Die approbierte gedruckte Originalversion dieser Diplomarbeit ist an der TU Wien Bibliothek verflgbar

The approved original version of this thesis is available in print at TU Wien Bibliothek.

M Sibliothek,
Your knowledge hub

TECHNISCHE
UNIVERSITAT
WIEN

Vienna | Austria

Master's thesis

Airborne particulate matter
in the subway system
of Vienna

Under the Supervision of
Ao. Univ. Prof. Dipl.-Ing Dr. techn. Anne Kasper-Giebl

(E164 Institute of Chemical Technologies and Analytics)

Submitted to TU Wien

Faculty of Technical Chemistry

By
Aron Gondor

Vienna, 2021



“}ayloljqig usipn ML 1 wuud ul ajgejreAe si sisay) Syl JO UoISIaA [eulblio pasoldde sy < any a8pajmou| 1nox
Jeqgbnyan yaylolgig usiph NL Jap ue 1si iagrewoldiq Jasalp uoisiaAfeulBlO aponipab ausiqoldde aiqg v_ﬂr_u.o__n—_m



Die approbierte gedruckte Originalversion dieser Diplomarbeit ist an der TU Wien Bibliothek verfligbar

The approved original version of this thesis is available in print at TU Wien Bibliothek.

m Sibliothek,
Your knowledge hub

I've got to experiment to get data,
To analyze them later,
Statistical relationship,

Linear, expo, logarithmic

L A B, laboratory
that’s the place where I like to be.
Unknown territories I explore,

Wow, I've never seen this before.

Eco-systemic influences,
not a lot of differences
between nature and urban systems

I've got to analyze similarities

i

SHP — “My research” (Pupajim et al., 2017)
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Abstract

Since its opening more than 40 years ago, the subway system in Vienna affirmed itself as
an elemental part of the capital's infrastructure. While subway systems are offering a convenient
and environmentally friendly option of getting around in major cities all around the world, recent
studies of air quality in these microenvironments focused on the elevated particulate matter (PM)

concentrations.

In addition to a comprehensive literature survey a measurement campaign was performed
at four different stations in six platform and tunnel locations to evaluate and characterize the PMio
levels using a Low Volume Sampler for gravimetric and chemical analysis, side by side with an
Optical Particle Counter and an Electric Low-Pressure Impactor to identify the impact on air

quality.

The findings of the present study display elevated degrees of airborne ferruginous dust,
depending predominantly on the rate of passing trains and number of commuters, producing
daily repetitive trends of PMi mass concentration variations. The mean PMiuw concentrations
ranged between 97 pg/m? and 341 pg/m? in the Viennese subway system, thereby placing it in an
average position, with respect to subway PM concentrations in other European cities, described
in the literature. A unique feature of the current work is that measurements were conducted
within the tunnels and not only on the platforms. Within the dataset collected during this work,
marked concentration differences between platform and tunnel locations couldn't be confirmed.
The proportionately coarse PMio2s mode contributed a major share, with relative contributions
between 45 % to 70 % to the PMio mass concentrations. Meanwhile, the particle number
concentrations were not elevated regarding common urban concentration values, reaching
1-2*10*#/cm?®, influenced mainly by particles with a mean aerodynamic diameter less than 0.3 um.
Spatial and temporal concentration variations, monitored on the platform levels, were analyzed,
and discussed with regard to factors like station designs and train frequencies, inter alia. Further
on, source analysis could identify PM sources within the subway system and, to a smaller extent,

ambient influences as well.
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Chapter 1) Introduction

1.1  Task formulation

The investigation of the air quality in the subway microenvironment was done by aerosol
collection on filter samples and simultaneous monitoring of PM levels via continuously
registering instruments. The collected filter samples enabled the evaluation of four-hour mean
PMio mass concentration levels and a subsequent chemical analysis. At the same time the high-
resolution monitoring instruments registered additional information regarding the brief temporal
and spatial changes in the particulate matter concentration levels along the Viennese subway

system. The measurement campaign was undertaken between October 2019 and in March 2020.

The evaluation of the collected data focused on discussing and answering the following

questions:

J What are the particulate matter concentration levels encountered in the platform
and tunnel areas of the subway system of Vienna?

. What conclusions can be drawn from the spatial and temporal subway PM
variations of concentration values?

. What is the chemical composition of the subway PM samples?

. How does the particle size distribution look like?
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1.2  The subway system of Vienna

The construction of the Viennese subway, the partial inheritor of the Viennese
“Stadtbahn”, started in 1969, while the initial operation of the first section to the public was
opened in 1978 (Bensch, 2013). The construction of new lines and the expansion of old ones hasn't
stopped ever since (excluding minor breaks), earning its designation to “high-performance urban
arteries”, connecting other transport modes, and thus absorbing a great share of the urban
commuting load. The total operating length of the underground system is 83,4 km consisting of
109 stations, with a ridership of almost 460 million in 2019 (Wiener Linien, 2020). The station Altes
Landgut Ul lies approximately 30 meters underground and is currently the deepest platform of

the Viennese metro system (Wiener Linien, 2018).

The global trend of urbanization and thus rapid population growth in cities shaped the
last 25 years of Vienna as well. The net population growth observed since 1995 is around 369k,
thereby reaching an inhabitant size of approximately 1.9 million at the beginning of 2020 (City of
Vienna, 2020). However, Vienna topped for the 10t consecutive time the Mercer ranking list in
2019, entitling the Austrian capital as “the city with the highest quality of living worldwide”,
justified by the organized and trustworthy public transport network next to the exceptional tap
water quality, healthcare, and cultural opportunities, amongst other criteria (City of Vienna,
2019). On the other hand, urban development frequently entails negative impacts on air quality
in cities and agglomerations around it, due to the enhanced motorized traffic emissions, including
greenhouse gases (Wen et al., 2020). Thus, from an environmental point of view, the commutation
via low-carbon transport modes, like underground subway systems, has the qualities of the
cleanest forms of transportation next to e-mobility and active transport modes in cities (Querol et

al.,, 2012).
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1.3 Particulate Matter

Particulate matter (PM) counts as a key factor for the estimation of air quality levels
worldwide, being one of the six major air pollutants, next to ground-level ozone, carbon
monoxide, sulfur dioxide, nitrogen dioxide and lead, listed by the Environmental Protection
Agency (EPA) of the U.S., for which Air Quality Indices (AQI) were established and National
Ambient Air Quality Standards (NAAQS) were set in the United States.

EPA’s Integrated Science Assessments (ISA) report on Particulate Matter defines PM as a
collective terminology for chemically and physically diverse substances, consisting of a mixture
of solid and liquid particles suspended in the air. The characteristics of particulate matter,
including the differing aerodynamic sizes, shapes, and chemical compositions, are mainly framed
by their generation and subsequent transformation processes, and vary broadly according to the
seasons, time of the day, region, meteorology, and source category (EPA, 2019). The origins of
airborne particles can be allocated according to different aspects regarding their sources and
formation processes, thereby grouping them either into anthropogenic/natural, or into
primary/secondary aerosols. Aerosols directly emitted into the air are called primary PM and can
have both anthropogenic and natural sources. Major anthropogenic sources of primary particulate
matter include, amongst others, combustion of wood and fossil-based fuels for energy or
commutation purposes, agricultural operations, and construction activities. Meanwhile, natural
sources of primary particulate matter involve vegetational pollen sources, wildfires, and emission
of sea salt aerosols. In comparison, secondary particles are formed in the atmosphere by gaseous
precursors such as sulfur oxides (50x), oxides of nitrogen (NOx), ammonia (NHs) and volatile
organic compounds (VOCs) originating from both natural (e.g., microbial and biogenic VOCs)
and human-made sources (e.g., vehicle or industrial emission sources) (World Health
Organization, 2013). The Directive 2008/50/EC of the European Parliament defines PMuo as the
particulate matter fraction which passes through a size-selective inlet as defined in the reference
method for the sampling and measurement of PMio, EN 12341, with a 50 % cut-off efficiency at an
aerodynamic diameter of 10 pm. Consequently, the PM2s and PM: size fractions can be formalized
in an identical manner (The European Commission, 2008). A simplified definition characterizes

PMuoas particulate matter with anominal mean aerodynamic diameter less than or equal to 10 um.

3
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Over the years of collecting data for epidemiologic studies concerning the health effects
related to air pollution, a scientific consensus emerged about the importance regarding the
distinction of fine and coarse particulate matter fractions, encouraging the concept of size selective
particulate matter sampling (Brown et al., 2013). The PMuo aerosol fraction can be divided into the
coarse sub-fraction of inhalable particulates with a nominal mean aerodynamic diameter greater
than 2.5 um and less than or equal to 10 um (PMio25) and the PMas fraction, which furtherly
encompasses the ultrafine particle fraction (UFP), usually considered as aerosols with an

aerodynamic diameter less than or equal to 0.1 um (P. Kumar et al., 2014).

Generally, both the coarse and the two finer particle modes contribute to the PM
concentration levels encountered in the urban environments of most cities, although the ratios
comparing the three aerodynamic size fractions tend to alter according to the parameters
mentioned previously, such as the local geography, meteorology, and specific PM sources,
amongst further criterions (World Health Organization, 2005). Aerosol particles part of the coarse
PMuio25 mode usually originate either from natural sources and processes like wind erosion and
mechanical abrasion of materials derived from crustal origin, or natural activity emitting organic
substances in the form of biological material, such as bacteria, endotoxins, or pollen. Meanwhile,
the combustion-based processes, employed for the sustenance of the motorized traffic, industrial
production, and power generation in urban areas, emit primary and secondary aerosol particles
within the finer PM:s size mode. The UFP particle mode owns only a limited residence time in the
atmosphere, principally due to accumulation and coagulation processes merging them into fine
particles with increased aerodynamic diameter sizes (Pope, 2000). Even though the influence of
UFP on PM mass concentrations are rather moderate, they dominate the total particle number

concentration with a contribution of over 80 % (Hussein et al., 2004; Moore et al., 2009).
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1.3.1 Health effects

Since the 1970s, high concentration levels of PM air pollution have been linked to various
health impacts by different research teams employing diverse analytical methods (Pope &
Dockery, 2006). As the process of urbanization is still a globally ongoing trend with the expected
urban population to rise to 66 % by 2050 (United Nations, 2015), the assessment of the health-risks

posed by air pollution to urban dwellers is becoming more vital than ever.

One aspect for the estimation of the pathogenic potential of the inhaled PM is through the
evaluation of the regional pattern of the particulate deposition in the human respiratory tract
(HRT), which can be principally partitioned into three segments, regarding personal exposition:
extrathoracic, tracheobronchial, and alveolar (pulmonary) region (Patwa & Shah, 2015). On the
other hand, most particulate matter sampling methods are specified in relation to the aerosols
penetration depth into the HRT instead of the anticipated regional particle deposition rate (Brown
et al, 2013), whereby three specific particle mass fractions were defined by the European
Committee for Standardization (CEN), accordingly. Therein the inhalable fraction is characterized
as the aerosol fraction which can be inhaled over nose and mouth. The mass fraction of inhalable
particles that is capable of trespassing the larynx is defined as the thoracic fraction, which can be
further on subdivided into the respiratory fraction, incorporating particles penetrating to the gas-
exchange region. Regarding the penetration efficiency of the inhaled PM, particles with an
aerodynamic diameter size of 10 um and 4 um possess a 50 % penetration rate into the thoracic
and respiratory fractions, respectively (CEN, 1993). Albeit, the actual deposition and retainment
load of the inhaled PM is determined by further aspects, on the one hand by factors as the
exposure concentration and duration, the particular state of physical activity; ranging from resting
to physical labor and sport, the inhalation pattern either through the oral or nasal passage; with
the nasal airway marked as a more efficient particle filtration route (Lippmann et al., 1980), and
on the other hand by particle characteristics (e.g., particle size, hygroscopicity, solubility in airway
fluids ,and cellular components). In line with the age group, gender, activity level and health
condition, the proportion of oral versus nasal breathing is differing in individuals, thereby adding

extra perplexity to the general assessment of PM deposition in the HRT (EPA, 2019). Even so,
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modern computational models have been recently emerging in order to give further insights into

the behavior of aerosol particles entering the respiratory tract (Bui et al., 2020).

The key findings of the 2019 Integrated Science Assessment for Particulate Matter, based
on the review of decades-long scientific data conducted by the EPA, confirm the negative health
impacts connected to both long-term and short-term PM exposure, with the most compelling
indications assigned to the link between various health effects and PM:s. The ISA investigation of
epidemiological studies indicated causal relation of both short and long-term PM2s exposure to
cardiovascular effects and non-accidental mortality rate, further on likely to be causal relationship
to respiratory effects and cancer, while the evidence on metabolic effects, procreative effects and
short-term exposure and nervous system effects showed suggestive linkage, but not sufficient to
infer a causal connection. It was also stated that the fluctuations regarding the risk assessments
by public health investigations may not be solely connected to differences in the composition of
PMazs butrather mirror the region-specific exposure conditions, shaped mainly by habitation and
commutation characteristics. The information regarding the dose-response correlation suggests a
linear, no-threshold concentration-response relationship, with less confidence about the curve's
form at lower PM:s concentrations. Epidemiological studies on the coarse PMuio-25 fraction are less
straightforward, partly due to the greater spatial variability of PMio2s concentrations, increasing
the uncertainty of the interpretation of the health impact investigations, which have been
examined to a lesser extent only, compared to the studies inspecting the effects caused by the finer
PMzs fraction. Hence, these limitations on the latest evidence base for short and long-term
PMio25 exposure levels hinder an adequate causality determination regarding the induced
adverse health impacts. Similarly, the spatial and temporal variations of the UFP fraction
complicate the interpretation of the limited epidemiological studies, providing inconsistent
information on the effects due to short-term and long-term ultrafine particle exposure on humans.
Still, there is strong evidence regarding the translocation of UFP exterior to the HRT, thereby
presumably possessing the ability of entering the circulation and reaching various organs, thus

bearing potentially hazardous capabilities. (EPA, 2019)
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1.3.2 Air quality monitoring networks and guidelines

Over the last 50 years, wealthier nations achieved to enact a robust system of air quality
supervision, consisting of large-scale ambient monitoring, emission source identification, and
emission reduction projects, operated in a decentralized manner through a large number of
initiatives run by citizens, communities, companies, non-profit organizations, and governments.
Although these actions proved to generate positive trends in developed countries, apparent
through a general declining tendency in emissions and ambient air pollution concentrations in
spite of the ever-growing economic development and motorized vehicle usage (Awe et al., 2017),
the contrary effect can be seen for social-economically less developed nations with less
widespread monitoring capabilities, where the inhabitants are up to encounter PM:s exposure
levels that can be four to five times those of more-developed countries (Health Effects Institute,
2019). For these regions without available measurement data, exposure estimations have been
mainly provided by means of modelling techniques, like spatial interpolation methods, land use

regression, dispersion models, and chemical transport models (EPA, 2019).

1.3.2.1 Outdoor PM limit values

In 1987, the first outdoor air quality guidelines (AQGs) were produced by the WHO,
covering the four key air pollutants (PM, NO2, SO, Os), with the aim of giving guidance for
governments in reducing the health impacts of air pollution worldwide. Following the principle
of subsidiarity, air quality standards are established separately by each country around the globe,
mirroring the national capacity of air quality control, dependent mainly on the technological
feasibility, economic considerations, and other political and social factors (World Health
Organization, 2005). Hence, the European Union implemented its own air quality standards, with
current limit values set in the Ambient Air Quality Directives 2004/107/EC and 2008/50/EC for all

the Member States (The European Commission, 2004)(The European Commission, 2008).
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In Austria, the Air Pollution Control Act (Immissionsschutzgesetz — Luft, IG-L) is
responsible as the central law to enforce the threshold values set by the EU Directives. The
contemporary Air Quality Guidelines and Standards are summarized in Table 1.1, where different
averaging periods have been applied in alignment with the observed dependence of the
associated adverse health effects and exposure time. The European Ambient Air Directive permits
an annual maximum of 35 exceedance days regarding the daily limit values, while the Austrian
Air Pollution Control Act (IG-L) allows 25 days. The supervision of the air quality levels is
managed by the Member States by dividing its territories into zones and agglomerations, where
air pollution levels are assessed through measurements by air monitoring stations and modelling
techniques, and the collected data is reported to the European Commission respectively (The

European Commission, 2015).

Table 1.1 Existing Air Quality Guideline and Air Quality Standard limit values set by the World Health Organization
and the European Commission, respectively

Air Quality Guideline WHO EU Austria (IG-L)
Allowe{i unnu.ul exceedance (35 days) (25 days)
(regarding daily values)
[mg/m?]
annual 10 25 25
PMzs daily 25
annual 20 40 40
PMuo daily 50 50 50

The 2019 report on the air quality of Europe, conducted by the European Environment
Agency (EEA), revealed the continuous violation of the EU limit values and of the values stated
in the WHO AQGs for substantial parts of Europe in 2016. According to this report, 17 % of the
EU’s urban population experienced PMio exposure levels above the daily limit value and roughly
44 % was exposed to PMuo levels surpassing the more stringent annual limit values set by the
WHO. Concerning the finer PM2s fraction, 8 % of the urban population, native in the EU, were
exposed to concentration levels above the annual EU threshold value, while this proportion
amounts to approximately 77 %, considering the Air Quality Guidelines established by the WHO

(EEA, 2019). Still, a decreasing trend in air pollution levels can be noticed in the European Member
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States, when the collected, publicly accessible air quality monitoring data since the year 2000 is
considered. This trend is further on confirmed by the annual Austrian Air Quality report
published by the Environmental Agency of Austria, even though significant fluctuation of air
quality levels is occurring throughout the years, shaped mainly by meteorological factors next to
the current emission behavior. Until 2018, exceedances of the limit values were still recorded
regularly at specific air monitoring stations every year (Spangl & Nagl, 2018), despite the
progressing tendency of decreasing emission trends in Austria and its eastern neighboring states
(Spangl, 2018). 2019 was the first year in Austria since the start of the air monitoring operations in
2000, where no violation of the PMio limit values could be registered. Regarding the various
components of the ambient particulate matter, the Austrian Air Pollution Control Act (IG-L) sets
annual threshold values for selected pollutants, that is 0.5 pug/m?for Lead, 6 pg/m?for Arsenic,
5 pg/m?for Cadmium, 20 pg/m?for Nickel and 1 ng/m?for Benzo(a)pyrene. The limit value (IG-L)
of Benzo(a)pyrene was violated only at one, while the threshold value for lead was exceeded at

two monitoring stations in 2019 (Nagl & Spangl, 2020).

1.3.2.2 Indoor PM limit values

In Germany, additional general indoor airborne dust limit values have been defined for
the protection of the respiratory organs of laborers in the Technical Regulations for Hazardous
Materials (Technische Regeln fiir Gefahrenstoffe-TRGS 900) by the German Federal Ministry of
Labor and Social Affairs (Bundesministerium fiir Arbeit und Soziales, Deutschland — BMAS),
where the threshold values were set for poorly or non-soluble particulate matter compounds
without further regulations elsewhere. Thereby, the mean mass concentration value for an eight-
hour work period was regulated to 1.25 mg/m? (based on particles with a density of 2.5 g/cm?®) and
10 mg/m? (without reference to particle density) concerning the respirable and inhalable fractions,

respectively (BMAS, 2021).
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Further on, specific maximum allowable concentration (Maximale Arbeitsplatz

Konzentrationswerte - MAK) values were set for several components of airborne particulate

matter, and guideline values were set for biologically inert airborne dust concentrations for the

workplace in the Austrian Limit Value Ordinance (Grenzwertverordnung — GKV), additionally.

Here, the threshold values for the inert PM were set to a daily mean concentration of 5 mg/m? and

10 mg/m?® for the respirable and inhalable fractions, correspondingly. An overview of the

maximum allowable co