member states (19% of reporting
stations) reported PM daily limit exceedances, the majority of which are also found
in urban (89% of all exceedances) and suburban (8% of all exceedances) stations
(EEA, 2020). The annual limit value was exceeded in ten member states (6% of
reporting stations) while the most restrictive WHO Air Quality Guidelines (AQG)
annual limit value for PM was exceeded at 53% of all reporting stations (2006
WHO AQG value). In Spain, the daily limit value for PM was exceeded in Jaén
(Andalucia) while there were no exceendaces of the annual limit value (MITECO,
2019). In the view of this results, the reduction of traffic emissions becomes one

of the main priorities and challenges in the EU to improve urban air quality.
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Figure 1.2: Development in EU-28 GDP and emissions from the main source sectors of NO,,
PM;q, PMy 5, SO,, NMVOC, NH3, BC, CO and CH,4 between 2000 and 2018 (% 2000 levels)
(EEA, 2020).

1.3. Traffic emissions

As above-mentioned, the traffic sector is responsible for a large part of the regis-
tered NOs; and PM levels in urban locations. It is then important to understand
the reasons and processes behind the traffic emissions. These are produced during
engine combustion but also from evaporative and non-exhaust processes. In this
sense, vehicle emissions are divided in: (I) Exhaust, which consider all tailpipe ex-
haust gases and are classified into hot and cold-start emissions, (II) non-exhaust,
which consider wear processes such as brake, tyre and road wear, as well as the
road resuspension, and (III) evaporative emissions, which consider the non-exhaust

volatile organic components (VOCs) that escape through the vehicle’s fuel tank.

Exhaust emissions are the direct gases emitted as a consequence of the fuel
combustion. These are formed by CO,, CO, H,O, PM, HC, NO and NO, (NO,)
and SO,. Since the combustion process is less efficient while the engine is cold and
vehicle catalysts are not yet at their best performance temperature, the emissions
during the vehicle ”cold-phase” are higher, and are referred as cold-start emis-

sions. Non-exhaust emissions are the PM emissions resulting from the mechanical
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abrasion of the vehicle tyres, brakes and road surface wear and the resuspen-
sion. The last is generated by the vehicle circulation over the pavement where
PM has already been deposited. The surface turbulence generated by the vehicle
pass re-emit the deposited material, adding the resuspension emissions to the to-
tal vehicle emissions. Non-exhaust emissions are currently the main challenge in
reducing road-transport PM emissions, since these already represent between 50
to 85% (Amato et al., 2014) of the total traffic PM;y and are expected to keep
increasing over the next years as cleaner vehicle technologies are introduced to
reduce exhaust PM emissions (Guevara, 2016). Finally, evaporative emissions are
the result of the non-exhaust VOC escapes of the vehicle fuel tank and unburned

fuel. As previously mentioned, these contribute to the Secondary Organic Aerosols

Figure 1.5: NOg2 concentrations in 2018 (EEA, 2020).

generation, which is another source of atmospheric PM formation.
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1.4. Legal Framework: Air quality targets

On the basis of scientific assessment of pollution effects and abatement options,
in 1979 at the Convention on Long-Range Transboundary Air Pollution (LRTAP)
(LRTAP, 1979) came the first multilateral agreement addressing transboundary
air pollution. This was applicable to Europe, North America and Russia. The
LRTAP protocol began to tackle acid rain, although over the years the number of
substances covered by the Convention was extended. In the 1990s it was recog-
nised that the pollutant interaction in the atmosphere lead to combined impacts
which were often caused by the same sources. This was the reason to develop
a so-called multi-pollutant-multi-effect approach, which was first applied on the
1999 Gothenburg Protocol to abate acidification, eutrophication and ground-level
ozone (UNECE, 1999). This protocol set national emission ceilings for 2010 up to
2020 for SO, NO,, VOCs and NHj3. In the European Union, the reductions of the
Gothenburg Protocol are transposed by the new National Emission reduction Com-
mitements (NEC) Directive (2016/2284/EU) (EEA, 2016) which entered into force
on 31 December 2016. The NEC presents the more ambitious reduction commit-
ments agreed for 2030 and replaces the earlier National Emission Ceiling Directive
(NECD) (2001/81/EC) (European Commission, 2001). The NEC also requires
Member States to come up with National Air Pollution Control Programmes that
should contribute to the implementation of air quality plans established under
the EU’s Air Quality Directive (AQD) 2008/50/EC (European Parliament, 2008)
which provides the current framework for the control of ambient concentrations
of air pollution in the EU. The emission control of mobile sources include the air
quality standards which set limit values for ambient air pollutant concentrations
that must not be over-passed. Where levels are above the limit values, the Member
States should prepare an air quality plan to address the responsible sources and
to ensure compliance with the limit value. These values are based on the WHO
AQG, which establish short and long-term exposure concentration levels for the
main pollutants that should not be over-passed (WHO, 2021). These guidelines
have been recently updated with more stringent values that in some cases have
suffered a drastic reduction (e.g., annual NO, mean has gone from 40 to 10 pg/m?).
A summary and comparison between the updated WHO guidelines and the EU
AQD limits is shown in Table 1.1.



CHAPTER 1.

INTRODUCTION

Table 1.1: WHO air quality guidelines (WHO, 2021) and European air quality standards (Euro-

pean Parliament, 2008) to human health protection.

WHO guidelines

European Union Standards

Permitted
Concentration  Averaging | Concentration Averaging
) ) exceedances
[ng/m3 period [pg/m3] period
each year
25 24 hour 200 1 hour 18
NO,
10 1 year 40 1 year n/a
8 hour mean . .
60 Maximum daily 25 days averaged
O3 peak season 120
8 hour mean over 3 years
100 8 hour mean
45 24 hours 50 24 hours 35
PM;,
15 1 year 40 1 Year n/a
15 24 hours
PM, 5 25 1 Year n/a
5 1 year
350 1 hour 24
SO, 40 24 hours
125 24 hours 3
‘ f Maximum dail
CO 4107 24 hours 1.10° e Cary n/a
8 hour mean
Lead n/a 0.5 1 year n/a
Nickel n/a 20 1 year n/a
Benzene n/a 5 1 year n/a
Arsenic n/a 6-1073 1 year n/a
Cadmium n/a 51073 1 year n/a
BaP n/a 1-1073 1 year n/a
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For a direct control over vehicle emissions, the EU established emission stan-
dards over the exhaust vehicle emissions. These consist on a series of directives
based on different amendments to the 1970 Directive 70/220/EEC (European Eco-
nomic Community, 1970) which are updated with more restrictive values over time.
The updates for each amendment are known as the Euro norms (i.e., Euro 1, Euro
2, ...). Currently, the latest Euro group for Passenger Car (PC) corresponds to
Euro 6, and the next Euro 7 will probably come into force in 2025. Table 1.2
shows a list of the standards for each Euro group for PC, although these apply to
all vehicle categories (e.g., HDV, motorbikes, ...).

The tests to measure the vehicle emission values were performed by standard-
ised measurements in laboratories, where the vehicle was tested over a predefined
driving cycle: the "New European Drive Cycle” -NEDC-. Nevertheless, since
September 2017 -due to the Dieselgate scandal (Carslaw et al., 2011)- new car
models have to pass a test in real driving conditions (Real Driving Emissions -
RDE test) and an improved laboratory test, the ” World Harmonised Light Vehicle
Test Procedure” -WLTP-. The RDE procedure is based on the portable emission
measuring system (PEMS). A system which measures real time exhaust emissions
by a small lab attached to the car while real driving. This test complements the
WLTP, which is a globally harmonised test procedure which replaces the former
laboratory test, defeated by several vehicle manufacturers during the known as

“Dieselgate” scandal (European Commission, 2017).

Table 1.2: European emission standards for passenger cars (g/km).

Euro CO HC+NO, NO, PM
Classification (g/km) (g/km) (g/km) (g/km)
Date Diesel Petrol Diesel Petrol Diesel Petrol Diesel Petrol
Furo 1 07-1992 2.72 2.72 0.97 0.97 - - 0.14 -
Furo 2 01-1996 1 2.2 0.7 0.5 - - 0.08 -
Euro 3 01-2000 0.66 2.3 0.56 - 0.5 0.15 0.05 -
Furo 4 01-2005 0.5 1 0.3 - 0.25 0.08 0.025 -
Euro 5 09-2009 0.5 1 0.23 - 0.18 0.06 0.005 0.005
Furo 6 09-2014 0.5 1 0.17 - 0.08 0.06 0.005 0.005

11
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1.4.1 “Dieselgate” scandal: The new EU vehicle emission

compliance tests

The Dieselgate is a scandal related with the NO, emissions of the Volkswagen
(VW) group between 2009 and 2015, although not only VW vehicles were impli-
cated. Later on, in the European Union it became clear that most, if not all diesel
car manufacturers were employing some type of defeat device (Bernard et al.,
2019). The NO, emissions from the vehicles involved showed values that could
reach up to 40 times more than the permitted limits for their Euro category, with
average NO, emission values that sometimes were higher than their previous Euro
category (e.g. Euro 4 to Euro 5, Fig. 1.6). The fraud was done by the application
of defeat devices during the NEDC test. The software could detect when the ve-
hicle was passing the NEDC test and activate the emission control devices, while
these remained deactivated under real driving conditions. The Dieselgate was a
breakdown for the EU driving emission tests. It became the main reason why the
EU road vehicle emission legislation changed in a direction towards capturing con-
ditions more representative of real driving with the implementation of the above
mentioned RDE and WLTP tests.

The excess NO, emissions from the defeated vehicles became the cause of
health and legislation compliance issues. Only in Europe, Anenberg et al. (2017)
estimated about 6,800 premature deaths every year due to excess NO, from cars
and vans which could have been avoided if on-road diesel vehicles performed in the
real world within the limits defined in vehicle emissions regulation. In terms of the
AQD compliance, the excess Diesel NO, emissions were an important reason for
the bad performance of the implemented Low Emission Zones whose effect was far
less than expected, as commented in section 1.5.1. In Berlin, von Schneidemesser
et al. (2017) estimated the impact of the excess NO, emissions upon the NO,
levels at 16 measurement sites. They found that potential reductions up to 22
ng/m? at the roadsite stations could be achieved with NO, emission compliance
vehicles. This would reduce the registered NOy values by a -52% to a -36%,
depending on the measuring site. In Barcelona, Benavides et al. (2021a) found that
around a 20% of the NO, levels in the city were associated with the excess NO,

diesel emissions. The Dieselgate is the reason behind several economic, health and
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legislation compliance issues and the trigger of a different view in the automotive

industry, legislative tests and air quality management policies.
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Figure 1.6: Average NO, emissions (in g/kg fuel burned) by Euro standard and country for
diesel (a) and petrol (b) passenger cars as measured by remote sensing. Black lines indicate the

emission limit (Sjodin et al., 2018).

1.5. Urban air quality management

According to the above-mentioned, air pollution presents serious health issues on
population above certain concentration levels. For the zones and agglomerations
where the concentration of pollutants exceed the EU limits, the EU Ambient Air
Quality Directives (European Parliament, 2008) obliges national and local authori-
ties to develop and implement air quality plans and measures. Urban conurbations
are areas that often overpass these levels due to the particular urban conditions and
the near-the-source vehicle emissions to the traffic AQ monitoring stations. Con-
sidering this, the development of urban air quality plans go hand in hand with the
development of mobility policies or Traffic Management Strategies (TMS). These
are primarily focused in two areas of operation; at the technological level reducing
emission rates by the renewal of the circulating vehicle fleet, and by the reduction
of vehicles Vehicle Kilometers Travelled (VKT). The first is affected by the vehicle
technology, fuel type and speed modifications. The Low Emission Zone (explained
below) or the 30 km/h speed limit are examples of such policies. Measures affect-
ing VKT go through the reduction of travel activity (e.g., teleworking) and modal
choice (e.g. change to public or active ways of transport). The reduction of vehicle
emission factors and the total amount of kilometers driven can have a noticeable

effect on emissions which depending on their temporal and spatial distribution will
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have a higher or lower impact at the urban air quality and population exposure.

Due to the high pollutant levels and their relation to the traffic sector, several
cities in Europe are implementing a set of different traffic management strategies
within their air quality plans to limit pollutant concentration values within the
EU regulations (Fig. 1.7).
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Figure 1.7: Distribution of the different traffic management strategies along Europe (European
Comission, 2021).

1.5.1 Renewal of the circulating vehicle fleet: The Low

Emission Zone

The Low Emission Zone (LEZ) area is one of the most common measures applied
in large cities to reduce traffic emissions (Fig. 1.7). They go back to 1996 where
the idea first appeared in Sweden; in Stockholm, Gothenburg, and Malmo (Holman
et al., 2015). After Sweden, in Europe, Germany, Italy, Greece, Portugal, France
and Spain among others, have implemented a LEZ (Table 1.3). They consist of
the entrance restriction of vehicles according to their category (e.g., such as HDV
or cars) and Euro classification in a certain urban area. The time of application

goes from 24h seven days a week, to only weekdays or several hours a day.
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However, their effectiveness is directly related with the efficacy of the Euro
vehicle emission limits to reduce vehicle exhaust emissions. Since these have been
proven to be inefficient for NO, exhaust emissions due to the Dieselgate (section
1.4.1), the expected outcomes of the applied LEZ could have been too optimistic.
Although the LEZ is globally a common measure (257 LEZs only in Europe), not
many studies have deeply revised their air quality impact. Those who have gener-
ally coincide that the LEZ effect on air quality is moderate or limited, specially in
European cities (Holman et al. (2015), Huang et al. (2021), Bigazzi and Rouleau
(2017)). Most European cities report insignificant reductions (Boogaard et al.
(2012), Ellison et al. (2013)) while NO4 reductions of 19% (Huang et al., 2021) or
NO, and BC reductions of 13% and 10% (Tartakovsky et al., 2020) are observed
in Haifa and Hong Kong, respectively. The studies also coincide that the effects
of their application are hard to estimate since other factors such as meteorology,
the changing nature of vehicle fleets or the particular design of the LEZ (area of
action, vehicles restricted, ...) greatly influence the pollutants concentration and

emissions (Lurkin et al., 2021).

1.5.2 License plate restrictions

Another applicable measure which does not need of the appliance of infrastruc-
ture for its integration is the license-plate based driving restriction, which became
very popular in Latin American countries (Cantillo and Ortuzar, 2014) and China
(Huang et al., 2016). The vehicles circulation is restricted according to the last
number of their plate number and the day of the week. The application varies
across cities, but most of them restrict vehicles from driving once or twice during
weekdays. One of the cities that first applied this policy in order to reduce air
pollutants is Mexico City. In there, drivers are not allowed to drive one weekday
per week according to their license-plate last digit, where every weekday corre-
sponds to certain numbers (e.g., Mondays “1” and “27) (Davis, 2017). Although
the measure has been applied since 1989, the research studies performed after its
application show disappointing results. No evidence proves that air quality had
initially improved after the restrictions. Moreover, air pollution had increased 12
to 24 months after the restrictions were imposed (Davis, 2008). The main sug-

gested reasons state that drivers use taxis or get rides from other drivers whose car
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Table 1.3: European Low Emission Zones. Adapted from Lurkin et al. (2021)

Country N° of LEZs National LEZ framework
Austria 7 Yes
Belgium 3 No
Czech Republic 2% Yes
Denmark 4 Yes
Finland 1 Yes
France ) Yes
Germany 82 Yes
Greece 1 No
Italy 107** No
Netherlands 14+ Yes
Norway 2 Yes
Poland 1 No
Portugal 1 No
Spain Riool Yes
Sweden 8 Yes
UK ¥ Yes
Total 257

* incl. Prague - Access Regulation - Lorry LEZ.
R incl. A12 Motorway (Tirol) LEZ.

4% incl. Rotterdam Dock - AR/LEZ LEZ.
K Incl. Madrid - LEZ Parking LEZ.

il incl. London Clean Bus Zones LEZ.

16



1.5. URBAN AIR QUALITY MANAGEMENT

is not banned, or even buy a second vehicle to be able to drive every day, which
is often older and hence more polluting than the main one. An extension of the
measure in 2008, also banning one Saturday per month to all drivers does not show
air quality improvements either. Results of the Saturday restriction show that the
public transport usage has not increased, while people’s activity has not decreased,
nor the gasoline consumption or new vehicle’s registrations (Davis, 2017). Similar
results occurred in Medellin (Colombia) and Lanzhou (China) after the application
of license-plate restrictions. After an initial improvement on air pollutant levels
the public’s behavioral adaptation or the purchase of a new car made the driving
restrictions ineffective (Huang et al. (2016); Ramos et al. (2017)). In a review
study of this policy in several places Cantillo and Ortuzar (2014) concludes with
quite a pessimistic point of view, stating the necessity of implementing measures
which have been proved to work, like the congestion charge. On a similar direction,
Huang proposes its combination with incentive-based demand-side policies like the
parking fee, which has been found to discourage the use of a private transport or
the already mentioned congestion charge (explained next). It is essential though
to provide an integrated network of public transport services, at an affordable
price and with a competent speed to provide a competitive alternative to private

transport.

1.5.3 Congestion Charge Scheme (CCS)

The Congestion Charghing Scheme (CCS), or congestion charge is one of the mea-
sures which has proved to be more efficient (Johansson et al., 2009). It consists
on the application of a toll to dissuade vehicles from entering a certain urban area
by increasing the travel cost in comparison with other travel modes. The largest
European cities with CCS are London (since 2003), Stockholm (since 2007) and
Milan (since 2008). The singular effect of this measure on air quality improve-
ments is hard to estimate since it is normally combined with other measures. In
London the CCS came with the implementation of new bus lanes, the renewal of
the bus fleet with new particle filters, increased bus frequency and changes on the
traffic light phases (Atkinson et al., 2009). All these measures brought reductions
of -4.4% and -9.4% in NO,, and NO together with NOy and PM;, increases of 3.7%
and 2.5%, respectively. In Stockholm after the CCS trial year, the daily mean ve-

17



CHAPTER 1. INTRODUCTION

hicles reduction crossing the charge cordon was of -22%. The traffic reduction lead
to a decrease in annual NO, concentration of around -11% and a -7% for PM;
(Johansson et al., 2009). The Milan CCS, named “Area C” was a success with a
traffic flow reduction of -30%, and an increase in public transport of 12.5% which
lead to a -18% reduction in PM;q emissions after the first year (Croci (2016);
Selmoune et al. (2020)). Although the improvements in traffic congestion and
emission reductions cannot be directly associated to the application of the CCS,
currently the CCS is the measure with best results in improving urban air quality.
The combination of this measure with the improvement of other competing ways

of transport (e.g. public transport) can generate even greater revenues.

1.6. The case of Barcelona

In Barcelona there are 10 air quality monitoring stations, 3 representative of a
traffic site, 6 representative of urban background and 1 representative of suburban
background site. From these stations 7 measure NO, values (Fig. 1.8). The two
traffic air quality monitoring stations that measure NO;y (Eixample and Gracia -
St.Gervasi) persistently exceed the EU AQD for NOy and the WHO AQG for PM
(Fig. 1.9). This is a consequence of Barcelona’s orography, meteorology and the
activities in the city combined with the highest vehicle density in Europe (6,000
vehicles/km?) (Ajuntament de Barcelona, 2020a).

Barcelona is settled at the northeast of the Iberian Peninsula, in the subtrop-
ics. All along the Mediterranean coast, large mesosocale circulations with strong
diurnal cycles occur due to the thermal lows that originate over the peninsula
(Millan et al., 2002). The thermal low leaves a space that is filled with air from
the sea breezes, generating an air circulation. This circulation is favored by the
chimney effect originated by the heating of the east and south-facing slopes of the
high coastal mountains surrounding the sea (Fig. 1.10). The generated circula-
tion helps to the development of a closed air flow cell, which creates a situation
analogue to be “locked in a closed room within a fan running” (Lyons and Olsson,

1973) that difficult the dispersion of air pollutants.
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Figure 1.8: Location of the official air quality monitoring network in Barcelona. The map
represents traffic (red), suburban background (orange) and urban background (green) stations.
The boxes in purple represent the stations that measure NOy. Adapted from ASPB (2020).
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Figure 1.10: Day (a) and night (b) perpendicular circulations along the Mediterranean coasts in
summer (Milldn et al., 2000).

The particular meteorology and orography of the city would not lead to air
quality issues without large emission sources. Barcelona holds one of the largest
ports in the Mediterrenean sea which contributes to the 46% and 52% in NO, and
anthropogenic PM;( emissions respectively. The city also holds an elevated traffic
activity of 6,000 cars/km? (that is the double of Madrid and the triple of London)
which accounts for the 33.5% in NO, and 37% in anthropogenic PMj, emissions
(Ajuntament de Barcelona, 2015).

The combination of these factors contributes to the bad urban air quality of
the city, which fails to pass the NOy EU AQD at the traffic sites (Fig. 1.9a). Due
to the technological improvements in vehicle emissions and to the local measures
applied, during the last years the historical record of annual mean NO, concen-
tration values registered at the city shows a smooth decline with values of almost
70 pg/m® in 1996 to 48 pg/m?® in 2019 for the traffic stations (Fig. 1.9a). The
decreasing trend is more accentuated for PM;g, which goes from 53 ng/m? in 2002
to 29 pg/m? in 2019, complying with the EU AQD (< 40 png/m?®) but not with
the former WHO AQG (< 20 ng/m?) (Fig. 1.9b). Despite the positive trend, it is
still necessary to keep applying structural measures to maintain the trend towards

satisfactory pollutant levels.

On the view of the results, during the last years Barcelona has been applying
a series of structural policies regarding traffic control in order to comply with
the EU regulations. The first measures that were applied in the city and its

surroundings aimed at reducing vehicle emission rates by decreasing the speed
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limit. In 2007, the Zone 30 was applied in several streets of the city followed in 2008
by the 80 km /h speed limit in the motorways heading to the city. A modeling study
performed by Baldasano et al. (2011) showed a reduction of 4% in traffic emissions,
which supposed an average reduction level of 5 to 7% of primary pollutants over the
area. Another study performed by Bel and Rosell (2013) showed empirical results
with NO, and PM increases up to 3.2% and 5.9% respectively. The measure
was then updated to a variable speed limit, which according to the same study
was more successful in reducing NO, and PM;q with reductions up to -17.1% and
-17.3% respectively. Also in 2007, the city implemented the public bike system,
Bicing, aimed to encourage active transport. But it was on the two last Urban
Mobility Plans - years 2014-2018 (Ajuntament de Barcelona, 2014) and 2019-2024
(Ajuntament de Barcelona, 2020d) - where the main target was to reduce the usage
of private transport, while enhancing active ways of transport (e.g., cycling) and
public transport. In this direction, Barcelona has increased the total kilometers
of bike lanes (from 105 km in 2013 to 230 in 2020, (Ajuntament de Barcelona,
2020d)), it has implemented a new bus network based on orthogonal lines and has
approved the construction of a new tram line. These measures go in hand with the
implementation of the park and ride (parking lots on train stations to encourage
its use) and the application in 2017 of a Low Emission Zone during pollution
episodes, that became permanent in 2020 (Fig. 1.11). Two of the main actions
appearing in the lasts urban mobility plans to reduce private vehicle space are
the Superblocks and a series of Tactical Urban Planning (TUP) measures which
reduced vehicle lanes on several urban corridors in the city. Superblocks began as a
pilot project in 2016, and currently more than 8 are implemented or planned to be
implemented in the city. The Superblock idea consist on the traffic pacification of
several streets within an area comprised by several blocks. The traffic pacification
measures performed within the Superblock comprise a reduced speed limit (10
km/h), the usage of urban furniture to hassle traffic -such as urban vegetation,
bollards or speed humps- and the introduction of mandatory turnings that throw
out the incoming vehicles. The goal of the Superblock is to provide a traffic-
pacified interior area accessible primarily to active transport (e.g., cycling) and
secondarily to residents and services, diverging through traffic and gaining space
for leisure activities (Fig. 1.12a) (Rueda, 2019). On the other hand, the measures

performed by tactical urbanism are low-cost and scalable elements such as strips of
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colours, urban furniture or moveable plant beds to transform the urban space. In
the case of Barcelona, the introduction of these elements allowed reducing traffic
lanes dedicated to private vehicles from major urban corridors in the city, and
gaining pedestrian and public transport space. The importance of this measure
lies in the streets that have been affected, which are the principal corridors used
by residents to quickly cross the city that in some cases have gone from 6 to 4
vehicle lanes (Fig. 1.12b).

2006 2007 2008 2014 2015 2016 2017 2020
Year
Measure
Special 80 km/h limit in PMQAB LEZon LEZ
protection Barcelona (Plan for the pollution permanent
areas approaching improvement of episodes
i i i Tactical Urban
Zone 30 hlghways 9 Variable AQinBCN) . o Superblock Plani
Public bicycle speed limit PMU 2013-2018 test aning
. - measures
Bicing (urban mobility

plan)

Figure 1.11: Timeline of the applied mobility measures related to vehicle emissions in Barcelona.

a) Current Model Superblocks Model

O
A 4

)

Figure 1.12: a) Scheme of the superblock concept (Ajuntament de Barcelona, 2014) and b)

example of a tactical urbanism action.

1.6.1 Mobility patterns

An understanding of the mobility patterns that occur in the Barcelona area is
essential to apply the adequate set of traffic management strategies and reduce
the traffic circulation within the city. It is particularly important to reduce the
connection traffic (i.e., with origin or destination outside of Barcelona) since a large
part of the elevated traffic activity in the city comes or goes to the surrounding

cities of the region. In Fig. 1.13 we can observe the total inner (circled arrows)
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and connection trips (vertical arrows) between the different areas of the Barcelona
region. The total displacements done within Barcelona city are the largest (4.4M),
but only a 14.7% of them are done by private transport (660,000 trips). On the
other hand, the city hosts 744,200 connection trips done by private transport,
which represents a 54.3% of the total connection trips (ATM, 2020) (Table 1.4).
This data does not count freight transport, adding an additional 490,000 trips
(66% of which with origin or destination outside of Barcelona) (Ajuntament de
Barcelona, 2020d). These values are a direct consequence of the public investments
in transport infrastructure done during the last decades. While the population
outside of Barcelona has been increasing during the last years (Fig. 1.14), so did
the construction of highways (e.g., C-32, C-16, B-24, A-2 or C-60) and the ring-
roads for Barcelona. Yet, the promotion of private transport was in detriment
of the public, which remains practically the same since its creation in the 90s.
It is then expected to see that from 1986 to 2014 there has been an increase
of 116% in commuting by private transport and a 38% increase when it refers
to the public (AMB, 2014). However, this situation reverses when it refers to
Barcelona city. Opposite to what has been done outside the city, in Barcelona
the public transport infrastructure has been constantly updated. New and longer
metro lines, the creation of a tram and the optimization of bus lines are some
examples of public transport infrastructures that lead to the low proportion of

private transport users within the city.

On the view of this, measures aiming at reducing the incoming vehicles to
the city combined with an adequate public transport network able to absorb part

of the daily commuting to or from Barcelona seem essential to notable reduce the

Table 1.4: Modal distribution of the trips inside Barcelona and the connection trips between

Barcelona and its surrounding areas.

Private transport Public transport Active mobility | Total %

Barcelona i
ORI 147% (660,000)  17.3% (789,000)  67.7% (3E406) | 4.4E+06  76%
displacements

C t1 trips
ONCCHON TIPS 01 3% (744,000 39% (527,000)  7.3% (100,000) | 14E+06  24%
in/out Barcelona
Total 1.4E+06 1.3E+06 3.1E+06 5.8E406  100%

% 24% 23% 53% 100%
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total traffic activity in the city.

G

Rest Metropalitan Region

Rest Metropolitan Area

Barcelona

Rest 1st Crown

Displacements in thousands

Figure 1.13: Origin-destination fluxes done in the Barcelona region. Circled arrows represent
displacements done within the area while vertical arrows represent fluxes between areas (ATM,
2020)

1.6.2 Previous studies in Barcelona

Due to the persistent air quality issues in Barcelona, during the last years several
studies were performed at the city to give some insights about possible benefits
of air quality policies (Table 1.5). Soret et al. (2014) estimated the air quality
improvements of 3 different electrification scenarios at a resolution of 1km x 1km.
With the most ambitious scenario (40% fleet electrification) reductions in NO,
emissions of 11% were estimated, with maximum NO, hourly reductions of 16%.
Mueller et al. (2020) estimated the health impacts of the complete implementation
of the superblock plan, which comprises a total of 503 Superblocks in the city.
They estimated how traffic demand would be affected, the gains related to physical
activity, changes in NOy emissions, the new green spaces and reduced heat island
effect. Results expected that 667 premature annual deaths could be prevented,
where the greatest number of preventable deaths are attributed to NOs reductions
(291) due to the estimated decrease in traffic activity (-19%). Based on a Remote
Sensing Device study -which reads instantaneous vehicle emissions-, the AMB and
RACC studied the real circulating vehicle fleet on the city and their emission

factors. They found large differences with the censed vehicle fleet, specially for
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Figure 1.14: Mobility growth relative to population growth (AMB, 2014).

Light Duty Vehicles (LDV) which was in average 7.2 years newer, and the passenger
cars (-4.3 years). In agreement with other studies regarding vehicle emissions, they
also found large differences between the real exhaust emissions and the Euro limits,
specially for Diesel vehicles. Due to this gap between regulated and current diesel
vehicle emissions, Benavides et al. (2021a) analysed the impact of excessive LDV
emissions upon NO, levels in Barcelona at a mesoscale (1km x 1lkm) and street-
scale (20m x 20m) resolution. With the street-scale approach, they found that the
excess NO,, emissions were associated with about a 20% of the NO, registered levels
in the city. The mesoscale approach could not properly capture these gradients
and largely underestimated the impact of diesel excess NO, emissions upon NO,
by a 38% to 48%.

1.7. Framework of the thesis at BSC

The present Ph.D thesis follows the research line of the Earch Sciences Department
of the Barcelona Supercomputing Center - Centro Nacional de Supercomputacion
(BSC-CNS). The group directed by Dr. Francisco J. Doblas Reyes was initiated at

the Environmental Modelling Laboratory of the Technical University of Catalonia
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Table 1.5: Review of different studies of the applied policies in Barcelona.

Year of )
Measure Relevant studies
application
Short-term planning and policy interventions
Settling of Bicing, 9007 to promote cycling in urban centers: Findings
bike shared system from a commute mode choice analysis in
Barcelona, Spain (Braun et al., 2016).
Air pollution impacts of speed limitation
80 km/h speed limit 9008 measures in large cities: The need for improving
on motorways traffic data in a metropolitan area
(Baldasano et al., 2011).
Estimation of future emission scenarios for
analyzing the impact of traffic mobility on
2016 a large Mediterranean conurbation in the
Superblocks
Barcelona Metropolitan Area (Spain)
(Soret et al., 2011)
9019 Changing the urban design of cities for
health: The superblock model (Mueller et al., 2020)
Implementation of the 9017 Informe de resultats de la ZBE
Low Emissions Zone. (Barcelona Regional, 2019)
) On the impact of excess diesel NO,, emissions
Excess NOx from diesel o )
2021 upon NOs; pollution in a compact city

vehicles

(Benavides et al., 2021a)

(LMA-UPC) directed by Dr. José Maria Baldasano. The main research lines of

the group lie in Earth system modelling, with the following main research topics:

atmospheric modelling, air quality modelling, mineral dust modelling and climate

modeling. Particularly, the air quality research is focused in understanding the

air pollution dynamics focused in the relationship between emissions, atmospheric

transport, chemistry and deposition and obtain an air quality estimation through

the development and implementation of high resolution modelling. A review about

the most relevant works at the department in emission and air quality modelling
can be found in Table 1.6.
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Table 1.6: List of relevant publications in international journals related to AQM from the former
Environmental Modelling Laboratory of the Technical University of Catalonia and the Earth
Science department of the BSC-CNS

Reference Topic Domain
Development of the EMITEMA-EIM
Costa and Baldasano (1996)  athmospheric emission model for Barcelona

Barcelona over 1990

Development of a biogenic VOC emission .
Gomez and Baldasano (1999) Catalonia

inventory for Catalonia

Development of a high-resolution vehicle

Delgado et al. (2000) Catalonia

emission model
Development of the EMICAT2000
Parra et al. (2006) high-resolution emission model for Catalonia
Catalonia 2000
Development of the HERMES04

Baldasano et al. (2008a) Spain
high-resolution emission model for Spain 2004

Pay et al. (2010) Evaluation CALIOPE AQMS over Europe for 2004 Furope
Evaluation of the Multiscale Online

Badia et al. (2017) Nonhydrostatic AtmospheRe CHemistry model Global
(NMMB-MONARCH) version 1.0

Guevara et al. (2019) Development of the HERMESv3 high-resolution Global

Guevara et al. (2020) emission model Part I and Part II

Development of CALIOPE-Urban v1.0: coupling R-line

with a mesoscale air quality modelling system

Benavides et al. (2019) Barcelona
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One of the firsts attempts to describe and quantify the the emission sources
of Barcelona was the EMITEMA-EIM athmospheric emission model. It was de-
veloped between the years 1994 and 1996 and it could estimate CO, SO,, NO,
NO,, CHy, NMVOC and PM hourly emissions in a 1.5 km? area. Air pollutants
were estimated from both anthropogenic and biogenic sources by a bottom up (i.e.
road-traffic, industrial activities, air traffic, gas stations and biogenical sources)
and top-down approaches (i.e. domestic heating) using the CORINAIR method-
ologies and emission factors (Eggleston et al., 1989). Following this work, Gomez
and Baldasano (1999) presented an emission inventory for vegetation in Catalonia
for the year 1992 and Delgado et al. (2000) extended the EMITEMA-EIM for Cat-
alonia and performed an estimation of on-road traffic emissions during the year
1994.

These works were the basis for the development of EMICAT2000 emission
model (Parra et al., 2006) which estimated emissions for Catalonia with the year
2000 as reference. The model included the most important primary air pollu-
tants (NO,, NMVOCs, CO, SO, and TSP), integrating hourly, daily, monthly and
yearly emissions and providing information both for environmental management
and photochemical modelling. Finally, following the work on emission modelling of
the previous studies, during the years 2005 and 2006 the BSC-CNS developed the
- High-FElective-Resolution Modelling Emission System (HERMES04) - with the
objective of generating an anthropogenic and biogenic emission inventory for Spain
with a temporal and spatial resolution of 1 h and up to 1 km? (Baldasano et al.,
2008a). The initial version of HERMES was then updated by the following works
within the framework of another Ph.D thesis (Guevara et al., 2013) up to the cur-
rent version used in this thesis, HERMESv3 (Guevara et al. (2019); Guevara et al.
(2020)). The HERMES emission system is the emission core of the CALIdad del
aire Operacional Para Espana air quality forecast system (CALIOPE-AQFS). The
CALIOPE-AQFS established an air quality forecast system for Spain to increase
knowledge on transport and dynamics of pollutants (Baldasano et al., 2008b).
The CALIOPE-AQFS is a state-of-the-art modelling framework which works with
a temporal resolution of 1 hour and a horizontal resolution that varies with the
working domain: from 12km x 12km for Europe, to 1km x 1km for Madrid and

Catalonia. The system estimates the concentration values of NO,, CO, SO,, Os,
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Ce¢Hg PMyg and PMys (http://www.bsc.es/caliope/es). It is integrated by the
Weather Research and Forecasting (WRF) model version 3.5.1 with WPS ver-
sion 3.9.1 (Skamarock and Klemp, 2008), the Community Multiscale Air Quality
Modelling System version 5.0.2 (CMAQ) (Byun and Schere, 2005), the mineral
Dust REgional Atmospheric Model (BSC-DREAMS8D) (Basart et al., 2012) and the
above-mentioned HERMES emission model. The implementation of CALIOPE-
AQFS was possible thanks to the previous works of the group (Baldasano et al.
(2008b); Baldasano et al. (2011); Pay et al. (2010)) also about meteorological mod-
elling (Soriano et al. (2001); Pérez et al. (2004)), emission modelling (Costa and
Baldasano (1996); Parra et al. (2006); Baldasano et al. (2008b); Guevara et al.
(2013)) and air quality modelling (Costa and Baldasano (1996); Jiménez et al.
(2005)).

Concerning air quality management at urban scales, the CALIOPE-AQFS
has been used in the framework of other Ph.D thesis for air quality evaluation and
epidemiological studies, and air quality environmental impact studies of particular
installation impacts (e.g., power plants, biomass plants) (Baldasano et al., 2014).
To increase the resolution to street-level modelling, Benavides et al. (2019) per-
formed a downscaling exercise with the implementation of the gaussian dispersion
model RLine to the CALIOPE-AQF'S, achieving a street scale resolution tool able
to estimate pollutant concentration values at a resolution of few meters. This tool,
named CALIOPE-Urban, has already been used to estimate the NO, increases in
Barcelona as a consequence of the excess diesel NO, emissions in light duty ve-
hicles (Benavides et al., 2021a) and it is the main air quality tool used in this

thesis.

1.8. Collaboration with the inLab-FIB UPC

The thesis has been developed at the Earth Sciences department of the BSC, but
in close collaboration with the inLab-FIB laboratory of the Universitat Politecnica
de Catalunya (UPC). The inLab-FIB is a research and innovation laboratory of the
Barcelona School of Informatics at UPC, specialized in applications and services
based on the latest ICT technologies such as data science, smart mobility and mod-

eling, simulation and optimisation. In this sense, they have done projects related
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to systems and processes improvement through the use of modeling, simulation
and optimization techniques applied to transport, manufacturing, logistics, indus-
trial processes or emergency systems. Within the transport modelisation field,
they developed the first detailed multi-modal model of the First Crown of the
Metropolitan Area of Barcelona -the BCN-VML network- that has been used in
this thesis after a calibration and validation process, described in detail in sections
2.2.3 and 3.2.1.

1.9. Objectives

Considering that: (i) excessive tropospheric pollutant levels are dangerous to hu-
man health and these often occur in urban environments to a large extent due to
traffic near-pedestrian emissions (sections 1.1 and 1.3), (ii) to address this, Europe
has applied air quality regulations which set limit values that have to be accom-
plished by the implementation of air quality plans (sections 1.2 and 1.4), (iii) these
often go in hand with the implementation of traffic management strategies (section
1.5) and (iv) Barcelona overpass the EU limit values and it is currently applying
different traffic management strategies to tackle air pollution by the reduction of
private vehicle space in the city (section 1.6), the main objective of this Ph.D thesis
is to quantify the impact of Barcelona’s traffic management strategies
upon local emission and air quality levels by using a multi-scale mod-

elling approach.

In order to achieve this objective, the following specific objectives need to be

accomplished:

— Development and calibration of a coupled traffic-emission modelling system
for Barcelona. Analysis and validation of the NO, and PM;q obtained emis-

sion results.

— Coupling of the traffic-emission model developed to the Gaussian street-
scale dispersion model CALIOPE-Urban and the mesoscale air quality model
CALIOPE.

— Validation of the air quality results from the integrated air quality modelling

system.
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— Assessment of the individual and combined impacts on NO, and PM;, emis-
sions and NOs air quality levels of the different traffic management strategies

applied.

1.10. Organisation of the manuscript

This manuscript has the following organisation: Chapter 2 provides a literature re-
view of some of the traffic, emission and air quality modelling tools and states the
fundamentals of their workflow. Chapter 3 presents the coupled traffic-emission
system: VML-HERMESv3. It describes the coupling procedure, the calibration
process and a comparison with other emission inventories. The chapter finally
presents a sensitivity analysis with different key emission input parameters. Chap-
ter 4 provides a comparison between the previously mentioned macroscopic cou-
pled system with a microscopic traffic-emission system to observe the possible
discrepancies between both modelling approaches. Chapter 5 integrates the VML-
HERMESv3 system into CALIOPE and CALIOPE-Urban air quality modelling
tools to estimate the NOy air quality impacts of the different traffic restrictions
applied in Barcelona and to observe the differences between the mesoscale and
street-scale modelling approaches. Finally, Chapter 6 presents the main conclu-

sions of the work, the future works and the final remarks of the thesis.
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Modelling tools, together with observations, are the current methodology recom-
mended by the Air Quality Directive of the European Commission to assess and
evaluate air quality plans. When these comprise large urban modifications through
the application of traffic management strategies, the air quality modelling process
has to be preceded by a traffic estimation done by a traffic simulator, to be then
followed by a vehicle emission estimation integrated in an air quality model. This
chapter introduces and describes the workflow of a traffic simulator, a vehicle emis-
sion model and the fundamentals of an air quality modelling system. Furthermore,
this chapter presents a literature review of the current state of the art of traffic
simulators and vehicle emission models that can be used for vehicle emission es-
timation, as well as the specific modelling tools used in this Ph.D thesis for the
evaluation of traffic management strategies in Barcelona. Finally, the chapter in-
cludes a review of different air quality modelling studies using the tools and models

previously described.

2.1. Introduction

The current methods to characterise pollutant concentration values are based on
modelling tools or by observations measured at ground level in urban, sub-urban
and and rural locations. Air pollution measurements give quantitative informa-
tion about ambient concentrations and deposition, but this is limited to specific
locations and times (Daly and Zannetti, 2007). In Barcelona there are 10 air
quality monitoring stations, 3 representative of a traffic site, 6 representative of
urban background and 1 representative of suburban background site. However, as
stated by Duyzer et al. (2015), these are insufficient to properly characterise pop-
ulation exposure. The spatial representativiness of the observational network can
be extended for specific time periods by passive dosimeters to measure a certain
pollutant, which allows to cover a wider area at a lower cost than the installation of

full monitoring stations but with the time coverage limitation. On the other hand,
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air pollution modelling tools can give a more complete deterministic description of
the air quality problem; including an analysis of factors and causes such as emis-
sion sources, meteorological processes or physical and chemical changes (Daly and
Zannetti, 2007). However, modelled results come with an associated uncertainty
level that cannot be avoided. In this sense, it is crucial to work with the most
detailed data available, specially concerning the emission estimation (Kryza et al.,
2015). More accurate and realistic assumptions of the input parameters may result
in emission levels being significantly higher or lower than the current consideration
leading to a better planning, modelling and policy making (Dey et al. (2019); Dias
et al. (2018)).

In this context, modelling tools complement observational methods by offer-
ing an insight of exposure levels in a quantitative continuous map of the area of
study at any time in the past, present or future by preventing local authorities
from pollution episodes or for scenario modelling. For the analysis of traffic man-
agement strategies, modelling tools can estimate the induced new vehicle routes
and possible rebound effects that might occur and, if necessary, apply the corre-
sponding modifications on the planned strategies. In this sense, air quality models
should be used for both assessment and planing; but to do so, the modelling chain
has to be fit-for-purpose and properly checked and verified with the available ob-
servational data. In the framework of this Ph.D thesis, the modelling chain needed
to analyse the air quality impact of different TMS includes the following modelling
tools (Fig. 2.1).

— A traffic simulator, which contains the road network data, including specific
characteristics of each link (i.e., street segment), the vehicle generation cen-
troids, the traffic demand generation and attraction areas, the traffic activity
between the specific areas (i.e., number of trips) and mobility patterns (see

section 2.2).

— An emission model, which describes the spatio-temporal distribution of all
emission sources, natural and anthropogenic. For the scope of the thesis
we focus on the emissions associated to the road traffic sector, explained in

section 2.3.

— A meteorological model, able to characterise the state and evolution of the
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atmosphere where emissions occur. The atmosphere state takes an important
role in the chemical and physical interactions between pollutants and the
dispersion processes, which are characterised by the last component, the
Chemical Transport Model (CTM).

— A chemical transport model, which characterise the physical and chemical
transformations that occur to the emitted pollutants in the atmosphere ac-
cording to the specific meteorological conditions estimated by the meteoro-

logical model. A more detailed explanation can be found in section 2.4.

The variables and parameters involved in the modelling system differ between
the level of detail desired and the study domain. An air quality assessment can go
from a hot-spot (street, roundabout) to an entire city, or region. In this sense, it
is important to acknowledge the available data, the computational resources and
simulation time in order to select the tools and their level of detail according to the
above-mentioned factors. In the next sections we will expose the parameters to take
into account in order to choose the appropriate tools for the desired simulation.

Chemical transport
model (CTM)

AQMS

Numerical routines
Emission inputs
Meteorological fields

Emission model

Traffic Simulation

1
1
1
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1
1
1
1
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Figure 2.1: Interaction between the different modelling tools used in an air quality modelling

system. Adapted from Russel and Denis 2000.
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2.2. Traffic simulation

A traffic simulation model is composed by three main components: (i) the trans-
port demand model, (ii) the supply model and (iii) the traffic assignment method.
The transport demand model gives the magnitude of the total travel demand on the
network. It establishes how many trips originate in a certain -previously defined-
transport zone and arrive at another zone based on the Origin-Destination (OD)
matrices. The defined transport zones will eventually generate and attract trips
that will propagate flow along the available network entities (e.g., links, nodes), ac-
cording to specific attributes and parameters (e.g., link capacity, number of lanes,
the volume-delay function, ...) which limits the flow movement. This is done by
the traffic assignment method during the (i) route-choice and (ii) network loading
processes (Fig. 2.2). The route-choice defines which routes will be considered by
each OD pair, or in other words: define how travellers choose their routes. The
most common hypothesis used in transport modeling is the user equilibrium based
on the Wardrop’s first principle (Wardrop and Whitehead, 1952). This hypothesis
assumes that every traveler chooses the route that is faster for him considering the

current traffic conditions, regardless of the system optimum (Barceld, 2010).

Based on the routes selected by the route-choice, the traffic assignment loads
the demand model (i.e., the OD pairs) and computes the traffic flow over the
different network links (network loading process). This is done by computing the
cost of each possible route. The cost is a unit that gives a common value to the
distance, price (i.e., the economic value) and the time of each route so they can
be compared. The distance and price are already defined by the total kilometers
or the possible tolls on the way. But the time is flow dependent (i.e., a user will
take more time to cross a congested street). The traffic flow-time dependence is
defined by the route impedance parameters or capacity restraints. The impedance
warranties that an increased flow in a link will end up with an increased travel time
(i.e., cost). In macroscopic simulation, the two most important capacity restraints
are the link capacity and the Volume delay Function (VdF). These express travel
time 7 as function of flow ¢. The Bureau of Public Roads (BPR) power function
shown in equation 2.1 and Fig. 2.3 is one of the most popular VAF functions
and the one used in the BCN-VML model of this thesis (Maerivoet and De Moor,
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2005).
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Ty
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Y

Figure 2.3: The Bureau of Public Roads function, relating travel time to traffic flow. It is
based on the travel time at free flow conditions Tf; and the saturation capacity gp. of the link
(Maerivoet and De Moor, 2005). The function expresses how the travel time does not increase
with traffic flow while the link is at free-flow conditions. When higher flows occur at the link
(i.e., congestion situation) the coefficient 5 determines the threshold at which the BPR function

rises until it reaches the link saturation capacity gp.

Once the total route costs are defined, the network is loaded in an iterative
process where all the demand is launched in a batch exercise per iteration. For
each iteration, traffic flow is assigned and redistributed to all available routes and,
if necessary, new routes are considered until all traffic routes are in equilibrium
(i.e., same cost for all). This occurs in a steady-state or stationary condition known
as the Static Traffic Assignment (STA). A more detailed and complex modelling
methodology considering traffic time dependencies also exists, the Dynamic Traffic
Assignment (DTA).

The DTA algorithm is time dependent, it considers the paths and the demand
proportion loaded in the network for each time period (based on time dependent
OD matrices). During the network loading process, the DTA describes how flow
propagates with time along the network within the previously selected routes. This
process is computationally more expensive and data demanding than the STA, so
it is usually used for medium to small domains. When a DTA method is based on
the user equilibrium principle, it is known as a Dynamic User Equilibrium (DUE),

a very common algorithm in traffic modelling systems.
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2.2.1 Computation of vehicle dynamics in traffic simula-

tion

How vehicle dynamics are computed responds to the level of aggregation of link-
level vehicle data. In this sense, there are three standardised levels from lower
to higher level of detail: Macroscopic, mesoscopic or microscopic. Macroscopic
traffic models describe traffic in an aggregate manner at link level, such an homo-
geneous fluid (e.g. average speed and flow per link), able to simulate road speeds
and flows by physical concepts or analytical methods, but unable to predict single
vehicle speed and behavior. The mesoscopic simulators combine elements from
the microscopic and macroscopic approaches. These simulators have different ap-
proximations; generally, they represent the paths and interactions of each vehicle
with less detail, but enough to characterize some traffic dynamics essentials (e.g.,
n® of stops per link). Finally, microscopic traffic models simulate all dynamical
parameters of each vehicle on the network (i.e., acceleration, deceleration, lane
changes. . .) at a very high temporal resolution (in the order of seconds, or less) as
a response with its needs and the surrounding traffic, assisted by some behavioral
models such as car following, lane change, merging and yielding (Linares, 2014).
These models can provide the drive cycle of each vehicle (e.g., instantaneous speed
curves) which is needed to estimate instantaneous vehicle emissions, explained on
section 2.3. The computational load and data required to simulate such level of
detail for each vehicle on the network limits the application of microscopic traf-
fic simulators to specific areas of the city or hot spots. Note that although the
traffic assignment methodology (STA/DTA) is independent to this level of vehicle-
data aggregation, due to the shared data and computational requirements usually
DTA go in hand with microscopic and mesoscopic models, while STA is used for

macroscopic approaches in large scale networks.

2.2.2 Review of traffic simulators

On this section, we give a brief description of the most important traffic simulators
(summarised in Table 2.1) followed by the description of the traffic modelling tool
used in this Ph.D thesis.
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VISUM

Visum is a GIS-based macroscopic multi-modal model developed by PTV able to
simulate public and private transport travel demand (PTV Group, 2019). Visum is
mostly used for transport planning in large transport networks, to estimate travel
demand, transit changes and public transport services. The model integrates sev-
eral impact inner models to to analyse and evaluate the transport system. These
includes a user model, able to estimate travel behaviour of public transport pas-
sengers and car drivers (e.g., traffic volume, number of transfers, service frequency,
etc), an operator model which determines operational indicators of a public trans-
port service (e.g., revenues, number of kilometers) and an environmental impact
model. All the input data needed by the model is defined in the network and the
demand model. The first is composed by the nodes -which represent intersections
or public transport stops-, the links and their attributes (e.g., link capacity, VdF),
the turnings and their attributes (e.g., turning penalties) and the public trans-
port lines. The demand model is composed by the Origin Destination matrices
(OD) and the logit model choice which splits the trip chain into specific modes of
transport (Friedrich, 1999).

TRANSYT

TRANSYT (TRAffic Network StudY Tool) model was developed at the Transport
Research Laboratory (TRL) in Britain. TRANSYT is a macroscopic determinis-
tic simulation and optimisation model that simulates traffic as cycle flow profiles
(CFP) and traces the flow of the CFP from link to link along the network. It
considers traffic signals by the systematic changes to the offset, their phase split
and cycle length. The associated traffic conditions are estimated through a per-
formance index (PI) which is a linear combination of the vehicle delay and the

number of vehicle stops (Ratrout et al., 2009).

Vissim

Vissim is a microscopic time-step and behavior-based traffic simulation system
developed by PTV that models both motorway and urban traffic operations. It can
estimate private and public transport mobility but indeed it simulates particular

pedestrian movements and their different usage of public transport. The model

is divided into three blocks plus one more for the output data storage. The first
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block contains all the infrastructure data, including sign posts, parking facilities
and road and railway infrastructures. The second block contains all technical
features of a vehicle, traffic flow specifications and routing, public transport lines
are also defined within this block. Finally, the third block contains all traffic
control elements, not-signalized intersection rules and traffic signs are contained
within this block. During simulation, the three independent blocks are constantly
activated and interacting with each other (Barceld, 2010). The traffic simulator
included in Vissim is a microscopic traffic flow simulation model which includes
car following -based on the Wiedemann model- and lane change logic (CHEN and
YU, 2007).

Paramics

Paramics is a DTA microscopic model developed in 1997 by SIAS Ltd. and Quad-
stone Ltd. of Scotland. It incorporates a car following and lane-changing model
based on parameters representing the driver’s behavior and a generalized cost equa-
tion to estimate the route choice (Misra et al., 2013). Paramics is designed for a
wide range of applications where traffic congestion is the predominant one, with vi-
sual capabilities and good simulation performance. It can be used for a wide range
of network sizes, including national scenarios. Vehicle to vehicle interactions are
based on vehicle following, gap acceptance, and vehicle kinematics while the traffic
demand is generated from an origin-destination matrix (OD;) (Krogscheepers and
Kacir, 2001). Besides the most normal traffic simulation applications, Paramics
can also draw roundabouts, public transportation plans, car parking or different

incidents that might occur.

MATSim

MATSim (Multi-Agent Transport Simulation) is an open-source microscopic traffic
simulation model. The framework of MATSim is designed for large-scale scenar-
ios, with a network loading implementation based on queue model instead of the
more complex and computationally expensive car-following model, which is more
common among microscopic traffic simulation models. The route-choice process is
done by an inner-model, the MobSim (mobility simulator) whose process is similar

to a DTA: It considers time, mode or destination choice into the iterative loop. At
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every iteration, each agent memorizes the cost of the route they took, and for the
next one, the agent selects a route choice from its memory. The iteration is finally
completed by evaluating the agent’s experiences by the calculated day routes and
finished when the average population cost stabilizes (Horni et al., 2016). Besides
MobSim, in MATSim two other mobility simulators can be plugged in, or the user

could plug external ones, which confers the model good flexibility.

Aimsun Next

Aimsun microsimulator prototype was originally developed by members of the for-
mer LIOS (Simulation and Operations Research Laboratory) at the Polytechnic
University of Catalonia (UPC). It later became Aimsun Next, a fully integrated ap-
plication that fuses travel demand modeling, macroscopic functionalities and the
mesoscopic-microscopic hybrid simulator (Aimsun S.L., 2019). The microscopic
level is composed of several sub-models which make up the core of AIMSUN be-
havior, to mention as the most important: lane changing, gap acceptance for lane
changing and yielding, overtaking and car following (Anya et al., 2014). This
last one, based on the safety distance model proposed by Gipps (Gipps, 1981),
is the major internal behavior model, which depends on vehicle dynamics (Madi,
2016). AIMSUN can also evaluate Intelligent Transportation Systems measures

like variable speed policies and the application of a toll and road pricing.

2.2.3 The BCN-VML traffic model

The traffic model used in this thesis is based on the detailed multimodal trans-
port model Barcelona Virtual Mobility Lab (BCN-VML), which uses the PTV
Visum platform (Montero et al., 2018). The BCN-VML was developed within the
framework of the Cooperative Automotive Research Network (CARNET) initia-
tive (CARNET, 2017), a knowledge hub for automotive science and technology,
in collaboration with SEAT, PTV IBERIA, Volkswagen Group Research and the
Universitat Politecnica de Catalunya (UPC).

The BCN-VML road network was built based on geographical maps from
HERE (Here, 2020), with manual edition for specific areas. It has a hierarchy of
10 different link types which hold different road capacities, speed limit and Volume
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Table 2.1: Comparative analysis of currently used microscopic and macroscopic traffic simulation
software. Adapted from Ratrout et al. (2009).

Model Name Scale  Main Features Reference

GIS-based, large-scale networks, public-transport,
Visum Macro intermodal, user operator and PTV Group (2019)
environmental impact models
Traffic simulated as traffic flow profiles (CFP),

traffic signal, traffic conditions

TRANSYT  Macro of Florida (2021)

Surface streets, freeways, ramp metering,
Vissim Micro ys, ratip & PTV AG, 2011
pedestrians, transit operations, 3-D animation

) . Surface streets, freeways, transit operations, )
Paramics Micro o Paramics (2021)
3-D animation, roundabouts, congested networks.

Open-source, large scale scenarios,
MATSim Micro network loading based on model queue, MATSim (2021)
route choice by MobSim

Surface streets, freeways, actuated signals,
Aimsun Next Micro dynamic traffic assignment, variable message signs, Aimsun S.L. (2019)

3-D animation, telematics.

Delay Function parameters according to vehicles ease to cross the link (e.g., due
to a green wave traffic light, street with pedestrian’s priority) (Table 2.2). The
VdF used is the BPR function previously described (slightly adapted in equation
2.2), with a modification to further increase the link impedance when saturation
is achieved (i.e., sat > 1) referred as BPR2 (equation 2.3). The demand model
is based on OD matrices, whose data was obtained from mobile phone KINEO
(Kineo, 2017) from March 2017. The original KINEO matrices were treated and
fused with the EMEF public survey (ATM et al., 2015) as described in (Montero
et al., 2019) in order to obtain the daily private transport OD matrix used in
this work. In order to disagregate the obtained 24h private transport matrix into
hourly matrices, we used hourly traffic flow profiles obtained from local traffic
loop detectors. Public transport (bus line routes, stops and frequencies) were
built according to the public transport data of the Metropolitan Area of Barcelona
(TMB, 2019).

BPR
T =Tss(1+a x sat’) (2.2)
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Table 2.2: Specification of the different link types and their impedance variables: maximum

speed (km/h), lane capacity (n® vehicles), volume delay function and its parameters (a, b, b’, c).

Road name max speed [km/h] lane capacity VdF a b b’ c
Highway 120 1500 BPR2 3 5.7 6 1
Ronda 80 1200 BPR2 2 46 5 1
Road 80 800 BPR2 2 46 5 1
Priority urban corridor 50 900 BPR2 1 3.2 416 1
Urban corridor 50 650 BPR2 1 46 6.18 1
Priority urban street 50 840 BPR2 1.72 1.06 5.26 0.98
Urban street 50 500 BPR2 1.72 1.06 5.26 0.98
Zone 30 30 300 BPR 1 0 - 1
Superblock 10 300 BPR 1 0 - 1
Rural road 30 100 BPR2 1.72 1.06 5.26 0.98
BPR2
- Tii(1+a x sat’) if sat <1 where saf — 1 (2.3)
Tir(1+a x sat”) if sat > 1 Gmaz X C

The BCN-VML working domain comprises the First Crown of the Metropoli-
tan Area of Barcelona plus a large extension including its access highways (Fig.
2.4 a,b). The demand model of BCN-VML is composed of almost 4 million trips,
distributed in a network of 265,000 links and 625 zones. Figure 2.5 shows part
of the 625 zones defined in the VML network, and part of the OD matrix used
(625 x 625). As observed, the areas with higher population density (mainly in
Barcelona) have smaller OD zones for a better OD pair distribution, while the
cities around Barcelona are composed of larger OD zones. For computational time
optimisation, two working domains with different levels of detail are used. The
first one covers a large area of around 6,000km?. This domain is less detailed and is
mostly focused on highways and national roads (Fig. 2.4a,b). The second domain,
which is the area studied on the thesis, comprises a detailed build of Barcelona
and 17 municipalities surrounding the city, gathering a population of more than
two million inhabitants (Institut d’Estadistica de Catalunya, 2019) (Fig. 2.4c).
The wider domain allows the BCN-VML to properly diverge the traffic into the

different accesses of the city. In this way we avoid forcing the entrance through
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a particular city access according to its adjacent outflow zone, without adding an
excessive load to the simulation. As seen on section 1.6.1, this is relevant due to

the high connection traffic associated to the inner city.

a) /]

perpignan /\
Andorra

Mar Balear

Leafie]

Figure 2.4: VML network within a) the region of Catalonia, b) the largest domain including
highways and all access roads and c¢) the most detailed domain where the thesis analysis take

place.
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Figure 2.5: Representation of the VML zones (purple areas) and part of the origin-destination
(OD) matrix.

2.3. Vehicle emission modelling

Vehicle emission models were developed to analyse the efficacy of transport policies
and traffic management strategies in reducing vehicle emissions. After a pollution
episode in California (Moore and Moore, 1976) it was necessary to have an emission
inventory to estimate the pollutant sources. From this situation one of the first ve-
hicle emission models came, the EMFAC (California Air Resources Board, 2021).
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As commented on section 1.3, the vehicle’s engines generate a set of various pol-
lutants (e.g., CO, HC, NO,, PM, CO,,...) which can come from different sources
associated to vehicle’s emissions: hot and cold-start exhaust, evaporative and PM
from wear processes and resuspension (more details of these emission processes
can be found in section 1.3). In a vehicle emission model, the associated emissions
of these processes are parametrized by different equations according to the level of
aggregation of vehicle dynamics and the methodology followed. The level of aggre-
gation of vehicle dynamics goes from an average vehicle speed and total traffic flow
per segment for macroscopic models to instantaneous speed per vehicle for micro-
scopic models. Macroscopic vehicle emission models usually require the average
speed over time, the vehicle flow per road segment and a vehicle fleet composition,
which may include: Vehicle type, age, engine fuel and power and/or the emission
technology. These models estimate emissions adopting emission factors which cor-
relate the grams per kilometer of pollutant with the speed for each specific vehicle
class. Examples of this type of models include COPERT (EEA/EMEP, 2017)
and MOBILE (U.S. EPA; 2003). Mesoscopic modelling approaches are also based
on emission factors that depend on vehicle speed, but they also include the traf-
fic state in the emission estimation process. To properly classify the traffic state,
these models require qualitative variables such as congestion level, road type or the
number of stops. According to this data, they assign the link segment to a partic-
ular (and already pre-defined) traffic state which has specific emission factors. As
a consequence, the average emission rates used are not only speed-dependant but
also traffic-condition dependant. This is the case of traffic-situation models like
HBEFA (Matzer et al., 2019), which use different driving operating modes besides
the average speed to determine emissions. Finally, microscopic emission models
consider instantaneous speed profiles (i.e. drive cycle) of each vehicle. These con-
sider second-by-second speed, acceleration, deceleration, idling and cruising, with
different approaches depending on the model. For instance, Versit + works with
driving cycle variables (e.g. idle time, average speed, kinetic energy) (Smit et al.,
2007). However, other models such as PHEM (Hausberger et al., 2009a), PHEM-
Light or CMEM (An et al., 1997b) work with the Vehicle Specific Power (VSP)
over time. Under this approach emission factors are dependent on the estimated
instantaneous power performed at each second (Song et al., 2012) which is com-

puted with specific vehicle data (e.g. vehicle weight, gear intervals) and the drive
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cycles. Since microscopic emission models consider instantaneous vehicle dynam-
ics, they are sensitive to the different transient operations and provide a higher
temporal resolution for the emission estimation. This is particularly important to
reproduce emission peaks during rush hours due to the start-stop occurring during

congestion events, where the emission factors are the highest, as shown in Fig. 2.6.
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Figure 2.6: Specific fuel consumption for a selected set of cycles for passenger cars (Hausberger
et al., 2009b)

2.3.1 Review of vehicle emission models

On this section, we give a brief description of the most important vehicle emis-
sion models (summarised in Table 2.3) followed by the description of the vehicle

emission model used in this Ph.D thesis.

MOVES

MOVES, Multi-scale mOtor Vehicle & Equipment Emissions System is a modal
emission model developed by the EPA that estimates traffic states, emission fac-
tors and inventories based on historical data of the EPA. The user defines the
type of vehicles, the period, the vehicle engine characteristics, the road type, the
geographical area and the pollutants. The model already contains a database with
five main operating modes (idle, acceleration, cruise, deceleration and cold-start)
that become 23 when it considers the different engine size and fuel use. MOVES
assigns the emission factor per vehicle type under a specific operating mode (Zhang
and loannou, 2016). The workflow of MOVES is useful when the user wants to

estimate the vehicle emissions in a certain area of the US, as the model takes the
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average behavior of a certain vehicle type in the county or the entire US registers.

COPERT

The COmputer Program to calculate Emissions from Road Transport is an aver-
age speed vehicle emission model integrated into the EMEPE/EEA methodology
for emissions computation. The database of vehicle categorisation in COPERT is
composed of more than 400 vehicles, including passenger cars, light duty vehicles,
heavy duty vehicles (with busses), mopeds and motorcycles. The methodology fol-
lowed by COPERT allows the estimation of vehicle fleet emissions at regional level,
without the need of an extensive and detailed traffic data. COPERT estimates
hot and cold-start exhaust, PM wear and evaporative emissions (EEA/EMEP,
2017). The emission factors algorithms calculated by COPERT are expressed as
non-linear and continuous functions of the mean travelling speed over a complete
drive cycle, specific for every vehicle type, Euro class, fuel usage, or engine capacity

classes.

PHEM and PHEMLight

PHEM, Passenger car and Heavy duty Emission Model, is a microscopic modal
emission model which generates instantaneous fuel consumption and emission fac-
tors based on the vehicle engine power. This is calculated from the driving re-
sistances and the losses in the transmission system and several other longitudinal
dynamics of the vehicle. PHEM contains an internal database with more than
1000 measures of vehicles for different drive cycles (Tielert et al., 2010) in both
laboratory and on road tests from the ERMES group (European Research for Mo-
bile Emission Sources). As model inputs PHEM needs the vehicles drive-cycle, the
road grade, the fleet composition and the cold-start coefficients. From the vehicle
drive-cycles, PHEM computes the actual engine power demand based upon the
driving resistances and losses, the engine speed and transmission ratios from the
gearshift model. With the engine power and speed it calculates the emissions and
fuel consumption based on steady-state engine maps (Boulter et al., 2007). PHEM
also has a cold-start tool based on heat balances and emission maps for cold-start
extra emissions and a SCR module to correctly simulate NO, emissions of vehicles

equipped with SCR after treatment system (Hausberger et al., 2009b).
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PHEMIight is a simplified version of PHEM developed to work with SUMO,
a microscopic traffic simulator developed in the framework of the COLOMBO’s
project (Hausberger and Krajzewicz, 2009). PHEMLight simplifies the transient
dynamic corrections, the temperature influence on the after-treatment-systems and
the gear shift model that computes engine speeds that the full version of PHEM
offers. The rest of the vehicle emission calculation is done exactly as PHEM:

estimating the engine power using the driving cycle, road grade and vehicle fleet
(Fig. 2.7).
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Figure 2.7: PHEMLight schematic workflow (Hausberger et al., 2009b)

Versit+

Versit+ is a microscopic cycle-variable model, developed in the Netherlands by
TNO. It computes vehicle emissions by multivariate regression functions based on a
large amount of vehicles in different driving cycles and traffic conditions (Ligterink,
2009). Versit+ contains a database of 246 vehicle categories that are used with the
driving cycles provided to define a model class (Smit et al., 2007). The model uses
the different parameters of each driving cycle (e.g., speed, acceleration, maximum
speed, etc) and the generated model classes to predict by a statistical optimisation
software the average emission values of the different driving cycles for each vehicle

category and pollutant.
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Table 2.3: Summary and characteristics of different traffic emission models

Model Name Scale Model type Pollutants evaluated Reference
Mi CO, HC, NO,,
Versit+ fero/ Cycle-Variable o - Smit et al. (2007)
meso PM, FC, CO,
CO,, NO,, PM,
MOVES Meso Data-driven B U.S. EPA (2014)
CO, HC, PM
. . CO, COz,NO,,
CMEM Micro Modal emissions An et al. (1997a)
HC, FC, PM
. . CO, COz, NO,,
PHEM Micro Modal emissions Hausberger et al. (2009a)
NO,HC, FC, PM
. . . CO, COz,NO,, _—
PHEMIight  Micro Modal emissions Hausberger and Krajzewicz (2009)
NO,HC, FC, PM
CO, CO2,NO,,
HBEFA Meso Traffic situation o UT Graz (2019)
NO,HC, FC, PM
PAP Micro Power based FC, COq, NO, Smit (2014)
FC, CO, CO
VeTess Micro Power based O Beckx et al. (2007)
HC, NO,, PM
FC, CO, CO
VT-Micro Micro Regression DO Rakha et al. (2004)
HC, NO,, PM
FC, CO, CO
COPERT Macro-Meso  Average speed ' P EMISIA (2016)
HC, NO,, PM,

2.3.2 The HERMESv3 emission model

The emission model used to compute emissions from all natural and anthropogenic
sources in this work is the High-Elective Resolution Modelling Emission System
version 3 (HERMESv3) developed at the Barcelona Supercomputing Center (Gue-
vara et al., 2020).

For the Iberian Peninsula and Catalonia region HERMESv3 estimates an-
thropogenic emissions at high spatial (e.g. road link level) and temporal (hourly)
resolution using state-of-the-art and bottom-up calculation methods that combine
local activity and emission factors along with meteorological data following the
Selected Nomenclature for Air Pollution (SNAP) with 2010 as the reference pe-
riod (Guevara et al., 2019). At the European domain, anthropogenic emissions are
estimated using two regional emission inventories, TNO-MACC_III (Kuenen et al.,
2014) and the EMEP (EMEP, 2021). The emission data library comprises gaseous
(NO,; CO; non-methane volatile organic compounds, NMVOC; SO, ; NH3z ) and
particulate (PM;jo; PMy5; black carbon, BC; organic carbon, OC) air pollutant
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emissions (Guevara et al., 2019). The model output consists of hourly, gridded
and speciated emissions according to the CB05 chemical mechanism used by the
CMAQ chemical transport model of CALIOPE.

For the road transport sector, HERMESv3 behaves as a macroscopic average
speed vehicle emission model which computes hourly exhaust (hot and cold-start),
and non-exhaust emissions (tire, road and brake wear and resuspension) per vehicle
category and road link for all criteria pollutants. A total of 491 vehicle categories
are considered, discriminated by vehicle and fuel type, Euro category, engine power
and gross weight class. Hourly emissions are computed through the application
of temporal profiles (i.e., daily, weekly, monthly) to the estimated emissions. Ex-
haust and wear emissions are computed using the vehicle and speed dependent
emission factors reported by the Computer Program to calculate Emissions from
Road Transport version V (COPERT V) (EMISIA, 2016), which are included in
the tier 3 approach of the European emission inventory guidelines EMEP/EEA
(EEA/EMEP, 2017). Emissions from resuspension processes are estimated using
vehicle type dependent emission factors (i.e. motorcycles, passenger cars, light
duty vehicles, heavy duty vehicles), which were derived from a measurement cam-
paign performed in Barcelona (Amato et al., 2012). The temperature effect on
emissions considered by the cold-start is based on the hourly temperature data
from the Copernicus ERAS dataset (C3S, 2017). Finally, The fleet composition
profiles used by HERMESv3 for Barcelona are derived from a remote-sensing cam-
paign performed in Barcelona in 2017 (AMB and RACC, 2017)) and information
provided by the Barcelona’s Port Authority (Port de Barcelona, 2017).

With the objective of assessing the performance of the emission model, we
compared the COPERT V NO, emission factors used in HERMESv3 against
measured-based NO, emission factors derived from a Remote Sensing Device cam-
paign performed in Barcelona in 2017 (AMB and RACC (2017)). The results of
this comparison are shown in Fig. 2.8 and show a good agreement between the
modelled and measured emission factors for all diesel vehicles, while it underesti-
mate by more than half in some cases for the petrol vehicles. Yet, the absolute
apportionment of NO, emissions from petrol vehicles is between four and five times

lower than for Diesel.
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Figure 2.8: Comparison of the emission factors from HERMESv3 and the measured during the
2017 remote sensing device campaign in Barcelona. The emission factors are obtained from a

representative urban drive cycle at an average speed of 28km /h.

2.4. Air quality modelling

Air Quality Modelling Systems (AQMS) compute primary and secondary pollutant
concentration values at a given location and time by estimating the formation, ac-
cumulation, transport and removal of air pollutants between the emission sources
and the receptors (Fallah Shorshani et al., 2015b). To do so, an AQMS is com-
posed by (i) an emission model which describes the temporal behaviour and spatial
variability of the sources generating air pollutants; by (ii) a meteorological model
which characterise the atmospheric conditions at which air pollutant dispersion
occurs; and by (iii) a chemical transport model (CTM) that computes the physi-
cal and chemical transformations that occur to the emitted pollutants under the
specific estimated meteorological conditions (Fig 2.1). CTMs are the core of the
emission interaction with the atmosphere, a crucial component in the AQMS pro-
cess which define the final output resolution. CTMs can be approached by different
methodologies according to the spatial and temporal resolution, available data and

computational resources: from a lower to a higher complexity and resolution there
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CHAPTER 2. MODELLING TOOLS

are the box models, Lagrangian models, Eulerian models, Gaussian models and

Computational Fluid Dynamics models.

Box, Lagrangian and Eulerian modelling approaches

In this sense, the simplest CTM approximation is by a Box model, where concen-
tration values are considered as homogeneous within the modelling domain (i.e.,
the box). The emission, chemical and physical processes occur within the domain
based on the conservation of mass. To work with larger domains while follow-
ing pollutants trajectory over time, Lagrangian and Eulerian models are the most
common approaches. Lagrangian models work with the same methodology as the
the Box model, but the computational process considers the trajectory of the Box
as it moves downwind. Eulerian models study the pollutant flow as an homoge-
neous element of volume going through a 3D gridded mesh. Mass conservation
equations are solved in an iterative way for each grid cell as the flow volume moves
downwind, taking as input the meteorological variables previously calculated by
a meteorological model. These type of models can deal with a large number of
sources due to the fixed gridded 3D system and the iterative solving process (Fallah
Shorshani et al., 2015b).

Gaussian modelling approaches

In a higher level of detail, the near-source dispersion models use Gaussian dis-
tributions in the vertical and horizontal directions under steady-state conditions
(Holmes and Morawska, 2006). This approach is based on the assumption that
without the presence of obstacles and under stationary atmospheric conditions, the
Gaussian distribution is a good approximation of the atmospheric dispersion pro-
cesses. However, since Gaussian equations assume a constant meteorology, their
application is limited to distances of less than some tens of kilometers from the
source and time intervals of less than one hour. Partly due to their spatial limita-
tion, Gaussian models are often nested with Lagrangian and Eulerian models for
large domain representation. If a finer horizontal resolution is needed, Gaussian
models can also be applied to urban environments with different approximations
to deal with atmospheric dispersion around buildings. Yet, the approximation
presents several limitations in intersections and buildings recirculation (Holmes

and Morawska, 2006).
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Computational Fluid Dynamics modelling approaches

Finally, the Computational Fluid Dynamics (CFD) models are the ones with finer
resolution, which makes them ideal for urban environments. Yet, the high com-
putational load that they require limits their application to small areas such a
particular street, or a single stack plume. CFD models handle turbulence by the
mass and momentum conservation Navier-Stokes equations in three dimensions.
These can be solved by three different approaches: (i) Direclty (Direcy Numerical
Simulations (DNS)), which requires a fine grid resolution and hence it is a very time
consuming approach. By (ii) the Large-eddy Simulation (LES) approach, which
separates turbulence into large and small eddies. LES is a simplified and faster
approach than DNS, but it is still a slow methodology for air quality assessments.
Finally, the fastest CFD approach is the (iii) Reynolds-Averaged Navier-Stokes
(RANS), a time-average proxy to simplify turbulent flow. Since it is based in
CFD it is still a time consuming CTM but its simplifications make it viable for air

quality studies in small areas (e.g., Borge et al. (2018)).
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The horizontal resolution that the CTM is able to achieve is essential when
working at urban scales. As mentioned in Pay et al. (2014), a subgrid air quality
variability -even at high resolution 1km scales- is not adequate in urban environ-
ments since emissions are artificially diluted over the gridded area. This assump-
tion ignores the building canalization effect and the particular wind conditions
along the streets. As a consequence, street gradient variations along the urban
network are lost, and possible pollutant concentration peaks might be missed.
Street-scale AQMS are then needed when modelling air quality values at urban
locations. These models take as input local emission sources (e.g., traffic activity),
meterologocial conditions (e.g., wind speed and direction from a urban meteoro-
logical station) and urban morphology (i.e., buildings ground plan and height) to
compute street-scale air quality pollutant values. The finest CTM methodologies
able to estimate street-scale dispersion are the Computational Fluid Dynamics
(CFD) models and the Gaussian plume and street-canyon models previously com-

mented.

2.4.1 CALIOPE and CALIOPE-Urban

CALIOPE

For the present work, we use the mesoscale CALIOPE-AQMS and the street-scale
system CALIOPE-Urban. CALIOPE is an AQMS developed and mantained at the
Barcelona Supercomputing Center (http://www.bsc.es/caliope/en?language=en)
which provides a 48h high-resolution mesoscale air quality forecast over Spain for
nitrogen dioxide (NOy), sulphur dioxide, carbon monoxide, ammonia and total
suspended particles (PM;q and PM, 5 fractions). It works at a 12km horizontal
resolution over Europe, 4km resolution over the Iberian Peninsula and a lkm
resolution over Catalonia (Fig. 2.9a,b,c). CALIOPE is composed of the Weather
Research and Forecasting (WRF) model version 3.5.1 with WPS version 3.9.1
(Skamarock and Klemp, 2008) as meteorological model, combined with the above
mentioned HERMESv3 (Guevara et al. (2019); Guevara et al. (2020)) and the
mineral Dust REgional Atmospheric Model BSC-DREAMSb (Basart et al., 2012)
as the emission models and the Community Multiscale Air Quality Modelling
System version 5.0.2 (CMAQ) as the CTM (Byun and Schere, 2005). CMAQ

follows an Eulerian approach using the CB05 gas-phase chemical mechanism, the
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2.5. REVIEW OF AIR QUALITY MODELLING STUDIES

AEROS aerosol scheme, and an in-line photolysis calculation. The system has been
applied in several works over Spain to better understand air quality dynamics and
to estimate the pollution impacts of different air quality measures (Baldasano et al.
(2011); Soret et al. (2014); Pay et al. (2014); Pay et al. (2019)).

Figure 2.9: Different simulation domains of CALIOPE in a) Europe 12km, b) Iberian Peninsula
4km and c) Catalonia region lkm. In d) a CALIOPE-Urban simulation over the Barcelona

domain at 20m resolution.

CALIOPE-Urban

CALIOPE-Urban is a street-scale dispersion model which allows to estimate local
traffic dispersion driven by channelled street winds and vertical mixing considering
background NOy and O3 concentrations, atmospheric stability, and street morphol-
ogy (Fig. 2.9d). This is done by coupling the CALIOPE mesoscale AQMS -which
provides background concentrations and meteorological data- with the near-road
Gaussian dispersion model R-LINE adapted to street canyons (Fig. 2.10) (Bena-
vides et al., 2019). The model resolves the contribution of different point sources
along a street segment (Snyder and Heist, 2013). To estimate NO, concentra-
tions R-LINE applies the Generic Reaction Set (GRS) to resolve simple NO to
NO, chemistry (Valencia et al., 2018). CALIOPE-Urban has already been applied
to estimate the impact of excessive diesel NO, in Barcelona by Benavides et al.
(2021a), and its results validated elsewhere (e.g., Benavides et al. (2019)).

2.5. Review of air quality modelling studies

The coupling of traffic-emission and dispersion models has already been applied
to estimate the impact of traffic management strategies on emissions and air qual-
ity levels (Table 2.4). Borge et al. (2018) estimated the impact of the Madrid
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Figure 2.10: CALIOPE-Urban workflow. Models are represented by circles and data by boxes
(Benavides et al., 2019).

NO, protocol using a multi-scale air quality model with a mesoscale approach
(1km?) for the citywide, and a street-level approach for one of the main streets in
the city. Using different estimated traffic demand scenarios, their results showed
that only the most restrictive measure would produce a noticeable air quality im-
provement (-25% in NO, emissions). For the same pollution episode in Madrid,
San Jose et al. (2018) performed a health impact assessment of the different traffic
restrictions that came with the episode protocol. They used the microscopic traf-
fic simulator SUMO together with the EMINO (emissions) and the WRF/Chem
air quality modelling system at a horizontal resolution of 1 km. Although they
expected traffic reductions up to -20% (-10% in NO,) the health benefits found
were marginal. Jensen et al. (2017) estimated the NOy concentration values in
Denmark using a multi-scale air quality modelling approach. In this case, they
combined the Danish Transport Model and GPS vehicle readings to estimate traf-
fic volume and speed, respectively. This data was used by AirGis (Jensen et al.,
2001) to estimate NOy concentration values at different resolutions with values
that ranged between -27% and +12% from observations. The usage of traffic-
emission models is also very common in the analysis of intersection configurations.
In this sense, Qiu and Li (2015) analized the PM, 5 exposure under three differ-
ent intersection configurations using the AERMOD dispersion model. This was
fed by the traffic emissions estimated by the MOVES model from USEPA. This

model allows to estimate different geometric configurations without the need of
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a traffic simulation since the model already contains standard American vehicle
dynamics on its database. At a microscopic level, Stevanovic et al. (2015) com-
bined the PTV-Visim traffic model with CMEM for signal timing optimisation in
a 1.5-mile section. In this case, the microscopic approach was needed to play with
different signal timings and observe their impacts on queue lengths, turnings and
acceleration peaks. The study aimed at optimising mobility, with the safest and
environmental-friendly configuration. Their results show that timings to improve
safety and emission reductions coincide, but contradict mobility. Gori et al. (2015)
used a mesoscale DTA traffic model -DYNAMEQ- in Brindisi (Italy) a town of
90,000 inhabitants, to obtain the link average speed, traffic flow, queue length, the
free-flow speed and the link length. By a post-process of the DTA simulation data
they divided each link in two segments: the free-flow part and the queued vehi-
cles. The average speed of each segment was then passed to the emission factors
provided by COPERT to obtain vehicle emissions under different scenarios. This
methodology is able to differentiate the congested and non-congested parts of a
link and assign the appropriate emission factors without adding much work-load
to the system. Although the method still miss the acceleration peaks that occur
during congestion (and its associated emissions), it is able to simulate different
traffic management strategies and differentiate congested areas in a medium sized
city using an average speed vehicle emission model. Another interesting simplifica-
tion of DTA and microscopic traffic models is used by Zhou et al. (2015). He uses
a lighter DTA model (DTAlite) where the linear car following model is simplified.
This reduces computational time and allows the usage of a DTA in larger net-
works. The traffic data is used by a simplified version of MOVES emission model
-MOVESIite- which considers a limited amount of vehicle types. Since the internal
vehicle operating modes database that MOVES contains is reduced, MOVESLite
reduces the emission rate search time in which the model is based and improves
its efficiency. The applied simplifications allow to simulate different demand sce-
narios for a network of 20,200 links with a mesoscopic approach. In Barcelona,
Rojas-Rueda et al. (2012) estimated the health effects of different modal shift sce-
narios were private transport users were shifting to public transport and cycling.
For that study they did not perform a traffic simulation, emissions and air quality
values were estimated with the Barcelona vehicle emission inventory and with the
ADMS-Urban model to estimate pollutant dispersion. The higher health benefits
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were found with the increase in physical activity, followed by the reduction of air
pollution. Also in Barcelona, Mueller et al. (2020) studied the health impacts of
the complete implementation of the Superblock idea on the city (500 Superblocks).
They used the Street 5.2 air quality model (Kunz, 2005) estimating a reduction
of 24% in the NO, concentration values assuming a 19% reduction in the private
transport. They estimated 291 premature deaths due to NO, following a linear
exposure-response function (Atkinson et al., 2018). Since the study followed a
macroscopic approach obtaining the results at the city level, the most affected

areas or streets as well as possible rebound effects were not identified.

The previous commented studies show different methodologies which com-
bine the application of traffic simulators with emission models to estimate the
impacts of different traffic restrictions or urban modifications. Although some of
these studies use a higher level of detail in vehicle dynamics and emissions (e.g.,
DTA approaches, simplifications to reproduce congestion effect on emissions) they
are however applied at street-scale level in small areas (e.g., specific sections or
small cities) or they do not cover street-level resolution for the complete domain.
The novelty of the work presented in this thesis lies in the large domain covered
providing vehicle information, NO, emissions and NOs levels at a street-scale level.
This is achieved by decreasing the complexity of the traffic assignment by a omit-
ting individual vehicle dynamics, using an average vehicle emission model and a
Gaussian street scale dispersion model instead of CFD. Over the next chapters we

will provide details about the methodologies and the quality of the data used.
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Table 2.4: List of relevant publications in international journals related to assess the air quality

impacts of different traffic management strategies.

Topic

Modelling method

Reference

Madrid NOy protocol

evaluation

Multi-scale: VISUM-COPERT-SMOKE
Mesoscopic: Eulerian WRF-CMAQ
Microscopic: RANS-CFD

Borge et al. (2018)

Health impact of
Madrid protocol

EMINO
WRF /Chem

San Jose et al. (2018)

Modelisation of NOy values

in Denmark

Multi-scale: Local inventory-AirGis

Jensen et al. (2017)
Jensen et al. (2001)

PM2.5 exposure at intersection

MOVES-AERMOD

Qiu and Li (2015)

Signal timing optimisation

VISIM - CMEM

Stevanovic et al. (2015)

Evaluation of traffic

management strategies

DYNAMEQ-COPERT

Gori et al. (2015)

Health effects of modal shift

Local emission inventory

ADMS-Urban

Rojas-Rueda et al. (2012)

Health impact of Superblock

model

Local emission inventory
Street 5.2 AQM

Mueller et al. (2020)
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3. VML-HERMESv3: Developement
of a coupled macroscopic traffic-

emission system for Barcelona

This chapter is based on the following publications

D. Rodriguez-Rey, M. Guevara, M. P. Linares, J. Casanovas, J. Salmeron,
A. Soret, O. Jorba, C. Tena, and C. Pérez Garcia-Pando, (2021). A coupled
macroscopic traffic and pollutant emission modelling system for Barcelona. Trans-
portation Research Part D: Transport and Environment, 92:102725. ISSN 1361-
9209. doi: https://doi.org/10.1016/7.trd.2021.102725.

D. Rodriguez-Rey, M. Guevara, M. P. Linares, J. Casanovas, O. Jorba, A.
Soret, C. Pérez Garcia-Pando. An integrated system to evaluate the impact of
urban mobility -policies on air pollution in Barcelona. Furo Working Group on

Transportation meeting, Paphos, Cyprus. 16-18 September 2020.
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3.1. Introduction

Since the Ambient Air Quality Directive 2008/50/EC from the European Parlia-
ment was stablished, most of the European larger cities struggle to meet the AQD
for NOy and PM (explained in detail in section 1.2). For the areas exceeding the
AQD, it is mandatory to develop an Air Quality plan which establishes the steps to
follow to reduce the pollutant levels and comply with the limit values. In the city
of Barcelona, chronic nitrogen dioxides (NOg) and fine particular matter (PMs5)
concentrations exceed both the AQD limit values and the World Health Organi-
zation air quality guidelines (ASPB, 2020). Consequently, Barcelona and other
large urban conurbations have been forced to apply action plans to improve their
air quality by reducing traffic activity and emissions. Since the AQD encourages
the use of numerical models in the evaluation of such air quality plans, the combi-
nation of traffic and vehicle emission models has become an extended practice to
generate emission modelling inputs and derive traffic emissions at different scales
(i.e macroscopic, mesoscopic and microscopic). While the precise definition of
scales differs for traffic and vehicle emission models, in both cases they are related
to the resolution of the vehicle dynamics, rather than to the spatial or temporal

resolution (see sections 2.2 and 2.3).

Table 3.1 shows part of the extensive literature with case studies using a
coupled traffic-emission system at different scales. It is generally accepted that
traffic emissions derived from microscopic approaches using DTA are more accu-
rate than those estimated with a macroscopic system, due to a better vehicle dy-
namics estimation, smaller time-step and ability to capture congestion behaviour.
Some examples of the better performance of microscopic approaches compared to
macroscopic can be found in Quaassdorff et al. (2016), Tu et al. (2018), Zhang
et al. (2011) and Lejri et al. (2018). However, in contrast to the macroscopic ap-
proach, microscopic simulations are typically limited to very localized sites due to
the detailed data needed by the traffic model and the high computational load re-
quired (Fallah Shorshani et al. (2015a); Tu et al. (2018); Lejri et al. (2018)), which
hampers its applicability for traffic emissions evaluation at city or metropolitan

level.
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3.1. INTRODUCTION

3.1.1 Review of studies using different input parameters

Despite some of the inherent limitations of a macroscopic system, recent studies
have shown that large improvements can still be achieved by focusing on a better
representation of critical components such as the vehicle emission rates, vehicle
activity patterns and vehicle fleet distribution. In the Ile-de-France André et al.
(2018) found as much as 14% and 11% more NO, and VOC emissions when using
the observed vehicle fleet composition compared to the registered one due to a
higher presence of diesel vehicles. In Madrid, Pérez et al. (2019) also found a
large difference between the fraction of observed (70%) and registered (47%) diesel
powered vehicles. Grange et al. (2019) reported a large previously unaccounted
temperature effect on emissions, with an estimated 38% average increase in NO,,
diesel emissions in Europe. Results from this study are independent from the
cold-start effect, which can additionally increase NO, emissions by up to 39%
and 166% for diesel and gasoline vehicles respectively (Faria et al. (2018)). Amato
et al. (2014) showed that resuspension alone can contribute as much PM as tailpipe
emissions, that with the addition of other non-ehxaust sources (e.g. road, tyre and
brake wear) increase the total weight of non-exhaust over PM totals, as reported
by Martini and Grigoratos (2014) and Rexeis and Hausberger (2009). However,
often the estimated emissions are limited to exhaust (Chen et al. (2017); Fontes
et al. (2015)), or non-exhaust wear emissions (Pérez et al., 2019), but few of them

include also resuspension.

The coupling of traffic and emission models also allows to estimate the emis-
sion impact that different mobility policies could imply, since the traffic low re-
sponse to modifications on the network is also simulated. In Barcelona, traffic
emissions are currently calculated with regional and local data inventories. The
followed methodology is based on static traffic flow data and therefore it is unable
to quantify the changes in mobility patterns induced by the application of traffic

management strategies.

In this chapter, we present the development of a macroscopic traffic-emission
coupled system tailored and tested for Barcelona using multiple sources of local
data (e.g. GPS based measurements, traffic loop detectors or a remote sensing

device campaign). The coupled system estimates high resolution traffic emissions

63



CHAPTER 3. DEVELOPMENT OF VML-HERMESV3

for the first crown of the Metropolitan Area of Barcelona, an area with more than
two million inhabitants, a vehicle density of approximately 6,000 vehicles-km 2
and 26% of the daily trips done by private transport (Ajuntament de Barcelona
(2020a)). The developed system is used to: (i) quantify hourly and street-level
NO, and PM; emissions for the year 2017 and (ii) provide an extensive analysis of
some key features implemented upon the emission calculation, including spatially-
constrained vehicle fleet composition, meteorological influences, non-exhaust PM

sources and public bus transport routing.

3.2. Methodology

For this study we use two macroscopic tools suitable for the large domain of the
study. (I) The traffic model BCN-VML desccrived in section 2.2.3, and (II) the
average speed vehicle emission model HERMESv3 (section 2.3.2).

3.2.1 Calibration of the BCN-VML

The calibration of the BCN-VML model requires adjusting the estimated traffic
flow and vehicle speed. The estimated traffic flow for the city of Barcelona and its
access roads was calibrated using observed hourly business-as-usual daily traffic
flow data from 138 local automatic loop detectors from the Barcelona network
(Ajuntament de Barcelona, 2019) (Fig. 3.1a). Some network properties such as
road lane capacity and allowed turnings had to be manually adjusted along with
the demand to further minimize discrepancies with observations. The comparison
between simulated and observed traffic flows shows a R? of 0.77 (Fig. 3.1b).

The calibration of the BCN-VML estimated vehicle speed was done based on
three different sources of information: (I) TomTom GPS-based historical hourly
average speeds (TomTom, 2019), (II) average speed circulation statistics reported
by the Barcelona city council (Ajuntament de Barcelona, 2017) and (III) measured
hourly speed values reported from permanent detectors located in the suburban
ring-roads (Barcelona city council, Mobility and transport department, personal
communication, 2017). The comparison between simulated and observed speed
values (hourly maximum and daily average) is summarized in Fig. 3.2a. The re-

sults are provided separately for the inner city, where the speed limit varies between
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30 km/h and 50 km /h, and the ring-roads, where the speed limit varies between 60
km/h and 80 km/h depending on the road section. The BCN-VML vehicle speed
overestimated the average speed values at the inner city area by a 65%. Addition-
ally, the hourly speed profiles were neither matching the TomTom speed profiles
nor the measured hourly speed values (Fig. 3.2b). The overestimated speed values
at the inner city from the BCN-VML output are a consequence of the lack of inter-
section stopping time. BCN-VML’s speeds are at link level, without considering
what happens at nodes (i.e. intersections), hence there is no stopping time for
each route, leading to unrealistic high speed values, close to the speed limit. On
the other hand, the wrong speed profiling from BCN-VML is related to the traffic
assignment methodology. STA estimates speeds by the volume delay functions,
which depends directly on the traffic flow of the simulated hour, generating an
artificial speed profile which does not represent correctly the real speed behavior.
In reality, traffic speed is not directly proportional to traffic flow. Instead, it has
a steady value near to maximum until congestion is achieved, which happens at a
certain point of traffic density, as reported in Thomson and Bull (2002). This be-
havior is characteristic of STA and will be explained in chapter 4 when compared
with a microscopic DTA approach. To overcome this, the substitution of the BCN-
VML estimated speeds by the TomTom speed values would only partially solve
the issue. As seen by the Fig. 3.2b TomTom speeds underestimate the observed
values at the city ring-roads. This bias in TomTom speed values has already been
seen in other studies (Gwara, 2017) and a possible reason could reside in that most
of the people using these devices in the city are unfamiliar with the route they are
following and therefore their speed is lower than the average of other vehicles. The
solution applied to correct the estimated vehicle speeds goes through two steps:
1) the BCN-VML speed profile was replaced by the TomTom-based speed profiles,
and 2) the estimated speeds by the BCN-VML at the inner city were reduced
with a scalability factor obtained from the observed average urban speed. The
corrections to the estimated speed profile and maximum speed are shown in Fig.
3.2.
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Figure 3.1: (a) Representation of the BCN-VML road network and associated business as usual
daily traffic used in the present study, which comprises the city of Barcelona and its surrounding
municipalities. Dark green squares indicate the 138 permanent loop detectors used to calibrate
the vehicle flow. (b) Regression plot showing observed vs modelled flow (10* number of vehicles)
from a 24h simulation with BCN-VML. 138 observations, RMSE = 35%, R? = 0.77, mean relative
error = 27%.
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Figure 3.2: (a): 24h average speeds (km-h~!) for the inner city and ring-roads for the simulated
BCN-VML, TomTom registered, observed values, and the BCN-VML corrected values. Dots
represent the maximum speeds for each zone and data source. (b): Hourly speed profile (km-h™!)
of the simulated BCN-VML, TomTom registered, observed values and the BCN-VML corrected

profiles from the suburban ring-roads.
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3.2.2 Area-dependent fleet composition

Most of the activity input data needed by HERMESv3 (e.g. mean vehicle speed,
annual average daily traffic) is provided in a multiline shapefile, for which each row
contains the information of a specific road link. Specific vehicle fleet composition
profiles, business-as-usual daily traffic low and speed temporal profiles are also
assigned to each road link. For this study, we generated area-dependent fleet com-
position profiles derived from a remote-sensing campaign performed in Barcelona
in 2017 (AMB and RACC, 2017) and information provided by the Barcelona’s Port
Authority (Port de Barcelona, 2017). A total of five different fleet composition pro-
files were assigned to different regions of the city (Fig. 3.3), which were classified
as follows: (I) Inner city, with a large presence of motorbikes and mopeds, used in
all urban links, (II) eastern ring road, since it is the main in route and out route
for the port, heavy duty vehicles have a higher presence than in other areas, (III)
port, links on the harbour area are massively dominated by heavy duty vehicles,
(IV) western ring road, its composition is dominated by passenger cars, with a low
presence of two-wheelers and heavy duty vehicles and (V) highway, motorbikes are
practically nonexistent and is dominated by passenger cars and some heavy duty

vehicles.

3.3. Coupling BCN-VML and HERMESv3

Figure 3.4 shows the schematic workflow of the BCN-VML and HERMESv3 cou-
pling (further referred as VML-HERMESv3). BCN-VML simulates private vehicle
and public bus transport using independent approaches the results of which are
then combined into a multiline shapefile read by HERMESv3. The upper part of
the figure describes the private transport process and the bottom part the public

bus transport one.

Private transport demand is defined by a 24h OD matrix for a business-as-
usual day, which is disaggregated into hourly OD matrices by applying hourly
traffic flow profiles derived from the local traffic loop detectors. Traffic assignment
is done by an iterative user’s optimum static equilibrium assignment (STA) for

each hour, which results in a shapefile of the whole domain that includes the
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s Urban
s Litoral ring-road
s Mountain ring-road
s Highway
s Port

Figure 3.3: BCN-VML domain showing the road types classification used. The black segments
represent all urban links, inside and outside Barcelona municipality, red and green links indicate
eastern and western ring-road respectively, clear brown links represent the port and clear blue

links highways.
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simulated hourly traffic speed and volume per link. Emissions from public buses
are differentiated from the rest of the fleet as they cannot circulate through all the
network and have a different vehicle share composition. To reduce computational
time, the public bus transport flow is calculated using the bus frequency and the
number of bus lines going through each link while its speed is estimated with a

proxy using the private transport speed, as described below.

The following processes are script-based. The code combines the private
and public bus transport data and generates the vehicle flow profiles required by
HERMESv3. Speed profiles are substituted with the TomTom data, as described
in section 3.2.1. Bus speed on each section is estimated with the section’s private
transport speed and adapted with a factor obtained from the observed average
urban bus speed in the city (TMB (2020)). Then, according to different specific
network properties, each segment is tagged with its respective zone (e.g. inner
city, western ring road, port...). The zone tag will be later read by HERMESv3 to

assign the respective fleet composition, prepared aside.

HERMESv3 uses the resulting private and public bus transport multiline
shapefile to estimate total hourly emissions per link according to the traffic flow,
average link speed and vehicle fleet composition information associated to each
section along with the COPERT V emission factors and meteorological informa-

tion.

Private transport

Aggregated 5 Hourly Hourly traffl'c volume a.lnd
24h OD (OD), speed per link shapefile
Hourly Hourly Zone tagging
traffic STA

profiles simulation Fleet compo.
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COPERT V Emis. Factor
Resuspension Emis. Factor

HERMESv3

Meteorological Data

simulation

Link Flow and Speed

_ ©
[} L=
T [
o Q
2 :
— wv
E (9]

=
= =
4 =
(@) =
a s

Public bus transport Fleet Composition

Line routes and Bus flow per
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Figure 3.4: Schematic representation of the VML-HERMESv3 coupling, including: Input data,
main and intermediate processes and output data. The upper part of the workflow describes the

steps associated with private transport while the bottom part describes the public bus transport.
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3.4. Results and discussion

In this section the annual emission results from the VML-HERMESv3 system are
shown and compared against other available studies along with a discussion of
their temporal and spatial distribution. Section 3.4.2 introduces and discusses the

impact on emissions of different key features of the macroscopic coupled system.

3.4.1 Annual emission modelling results

The VML-HERMESv3 was used to perform an annual simulation of 2017 for the

domain represented in Fig. 3.1.

The NO, simulation results, at 30m x 30m resolution are shown in Fig.
3.5a. Major urban corridors are the ones with higher emissions together with the
sub-urban ring-roads and main city accesses. This distribution in emissions is in
agreement with the business-as-usual daily traffic flow shown in Fig. 3.1a. Due to
the high proportion of HDV the port area also presents a relative high emission level
despite its low vehicle flow. A representation of the temporal and spatial variation
of emissions simulated by the VML-HERMESv3 system at the municipality of
Barcelona can be seen in the upper and lower images of Fig. 3.6, respectively.
The monthly profile clearly shows a strong emission decrease occurring during the
month of August (approximately -26%), which is mainly due to summer holidays.
At the weekly level, emissions remain almost constant during the weekday and
are followed by a strong weekend decrease (-41%). The hourly time profile shows
how emissions reach a maximum level of activity at morning (between 07:00 and
08:00h) and remain at or around this level for the rest of the day-time period (i.e.
until 18:00h).

In terms of spatial distribution, it is observed that the district of Eixample is
the area of Barcelona with the largest amount of NO, emissions per square kilome-
tre (291 kg-day—'-km~?2). Despite its relative small size (7.47km?), this district in-
cludes some of the main arterial and high-capacity roads connecting multiple areas
of the city and therefore concentrates a large amount of traffic activity. On the con-
trary, two neighboring districts of Eixample (Ciutat Vella and Gracia) have around

half of Eixample’s emissions (144 and 150 kg-day—!-km 2, respectively). These two
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districts are the ones with the largest fractions of traffic-calming and pedestrian
areas. In section 3.4.2 the spatial variations of NO, emissions in Barcelona are

further discussed.

The total annual NO, and PM;q emissions for the municipality of Barcelona
were compared against two datasets that also rely on the COPERT emission factors
to estimate vehicle emissions: (I) A local emission inventory done by Barcelona
Regional (BR) (Barcelona Regional, 2019), which corresponds to the year 2017
and (II) A report from the City Hall of Barcelona corresponding to the year 2013
(Ajuntament de Barcelona, 2015) (Fig. 3.5b). The VML-HERMESv3 model esti-
mates a -5% and a +9% NO,, than the City Hall and the BR reports, respectively.
For the first, the difference could be due to the older fleet composition of 2013,
associated with higher emission factors. For the second, the difference might be
caused by the applied mileage correction used in HERMESv3 for all petrol and
diesel vehicles. On the other hand, the discrepancies for PM;, are higher. The
VML-HERMESv3 model estimates are +18% and +105% larger than the ones
provided in the City Hall and BR reports, respectively. These differences may be
at least partly due to the inclusion of resuspension in VML-HERMESv3. Exhaust
PM emissions have been progressively reduced with the introduction of new vehi-
cle technologies (Guevara (2016)). Therefore, the 2013 City Hall report exhaust
PM estimates should be higher than those provided by VML-HERMESv3 and the
BR report. However, when adding the non-exhaust (resuspension) PM emissions
on top of exhaust PM emissions, we end up with the values shown in Fig. 3.5b.
A detailed explanation regarding non-exhaust emissions can be found in section
3.4.2.

3.4.2 Sensitivity to key implemented features

This section provides a thorough emission sensitivity analysis of some of the key
input parameters of the VML-HERMESv3 macroscopic coupling system, includ-
ing: Vehicle fleet composition, public bus transport distribution, meteorology and
non-exhaust sources. Unless otherwise stated, for each case the VLM-HERMESv3
coupled system was run using two different versions of the input dataset for a
complete working day. The resulting emission results are then compared and dis-

cussed.
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Figure 3.5: (a) Total annual NO, emissions (kg-year—!) for the study domain at a spatial res-
olution of 30mx30m. (b) Total annual NO, and PM;j, road transport emissions (tonnes yr—!)
for the municipality of Barcelona estimated by the VML-HERMESv3 coupled system (blue),
reported by the BCN city hall (red), and reported by BR (green).

Vehicle fleet composition

In this section we aim to highlight the importance of a spatially-distributed vehicle
fleet composition on large domains. To do so, the estimated emissions using the
observed vehicle fleet composition of the VML-HERMESv3 system described in
section 3.2.2 (further referred to as COMPO-OBSERVED) are compared against
the emissions obtained using the censed vehicle fleet composition for Barcelona
(further referred to as COMPO-CENSED). The COMPO-CENSED was derived
from the official registration statistics provided by the Spain’s national traffic au-
thority (Direccién General de Tréfico (DGT), 2019) and consist of a unique vehicle
fleet composition profile that is applied homogeneously to all the road links of the
working traffic network. Table 3.2 summarises the shares of the different vehicle
categories (i.e. Passenger cars, light duty vehicles, motorcycles, mopeds and heavy

duty vehicles) reported by each one of the profiles considered.

The emission results obtained using each one of the vehicle composition pro-
file datasets are summarised in Table 3.3. Overall, total NO, and PM;y emis-
sions are slightly higher when using the COMPO-OBSERVED profiles (+5.8%
and +7.4%, respectively). Nevertheless, important discrepancies appear when

performing the comparison at the zone level.
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Figure 3.6: (a) Monthly, weekly and diurnal variation of NO, emissions (kg-h~!) in Barcelona.

(b) Spatial distribution of daily average NO, emissions (kg-day~!-km~2) at the district level

1.

The inner city presents a low discrepancy between emission results (-5.2%
NO, and -7.5% PM;jy when using COMPO-OBSERVED), which is in line
with the fact that both datasets present similar shares of general vehicle
categories (table 3.2). Discrepancies are mainly related to the different age
and fuel distributions assumed in each case. For instance, in the case of
passenger cars, the average age is of 8 years in the COMPO-OBSERVED
dataset, whereas in the COMPO-CENSED is of 11 years.

. At the port the predominance of HDV on the COMPO-OBSERVED (46%

of the total vehicle share) enlarges NO, and PM;q emissions by +788% and
+279%, respectively.

. The COMPO-OBSERVED eastern ring road NO,, and PM;q emissions are a

+33.2% and a +60% higher than the COMPO-CENSED. This difference is
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due to the large amount of cargo vehicles (HDV and LDV) on the COMPO-
OBSERVED. Note that the high difference in PM;q is due to wear emissions,
which increase with increasing speed, and resuspension which increase with

vehicle weight.

4. For the bus fleet, the COMPO-OBSERVED has a 41.84% of CNG buses
in contrast with the 5% from the COMPO-CENSED. This leads to NO,
and PM; emission estimates a -17% and -7.4% lower for the COMPO-
OBSERVED dataset in respect to the COMPO-CENSED. Note that the
CNG-bus emission factor for NO,, is approximately 60% lower than the diesel

bus one.

Although differences in the overall emission estimates are minor, the vehi-
cle share discriminated by zones has shown an important effect on the spatial
distribution of the emission estimation.

Table 3.2: Vehicle group share by area (inner city, suburban eastern ring-road (Sub_East), sub-
urban western ring-road (Sub_West), port and highway) and vehicle type (Passenger Car (PC),

Light Duty Vehicle (LDV), Motorcycle and Heavy Duty Vehicles (HDV)) from the COMPO-
OBSERVED compared with the homogeneous vehicle group share from the COMPO-CENSED.

COMPO-OBSERVED
Inner city Sub_East Sub_West Port Highway

COMPO-CENSED

PC 60% 66% 7% 39% 74% 62%
LDV 15% 14% 9% 9% 16% 6%
Motorcycles 19% 8% 10% 6% 2% 27%
Mopeds 4% 0% 0% 0% 0% 0%
HDV 3% 12% 5% 46% 9% 5%

Public transport bus service

In this section, the emissions from the specific public bus traffic network that
was built using the BCN-VML traffic simulator (see section 3.3) -referred to as
BUS_SEP- are compared against an homogeneous distribution of this vehicle cat-
egory (i.e. 4% of the total traffic flow) across all the road links included in the
domain of study -referred to as BUS_AG-. The overall share of 4% is derived from
the remote sensing campaign performed in the city. Figure 3.7a shows the result-

ing public bus network and associated daily flow per link information from the
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Table 3.3: NO, and PM;, [kg-day~!] emission results by area (Inner city, suburban eastern ring-
road (Sub_East), suburban western ring-road (Sub_West), port and highway) from the COMPO-
CENSED (CENSED) and the COMPO-OBSERVED (OBSERVED) and relative emission differ-
ence from the COMPO-OBSERVED in respect to the COMPO-CENSED.

NO, PMig NO, PM;y,
OBSERVED CENSED OBSERVED CENSED Difference Difference
Inner city 9,404 9,915 1167 1262 -5.2% -7.5%
Sub_East 1,577 1,184 246 153 33.2% 60%
Sub_West 1,120 1,179 166 158 -5% 4.8%
Highway 2,766 2,252 405 287 22.8% 40.9%
Port 1,289 145 o7 15 788% 278.7%
Bus 2,312 2,787 161 174 -17.0% -7.4%
TOTAL 18,469 17,462 2,202 2,050 5.8% 7.4%

BUS_SEP approach. As observed, major urban arterial roads are concentrating
most of the bus routes and, subsequently, of the bus flow, while in tertiary and
residential streets the number of bus lines is practically null. On the other hand,
Fig. 3.7b shows the computed NO, emission difference (BUS_SEP - BUS_AG) at
the road link level during the morning peak hour (i.e. 08:00 AM local time). Yel-
low and red colors indicate higher emissions from BUS_SEP, while blueish colors
indicate higher emissions from BUS_AG. At the city level, total estimated emis-
sions are practically equal. The BUS_SEP approach reports a +2% NO, and -1%
PM;iq emissions when compared to the BUS_AG. Nevertheless, significant differ-
ences are observed when performing a comparison at the street level (Fig. 3.7b).
The spatial pattern of the emission differences is in line with the bus flow infor-
mation reported by BUS_SEP (Fig. 3.7a). Road links with higher bus flow values
are the ones presenting larger NO,, difference (up to +300%). On the other hand,
heavy trafficked streets without bus lanes are highlighted with blueish colours, as
a consequence of the higher emissions that the constant bus weight produces using
the BUS_AG approach. This pattern is also observed in the port zone, in which
the BUS_AG approach reports a 1.6% of buses. Maximum differences between the
two approaches are up to +300% and -20%.
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Figure 3.7: Daily flow representation (n® buses day~!-link=!) of the BUS_SEP network imple-
mented in the BCN-VML traffic simulator (a) and NO, (g-h~!link=!) difference between the
separated bus approach (BUS_SEP) and the aggregated one (BUS_AG) for the 8 AM local time

(b).

Temperature effect

For this sensitivity study, the temperature effect on emissions for the coldest day
registered in the city of Barcelona during 2017 is simulated (17" February 2017).
The observed average daily temperature at a weather station located in the city
center was 8.4°C (AEMET (2017)). Vehicle emissions increase under cold temper-
atures due to several mechanical factors, which are represented by two corrections
on vehicle hot exhaust emissions. The first, referred to as cold-start emissions,
are caused by the extra emissions due to the low performance of engine catalytic
systems until they reach their optimum temperature, and affects both NO, and
PM;( emissions. Cold-start emissions are already considered in COPERT V and
have been included in HERMESv3 following the Tier 3 methodology proposed by
the EMEP/EEA guidelines as detailed in Guevara et al. (2020). We consider an
average trip length of 6.47km, which is based on the Barcelona mobility report of
2015 (ATM, 2015). The second correction affects NO, emission from diesel vehi-
cles (Grange et al. (2019); Federal Office for the Environment (2018)) and it is not
considered in COPERT V equations. This increase is associated with the Exhaust
Gas Recirculation systems and Selective Catalytic Reduction systems operation at

low temperatures. For diesel pre-Euro 6 vehicles NO, increase is due to the dis-
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connection of the Exhaust Gas Recirculation system (EGR) at low temperatures
to avoid moist condensation issues. Diesel Euro 6 vehicles are also influenced by
cold temperatures since the Selective Catalytic Reduction systems (SCR) they are
mostly equipped with need NH3 for NO, conversion, which comes from the Ad-
Blue. AdBlue is converted into NHj in a reaction whose efficiency decreases at low

temperatures, increasing NO, emissions.

To consider the temperature effect, the original COPERT V emission factors
included in HERMESv3 were modified according to the temperature and vehi-
cle dependent adjustment factors reported by Matzer et al. (2019). Emissions
for the coldest registered day in Barcelona were simulated under three different
scenarios: (I) without considering any correction for cold temperature emissions
(Temp_Raw), (II) considering cold-start emissions (Temp_CS), and (III) consider-
ing cold-start emissions and the diesel NO, temperature effect (Temp_CS+CF).
Table 3.4 summarises the NO, adjustment factors for diesel vehicles considered
in the Temp_CS+CF scenario. Table 3.5 shows the NO, and PM;, emission val-
ues simulated for the three scenarios. Estimated NO, and PM;, emission for the
TEMP_CS scenario are +3% and +4% higher than Temp_Raw, respectively. NO,,
difference increases up to +19% when considering the Temp_CS+CF scenario.
The resulting increased NO, emissions are slightly lower than the ones reported
by Grange et al. (2019), who estimated an increase between 30% to 45% for the
majority of Spain using wintertime air temperatures compared with emissions at
20°C. Tt is reasonable a lower NO, increase in Barcelona since the city has mild
temperatures due to its coastal situation and the urban build provokes higher

temperatures than the suburban and rural locations.

Non-exhaust PM;, emissions

In this section, the VML-HERMESv3 model was run with and without the consid-
eration of non-exhaust PM;, emission sources (i.e. road, tyre and brake wear and
resuspension). Table 3.6 shows the aggregated emission factors (EF) considered
in HERMESv3 for non-exhaust and exhaust PMyq for the different vehicle groups.
These are computed weighting the emission factors of each vehicle technology ac-
cording to its fractional contribution to the fleet composition in that group and the
average urban speed observed in the VLM-HERMESv3 coupled system (28km/h).
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Table 3.4: Correction factor for temperatures of 8.4°C applied to the represented EURO Diesel
PC and LDV categories as reported by Matzer et al. (2019).

Furo class Diesel PC Diesel LDV
correction factor correction factor

Euro 3 1.20 -

Euro 4 1.35 1.35

Euro 5 1.40 1.35

Euro 6a,b 1.45 1.20

Euro 6d-temp 1.00 1.00

Euro 6d 1.00 1.00

Table 3.5: NO, and PM;, emission [kg-day~!] for the coldest day of 2017, without considering
temperature effect (Temp_Raw), considering cold-start emissions (Temp_CS) and considering
cold-start emissions and diesel NO, temperature effect (Temp_CS+CF). Difference exposes the
relative difference between Temp_Raw and Temp_CS+CF.
Relative difference
Temp Raw vs Temp_CS+CF
NO, 15,866 16,375 18,867 19%
PMiq 1,899 1,983 1,983 4%

Temp_Raw Temp_CS Temp_CS+CF

Table 3.6: Comparison between average PMj( non-exhaust and exhaust emission factors [g-km 1]

as a function of the vehicle category and source type.

PM;jg [g-km™!]
Road Tyre Brake Resuspension Total non-exhaust Exhaust
PC 0.015 0.011 0.008 0.023 0.056 0.014
LDV 0.015 0.017 0.012 0.082 0.126 0.020
HDV 0.076  0.027 0.033 0.460 0.596 0.062
Motorbikes 0.006 0.005 0.005 0.002 0.018 0.014

Table 3.7: Simulated total exhaust and non-exhaust (resuspension, wear) daily PM;q [kg] emis-

sions.

Total PM;y Exhaust Resuspension Wear
2,145 412 1,127 606
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Non-exhaust EF for HDV are the largest, followed by LDV, PC and motorbikes.
In all cases except motorbikes, EF for total non-exhaust are much larger than for

exhaust (from four times more in case of PC to ten times more in the case of

HDV).

A comparison between the two simulations shows an increase of PM;q emis-
sions of +410% when considering all the non-exhaust sources. Table 3.7 shows
the resulting PM;y emissions discriminated by process (exhaust, resuspension and
wear). The contribution of non-exhaust sources to total PM;, emissions was found
to be of 80%, which is in line with the results found by other studies, such as Rexeis
and Hausberger (2009) (estimated a contribution between 80 to 90% for 2020 in
Europe) and Harrison et al. (2012) (measured a contribution of 77% in London).
More specifically, the resuspension process is the one dominating total emissions,
with a contribution of 52%. This result is very similar to the one found by de la
Paz et al. (2015) for the city of Madrid (contribution of 53%) which is in line with

the fact that both cities are influenced by similar dry weather conditions.

The current large contribution of non-exhaust to total PM emissions is ex-
pected to keep growing on the following years. This is caused by the technological
and legislative improvements in PM exhaust emissions combined with a lack of

abatement measures for non-exhaust sources (Guevara, 2016).

3.5. Conclusions

This chapter presents the first coupled macroscopic traffic and emission modeling
system tailored for Barcelona. This is done by using multiple sources of local mea-
sured data such as GPS based speed circulation statistics, automatic loop detectors
or the circulating fleet composition and emission results from a remote sensing de-
vice campaign. The system is composed of the traffic simulator Barcelona Virtual
Mobility Lab (BCN-VML) and the High-Elective Resolution Modelling Emission
System version 3 (HERMESv3), which are based on Visum and COPERT V mod-

els, respectively.

An annual simulation showing total NO, and PM;, emissions was performed

with the developed coupled system. The computed annual emissions for the year
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2017 were 3,800 tonnes for NO, and 427 tonnes for PM;5. The computed annual
NO, and PM;q emission values were also compared against two local emission
inventories. The VML-HERMESv3 NO, estimated emissions were in agreement
with both inventories showing a discrepancy of -5% and +9%. On the other hand,
the PM;, differences were higher, up to +105%. This is believed to be caused
by the high uncertainty of PM;q estimates, and the consideration of all PM non-
exhaust sources by the VML-HERMESv3 system.

A sensitivity analysis was performed to quantify the variability of NO, and
PM;q estimated emissions to different input parameters, including vehicle fleet
composition, public bus transport implementation, temperature and non-exhaust
PM sources. The main findings of the sensitivity analysis and intercomparison

exercise are summarised below:

— Vehicle fleet composition: High emission differences were found when using
the real circulating area-dependent fleet composition versus the homogeneous
censed one. These were mostly influenced by the HDV presence from the port
area (+788% in NOx and +279% in PM10 for the COMPO-OBSERVED),

the fuel (gasoline or diesel) used and the vehicle age.

— Public bus network: The usage of real bus routes showed strong street gra-
dient differences in several sections of more than +300% for NO, when com-
pared with a constant bus share of 4% for the whole network. In contrast,
reductions up to -20% in NO, emissions were found in sections without bus

routes.

— Meteorological influence: An increase of +19% in NO,, and +4% in PM;, was
found when considering the effect of cold-start and diesel NO, temperature-
dependent processes. Although in Barcelona the temperature effect is re-
duced due to its mild weather, this can have a significant influence upon the

overall emissions in colder regions.

— Non-exhaust PM sources: The inclusion of wear processes (i.e. tyre, brakes
and road) and resuspension resulted in an increase of +410% of PM;j, emis-
sions. Road resuspension, a process which is not considered in COPERT V,
was found to be the largest contributor to non-exhaust emissions, represent-
ing a 50% of the total.
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This research shows how the combination of several input parameters has a
key role on the estimated overall and street level gradient emissions. Since the
simulation of large urban areas can only be done by a macroscopic or mesoscopic
approach, several specific input parameters can still be improved to better assess
traffic emissions, as shown in this study. The applicability of the developed system
to other areas is conditioned to the available local data and the existence of a
VISUM model at the desired location. The availability of local data is especially
important for the calibration of the VISUM traffic model and the vehicle fleetshare
used. Regarding the emission factors, the COPERT ones can be used as far as the
domain is European. Otherwise, there should be a mapping between the COPERT

vehicle categories and the local ones.
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4. Comparison between macroscopic
and microscopic traffic emission es-

timation

4.1. Introduction

In this chapter we quantify in a limited but representative area of Barcelona the
discrepancies between the VML-HERMESv3 macroscopic system developed in this
work to estimate the traffic emissions (Chapter 3) and a another developed mi-
croscopic approach composed by the microscopic traffic simulator Aimsun Next
(Aimsun S.L., 2019) and the PHEMLight instantaneous vehicle emission model
(Hausberger et al., 2009a). We use the higher level of detail of the coupled Aimsun-
PHEMLight system to observe and discuss the possible emission discrepancies with
the VML-HERMESv3 system. More precisely, we want to estimate the influence
of the traffic assignment method (i.e., STA or DTA) and the traffic dynamics (i.e.,
vehicle-to-vehicle interactions) on the emission results computed with the AIM-
SUN - PHEMLight microscopic system. The expected limitations in estimating
traffic emissions by the macroscopic VML-HERMESv3 system in congested situa-
tions are caused by the network loading process (STA) and the level of aggregation

of vehicle dynamics, which deals with traffic flow as an homogeneous fluid.

Additionally, this chapter analyses the impact of the road gradient in emis-
sions for the three different vehicle groups studied (Passenger Car, HDV, Bus) at
the three different types of corridors of the study domain.

4.2. Aimsun - PHEMLight Coupling

The coupling process between Aimsun and PHEMLight is done offline. The in-

dividual vehicle drive cycles of Aimsun are passed into PHEMLight to compute
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emissions after each simulation. To do that, both modelling softwares had to be
adapted. For Aimsun, we developed a Python API which is able to track each
vehicle appearing on the network, register its position and time and associate it
to a link ID, recording also its speed and the vehicle category (Passenger Car,
HDV or BUS). This data is gathered for each vehicle every second and written
in a row of a spreadsheet containing the vehicles from the whole simulation time
(24h). This ends up in a large data file composed of several thousands of rows,
each corresponding to a time-step per vehicle. The PHEMLight model is not de-
veloped to work with large traffic flows, but with specific individual vehicles or
small fluxes. Since the computational time needed to handle all the vehicle data
generated was excessive, the model was re-coded in R to be able to compute the
emissions in a viable way. Also, to the R coded version of PHEMLight, we added
the vehicle mileage correction factors for petrol and diesel vehicles reported by the
Tier 3 methodology of EMEP/EEA (EEA/EMEP, 2017) (chap. 1.A.3.b.i-iv) and
Chen and Borken-Kleefeld (2016), respectively.

The vehicle fleet classification system followed by PHEMLight is different
than the one followed by HERMESv3, which is based on COPERT. Hence, the
491 vehicle categories of HERMESv3 had to be adapted to the PHEMLight 130
vehicle categorisation in another script-based mapping process. The final emissions

are then geolocalised by street segment and aggregated by pollutant.

4.3. Area of study

The domain of study is localised in an area of 0.4 km? (Fig. 4.1) and includes
three main urban corridors in Barcelona representative of free flow, normal flow
and heavy congestion conditions, respectively: (I) Aragé St., a six-lane street with
a daily traffic flow of 80,000 veh/day and a green wave traffic light synchronization
that allows a fluent flow throughout, (II) Aribau st., a four-lane street with a daily
traffic flow of 23,000 vehicles per day and (III) Balmes St., a four-lane street
with a daily traffic flow of 35,000 vehicles per day. The Aimsun road network
was built based on Open Street Map (OpenStreetMap contributors, 2019), which
was manually modified to fulfill all the model requirements. Traffic signalisation

and timings, reserved bus lanes and permitted turnings were applied according
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to on-site observations. The traffic demand of the Aimsun model was made by
the application of traffic generation nodes at the external links of the network.
This was followed by a manual calibration process in order to obtain the daily
traffic flow values of the BCN-VML VISUM model. This procedure follows the
goal of the study: to assess the behaviour of the VML-HERMESv3 system. The
traffic simulation was performed by a hourly stochastic DTA approach for which
the daily flow assigned to each generator node was split using the same traffic low
profiles applied in the BCN-VML. Regarding the emission computation, the fleet
composition used to estimate vehicle emissions with PHEMLight is the same as the
“inner city” fleet composition used in the HERMESv3 emission model, described

in section 3.2.2.

250m

Figure 4.1: Screenshot of the Aimsun Next microscopic DTA simulation showing the working
domain, where the three major streets are pointed: Aribau St on the left (representation of normal
flow), Aragé St on the right (representation of free flow) and Balmes St on top (representation

of congested flow). Simulated individual vehicles in each street are represented in blue.

4.4. Results

In Fig. 4.2 we show the comparative results of the hourly NO, and PM;q exhaust
emissions computed for each of the three analysed streets and modelling system
used. Non-exhaust PM;, sources were not considered since they are not included
in the PHEMLight emission model. Results show that the three streets present
higher estimated emission discrepancies during the daytime hours, when the traffic
flow and congestion levels are higher. However these modelling differences diverge

between the different streets.
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Figure 4.2: Hourly NO,, (a) and PM;q (b) estimated emissions (g-h~!) for the three streets of
study: Aragé, Balmes and Aribau. Red bars indicate emissions computed by the microscopic
coupled system (AIMSUN-PHEMLight) and blue bars indicate emissions estimated with the
macroscopic approach (VML-HERMESv3).

To better understand the modelling differences, table 4.1 shows for each one
of them the volume capacity ratios (V/C) (i.e. vehicle density) at peak hour 9 AM
local time, the daily average speed and the total daily NO, emissions computed
with each modelling system. It can be observed that despite the high V/C ratio,
in Arag6 St. the NO, emissions computed with the microscopic system are lower
than the ones estimated with the macroscopic VML-HERMESv3 system (-11.7%).
On the contrary, the microscopic approach estimates a +65% more NO,, in Balmes
St. and a +15% in Aribau St.

Two assumptions can probably explain the emission differences observed
above. The first lies in the traffic assignment method used: STA for the VML-
HERMESv3 system, and DTA for the Aimsun-PHEMLight system. Since the STA
cannot propagate queues on the network and model spillback, the links upstream
the bottleneck remain unaffected. On the contrary, the congestion occurs down-

stream the bottleneck. As a consequence link flow may exceed capacity, there is
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Table 4.1: Traffic and emission results obtained with the microscopic (AIMSUN-PHEMLight)
and macroscopic (VML-HERMESv3) coupled systems for the three streets of study. The volume
capacity ratio (V/C), the speed (km-h™!) and NO, emissions (kg-day~!) are presented, as well

as the NO,, relative difference between microscopic and macroscopic approach for each street.

VML-HERMESv3 AIMSUN-PHEMLight NO,
V/C Speed [km-h™!] NO, [kg/day] | V/C Speed [km-h™!] NO, [kg/day] difference

Aragé  95% 26.4 39 70% 38 35 -11.7%
Balmes 82% 26.4 28 50% 18 46 +65.4%
Aribau  47% 25.3 18 25% 24 20 +15.5%

no queue formation and the demand downstream the bottleneck cannot properly
be adjusted. This situation becomes critical in very congested links like Balmes,
and therefore can affect the level and location of emissions (Tsanakas et al., 2020).
On the other hand, the DTA used by Aimsun can model spillback of the queues
as traffic demand exceeds capacity. Traffic flow evolves over time and conges-
tion dynamics are modelled in a more realistic way. Queues occur upstream the
bottleneck and queue spillback may occur through the network. Under DTA con-
gestion is better located, which has a significant effect on where peak emissions
occur as proved by Wismans et al. (2013) and Tsanakas et al. (2020), among other
studies. This can be seen on the average speed simulated by the macroscopic
STA and the microscopic DTA. While Aimsun Next estimates the lowest of the
average speeds for Balmes, the corrected BCN-VML speed estimates a similar
value than in the other two streets. The second assumption is probably bound
with the level of aggregation of vehicle dynamics. A macroscopic model does not
simulate individual vehicle dynamics, which are of special interest at stop-and-go
situations. During these periods engines work consistently at high load provoking
strong punctual emission peaks and the idling emissions due to the stopping time
as also described by di He et al. (2009). Therefore large emission differences are
generated in comparison with an average speed emission model, which tends to
sub-estimate emissions in stop-and-go conditions as reported by Khreis and Tate
(2017) and Tu et al. (2018) among other studies. This pattern can be observed in
Fig. 4.3, which shows the driving cycle (magenta dotted line) and associated NO,,
instantaneous emissions (blue line) of a diesel Euro 4 passenger car simulated by
the Aimsun-PHEMLight microscopic system for Arago St. (Fig. 4.3a) and Balmes
St. (Fig. 4.3b). The associated emissions simulated by the VML-HERMESv3
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macroscopic system are also included for comparison purposes. In Aragd St. the
AIMSUN-PHEMLight driving cycle has gradual accelerations and a quasi constant
speed during the whole cycle. On the contrary, in Balmes St. the simulated cy-
cle is composed by multiple stop-and-go conditions, which generate high emission
peaks. The associated constant NO, emissions for the VML-HERMESv3 system
are within the range of the microscopic system. It is also important to mention
that the associated driving time to cross the analysed street links differs from both
approaches. For the congested street (Balmes), the VML model reports a driving
time of 125 seconds, while AIMSUN’s microscopic simulated car needs 660 seconds
to cross the same link. This difference is a consequence of the stop-and-go driving
behaviour and contributes to the absolute emission difference observed in Fig. 4.2.
This high discrepancy between simulated driving times is not observed in Aragd
St. (82 seconds with AIMSUN versus 86 seconds with VML) due to the free flow

condition.
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Figure 4.3: Instantaneous speed (km-h~!) and associated NO, emissions (g-h™!) for a diesel
Euro 4 passenger car simulated by the AIMSUM-PHEMLight microscopic system and VML-
HERMESv3 macroscopic system for Aragé St. (a) and Balmes St. (b). The driving time needed
to cross each street link (seconds) and total NO, associated emissions (g) of the sample vehicle

are also shown.
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4.5. Road gradient effect

Road gradient might have an important effect in emissions since vehicle engines
need to overcome the gravity effect, increasing the power needed to sustain speed.
Some modelling and empirical examples can be found in Wyatt et al. (2014) and
Prakash and Bodisco (2019) respectively. This section expands the microscopic
simulation scenario from Section 4.4 by adding the road gradient effect on emissions
on the same area. The analysis is done over different vehicle categories (i.e Bus,
PC, HDV) and the traffic states of Balmes St and Aribau St, for a positive and a
negative gradient of 2% applied to each street.

NO, Emission results from both simulations are summarised in table 4.2,
which also exposes the NO, relative difference to a flat terrain. The first to no-
tice is that the extra emissions from the positive gradient are balanced with the
reduced emissions from the negative one (e.g. NO, for PC in Aribau: +13.8% and
-12.1%). Secondly, heavier vehicles (for the used vehicle fleet PC, HDV, BUS by
ascending weight) have a higher increase and decrease for both positive and neg-
ative gradient respectively, in respect to flat terrain (e.g. NO, for HDV in Aribau
are of +19.6% and -17.6% vs +13.8% and -12.1% for PC, for positive and negative
slope, respectively). And thirdly, road gradient effect is reduced with increased
congestion level. Balmes St, which is highly congested (more details in section 4.4),
has a lower NO, difference than Aribau St for both PC and HDV (4+10.1% and
+19.6% in Balmes and Aribau for HDV). Since buses have a reserved lane for both
streets they do not suffer from congestion, and their emission variances between
both streets are equal, which confirms the aforementioned statement (+26.4% and
+26.0% in Aribau and Balmes for Bus). Although it has been seen that the in-
crease from a uphill street is balanced by the decrease on its equal downhill, this
analysis shows that differences are of importance when estimating emissions at

street level, which get accentuated by free flow traffic conditions.
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Table 4.2: Emission results in NO, [g] with and without considering road gradient for a 24h
microscopic simulation. Results are classified by vehicle type (PC, HDV and BUS) and street
(Balmes (congested flow) and Aribau (normal flow)). The relative difference between the positive

and negative gradient in respect to no gradient is also shown

NO, [g]

PC  without gradient + 2%  -2% | Difference (+) Difference (-)
Aribau 13,985 15,915 12,286 13.8% 12.1%
Balmes 33,173 35,609 30,745 7.5% -7.3%

HDV
Aribau 3,779 4520 3,114 19.6% -17.6%
Balmes 10,309 11,349 9,353 10.1% -9.3%

Bus
Aribau 2,566 3244 2,011 26.4% -21.6%
Balmes 2,611 3,290 2,058 26.0% -21.2%

4.6. Conclusions

In this chapter we do a comparison between different modelling approaches for the
estimation of traffic emissions. The system used to estimate emissions and anal-
yse the air quality implications of traffic management strategies during this thesis
follows a macroscopic approach that has some inner limitations. To quantify the
impact of these, we have developed a highly detailed microscopic traffic-emission
system able to estimate emissions of each vehicle every second. Both approaches
are run in a specific area of the city which contains three urban corridors represen-
tative of different traffic states (free-flow, normal flow, congestion). The results of
this comparison show that the highest discrepancies between the macroscopic and
microscopic approaches occur at congested traffic situations (up to +65% in NOx
emissions). In contrast, during free flow, the observed differences were smaller,
with +11% more NO,, estimated by the macroscopic system. The DTA versus the
STA and the individual vehicle dynamics characterisation of microscopic system
versus the macroscopic traffic representation were found to be the reasons for such

differences.
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In this chapter we additionally performed a test to observe the emission
effects of the road gradient over different vehicles (Passenger Cars, HDV, Bus).
We used the microscopic simulation of the previous exercise and we added the
road gradient to the Aimsun-PHEMLight system. The observed results show how
the extra emissions that occur as a consequence of the positive road gradient,
are balanced by the decrease in emissions of the parallel street with a negative
road gradient (e.g., +13.8% and -12.1% for PC in a free flow street). We also
found that the differences observed increase with vehicle weight (Passenger Car,
HDV and Bus, by ascending order) and with a lower level of congestion. In this
sense, a HDV vehicle will present a higher increase in NOx emissions that a PC
vehicle (+19.6% vs +13.58%) and also than the same vehicle circulating through
a congested street (+19.6% at free-flow vs a +10.1% in congested situation).

In sum, we have to acknowledge the limitations of the system used, specially
in congested situations while also being aware that is the only viable approach for
the domain of study of this work. As future research additional improvements on
the STA simulation could be considered in order to improve vehicle dynamics on
congested situations. Tsanakas et al. (2020) applied the so called ” quasidynamic”
network loading on a STA simulation, which improved the simulated traffic dynam-
ics during congestion. On another matter, the higher resolution of a microscopic
traffic emission model was used by Rakha et al. (2011) using synthetic drive cycles
generated with aggregated link traffic data from the mesoscopic traffic model (e.g.
average speed, average stop duration or number of vehicle stops per unit distance).
In order to improve the vehicle emission estimation at street-level, in future devel-
opments the road gradient effect should be taken in account. Although it would
not have important implications when computing emissions per area (since the

extra and the decrease in emissions are balanced).
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5. Quantifying the impacts of traf-
fic restriction policies on air qual-
ity in Barcelona (Spain): A multi-

scale approach.

This chapter is based on the following publications

D. Rodriguez-Rey, M. Guevara, M* Paz Linares, J. Casanovas, J. M.
Armengol, J. Benavides, A. Soret, O. Jorba, C. Tena, C. Pérez Garcia-Pando,
(2022). To what extent the traffic restriction policies applied in Barcelona city can
improve its air quality?. Science of The Total Environment, Volume 807, Part 2,
150743, ISSN 0048-9697, https://doi.org/10.1016/j.scitotenv.2021.150743.

D. Rodriguez-Rey, M. Guevara, M. P. Linares, J. Casanovas, J. M. Ar-
mengol, J. Benavides, A. Soret, O. Jorba, and C. Pérez Garcia-Pando. A multi-
scale approach to evaluate the impact of urban mobility policies in emission and
air quality in Barcelona. 20th International Conference on Harmonisation within
Atmospheric Dispersion Modelling for Regulatory Purposes. Online, 14-18 June
2021.

5.1. Introduction

As commented in other sections of this Ph.D thesis, Barcelona is not complying
with the EU AQD for NOs. Although over the past years the city has been
reducing its NOo concentration levels, the traffic air quality monitoring stations
still systematically exceed the annual mean NO, limit values established by the
Air Quality Directive 2008/50/EC (European Parliament, 2008). An exception
has been 2020 when no exceedances were recorded due to impact of the COVID-19
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lockdown upon mobility (ASPB, 2020). NOs limit values are typically exceeded in
traffic stations, with traffic accounting for 60% of the NOs in the city (Ajuntament
de Barcelona, 2015). As mentioned in Chapter 1.1, traffic pollution is of particular
concern as it has been associated with increased mortality (Hoek et al., 2001) due
to higher cancer risk (Beelen et al., 2008) and worsened respiratory health (Brauer
et al., 2002). All in all, Barcelona recently ranked as the 6 city with higher
mortality risk from a total of 858 European cities (ISGlobal (2021); Khomenko
et al. (2021)).

Partly due to the failed outcomes by the vehicle manufacturers in reducing
NO,, from vehicle exhaust gases (i.e., excess diesel NO, emissions, Benavides et al.
(2021a)), Barcelona local authorities are focusing on mobility policies that try to
reduce and renew the number of circulating vehicles within the city. These poli-
cies include, on the one hand, the implementation of traffic restriction measures
aiming at reducing traffic activity in certain areas and corridors of the city and,
on the other hand, the application of a Low Emission Zone (LEZ), the objective of
which is to accelerate the renewal of the circulating vehicle fleet. To reduce traffic
activity in particular urban areas, Barcelona is applying the Superblock system
(Fig. 5.1), which consists on the traffic pacification of several streets within an
area comprised by several blocks. The traffic pacification measures performed
within the superblock comprise a reduced speed limit (10km/h), the usage of ur-
ban furniture to hassle traffic -such as urban vegetation, bollards or speed humps-
and the introduction of mandatory turnings that throw out the incoming vehicles.
The goal of the superblock is to provide a traffic-pacified interior area accessible
primarily to active transport (e.g., cycling) and secondarily to residents, diverg-
ing through traffic and gaining space for leisure activities (Rueda, 2019). Along
with the Superblock system, Barcelona is also applying a set of Tactical Urban
Planning Actions to reduce private vehicle space of the city. These actions consist
on the implementation of low-cost and scalable elements such as strips of colours,
urban furniture or moveable plant beds to transform the urban space. In the
case of Barcelona, the introduction of these elements allowed reducing traffic lanes
dedicated to private vehicles from major urban corridors in the city, and gaining

pedestrian and public transport space.
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Figure 5.1: a) Area without the application of the superblock model and b) area with the
superblock model. The grey squares represent building blocks, the green segments the streets
affected by traffic pacification measures and the red segments the non-affected streets c¢) Image

of the aplication of Tactical Urban Planning measures in a crossroad.

To quantify the impact of these measures on emission and air quality levels,
the AQD encourages the use of numerical models. This is particularly relevant for
Barcelona, where the monitoring network is not dense enough to properly charac-
terise population exposure, and therefore it needs to be combined with modelisa-
tion (Duyzer et al., 2015). Air quality models should be used for both assessment
and planning; but to do so, the modelling chain has to be fit-for-purpose and

properly validated and calibrated.

Mesoscale Eulerian Chemical Transport Models (CTMs), which require as in-
put data estimated emissions and meteorological variables, are currently the most
widely used when performing the evaluation of the potential emission reductions
(e.g., Pisoni et al. (2019)). As further explained in Chapter 2, these air quality sys-
tems are usually combined with traffic and travel demand models (Barcel6, 2010)
to simulate the effect of restrictions on the traffic activity (e.g., traffic flow, speed)
across the city (e.g., San Jose et al. (2018)). The application of such an integrated
modelling approach allows estimating the changes induced by the mobility action
and their possible rebound effects (e.g., generation of new bottlenecks) not only
in the implementation area (e.g., the LEZ), but also, more generally, in the city

where it is located and its surroundings.

Despite the satisfactory performance of the CTMs, their limited resolution
cannot reproduce the strong urban pollutant concentration gradients usually as-
sociated with high load traffic flows (Borge et al., 2014). In order to depict street
level concentration gradients, local-scale tools are needed. The most detailed ap-
proach is the Computational Fluid Dynamics (CFD), which consists in the direct

computation of the pollutant dispersion around the buildings integrating the fun-
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damental transport governing equations. In order to deal with the turbulence in
the CFD context, there are the Large Eddy Simulation (LES) techniques that
explicitly solve the larger turbulent scales while modelling the smaller ones, and
the Reynolds Average Navier Stokes (RANS) that compute the time average of
each flow characteristic. Due to the high computational load associated with CFD
solvers, simpler approaches mainly based on Gaussian dispersion models, have
become very popular to assess air quality at the urban scale, specially in large
computational domains (e.g., Borge et al. (2014), Jensen et al. (2017), Hood et al.
(2018), Benavides et al. (2019)). Gaussian dispersion models use semi-empirical
approximations to compute pollution dispersion within the urban canopy. Local-
scale tools are usually coupled with regional C'TMs to account for the long-range
pollutant dispersion (Borge et al. (2018); Benavides et al. (2021a); Jensen et al.
(2017); Hood et al. (2018); Denby et al. (2020)). Besides improving the per-
formance of grid-based CTMs, the application of a hybrid air quality modelling
approach (i.e. the combination of mesoscale and street-scale dispersion models)

can also lead to more detailed results when evaluating urban mobility plans.

The coupling of such hybrid approach with traffic demand models has already
been applied to estimate the impact in urban emissions and air quality levels of
different structural or short term action plans. Borge et al. (2018) estimated the
impact of the Madrid NOy protocol using a multi-scale air quality model with a
mesoscale approach (1km?) for the citywide, and a street-level approach for one
of the main streets in the city. Using different estimated traffic demand scenar-
ios, their results showed that only the most restrictive measure would produce a
noticeable air quality improvement (-25% in NO, emissions). Jensen et al. (2017)
estimated the NOy concentration values in Denmark using a multi-scale air quality
modelling approach. In this case, they combined the Danish Transport Model and
GPS vehicle readings to estimate traffic volume and speed, respectively. This data
was used by AirGis (Jensen et al., 2001) to estimate NOs concentration values at
different resolutions with values that ranged between -27% and +12% from ob-
servations. In Barcelona, Mueller et al. (2020) studied the health impacts of the
complete implementation of the Superblock idea on the city (500 Superblocks).
They used the Street 5.2 air quality model (Kunz, 2005) estimating a reduction

of 24% in the NO, concentration values assuming a 19% reduction in the private
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transport. They estimated 291 premature deaths due to NOy following a linear
exposure-response function (Atkinson et al., 2018). Since the study followed a
macroscopic approach obtaining the results at the city level, the most affected

areas or streets as well as possible rebound effects were not identified.

In this chapter we quantify the NO, emissions and NOs concentration changes
at street level of the different traffic management strategies adopted by the Barcelona
City Hall and for the first time their potential undesired rebound effects as a con-
sequence of the new generated vehicle routes. To address this, we perform a multi-
scale air quality modelling exercise that couples the CALIOPE-Urban, a modelling
framework that combines the CALIOPE mesoscale air quality system (Baldasano
et al. (2011); Pay et al. (2014)) with the street-scale dispersion model adapted
to street canyons (Benavides et al., 2019) and the traffic-emission model VML
— HERMESv3 (Rodriguez-Rey et al., 2021) that allows to estimate the induced
traffic emissions as a consequence of road network modifications. Additionally,
we compare the mesoscale and street scale computed values to understand and

quantify the differences when working at different scales.

5.2. Methodology

In this section we present the domain and period of study, as well as a detailed de-
scription of the model workflow. We also describe the traffic restrictions considered

in the study along with their implementation in the modelling system.

5.2.1 Domain and period of study

The area of study is the greater area of Barcelona, the same one used for the study
in Chapter 3 with a surface of 101km? and a traffic density of 6,000 vehicles/km?
(Ajuntament de Barcelona, 2020a). The study is performed from the 9" to the 25
of November of 2017. This period includes representative days of the observed NO,
annual mean daily cycle of the city (9" - 16'") and a pollution episode with high
NO, concentration levels (17 - 25! to assess the impact of the traffic restriction
measures in a critical air quality condition in the city. During this period, there
was an exceedance of the NOy hourly limit value (200 ng/m?), and six values above
160 pg/m3 of NOy at the two traffic air quality monitoring stations and in a urban

background site.
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The NO, mean for the representative days of the study period (9" - 16)
and the NO, mean for the observed annual values for Eixample are of 63 (£ 30)
ng/m? and of 58 (& 26) pg/m3, respectively. The representative days NO, mean
for Gracia is of 60 (£ 31) ng/m?, while the annual observed NO, mean is of 51 (+
28) pg/m3. A detailed description of the representativeness of the selected study

period with the annual mean daily cycle can be found in (Benavides et al., 2021b).

5.2.2 Modelling system

The emission and air quality impacts of the different traffic management strategies
applied in Barcelona were analyzed using a multi-scale modelling chain based on
the coupled traffic-emission model VML-HERMESv3 (Rodriguez-Rey et al., 2021)
described in Chapter 3, the mesoscale air quality system CALIOPE (Baldasano
et al. (2011); Pay et al. (2014)) and the street scale air quality system CALIOPE-
Urban (Benavides et al., 2019) (Fig. 5.2).

VML-HERMESv3 CALIOPE

Per grid cell | CMAQ - Chemistry model r

| WRF - Meteorological model |

| HERMESv3 — Emission model |

Traffic Meteorological and chemical
—> emissions CALIOPE-Urban ‘ll boundary conditions

R-Line model
Urban geometry

Houly Orlgm-Pestmatlun COPERT V emission factors
matrix
H(_)urly Statl_c Traff!c Vehicle fleet composition
Assignment simulation
Hourly traffic |
volume and speed

per link

Per road link

Figure 5.2: Schematic representation of the multi-scale modelling chain used to evaluate the
impact of traffic management strategies in Barcelona. Blue dotted lines comprise the mod-
elling systems that compose the tool (VML-HERMESv3: coupled traffic and emission model,
CALIOPE: mesoscale air quality system and CALIOPE-Urban: urban scale air quality system),
black boxes represent input data, grey boxes stand for the inner models, and black arrows illus-

trate the transfer of data between models and systems.
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Traffic and emission modelling: VML-HERMESv3

The traffic low and speed are simulated using the coupled traffic-emission sys-
tem descrived in Chapter 3. To briefly remind the reader, traffic flow and speed
are simulated using the Barcelona Virtual Mobility Lab (VML) model (Montero
et al., 2018), a model based on PTV VISUM (PTV Group, 2019). Vehicle rout-
ing is estimated according to mobility matrices (e.g., Origin-Destination matrices)
derived from mobile phone data from March 2017. An Static Traffic Assignment
is performed for each hour for a business-as-usual day (for a total of 24 traf-
fic simulations). A calibration process using measured traffic counts and speed
values from permanent traffic stations was performed to ensure correct values of
traffic flow and speed. Following the traffic simulation, the averaged link-level
hourly speed, traffic flow data and the traffic network from the VML are read by
the HERMESv3_traffic emission model to compute vehicle emissions at the road
link level. HERMESv3_ traffic (Guevara et al., 2020) computes hourly exhaust
(hot and cold-start) and non-exhaust emissions (tire, road and brake wear and
resuspension) based on the Computer Program to calculate Emissions from Road
Transport version V (COPERT V, which includes the corrected Diesel emission
factors) (EMISIA, 2016), which are included in the tier 3 approach of the European
emission inventory guidelines EMEP/EEA (EEA/EMEP, 2017).

Mesoscale air quality modelling: CALIOPE

A detailed description of the CALIOPE system can be found in Section 2.4.1
from Chapter 2. The boundary and initial conditions are obtained by running
CALIOPE over three domains: Europe at a 12 km by 12 km horizontal resolution,
the Iberian Peninsula at 4 km by 4 km, and the Catalonian region including
Barcelona at 1 km by 1 km resolution (Fig. 5.2). A one-way nesting is performed
to retrieve the meteorological and chemical conditions from one domain to the
inner ones. CALIOPE simulations were initialised with the Global Forecast System
(GFS) (NOAA, 2011), boundary conditions for chemistry come from the CAMS
reanalysis of atmospheric composition (Inness et al., 2019), and anthropogenic
emissions for all domains were processed using HERMESv3. For the European
domain, HERMESv3 was run using the TNO-MACCIII (Kuenen et al., 2014) and
the HTAPv2.2 (Janssens-Maenhout et al., 2015) inventories for European and non-
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European countries, respectively. For the Iberian Peninsula and Catalonia nested
domains, emissions were estimated using the bottom-up module of HERMESv3,
except for Barcelona domain where the estimated traffic emissions were computed
by the VML-HERMESv3 coupled system previously described. Biogenic emissions
were computed for all the three domains using the MEGANv2.0.4 model (Guenther
et al., 2006).

Street-scale air quality modelling: CALIOPE-Urban

The CALIOPE-Urban street-scale air quality model is applied over the Barcelona
domain (Fig. 5.2) at a resolution of 20 meters. This resolution is selected to ac-
count for the strong pollutant concentration decay within tens of meters from the
road edge (e.g. Black Carbon decay of more than 50% in street canyons within
the initial 20 m (Amato et al., 2019)) that occur in compact cities while keeping
feasible computational time and memory requirements. The system is composed
of the above-mentioned CALIOPE air quality system - from where it takes the
meteorology and chemical boundary conditions - and the near road dispersion
model R-LINE (Snyder et al., 2013) adapted to street canyons (Benavides et al.,
2019). The meteorology and chemical boundary conditions modelled by CALIOPE
are downscaled to street level following the parametrisations described in Bena-
vides et al. (2019). The street-scale dispersion model is run using the street-scale
and hourly traffic emissions estimated by the VML-HERMESv3 system. These
emission values are consistently used for both the street-scale (BCN-20m) and the
mesoscale (CATALONIA-1km) modelling domains. Further information regarding
CALIOPE-Urban can be found in Benavides et al. (2019).

Generation of urban geometry

As described in Benavides et al. (2019) R-Line was adapted to incorporate the
orientation of roadways (and thus the buildings) where the wind direction follows
the street direction. To do so, wind speed and direction were adapted to simulate
the “channeling” around buildings, similarly to Fisher et al. (2006). To compute
this, R-Line needs the urban geometry of the study domain (Fig. 5.3). The
urban geometry data consist on the ground plan and height of all the buildings

in the study domain, which for this study was developed from two sources: The
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buildings ground plan was obtained from the Catalan Cartography Institute (ICC
by its Catalan initials, (ICC, 2020)), while the building height came from LIDAR
data, from the Spanish Ministry of Transport and Mobility (PNOA, 2020). The
process to combine both data-sets is script based. First, the buildings ground plan
is loaded to be then intersected with the LIDAR dots over each building. Building
height is obtained from the average of the 90% percentile of all intersected dots.
By this way we exclude outlayers like turrets or chimneys which would artificially
increase the calculated height. The final building height above the ground is
obtained from subtracting the ground level, deducted from the closest LIDAR dot
outside the building ground plan.

Figure 5.3: 3D image of the generated building height above the ground.

5.2.3 Traffic restriction measures

We consider 3 different traffic restriction measures that are currently being applied
or planned to be applied in the near future in Barcelona: (I) Tactical Urban Plan-
ning -TUP-, (II) Superblocks -SPB- and (III) the Low Emission Zone -LEZ-. The
LEZ is applied in almost all the simulated domain, with some excluded areas and
ways (Fig. 5.4a). It forbids the entrance of gasoline vehicles below Euro 3, diesel

vehicles below Euro 4 and motorbikes/mopeds below Euro 2. Detailed descriptions
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of these measures can be found in Area Metropolitana de Barcelona (2020) and
Ajuntament de Barcelona (2020d). Based on the set of measures presented by the
Barcelona City Hall, we consider TUP actions that aim to remove vehicle lanes in
major urban corridors of the city. In total we have reduced a total of 31.67 km
from vehicle lanes, represented by the dotted blue lines in Fig. 5.4b. Additionally,
we have implemented a total of eight superblock areas represented by the orange
polygons in Fig. 5.4b. The considered Superblocks are the ones with specific in-
formation of the planned actions made within. The specific streets modified and

Superblocks applied can be found in the supplementary material.

In order to quantify the impact of each of these measures and differentiate
their specific potential undesired rebound effects, we have simulated them indi-
vidually and collectively, as specified in Table 5.1. On top of these scenarios, we
have also modelled a Base Case (business-as-usual) scenario, which is taken as the
reference for the comparison. The criteria to select the simulated scenarios was
based on the ability of the traffic-emission-air quality system to estimate the new
vehicle route equilibrium and the traffic associated emissions. Hence, the unique
application of measures affecting vehicle emission factors (i.e., LEZ) were not con-
sidered for air quality simulations since similar studies have already been published

elsewhere (Soret et al., 2014).

One of the major difficulties in simulating the effects of traffic restrictions
on vehicle fluxes is to estimate how the demand (e.g., total number of trips) will
be affected due to their implementation. In this study, we assumed both the most
pessimistic and optimistic scenarios, which are: (i) the number of total circulating
vehicles will not change despite the measures implemented; and (ii) the traffic
demand will suffer a -25% reduction once all the three different strategies are
fully implemented, which is the expected reduction estimated by the Barcelona
city council (Ajuntament de Barcelona, 2020d). In total, we simulated seven NO,
emission scenarios (one for each combination of traffic management strategies) and
modelled the impact on NOy air quality levels in four of them due to the large
computational load that it requires (Table 5.1). NO + NO, (NO,) and VOCs
were simulated for all emission scenarios although only NO, is represented since
VOCs are used for the GRS chemical processes of CALIOPE-Urban. Even though

Particular Matter (PM) is a pollutant with severe health issues, it will not be
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simulated in this study since the GRS module used by R-Line can only compute

the dispersion of primary species (e.g., black carbon).
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Figure 5.4: Barcelona study domain showing a) the area where the Low Emission Zone is ap-
plied (orange) and b) the Superblocks (orange squares), the streets where tactical urban planning
(TUP) actions were implemented (dashed blue lines), and the Barcelona urban traffic air qual-
ity monitoring stations (yellow dots). Adapted from Ajuntament de Barcelona (2020e). The
ortogonal image from a) was obtained from Leaflet — Tiles (C) Esri — Source: Esri, i-cubed,
USDA, USGS, AEX, GeoEye, Getmapping, Aerogrid, IGN, IGP, UPR-EGP, and the GIS User

Community.

Tactical Urban Planing and Superblocks scenario

Changes on the traffic flow and speed induced by the TUP and SPB strategies
were modelled following the description of measures reported in Ajuntament de
Barcelona (2020b) and Ajuntament de Barcelona (2020c). To do so, we have
modified target features of the original VML road network. The modifications
include the removal of traffic lanes, changes in the street capacities and allowed
maximum speed, and the addition of new turns to characterize SPB measures.
The reduction of vehicle lanes of the TUP measures was directly applied to the
VML network. The VML road capacity is calculated by the multiplication of the
user-defined number of lanes and capacity of each lane, which depends on the
specific road type (e.g., highway, urban corridor, etc). The number of lanes of
the street links affected by the TUP measures were manually modified. Specific
information of the modified links can be found in the supplementary material. For

the SPB areas, in addition to the above-mentioned modifications, the construction

101



CHAPTER 5. AQ IMPACTS OF TRAFFIC RESTRICTION POLICIES

Table 5.1: List of scenarios and combination of traffic management measures considered in
the study (TUP, Tactical Urban Planing; SPB, Superblocks; and LEZ, Low Emission Zone).
Emissions have been modelled for all the scenarios, while we specify the scenarios where the air

quality impact (AQ) has been modelled.

n° Scenario AQ
1 Base Case: Original 2017 network Yes
2 Base Case + TUP No
3  Base Case + SPB No
4  Base Case + TUP + SPB Yes
5 Base Case + LEZ No
6 Base Case + TUP + SPB + LEZ Yes
7  Base Case + TUP + SPB + LEZ + demand reduction (-25%) Yes

of traffic-pacified street segments was modelled using a new segment type with a
specific reduced capacity and speed (Table 2.2). All modifications are made to

prevent the circulation of modelled traffic flow as shown in Fig. 5.5.

Low Emission Zone scenario

The LEZ scenario, which forbids the entrance of the most polluting vehicles in the
city, was simulated by adapting the description of the vehicle fleet composition
profiles used in HERMESv3 to the restrictions associated to this measure. We
assumed an optimistic scenario in which all banned vehicles are replaced by new
Euro 6 vehicles. We wanted to reflect the tendency of drivers to switch from diesel
to gasoline cars that can already be detected from the sales of gasoline-powered
cars (European Automobile Manufacturers Association, 2021). To do so, we used
the new registered vehicle data in Barcelona for 2019 (DGT, 2020), and applied
the observed gasoline/diesel sales distribution to the new Euro 6 vehicles that
appeared as a consequence of the LEZ. We did not substitute the banned vehicles
by zero or low emission vehicles based on the Barcelona city hall expected vehicle
fleet composition renewal for the next years, which accounts for less than 3% of

zero or low emission vehicles by 2022 (Institut Cerda, 2019).
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l:l Superblock road type

Figure 5.5: Screenshot of the VML traffic simulator network for (a) the Base Case scenario,
and for (b) scenario SPB where a specific road type has been generated (blue dotted line) to
represent the superblock restrictions. The colored segments indicate other street types with
different parameters restricting vehicle movement (e.g., as a consequence of a traffic light green
wave). From higher movement to lower: Red, yellow, grey, dottet blue. Detailed information

about the traffic simulation can be found in Rodriguez-Rey et al. (2021).

Figure 5.6 compares the observed vehicle fleet composition in 2017 (AMB
and RACC, 2017) and the estimated one after applying the LEZ. The share of
Euro 6 diesel vehicles increases from 14% to 20%, while the share of Euro 6 gaso-
line vehicles increases from 6% to 19%. The obtained LEZ fleet composition was
applied to the road links within the LEZ domain represented by the green area
in Fig. 5.4a. Due to the difficulties in assessing the LEZ impact on traffic flow

(Holman et al., 2015), this scenario does not imply reductions in the simulated
traffic demand.
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Figure 5.6: Observed vehicle fleet composition in 2017 (blue) and estimated Low Emission Zone
(LEZ) vehicle fleet composition (orange) per vehicle type and Euro category. PC refers to
Passenger Car, HDV to Heavy Duty Vehicle, and LDV to Light Duty Vehicle.
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5.3. Results and discussion

Section 5.3.1 presents the NO, emission results computed for the Base Case sce-
nario and a comparison of the CALIOPE and CALIOPE-Urban NOy modelled
concentrations against observations registered at the two urban traffic monitor-
ing stations shown in (Fig. 5.4b). The model performance at the other urban
background monitoring stations can be found in the supplementary material. The
emissions and air quality results for each of the traffic management scenarios are

presented and discussed in Section 5.3.2 and 5.3.3 respectively.

5.3.1 Base Case scenario

Figures 5.7a and 5.7b show the road traffic emissions for the Base Case scenario
used as input in the CALIOPE (1 km x 1 km) and CALIOPE-Urban (20 m X
20 m) systems, respectively. The VML-HERMESv3 estimated link-level vehicle
emissions which are used by CALIOPE-Urban, are mapped onto the 1 x 1 km?
gridded domain for CALIOPE in order to ensure consistency between modelling
scales. Note that in Fig. 5.7b emission results are presented at a 50 m x 50 m
resolution only for representation purposes. Both figures show that the highest
NO, values are found in the ring roads and the city center, where the main urban
corridors are found. However, the street-level results allow representing the strong
emission gradients that cannot be reproduced at 1 km x 1 km. Similarly, a large
heterogeneity of the NOy distribution is observed with CALIOPE-Urban (BCN-
20m), while the mesoscale CALIOPE (BCN-1km) modelling results show a rather
uniform distribution of NOy levels across the city, the largest values being found
near the port area (Fig. 5.7c and Fig. 5.7d).

Figure 5.8 shows the NO, average diurnal cycle observed at the Eixam-
ple and Gracia stations (black dotted lines) and modelled by the CALIOPE and
CALIOPE-Urban systems for the Base Case scenario (brown and pink lines, re-
spectively). Standard statistics computed using the modelled and simulated con-
centrations are summarised in Table 5.2. CALIOPE-Urban is capable of capturing
the morning and afternoon NO, peaks at the Eixample station, while it slightly
overestimates the afternoon peak hour at Gracia by 3% and estimates it earlier.

Yet, the system is not able to properly capture the concentrations observed dur-
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Figure 5.7: Average daily NO,, traffic emissions (kg/day) modelled by VML-HERMESv3 at a
resolution of 1 km x lkm (a) and 50 m x 50 m (b), and average daily NOy concentrations
(ug/m3) modelled by CALIOPE and CALIOPE-Urban at a spatial resolution of 1 km x 1 km
(c¢) and 20 m x 20 m (d).
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ing the valley hours (11-16h), and it presents an underestimation of 30 pg/m3
(-38%) in both stations. This behaviour in CALIOPE-Urban is inherited from the
CALIOPE regional model, which cannot properly reproduce the vertical mixing
of pollutants during daytime. Results clearly indicate that CALIOPE-Urban im-
proves the modelling performance in capturing the NOs peaks with respect to the
mesoscale approach (CALIOPE) while providing a more detailed information at
the street-level. In both stations CALIOPE-urban reduces the mean bias observed
with CALIOPE by half (-12 and -16 pg/m?® vs -24 and -33 pg/m?, respectively)
and increases the FAC2 (fraction of predictions within a factor of two observations)
by 0.21 and 0.11 in Gracia and Eixample respectively, while maintaining a similar
correlation (0.54 vs 0.58 and 0.52 vs 0.55 for Gracia and Eixample).

Table 5.2: NO3 model evaluation statistics calculated for the urban (CALIOPE-Urban) and
mesoscale (CALIOPE) system at Eixample and Gracia stations for the period of study (7 to
25 November 2017). FAC2 refers to the fraction of modelled results within a factor of 2 of
observations, MB refers to the mean bias, RMSE refers to root-mean-square Error, and r to the

correlation coefficient.

Site Model FAC2 MB RMSE r
CALIOPE 0.67 -23.99 38.01 0.52
Eixample
CALIOPE-Urban 0.77 -12.00 32.65 0.55
. CALIOPE 0.54 -33.34  46.36 0.54
Gracia

CALIOPE-Urban 0.75 -15.88 36.00  0.58

e Gracia

Eixample

H
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Figure 5.8: NOg average diurnal cycle observed (dotted back) and modelled with CALIOPE-
Urban for the Base Case scenario (brown), scenario 4 (green), scenario 6 (sky blue) and scenario
7 (blue), and with CALIOPE for the Base Case scenario (pink) at Gracia and Eixample urban
traffic stations during the period of study (7 to 25 November 2017).
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5.3.2 Impact of traffic strategies on NO, emissions

Figure 5.9 shows the aggregated NO, daily mean emissions for the base case sce-
nario over the complete modelling domain, and the relative difference with the
scenarios 2 to 7 for the period of study. According to these results, emissions are
only reduced on those scenarios where the LEZ or the traffic demand reduction of
-25% are implemented (scenarios 5 to 7). For all the other scenarios, when only
TUP or SPB strategies are considered, the impact on the total NO, emissions is
negligible (4+0.1%, due to the new generated congested areas). Maximum reduc-
tions ( -30%) are achieved when all the traffic management strategies are combined
and a -25% reduction of the number of vehicles is assumed. The combination of
all strategies without changes on the number of circulating vehicles shows overall

NO, reductions of -13.1%.

Despite not having any impact on the overall emissions, a significant redis-
tribution of emissions at the street level can be observed when only implementing
the TUP and SPB measures (scenarios 2 - TUP -, 3 - SPB -, and 4 - TUP+SPB
-), which is caused by the re-routing of traffic assignment. To illustrate that, Fig.
5.10a shows the daily mean NO, difference in an aggregated grid of 100 m x 100 m
between the scenarios 2 to 7 with the Base Case scenario. Note that emissions at
Fig. 5.10a are shown in a grid of 100m for representation purposes, but the original
emission outputs are obtained and passed to VML at the road link level. Since
scenario 4 is the one combining TUP and SPB measures, in Fig. 5.10b we take a
closer look into how the traffic flow (in annual average daily traffic, AADT) and
associated NO, emissions change in five representative street cells. The mentioned
streets over the analysed emission cells are illustrative, since the 100 m x 100 m
emission grid cell could also contain parts of other street segments. In this sense,
the cell in one of the urban corridors with higher traffic load and emissions, Aragd
(1) (Fig. 5.10b), shows an average reduction of -17% (-1.3 kg NO,,/100m?) in the
simulated NO,, emission levels along the cell with a traffic flow reduction of -24%
(-21,000 vehicles/day) (Fig. 5.10b). On the other hand, NO, emission increases
up to +17% (+0.5 kg NO,./100m?) are observed in other adjacent cells (e.g., Tar-
ragona (4) or Viladomat (5)) as a consequence of a traffic flow increase of +30%
(from 20,203 to 26,280 vehicles/day) and 125% (from 4,380 to 9.870 vehicles/day)
respectively Fig. 5.10b). Viladomat (5) is of particular interest since the street is
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within a Superblock area but it is still absorbing the traffic through it. This street
also contains a traffic count station which allow us to compare the simulated traffic
flow values with the observations from 2019, before the COVID-19 pandemic but
after the implementation of the Superblock. The observed traffic flow in this street
between 2017 and 2019 has increased a 118% (from 4,866 to 10,643 vehicles/day)
which is in agreement with the simulated BCN-VML estimated values. We can-
not perform this scenario validation for all the network since the other applied
TUP and SPB measures were finished after the COVID-19 pandemic, when traffic

activity had a drastic decrease.

In other terms, we have not found evidence of linearity between the absolute
or relative traffic flow increment/decrement with the absolute or relative increase
or decrease in NO, emissions. This might be caused by the emission dependency
in both traffic flow and speed, by the presence of other segments within the grid
adding extra emissions and the difficulties of the macroscopic system in recreat-
ing vehicle emissions under congested situations. As described in Chapter 3, the
macroscopic system cannot properly estimate the location of bottlenecks and the
start-stop vehicle behaviour, which implies an underestimation of vehicle emissions

in these situations.

Our results reveal that large Superblocks cannot avoid the through pass of
vehicles within the designated area if traffic pacification measures are not applied
in all streets within the superblock (Fig. 5.5). Smaller Superblocks like the Poble
Nou and Sarria show NO, emission decreases in all their streets that can reach
up to -15%. This is due to the already low traffic load of such areas, that now

discourage the through traffic, becoming areas used only by residents and services.
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Figure 5.9: NO, daily mean emissions (kg) for all scenarios and the relative differences (%)

between the Base Case and the other simulated scenarios.
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Figure 5.10: a) Daily mean NO, emission differences (kg/100m?) from the Base Case scenario
with the scenarios 2 to 7 for the period of study. Scenario 4 also shows the location of the streets
commented in b): Aragé (1), Diagonal (2), Gran Via (3), Tarragona (4) and Viladomat (5).
Part b) shows the annual average daily traffic (AADT) and daily mean NO, emissons (kg) of

the above-mentioned streets for the Scenarios Base Case, 4, 6 and 7.

109



CHAPTER 5. AQ IMPACTS OF TRAFFIC RESTRICTION POLICIES

5.3.3 Impact of traffic strategies on NO, air quality levels

Figure 5.11 illustrates the differences between modelled NO5 concentrations aver-
aged over the period of study in scenarios 4, 6 and 7 and the Base Case scenarios
using CALIOPE (left column) and CALIOPE-Urban (right column) systems. In
line with the emission results, the impact of traffic measures on NO, concentrations
is mainly observed when LEZ and/or the traffic demand reduction of -25% are im-
plemented (scenarios 6 and 7). Under these two scenarios (6 and 7), NOy daily
mean reductions of -5 to -10 pg/m? (-10% to -20%) and of -10 to -25 pg/m? (-20%
to -30%) are observed in the main urban corridors, respectively, during the period
of study. In both scenarios, the largest NO, decreases occur in the most trafficked
streets due to the presence of less polluting vehicles (LEZ) and the implementation
of TUP and SPB measures in such streets. When only TUP and SPB measures
are considered (scenario 4), NO, impacts are very limited. NO, reductions and
increases of similar intensity (+5 pg/m?) are observed as a function of the street
due to the traffic re-routing, as explained in section 5.3.2. The strong street gradi-
ents and associated NO, concentration changes modelled with CALIOPE-Urban
cannot be reproduced with the CALIOPE mesoscale system, which captures NO,
reductions of only -6 to -10 pg/m? and between -3 to -6 pg/m? for the scenarios 7

and 6, respectively.

As shown in Table 5.3, with CALIOPE-Urban and under the most restric-
tive scenario with a demand reduction of -25% (scenario 7) the NO, averaged daily
maximums would be reduced by a -36% and -22.5% in Gracia and Eixample mon-
itoring stations. This would represent a reduction of the observed daily maximum
from 111 to 71 pg/m? (-39 pg/m?) and from 105 to 81 pg/m? (-23 pg/m?) of NO,
for Gracia and Eixample monitoring stations. If we perform the same exercise
for the average daily mean, the observed NOy daily mean for Gracia would be of
45.5 ng/m? (-38%) and of 52.4 pg/m? (-26.6%) for Eixample. On the other hand,
the NO, reductions captured by the mesoscale CALIOPE system are around half

(-18% and -17% for the daily average mean and daily maximum, respectively).
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Table 5.3: Period-averaged daily mean and period-averaged daily maximum modelled NO, values
(ug/m?) for the Base Case scenario and the relative difference with the scenarios 4, 6 and 7 at

the Gracia and Eixample air quality station.

CALIOPE-Urban CALIOPE
Scenario Station Daily Daﬂ?f Daily Daﬂ?f

mean average maXimum Imean average maximum
NO, base case Gracia 57.4 111.0 39.3 82.0
(ug/m?) Eixample 59.2 105.0 46.5 87.0
Scenario 4 Gracia -18.6% -18.7% 0.0% 0.0%
(Diff. %) Eixample -4.4% -2.0% 0.0% 0.0%
Scenario 6 Gracia -28.6% -26.2% -10.4% -6.1%
(Dift. %) Eixample -15.0% 11.8%  -10.8% 8.0%
Scenario 7 Gracia -38.0% -36.4% -18.1% -17.1%
(Diff. %) Eixample -26.6% 225%  -18.3% 17.2%

Our work provides an estimate of the expected emissions and concentration
levels after the application of the traffic restrictions in Barcelona. Based on the
relative reductions obtained, we estimate that all the simulated scenarios would fail
in reducing the annual average value below the AQD limit of < 40 ng/m? of NO,
in the two traffic stations for the considered study period. Yet, under scenarios 6
and 7, the NO, hourly exceedance of 216 pg/m? that occurred in November 2017

would very likely have been avoided.
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Figure 5.11: Daily mean NOj concentration difference (ug/m?) between the base case and the
scenarios 4, 6 and 7 for the November period. Left column shows the mesoscale values from
CALIOPE model (1km resolution) while right column shows the CALIOPE-Urban street scale
model results (20m resolution). Bluewish and yellowish colors indicate a decrease and increase

in emissions, respectively.
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5.4. Conclusions

We quantified the impact of different traffic management strategies on the NO,
emissions and NOy concentration levels in the city of Barcelona. To do so, we
performed a multi-scale air quality modelling exercise that combines mesoscale
(I x 1 km) and street-scale (20 x 20 meters) air quality modelling tools, fed
by a coupled macroscopic traffic and vehicle emission model. A total of 7 NO,
emission scenarios and 4 NOy air quality scenarios were simulated during a bi-
weekly time period, which coincides with an air pollution episode that took place
in November 2017. The scenarios comprise simulations of individual and varying
combinations of the mobility measures currently being applied in Barcelona: a
Low Emission Zone (LEZ), which aims to forbid the entrance of most polluting
vehicles, Tactical Urban Planing (TUP) measures, which reduce the space that
private transport has on specific streets of the city, and the Superblocks (SPB),
which prevent the entrance of vehicles in a certain urban area delimited by several
blocks. We additionally added a scenario where all these measures were combined
with a traffic demand reduction of -25% based on the City Hall’s expectations over

the next years. The main findings and conclusions of this work are as follows:

— The largest road transport NO, emission reductions in Barcelona (-30%)
are obtained when combining all traffic management strategies (LEZ, TUP
and SPB) together with the -25% traffic demand reduction. The computed

reductions are only of -13% when traffic demand is kept constant.

— When only implementing measures related to the reduction of private trans-
port space (TUP and SPB), overall NO, changes are negligible (+0.1%).
Nevertheless, these measures generate a traffic redistribution along the net-
work, which shows a noticeable impact on the street-level emission distribu-
tion, with NO, variations up to £17% in specific streets as a consequence of
the new vehicle routing and the variation in traffic low and speed. We have
not found evidence of linearity between the traffic flow and speed variation

and the increment or decrement in NO, emissions.

— The impact on NO, air quality levels follows the same pattern as for emis-

sions. Scenarios comprising all the traffic strategies with and without the
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-25% demand reduction show the largest NO,y reductions at the main ur-
ban corridors (with daily mean reductions of -10 to -25 pg/m? and -5 to
-10 pg/m3, respectively and daily max reductions up to -70 pg/m? and -50
ng/m3, respectively). When only implementing the TUP and SPB measures,
limited increases and decreases of NO, are observed (£5 pg/m?) due to traffic

re-routing.

The expected differences at the two traffic air quality monitoring stations of
the city (Gracia and Eixample) when implementing all traffic strategies and
the demand reduction are of -38% and -27% for the daily mean average, and
of -36% and -23% when considering the averaged daily max values for Gracia
and Eixample, respectively. These values decrease by approximately a 10%

without considering the demand reduction.

The NO, daily mean and peak concentration reductions modelled with the
mesoscale system are almost two times lower than the ones obtained with
the urban scale system. Despite presenting consistent results, the mesoscale
system is not capable of modelling the strong street gradients and associated
NO; concentration changes induced by the mobility restrictions. Considering
these results, we recommend that the evaluation of urban traffic management
strategies is performed applying a multi-scale modelling approach with street

scale resolution for an optimal result.

Although traffic management strategies lead to significant emissions and
air quality improvements, the reductions achieved are insufficient to ensure
proper air quality levels. These strategies must be accompanied by a large

decrease in the total number of vehicles circulating throughout the city.

The methodology followed in this study can provide highly-detailed data for

health assessment studies, like the one performed by Mueller et al. (2020). On

the same direction, it could be used for an ex-ante evaluation of further mobility

policies applied by policy-makers, providing some insights before its application.

In Barcelona, since the current measures appear to be insufficient to reduce the
NO;y levels below the EU AQD, the authors suggest the study of other proven-

effective measures in reducing traffic demand like the congestion charging scheme,

with successful results in Milan, London or Stockholm (Croci, 2016) combined
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with a more restrictive LEZ (Bigazzi and Rouleau, 2017).

This research shows that the application of a multi-scale air quality tool,
combining traffic, emission and street dispersion models is essential to properly
capture the induced NO, and NO, variations generated by the application of
different traffic management strategies. We acknowledge the limitations of the
macroscopic traffic model to properly recreate the start-stop vehicle behaviour
under congested situations, which implies an underestimation in vehicle emissions,
as shown in Chapter 3. The macroscopic tool is however appropriate to estimate
the impact of the analysed strategies at urban scale. The usage of a microscopic
tool able to properly estimate traffic flow and vehicle emissions at the studied
domain it is currently not a viable option due to the data and computational
load needed. We also acknowledge the limitations of the study related to traffic
demand modelling. It was assumed constant over the different scenarios studied,
with the exception of scenario 7 which had a demand reduction of -25%. In reality,
a modal transfer could occur between the private and public transport, or to other
active ways of mobility (e.g., cycling) due to the private transport restrictions. In
future works we plan to keep with the analysis of possible new TMS such as the
application of green corridors (Ajuntament de Barcelona, 2021) or to study the
impact of additional measures that are currently not being considered by the city

council such as the implementation of a congestion charge.
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In this Ph.D thesis we quantified and evaluated the impact of multiple traffic
management strategies on the NO, emissions and air quality levels for the city
of Barcelona, Spain. To this end, we developed and validated a multi-scale and
coupled traffic-emission-air quality modelling system tailored for the area of study.
The developed system is based on a macroscopic traffic simulator and an average-
speed vehicle emission model combined with an Eulerian mesoscale and a Gaussian
street-scale air quality modelling tools. The system allows to estimate the induced
emission and air quality impacts of the applied mobility policies at very high spatial
(from 1km x 1km to 20m x 20m) and temporal (1 hour) resolutions. The main
results derived from this Ph.D thesis are summarised in section 6.1, while a series
of recommendations and future works are exposed in section 6.2. Finally, section

6.3 exposes the concluding remarks and thoughts of the manuscript.

6.1. General conclusions

Chapter 2 presents the fundamentals in traffic, emission and air quality modelling
and gives a description of the traffic, vehicle emission and air quality tools used in
this work. The traffic simulator used is the BCN-VML, based on the macroscopic
traffic model PTV-Visum. The model comprises a region of around 6.000km? and
a population of two million inhabitants generating and attracting 4 million vehicle
trips every day. The simulation process goes through 24-hourly simulations by a
static traffic assignment approach, which generate hourly private and public bus
traffic flow and speed for every link of the network for a business as usual day. This
data is then read by the average-speed vehicle emission model HERMESv3, which
computes NO,, CO, NMVOC, PM, SO, and NHj traffic emissions based on the
emission factors of COPERT V following the Tier 3 methodology of EMEP /EEA.
The coupling is script-based and assures a correct mapping of the links with their
generated speed and traffic flow profiles together with their specific zone-dependent
vehicle fleet composition. The link-level estimated NO, and NMVOC hourly traffic
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emission are then passed to the mesoscale CALIOPE air quality system (1km?
horizontal resolution) and to the street-scale CALIOPE-Urban air quality system

(20m horizontal resolution) to compute NOy concentration values.

Chapter 3 describes the calibration of the BCN-VML and the coupling with
the HERMESv3 vehicle emission model, followed by a sensitivity analysis of the
developed system to some of the key input emission parameters. Our aim was to
give a methodological guidance in traffic emission estimates for large urban areas,
while showing the potential discrepancies in the emission estimates depending on
the quality of the data used. The traffic flow and speed calibration of the BCN-
VML was based on multiple street-level observational datasets, including traffic
counts and TomTom GPS-based speed profiles. The vehicle fleet composition of
the system was upgraded to include a total of five different zone-dependent fleet
compositions corresponding to specific areas of the city, based on the results of
a remote sensing device campaign performed in Barcelona in 2017. Additionally,
the public bus transport routes and frequencies were included to compute their

specific emissions with the correspondent circulating bus fleet composition.

This chapter also presents a comparison of the annual NO, and PM;y emis-
sions computed with the coupled system for the year 2017 against the results
reported by two local emission inventories in Barcelona followed by an spatial and

temporal evaluation, whose main highlights are:

— The VML-HERMESv3 estimated NO, results are in agreement with the
other two inventories (range of -5% to +9%). Larger discrepancies of +18%
and +105% were observed when results are compared to the annual PM esti-
mated values. These are believed to be caused by the inclusion of resuspen-

sion in the HERMESv3 system, not considered by the other two inventories.

— The spatial distribution of traffic emissions across the city is quite heteroge-
neous. Eixample district is the area with higher emissions (291 kg-day ! -km™2).
These results contrast when compared to its neighbouring districts -Ciutat
Vella and Gracia- where total estimated NO, emissions are halved (144 and
150 kg-day~!-km™2 respectively). It is noteworthy that these two districts
contain a large fraction of traffic-calming and pedestrian areas that already
existed in 2017.
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— Regarding the temporal profile, Barcelona shows a steady activity level dur-
ing daylight hours (7:00h to 18:00h) and during weekdays for most of the
year. Traffic emissions only decrease during nighttime, weekends (-41%) and

summer holidays (e.g., August, -26%).

The sensitivity analysis previously mentioned is focused on different ap-
proaches in regard of vehicle fleet composition, public bus transport implementa-
tion, temperature impact or the application of non-exhaust PM emissions. Results

show that:

— There is an important zonal impact of an area-dependent vehicle fleet com-
position against an homogeneous one (up to +788% in NO, in the port
area). This is also observed when considering the current public bus trans-
port routes instead of assigning a fixed bus contribution to every link on the
network (+300% NO,, in specific links).

— Homogeneous differences up to +19% in NO,, are observed when considering
temperature influence in vehicle emissions (e.g., cold-start extra emissions)

or the consideration of non-exhaust PM sources (+410% in PM;q emissions).

During this sensitivity analysis, it is noteworthy that the observed differ-
ences are notable and independent of the level of detail used (i.e., macroscopic,
mesoscopic or microscopic), which does not entail higher computational load or
complexity to the modelling system, but more specific data of the area of study.
Finally, it is worth to remark that the VML-HERMESv3 system developed in this
chapter is also transferable to other locations. For that matter, the new location of
study should only need a built VISUM network and some basic traffic data -such
as the vehicle fleet composition and local street traffic counters- in order to imple-
ment the methodology in here presented. If the location would be outside Europe,
probably a mapping between the COPERT vehicle categories and the local ones

should also be needed.

Chapter 4 presents a comparison of the emission results estimated by the
developed macroscopic system with a microscopic approach. This chapter exposes
the discrepancies between both modelling approaches and the limitations of the
macroscopic system in estimating vehicle emissions, which mostly occur during

congested situations. In an area of 0.4 km? in Barcelona, three different streets with
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different congestion levels (free flow, normal flow and congested) are analysed. This
chapter also uses the higher level of detail of the microscopic system to perform

an analysis of the road gradient impact on emissions. Main results show that:

— The microscopic system estimated +65% more NO, emissions for the con-
gested street. Streets at free flow and normal flow showed similar NO, emis-

sion results (-11% and +15% respectively).

— These differences are believed to be caused by the traffic assignment process
(Static or Dynamic traffic assignment) and the vehicle to vehicle start-stop
behaviour during congestion, which highly increases emission factors and the

time needed by each vehicle to cross the link.

— The extra emissions caused by a positive road gradient are balanced by these
of the negative one (e.g., +13.8% and -12.1% for PC in a free flow street).

— Vehicle weight was found to be directly related with the extra emissions of
the road gradient (+13.8%, +19.6% and +26.4% for PC, HDV and BUS

respectively).

— The congestion level also affected the extra emissions carried by the road
gradient. These were diminished under congested conditions, and increased
during free-flow (+10.1% in congested situation vs +19.6% at free-flow for a
HDV).

Finally, chapter 5 quantifies the impact of multiple traffic management strate-
gies on Barcelona’s NO, emissions and NO, air quality levels by means of high-
resolution modelling. The novelty of this study lied mainly in two aspects, namely:
1) the ability of the VML-HERMES coupled system to generate the new vehicle
routes that vehicles will perform after the implementation of the different traffic
restrictions, and observe the induced impacts in emissions and air quality from the
new vehicle route equilibrium and 2) the multi-scale nature of the study, which
allows quantifying the impact of the measures at the grid-level (1km x 1km) and
street-level (20m x 20m) by combining the same modelled emissions with the
CALIOPE and CALIOPE-urban systems, respectively. The measures included,
on the one hand, the implementation of traffic restriction measures aiming at re-

ducing traffic activity in certain areas and corridors of the city and, on the other
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hand, the application of a Low Emission Zone (LEZ). Traffic activity is reduced

by the application of the Superblocks model and by the Tactical Urban Planning

measures. These measures were simulated during a by-weekly period in Novem-

ber of 2017 in an individual and combined basis for a total of six different NO,

emission scenarios. Additionally, a seventh scenario combining all the measures

with a traffic demand reduction of the -25% was also simulated since this is the

expected demand reduction over the next years by the Barcelona City Hall. Due

to the highest computational load required to compute air quality simulations, the

NOs, concentration levels were simulated for four different scenarios at both 1km

X

1km and a 20 x 20 meters resolution. The main findings show:

The largests NO, emission reductions over the city are obtained by the LEZ

(-13%) and the addition of the demand reduction over all the other measures

(-30%).

Measures affecting specific areas or streets do not present overall emission
reductions, although they have important street-level impacts (+17%) in

specific areas as a consequence of the new traffic routing.

The results in NOy concentration values follow the same pattern as the sim-
ulated NO, emissions. Daily mean reductions up to -25 pg/m? in NO, are
observed when combining all measures and the demand reduction, with a

slighter decrease of -10 ng/m? when traffic demand is kept constant.

Results showed that even with the application of all the measures and the
demand reduction, NOs concentration values at the two traffic air quality
stations would still not comply with the EU AQD during the analysed study
period.

The modelled NO, daily mean and peak concentration reductions by the
mesoscale system are almost two times lower than the ones obtained by
the street-scale system (-38% and -18% estimated NO, reductions in Gracia
station by the street-scale and mesoscale systems, respectively). This shows
that despite presenting consistent results, the mesoscale system is not capable
of modelling the strong street gradients and associated NOy concentration

changes induced by the mobility restrictions.

120



6.1. GENERAL CONCLUSIONS

Considering all the above, the most relevant conclusions from this Ph.D thesis

are as follows:

— It is essential to perform a proper evaluation of your modelling domain,
time coverage and availability of data to select the correct tools and the
approach to follow during the simulation process. The modeller has to be
aware of the limitations and advantages of the selected approach to try to
overcome the firsts and benefit the most from the second. For the case of
this work, the modelisation of the whole city forced us to use a macroscopic
approach, for which we did a specific study to quantify its limitations in
traffic modelling and emission estimation and try to overcome them. It is
obvious that a microscopic approach would result in a better performance of
traffic dynamics simulation and emission estimation, but the simulation of
a particular area of the city would not achieve the initial objectives of the

thesis.

— The availability and usage of local observed data is crucial during the model
building process. The high emission discrepancies between the different fleet
compositions used or the validation of the simulated vehicle speed confirms
this statement. We also had to estimate an optimistic vehicle fleet composi-
tion after the application of the LEZ due the lack of recent observed vehicle
fleet data, which might over-estimate the benefits of the LEZ.

— The usage of traffic simulators is highly recommended for vehicle emission
estimations. Regardless of their particular workflow and level of detail, they
allow the emission modeller to move from static to dynamic traffic data.
This is useful not only for scenario modelling, but also to keep an updated
traffic network to feed to the emission model without a manual adjustment
of traffic flows and speeds over time. This is a new paradigm in emission
modelling that will soon ensure that traffic and emission models are always

found together.

— Despite the higher computational cost and data needed, the application of
street-scale systems is essential for the evaluation of any kind of urban policy.
It is important to put efforts in this part of the simulation process since a

mesoscale evaluation would dilute air quality effects and miss the street-
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gradient variances.

— Modelled results are not future projections but they are a first approximation
of the values to come. And in this sense, the applied measures in Barcelona
aimed at reducing its pollution levels below the EU air quality limits or the

more stringent WHO air quality guidelines appear to be insufficient.

6.2. Future research

Despite the advances in scenario modelling for Barcelona presented in this Ph.D
thesis, further assessments and improvements to solve some of the shortcomings

of the system can still be done, in this sense:

Extension of time coverage and pollutants considered

The modelled results of the system have been used to estimate if the applied re-
strictions would comply with the annual EU daily mean limit values. Although
this exercise was giving some indices of the expected reduction level from the ap-
plied measures, a more robust comparison could be done with an annual air quality
assessment, instead of the two-weeks covered. Additionally, often air quality simu-
lations are closely bound with health impact assessments and population exposure.
In this sense, it would be necessary to consider also PM;y and PM, 5 species due
to their important health implications. On the same direction, the consideration
of O3 would give some insights about how the NO, reductions in Barcelona affect
the ozone generation at the downwind areas of the city, and observe the mesoscale

implications of local measures.

Generation of demand data

Travel demand data can be obtained by two different methods. The first -used in
this Ph.D work- is based on static Origin-Destination matrices. These are build
by observed population activity from GPS based data or by personal surveys.
Although this approach has the advantage of considering all connection trips by
adding them on the boundary areas of the domain, it is static on time. The OD
matrices are built based on a specific time period, and if not updated their might
not be longer representative. Often these matrices have to be manually adjusted

to fit the current observed traffic flow data, as it was the case of this work. This
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handicap is solved by the activity based demand approach. This method generates
the travel demand based on population activity data (e.g., home density, work
offices, social or commercial facilities, ...). By this approach any changes on the
study domain that can carry a travel demand modification (e.g., a new job center,
a shopping mall or a residential area) can be applied on the activity based model
and considered when generating the demand for each specific simulation. On the
other hand, this methodology requires detailed activity data and the generated
demand is limited to the study domain, so this has to be large enough to account

for connection trips.

Intermodality

Modal choice is a critical parameter when estimating traffic emissions in a urban
environment. The application of different mobility policies often discourages or
encourages the use of private transport leading to an associated shift in the modal
share. In this sense, the application of multinominal logit models has been used
elsewhere for the modal share estimation (Bueno et al. (2017); Romero et al.
(2019)). The application of these models is however data-intensive, and they are
often fed with individual or household travel surveys done by local authorities.
The generated demand data has to be extended to cover not only private transport
activity but all trips from the domain, and the traffic simulator software has to
allow public transport infrastructure (e.g., metro and tram lanes). For this study,
the traffic simulator in which the BCN-VML model is based already covers this
last requirement, and hence further efforts to obtain the needed data to allow
a multi-modal model could be done in a near future. By this exercise, current
hypothesis applied in the thesis (such a reduction of -25% in traffic demand) could
be also simulated and contrasted with the expected traffic demand reduction values
reported by the Barcelona City Hall. Additionally, other measures involving travel
economic cost and time, such as the congestion charge, could also be evaluated to
observe the variation of the private transport demand as a function of the charged

value.
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Mesoscopic approaches

During the literature review of this thesis and in the conclusion section of Chapter
4, some works adapting macroscopic methodologies with some parameters of mi-
croscopic or mesoscopic approaches have already been commented. These methods
increase the level of detail of the macroscopic approach by adding some charac-
teristics of a mesoscopic or microscopic approach without all the specific data
and computational resources required by these methods. Particularly, both the
traffic assignment method and the vehicle dynamics can be improved with few
more data. The static traffic assignment can be improved to the so called ”quasi-
dynamic” traffic assignment, which considers queuing and spillback. This is done
by a post-process of the traditional STA, where links are loaded to their maximum
capacity, up from this point, a second assignment is done distributing the exceed-
ing link flow to the segments upstream. By these method, the level of congestion
and its location is better represented. Although studies applying this method do
not report substantial changes on the estimated emission totals, improvements in
the spatial distribution of emissions which may lead to differences in dispersion,
air quality and exposure for specific areas are observed. Different approaches have
also been applied for the improvement of vehicle dynamics estimation at link-level.
Rakha et al. (2011) used synthetic drive cycles to estimate the time that a vehicle
spends in cruising, idling, decelerating and accelerating, to then estimate the emis-
sions of these modes by microscopic emission models and associate them to the
total distance of the link. This method cannot be directly applied into a macro-
scopic system since it requires mesoscopic dynamic variables such as the number
of stops, stop delay and average speed per link to generate the synthetic drive
cycles. But the association of synthetic drive cycles to link segments is worth to
study. Another approach used by Negrenti (1999) applied congestion correction
factors representing the speed variability along a link. Although the author does
not exactly describe the magnitude and application of the congestion factor, we
know that these are based on macroscopic dynamic variables such as traffic density
and average link speed. Other works using simplified DTA and microscopic traffic
emission models can be found in Gori et al. (2015), Zhou et al. (2015) or Nesamani
et al. (2007). All of them combine characteristics of macroscopic and microscopic
traffic and vehicle emission models to improve the estimation of vehicle emissions

by adding few more additional data and computational cost to the system.
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6.3. Defining urban mobility: Final remarks

The current urban mobility is rapidly changing in many urban conurbations around
the word. Not only Barcelona, the focus of this Ph.D thesis, but also cities like
Paris, Milan, London or New York are modifying its urban built to adapt to the
legislated air quality values. If the XX century became the growth and expansion
of the private transport and the space it had on cities, the XXIst century is being
characterised by the re-gain of the urban space by pedestrians, active ways of
transport and public transport. A clear example of that can be found in trams:
from one of the most common ways of transportation at the beginning of the XX
century, to almost disappear by the end of the century, to gain again prominence
at the beginning of the XXlIst. Something similar to what can be observed to
cycle as a way of transportation, instead of being considered only a sport activity.
These changes in urban habits are backed and encouraged by the application of
new urban concepts that are arising among different leading conurbations. The
Superblocks model that Barcelona is applying and we have studied in this thesis
is just one more in a series of different new urban concepts, such as the 15-Minute
city currently applied in Paris, the low traffic neighbourhood (London) or the
car free city or neighbourhood (Vauban neighbourhood in Freiburg, Germany)
(Nieuwenhuijsen, 2021). Generally, all these models tent to discourage private car

and increase the usage of public and active transport.

However, although these ideas might look promising, the modification of
mobility habits and urban structures is not something that policy makers usually
want to do. During the realisation of this Ph.D, we have realised that the applica-
tion of traffic restrictions and traffic emission reductions is lead by an every time
more stringent regulation rather than a will to change the urban environment and
transport culture. The recently updated WHO air quality guidelines which have
drastically decreased the NO, annual mean (from 40 to 10 pg/m?) are expected
to lead the EU and national limit values to further encourage urban changes. The
application of numerical tools then becomes a necessary element to guide the ur-
ban transformation process and assess policy makers on the magnitude and the
level of restriction of the applied measures in order to comply with the legislated

values.
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Barcelona is an example of a city changing its mobility paradigm. Although
the applied traffic restrictions go in the good direction, this thesis has shown that
their expected outcomes are still not enough. A large part of the Barcelona inner
traffic comes from areas outside of the city and hence further efforts should be done
to offer sustainable alternatives for such commuters (e.g. increase the metropolitan
train lines and frequencies) combined with measures that discourage the comfort
of using private transportation; such as the application of a congestion charge to
enter the city. Only by these means we will continue in shifting the social concept
of one person - one car, to move to a shared and multi-modal way of transport
(e.g. train - bike - metro). New technological appliances already offer the technical
instruments to apply that, such as the Mobility as a Service (MaaS) concept which
combines different transport modes to offer a user-tailored mobility package. Only
with the will of people first and the governmental authorities second and with the
support of modelling tools we will be able to change mobility and bring it to the

XXIst century with more sustainable, greener and healthier cities for all.
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A. Model evaluation in urban back-

ground sites

We complement the evaluation of the system considering all the monitoring sites
measuring NOs in Barcelona for the period of study (Fig. A.1). Table A.1 shows
the performance statistics for CALIOPE-Urban (20m) and CALIOPE (1km) and
Fig. A.2 shows the average daily cycle. We find that both models behave sim-
ilarly at the urban background stations and tend to slightly underestimate NO,
concentrations, mostly at the valley hours (e.g., 12:00) consistently with the two

traffic representative stations shown in Chapter 5.
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Table A.1: NO2 model evaluation statistics calculated at the urban background sites measuring
NOs not shown in the manuscript during the study period for CALIOPE (1km) and CALIOPE-
Urban (20m).

Site Model FAC2 MB RMSE r

CALIOPE 0,60 -13,92 2987 0,53

Palau Reial
CALIOPE-Urban 0,66 -7,87 2727 0,54

CALIOPE 0,65 -15,67 27,98 0,58
Valll d’Hebrén

CALIOPE -Urban 0,63 -17,06 29,5 0,55

CALIOPE 0,85 0,79 23,49 0,59
Ciudatella

CALIOPE -Urban 0,83  -3,46 23,8 0,59

CALIOPE 0,7 -11,3 27,86 0,58
Sants

CALIOPE -Urban 0,69 -13,07 29,44 0,54

CALIOPE 0,81 -13,5 26,19 0,69
Poblenou

CALIOPE -Urban 0,79 -14,14 26,56 0,69
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Figure A.1: Location of the official air quality monitoring network in Barcelona. The map
represents traffic (red), suburban background (orange) and urban background (green) stations.
The boxes in purple represent the stations that measure NOo. Adapted from ASPB (2020).
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B. Description of measures applied
for the Tactical Urban Planning (TUP)

scenario

We describe here all the modifications performed on the network for the Tacti-
cal Urban Planning scenario (TUP). We describe the affected street, the specific

segments modified and the number of lanes and speed limit modifications.

— Sants and Creu Coberta: reduction of 1 lane per direction. Speed limit from
50km/h to 30km/h.

— Via Laietana: Reduction from several to 1 lane.

— Rocafort (from Gran via to Av. Roma): reduction of 1 lane. Speed limit
from 50km/h to 30km/h.

— Girona (from Gran Via to Diagonal): reduction of 1 lane. Speed limit from
50km/h to 30km/h.

— Consell de Cent (from Rocafort to Urgell): reduction of 1. Speed limit from
50km /h to 30km /h.

— Consell de Cent (from Urgell to Girona): reduction of 2 lanes. Speed limit
from 50km/h to 30km/h.

— Valencia (from Meridiana to Tarragona): reduction of 1 lane.
— Roger de Lldria (from Diagonal to pl. Urquinaona): reduction of 1 lane.
— Pau Claris (from Diagonal to pl. Urquinaona): reduction of 1 lane.

— Castillejos (from Consell de Cent to St Antoni Maria Claret): reduction of

1 lane.
— Industria (from Bailén to Castillejos): reduction of 1 lane.

— Aragé (from Meridiana to Tarragona): reduction of 1 lane.
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— Aragé (from Sicilia to Muntaner): reduction of 1 lane (total lanes reduced

on this section: 2).

— Pssg. Zona Franca (from pl. Cerda to Motors): reduction of 1 lane per

direction.
— Pelai (from Balmes to Rambla Catalunya): reduction of 2 lanes.
— Gran Via (from pssg. De Gracia to Marina): reduction of 1 lane.

— Ronda Universitat: reduction of 2 lanes.

Modifications based on:
Ajuntament de Barcelona, Una Mobilitat sostenible en un nou Espai Public. (2020b)
Ajuntament de Barcelona, Una Mobilitat sostenible en un nou Espai Piiblic - Fase 2. (2020c).
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C. Description of measures applied

for the Superblocks (SPB) scenario

In this section we show the eight superblocks applied in the network: Girona, Poblenou, St.
Antoni, Consell de Cent, Les Corts, Sants, St. Gervasi and Horta. The green dotted line
segments on the Fig. C.1 were modified with a speed limit of 10 km/h and a vehicle capacity of

300 vehicles/hour. Additionally, specific turnings were applied were needed.

Figure C.1: Screenshot of the VISUM traffic simulator with the Superblocks implemented shown

as green lines.
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