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Preface

Air Pollution 2019 is the 27th Annual Meeting in the successful series of international conferences
organised by the Wessex Institute, the University of Aveiro and the University of the West of
England Bristol concerned with advances in Modelling, Monitoring and Management of Air
Pollution.

The series started in Monterrey (1993) and continued in Barcelona (1994), Halkidiki (1995),
Toulouse (1996), Bologna (1997), Genova (1998), San Francisco (1999), Cambridge (2000),
Ancona (2001), Segovia (2002), Catania (2003), Rhodes (2004), Cordoba (2005), New Forest
(2006), Algarve (2007), Skiathos (2008), Tallinn (2009), Kos (2010), Malta (2011), A Coruia
(2012), Siena (2013), Split (2014),Valencia (2015), Crete (2016), Cadiz (2017) and most recently
convened at the Parthenope University in Naples for a well-attended and stimulating meeting
discussing a wide range of air pollution topics.

This important conference brings together contributions from scientists from around the world to
present recent work on various aspects of air pollution phenomena. The meetings have discussed
and considered many important air pollution issues and the international nature of the attendees
has ensured that the conference findings and conclusions enjoy a wide and rapid dissemination
amongst the air pollution science and policy communities. Air pollution sources and impacts
remain one of the most challenging problems facing the international community. The series has
demonstrated the widespread nature of the air pollution phenomena and has contributed to the
evolving understanding of the science and policy contexts of air pollution management.

The conference continues to meet the demands of a discerning conference audience through the
quality ofthe science and policy presented at the meetings, the publication formats and the interesting
conference venues. This series has discussed important air pollution issues at an international,
national and local level and by virtue of the international composition of the delegates has brought
to the discussion a unique suite of perspectives. Notable in each of the conferences in this series has
been the opportunity to foster scientific exchange between participants. Each meeting has provided
a further opportunity for identifying new areas of air pollution science demanding collaborative
investigation.

The conference series has consistently acknowledged that science remains the key to identifying
the nature and scale of air pollution sources and impacts and reaffirmed that science is essential
in the formulation of policy relevant information for regulatory decision-making. The conference
series also acknowledged, at a very early stage, that science alone will not improve a polluted



atmosphere. The scientific knowledge derived from well-designed studies needs to be allied with
further technical and economic studies in order to ensure cost effective and efficient mitigation. In
turn, the science, technology and economic outcomes are necessary but not sufficient. Increasingly,
the conference series has recognised that the outcome of such research need to be contextualised
within well formulated communication strategies that help policy makers and citizens to understand
and appreciate the risks and rewards arising from air pollution management. Consequently,
the series has enjoyed a wide range of high quality presentations that develop the fundamental
science of air pollution and an equally impressive range of presentations that places these new
developments within the frame of mitigation and management of air pollution. The peer reviewed
nature of the conference volumes enables policy makers to use the new findings with confidence
to formulate sustainable decisions and to build public acceptance and understanding of the nature
and scale of the air pollution problem.

The 27th meeting in 2019 takes place at a time when the problems of air pollution are manifesting
themselves across the world. The science to explain air pollution phenomena at different spatial
and temporal scales has continued to advance throughout the life of this series. The impacts of
air pollution on health, ecosystems and the built environment are better understood, as is the
contribution of different sources to observed phenomena.

However, air pollution is not an accident; it results from the decisions others take to shape land
use, develop transport infrastructure and to grow the economy. Air pollution results from the
interactions of these processes and the way the practices of citizens and businesses are conditioned
by the systems in which they operate. The outcome is a risk to, and often an impact on, public
health and the environment. Different groups in society have different experiences of pollution, in
general, the richest in society emit the most pollution and are exposed the least whilst the poorest
in society emit the least pollution and are exposed the most. In many parts of the world public
concern about the scale and consequence of air pollution exposure is rising, as exemplified by the
BreathLife campaign of WHO, UNEP and others.

What cannot be avoided is the enormous scale, complexity and impact of the global problem of
air pollution. The WHO estimates that 4.2 million people die prematurely each year as a result of
exposure to ambient air pollution, principally fine particulates and nitrogen dioxide, and that 91%
of the world’s population lives in places where air quality exceeds WHO guidelines. The European
Court of Auditors describe air pollution as the biggest environmental health risk in the European
Union with some 400 000 premature deaths per year in the EU and hundreds of billions of euros in
health-related external costs attributable to air pollution. In the United Kingdom, estimates suggest
the annual premature death toll associated with exposure to fine particles and nitrogen dioxide
is in the range of 28 000 to 36 000 people. Public Health England estimated the 2017 cost of air
pollution to the NHS and social care in England as £157 million, whilst the House of Commons
Joint Select Committee on Improving Air Quality estimated air pollution to cost the UK some
£20 billion per annum in health care costs and lost productivity. Furthermore, there is increasing
recognition that air pollution must be viewed within the wider context of urban stressors (e.g.
noise, heat and lack of access to green space) that are collectively and cumulatively affecting life
expectancy and quality of life.

Recent medical research points to a range of potential health impacts arising from exposure to
air pollution across the human life course. Much needs to be done to limit the impacts on health
and the environment and to create effective policy and regulatory instruments. Where good
policy and legislation exists implementation and enforcement has rarely been followed through
with the full force of the law. This may be because politicians are concerned about the effect
such policies and regulations may have on the electorate and investment. Whatever the reason
for national inaction, city governance has started to respond to concern about air pollution with
decisions by Paris, Mexico, Athens, Madrid and Rome, amongst others, to restrict certain vehicle



types within their cities. This may be the beginning of a more coherent municipal response to such
issues with London’s introduction of an Ultra Low Emission Zone, a further encouraging sign of
municipal action. However, city authorities on their own cannot deal with all of the complexities
and challenges of air pollution. To do so they need carefully designed and well-integrated national
and international policy and regulatory actions that share the burden of managing air pollution at
the appropriate temporal and spatial scale.

Part of the forthcoming challenge is that many of the easy wins with air quality policy have been
secured and the causes of the remaining challenges are deeply entrenched and resistant to change.
Policy development and its effective implementation is becoming tougher as the direct costs,
financial and political, of improving air quality increase. Yet the public’s concern is increasing.
This challenge is one the air quality community must recognise, confront and overcome. It will
require recognition that air quality is a multifaceted, emergent problem, necessitating the integration
of social science and natural science perspective to inform policy and to avoid unintended
consequences. A systems approach will be needed to derive appropriate solutions in the long and
short term. Key to success will be the integration of effective air quality management into land use,
transport, industrial and economic planning processes.

Air quality can be seen as an emergent property arising from anthropogenic activities and resulting
from policy decisions from differing governmental spheres, often disconnected and asynchronous.
True management of air pollution can be only be achieved through a systematic understanding of
the often multiple causes, feedback loops and impacts. Ultimately, air pollution is a choice society
makes through its collective and individual behaviours and collective practices. However the
consequences of those behaviours and choices will play out in many different ways with those who
are least able to exercise choice having air pollution concentrations imposed upon them. However,
history shows that concerted, collective and sustained action can lead to dramatic improvements
in air quality.

There remains much to do and the Modelling, Monitoring and Management of Air Pollution
conference series continues to play an important role in providing an opportunity for an international
audience to discuss both long-standing and emergent issues in air pollution science and policy.

The papers selected for presentation and published in this volume are part of the Transactions
on Ecology and the Environment. They have been archived online in the WIT eLibrary (www.
witpress.com/elibrary) where they are easily and permanently available to the international
scientific community. These collected papers provide an invaluable record of the development of
science and policy pertaining to air pollution.

The Editors are grateful to the University of Aveiro for having hosted the meeting in their excellent
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AIR QUALITY COMMUNITY ACTION NETWORK

MICHAEL R. OGLETREE & GREGG W. THOMAS
Environmental Quality Division, Department of Public Health and Environment,
City and County of Denver, USA

ABSTRACT

In Denver, 11% of public school children have asthma and some schools have asthma rates as high as
29%, leading to increased school absenteeism. Denver’s high levels of air pollution exacerbate the
problem. To address this inequity, Denver, in partnership with Denver Public Schools (DPS)), is creating
a citywide air quality monitoring network to provide real-time air quality data — utilizing low-cost
cutting-edge air pollution sensor technology, redeveloped with solar, battery storage, and data
connectivity to make it useful for widescale deployment and replicable in any municipality. To date,
no US municipality has a city-led, community-based air-monitoring program. While the air sensors are
foundational to the project, the heart of the solution is the collaborative, culturally-appropriate and
scientifically-validated approach to programming. Each participating school (with asthma rates above
the median) will receive a sensor, air quality dashboard and programming. Programming options are
appropriate for elementary, middle or high school and include STEM curriculum, anti-idling campaign,
event plan for extremely high air pollution days (e.g., wildfires), built environment safety study to
change traffic patterns near schools, and school-based challenges to incentivize new ideas for driving
behaviour change and reducing pollution. The dashboard will display real time data and suggested
behaviour changes, while the backend data platform will create insights for air quality patterns near
each school — leading to policy and institutional changes for the City and DPS — as well as generate
automated alerts for stakeholders.

Keywords: sensors, PM, schools, community, innovation, dashboard, human centred design.

1 INTRODUCTION

As one of the fastest-growing US cities, Denver experiences significant construction and
traffic congestion, worsening the air quality — the 14th worst among major US cities [1]. Only
53% of residents realize the impacts of poor air quality [2], including that children are more
susceptible to its effects, such as decreased lung function and missed school days. While
multiple factors influence exposure to air pollution, schools are an ideal intervention point
for sensor deployment, education and empowerment. Denver will provide real-time, hyper-
local air quality data measured at Denver schools, supported by evidence-based, culturally
responsive programming to empower communities to limit exposure and reduce pollution.

A winner of the 2018 US Bloomberg Mayor Challenge, Denver’s idea has received
$1,000,000 to implement the program at scale in Denver Public Schools (DPS), the city’s
primary public school district with 207 schools and 92,331 students [3]. Working closely
with DPS, the City and County of Denver will scale the project from its 3 pilot schools in
2018, to 40 over the next three years.

2 US AIR QUALITY REGULATORY STRUCTURE
Within the United States, air quality regulatory structure is defined by the Clean Air Act
(CAA) of 1970. The CAA is a United States federal law designed to control air pollution on
a national level [4]. It was first established in 1970 and has continued to evolve with its most
recent major amendment in 1990. The CAA authorised the development of comprehensive
federal and state regulations limiting emissions from stationary as well as mobile sources. It
led to the creation the National Ambient Air Quality Standards (NAAQS), which sets limits

WIT Transactions on Ecology and the Environment, Vol 236, © 2019 WIT Press
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for six major pollutants: sulphur dioxide, particulate matter, carbon monoxide, ozone,
nitrogen dioxide, and lead.

Under the CAA the federal agency responsible for implementation and oversight is the
United States Environmental Protection Agency (USEPA). The USEPA sets national limits
on pollutants and approves state, tribal and local agency plans for reducing pollution from
sources to meet those limits. Individual state, tribal, and local agencies may have stricter
regulations but not more lenient. State, tribal, and local agencies take the lead on developing
solutions to meet pollution limits as they have a better understanding of conditions such as
local industry, geography, housing, and travel patterns, as well as other influencing factors.
They also take the lead on monitoring air quality in their respective jurisdictions.

Specifics can vary from state to state in terms of the number of local and tribal agencies,
as well as which local agencies are responsible for which facilities. Additionally, it is
common for state and local agencies to work cooperatively to oversee facilities and other
sources in a specific region. In Denver Colorado, the local agency, the Denver Department
of Public Health and Environment (DDPHE) does some local inspection and monitoring.
DDPHE is overseen by the state agency, the Colorado Department of Public Health and
Environment (CDPHE) which is overseen by the federal agency, the USEPA. There is also
an additional agency which is the lead on regional planning, the Regional Air Quality Council
(RAQC) (Fig. 1).

Environmental Protection Agency
(EPA) — Federal

Colorado Department of
Public Health and Environment
(CDPHE) — State

C Regional Air Quality Council
" (RAQC) — Regional

(DDPHE) — Local

Figure 1: Organizational chart of federal, state, and local air agencies in Denver, Colorado.

3 THE MAYORS CHALLENGE
On 26 June 2017, Bloomberg Philanthropies announced the US Mayor Challenge. The fourth
iteration of the challenge, the second of which was focused in the United States, the Mayors
Challenge is an ideas competition, challenging cities to find innovative solutions to solving
urgent problems within their municipalities [5]. The 2018 Mayors Challenge was open to US
cities larger than 30,000. 324 cities applied for the challenge and on 20 February 2018, 35
cities, including Denver, were selected as Champion Cities. These cities received $100,000
each, with a timeline of 6 months to pilot their idea and show that they could deliver on their
projects. At the end of the pilot, the 35 cities then submitted a second application. On 20
October 2018, nine cities were then selected as winners, each receiving $1,000,000 to
implement their projects at scale in their cities. Selection criteria for winning cities included:
vision, impact, implementation, and transferability. In addition to the funding, each city in
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the pilot phase were assigned an innovation coach and an implementation coach. These
coaches helped the cities refine their ideas and provided guidance and training in new and
innovative methods such as human centred design. The participation and collaboration with
the implementation coaches will continue through the three-year project assisting through in-
person work sessions, regular project conference calls, and replication events.

4 PILOT TESTING
During the six-month pilot phase, Denver tested key components of the idea with three pilot
schools. The methodology incorporated iterative testing with key stakeholders while co-
creating solutions using a human centred design approach. Components tested included:
stakeholder identification and buy-in, influencing behaviour change, dashboard/information
sharing, and sensor/data platform technology.

4.1 Stakeholder identification and buy-in

This was a key component in the project because of the fact that in the Denver Public School
system each individual school is given the freedom to select programs and projects in which
it participates. The City and County of Denver had already been collaborating with the school
district on the idea, but it was necessary to received buy-in and approval from principals on
a school by school basis.

Tested at three public schools, the initial approach was direct outreach to school principals
through phone calls and email introductions. The team provided an overview of programs
and asked principals if the phone call or email approach was effective and received feedback
on how it could be more effective. The Denver team refined their approach and developed a
strategy for future school initial engagement.

This strategy involved approaching engaged nurses and science teacher at events they
would regularly participate as part of their specific roles. The team attended workshops and
built relationships with nurses working in the schools. Those individuals would then
champion the idea to the principal of their schools leading to in-person meetings and approval
of participation.

4.2 Influencing behaviour change

Behavioural change experiments were conducted with parents to test various idling reduction
methods at three schools. Volunteers from the city as well as community members and
parents monitored idling at pilot schools during morning drop-off and afternoon pick-up.
Vehicle counts as well as idling duration were recorded. One week of baseline, as well as one
week for each intervention methodology were tracked. The first method tested was anti-idling
signage. This method differed from signage previously present at schools in that the signage
was facing the direction of oncoming traffic as well as near eye level with drivers (Fig. 2).
The second test was an anti-idling pledge sent home with students in weekly folders. The
third intervention was intended to use a district media platform to relay messages daily to the
school communities. This last intervention was not tested as there were some hurdles in
allowing testing though the district portal that the team was not able to overcome before
school let out for summer.

Many lessons were learned through this testing. Manually tracking idling at a school of
300+ students is very difficult with only 3—4 volunteers per school. The detail of notes varied
from volunteer to volunteer which resulted in inconsistent data sets. During the period of
sending pledges home, it was found there was often a disconnect with the person who picked
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Figure 2: Dashboard mock-ups created in parent focus group.

up the student from school and the person who went through the weekly folder and received
the pledge. While the Denver team did not see expected results through this test, they found
the experience to be very insightful. Being present on the ground at schools, gave a more
detailed understanding of the situation during pick-up and drop-off times. It was shown that
each school is unique. There are some basic strategies that can be implemented to help ease
some of the challenges, however, a customized plan developed with each school will have
the biggest impact.

4.3 Dashboard information sharing

Information sharing with school communities on near-real time air quality can be a challenge.
The approach taken was to conduct iterative focus groups with the parents, teachers, and
nurses with the aim of developing a dashboard relaying the information that was useful in a
way that was understood by the community. The team started with hand drawn low fidelity
prototypes, progressing to hand built dashboards mock-ups (Fig. 3), finally to digital
dashboards displaying local data from sensors. Different air quality scales, colours, and
ranges were also tested in the focus groups.

As in other tests, the team learned a great deal from having the focus groups and hearing
directly from stakeholders. The specific outcome was a dashboard design that will be
implemented in schools in 2019. The platform which hosts the dashboard allows for
continued refinement and customization for each school.

4.4 Sensor and data platform technology

The air quality sensor technology used in this project was co-developed with a local
aerospace engineering company for the specific use case of deployment at schools within the
project. There were limitations of off the shelf instrumentation, with custom modification
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Figure 3: Dashboard mock-ups created in parent focus group.

costly and impractical for scaling up to a city-wide network. By co-designing and developing
the units, the Denver team was able to limit the costs while also achieving the level of data
resolution and accuracy needed for the project. Testing of the sensors was done through
extended collocations at state agency sites equipped with instrumentation that met the
standards of the federal agency. Sensors were deployed at three different sites with two
different types of instruments and one triplicate collocation for sensor to sensor variability
comparison. The results showed very high correlation (12 > 0.9) of sensors to both types of
high quality instruments and extremely high correlations (12 > 0.95) between sensors.

In addition to development of the air quality sensors, the Denver team also worked with a
developer to create a platform for management of air quality sensor data. This platform can
ingest data from a variety of sensors as well as state run stations. By ingesting both
instruments in the same platform it allows for near-real time analytics of the entire network
as well as quality assure collocated sensors continuously. Having permanent sensors located
at state sites, the platform will have the ability to dynamically generate correction algorithms
which would then be pushed to the sensor network allowing for on-going automated
calibration. In addition, the platform manages the dashboard interfaces as well as alerting
thresholds and automated network reporting, allowing for ease of network management with
minimal oversite.

5 MITIGATION METHODOLOGY AND MEASUREMENT

The strategies for mitigating exposure and reducing nearby sources of emission are split into
three categories: individual, school community, and city government. The first two categories
have exposure reduction as well as pollution reduction sub-categories, while city government
is limited to pollution reduction strategies (Table 1). Research was conducted during the pilot
phase of the project to identify available programs and strategies for inclusion. While many
options existed, we found only limited evaluation of the effectiveness. As the team continues
to implement the project at scale, programs will be evaluated to measure the impact and
effectiveness of each.
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Table 1: Air pollution mitigation strategy categories with examples.

Category Example

Students using air quality information from
Individual — exposure reduction the dashboard to make decisions about their
outdoor activities.

Parents choosing to turn off their engines
Individual — pollution reduction while waiting to pick up their children from
school.

Schools having policies and plans in place

SO GO 7 = G T N for days with pollution above safe levels.

Schools having reduced emissions events
School community — pollution reduction ~ where they swap out fossil fuel generators
with electric power banks.

Prioritizing construction activities near
City government — pollution reduction schools to times when schools are not in
session.

5.1 Program selection and implementation

The team shared the first iteration of programmatic options with DPS as well as the three
pilot schools. It was suggested that the list be developed into a “menu” of options that schools
would be able to select from. This would provide schools with flexibility to choose programs
that met their needs. Schools with limited time could select simple options such as the
installation of anti-idling signs, while other schools would be able to take on bigger projects
such as walking school busses or changing recess schedules. By giving schools the ability to
opt into programs that suited their needs, they were provided options versus simply
implementing a program that may not be well suited for a particular school.

5.2 Measuring impact

As programs are selected by schools, measuring the impact of each will allow the narrowing
of options as the project continues to scale. The foundations for measuring this impact are
the air quality sensors deployed at schools in addition to health metrics collected at each
school. Through a data sharing agreement with the school district, the City of Denver has
aggregated baseline asthma indicators including inhaler usage and absenteeism, as well as
several others. As programs are implemented, the air quality and health data will be cross
analysed to identify which have the most impact on the health of students.

6 CONCLUSION
The Air Quality Community Action Network (AQ-CAN) has evolved since 2017 when first
submitted as an idea to the Bloomberg Mayors Challenge. Denver has piloted and evolved
the project through direct interaction and feedback from stakeholders. It has continued to
learn and will follow the same methodology moving forward. Scaling up to 40 schools will
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undoubtedly come with additional unforeseen challenges. However, the team is confident in
its ability to overcome obstacles and make a positive impact on the respiratory health and air
quality of Denver’s residents.
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AIR QUALITY INDEX AS A TOOL FOR
MONITORING ENVIRONMENTAL DEGRADATION
AND HEALTH IMPLICATIONS

M. SANMI AWOPETU & J. OLUGBENGA ARIBISALA
Department of Civil Engineering, Ekiti State University, Nigeria

ABSTRACT

Considering the importance of air to human existence, air pollution is a critical issue that requires
collective effort for its prevention and control. The anthropogenic activities keyed into a crystal
responsibility which resulted in environmental dilapidation and ruin. One of the tools that can be used
for such a campaign is Air Quality Index (AQI). This study carried out an air quality survey of some
air pollutants in Ado-Ekiti, Ekiti State Nigeria with the view to develop the AQI. The AQI was based
on the concentrations of four pollutants. The index is calculated from the concentrations of the
following pollutants: PMa2.s, PMio, CO and SO2. The air quality sample was taking in July 2017 (rainy
season) and January 2018 (dry season) for a period of one week in each season. Seven sampling points
across two environmental zones in the study area, namely commercial and residential (high-income and
low-income areas), were considered, resulting in 42 samples for each of the 4 air pollutants, totaling
392 samples. The results show that the AQI was generally lower during the rainy season than the dry
season, and that the AQI in the high-income residential areas was most favorable, ranging from good
to unhealthy for sensitive group. The worst scenario was recorded in the commercial environmental
zones, which ranged from moderate to hazardous. There is a need for constant and continuous
monitoring of air quality for development of AQI, which in turn will enable clear communication of
how clean or unhealthy the air in the study area is; it will usher in environmental degradation,
dilapidation and will ruin the awareness campaign.

Keywords: air, quality, index, pollution, Ado Ekiti, environmental, degradation, pollutants.

1 INTRODUCTION

Air pollution can be described as a leading environmental problem associated with urban
areas around the world. A range of monitoring programs have been put in place to determine
the quality of air by generating huge amount of data on concentration of each air pollutant in
different parts of the world. The large data often do not convey the air quality status to the
scientific community, government officials, policy makers, and in particular to the general
public in a simple and straightforward manner. This problem is addressed by determining the
Air Quality Index (AQI) of a given area.

Human existence in comparison with its environment is more and more getting threatened
sequel to air pollution occasioned majorly by human coupled with natural activities. Earth is
getting warmer, the ozone layer is getting depleted, and acid rain is being experienced, all as
a result of air pollution (Awopetu [1], Awopetu [2]). Nigeria is facing myriad of
environmental issues which include but not limited to air pollution, improper waste disposal,
water pollution, climate change and global warming that are of great concern to
environmentalists (Awopetu [2]). The effects of this environmental degradation are
detrimental to human, plant and animal existence. The anthropogenic activities keyed into a
crystal responsibility which resulted in environmental dilapidation and ruin. In order for this
trend to change there has to be environmental degradation, dilapidation and ruin campaign
which will usher in awareness. One of the tools that can be used for such campaign is AQI.
The AQI is a reporting system; an important tool of risk communication.

WIT Transactions on Ecology and the Environment, Vol 236, © 2019 WIT Press
www.witpress.com, ISSN 1743-3541 (on-line)
doi:10.2495/AIR190021




10 Air Pollution XXVII

Consciousness of everyday levels of air pollution is vital to the citizens, particularly for
those who are suffering from illnesses occasioned by exposure to air pollution. Achievement
of a nation to advance air quality is not unconnected with the cooperation and support of its
citizens who are knowledgeable about local and national air pollution problems and about
the progress of mitigation efforts (San Salvador [3]). Therefore, an uncomplicated and
effective communication of air quality is very important. The theory of an AQI that
transforms weighted values of individual air pollution related parameters such as Particulate
matter (PMjo, PM3 5), Carbon monoxide (CO) and Sulfur dioxide (SO.) into a single number
or set of numbers is widely used for air quality communication. In what follows is the
explanation of individual pollutants that constituted the AQI

Carbon monoxide (CO) is a colorless, odorless gas created when a fuel is burned or from
incomplete combustion of hydrocarbons in gasoline-powered engines such as generator, this
is common especially in developing countries. It is practically impossible to detect the
presence of CO through senses in an environment since CO has no smell or taste. It is worthy
of note that there are reported cases of breathlessness, restlessness and unconsciousness
following inhalation of fumes produced by an electric generator that was put in a confined
area [4], [5]. As reported by (Aliyu and Ibrahim [6]) was a case of CO poisoning resulted in
loss of consciousness as seen in a family of six children who slept in an overcrowded room,
polluted with burning charcoal which was meant to generate heat for warmth.

According to Nordqvist [7]. Hemoglobin is the molecule in red blood cells that carries
oxygen from the lungs to tissues all over the body, and it brings carbon dioxide (CO,) back
from the tissues. CO binds to hemoglobin over 200 times more easily than oxygen does, so
if CO is present, oxygen will not be able to find space to get into the hemoglobin. This is
because the space is occupied with CO. As a result, parts of the body will be starved
of oxygen, and the affected parts will die. The human body needs oxygen, but it has no use
for CO.

Sulfur dioxide (SO,) belongs to the family of sulfur oxide (SOx) gases. These gases are
formed when fuel containing sulfur (mainly coal, gasoline and fuel oil) is burned and during
metal smelting and other industrial processes as well as in the oxidation of naturally occurring
sulfur gases, as in volcanic eruptions. High concentrations of SO, are associated with
multiple health and environmental effects. Short-term exposure to airborne SO, has been
associated with various adverse health effects [8], [9]. Multiple human clinical studies,
epidemiological studies, and toxicological studies support a causal relationship between
short-term exposure to airborne SO, and respiratory morbidity. Sulfur dioxide also causes
acid rain which can damage or kill trees and crops.

PMy is particulate matter 10 micrometers or less in diameter, PM> 5 is particulate matter
2.5 micrometers or less in diameter. PM,s is generally described as fine particles. The
components of particulate matter (PM) include finely divided solids or liquids such as dust,
fly ash, soot, smoke, aerosols, fumes, mists and condensing vapors that can be suspended in
the air for extended periods of time. The smaller the particles, the deeper they can penetrate
into the respiratory system and the more hazardous they are to breathe. The PM, s is more
dangerous since they are so small and light, fine particles tend to stay longer in the air than
heavier particles.

PM is also known to trigger or worsen chronic disease such as asthma, heart attack,
bronchitis and other respiratory problems. Exposure to such particles can affect both lungs
and heart. Numerous scientific studies have linked particle pollution exposure to a variety of
problems, including; decreased lung function, increased respiratory symptoms, such as
irritation of the airways, coughing or difficulty breathing.
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Several studies from across the world have documented the many ways in which air
pollution can affect people’s health, including but not limited to making it difficult to breathe
for those with asthma or other respiratory diseases, regularly sending the young and old to
hospital or causing them to miss school or work, and contributing to early death from heart
and lung disease (Health Effects Institute [10]). Therefore, an AQI is helpful for: (i) public to
know air quality in a simplified mode, (ii) politicians to know they cannot completely shield
away from effects of air pollution and then invoke quick actions, (iii) a decision maker to be
aware of the trend of air pollution events and to map out corrective pollution control
strategies.

2 MATERIAL AND METHODS
2.1 Study area

Ado Ekiti is a city in southwest Nigeria, the state capital and headquarters of the Ekiti State.
It is also known as Ado. It has a population of above 424, 340. The people of Ado Ekiti are
mainly of the Ekiti sub-ethnic group of the Yorubas. Ado Ekiti has four tertiary educational
institutions namely: Ekiti State University, Afe Babalola University and The Federal
Polytechnic Ado Ekiti and Ekiti State School of Nursing and Midwifery. It also plays host to
two local television and three radio stations; NTA Ado Ekiti, Ekiti State Television (ESBS),
Ekiti FM, Voice FM and Progress FM Ado Ekiti. Various commercial banks and enterprises
operate in Ado Ekiti. Ado Ekiti also have ninety-four (94) hotels and more than fifty (50)
petrol stations all running on generating sets as source of electricity between two to twenty-
four hours per day.

The town lies between the latitude 7° 33! and 7° 42! North of the equator and the longitude
5% 11" and 5° 20" East on a low land surrounded by several isolated hills and inselbergs,
(Oyedele [11]). Geologically, the region lies entirely within the pre-Cambrian basement
complex rock group, which underlies much of Ekiti State (Awosusi and Jegede [12]). The
temperature of this area is almost uniform throughout the year; with little deviation from the
mean annual temperature of 27°C. February and March are the hottest 28°C and 29°C
respectively, while June with temperature of 25°C is the coolest (Adebayo [13]). The mean
annual rainfall is 1,367 mm with a low co-efficient variation of about 10% and 117 raining
days in year 2017. Rainfall is highly seasonal with well-marked wet and dry season. The wet
season lasts from April to October, with a break in August.

2.2 Research method

2.2.1 Sampling

Air sampling collection and analysis is required in order to quantify the air pollutants in the
study area. To obtain valid data considering the fact that measuring air pollution is a complex
task and requires due care and diligence, the following issues were put into consideration:
(i) appropriateness of the sample points; (ii) how representative will the sample be in
time and space; and (iii) how appropriate is the sampling equipment, analysis and
calibration techniques.

Hand-held portable Aeroqual series 500 ambient air quality sampling equipment was used
to measure PM» 5, PM i, CO and SO,. The air quality sample was taking in July 2017 (rainy
season) and January 2018 (dry season) for a period of one week in each season. All sampling
locations were sampled at different times of the day (morning, afternoon and evening).
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Morning readings were taken between 8am—11am, afternoon readings between 12pm—3pm
and evening readings were taken between 4pm—7pm.

Seven sampling points across two environmental zones in the study area namely;
commercial and residential (high income and low-income areas) were considered, resulting
in 42 samples for each of the 4 air pollutant totaling 168 samples. Air monitoring was carried
out in seven core sites which are as follows:

1) Old Garage: (this is characterized by retail shops, market, high vehicle and pedestrian
traffic, it also serves as transfer point for minibuses and taxi linking other towns,
urban, peri-urban and rural destinations);

i) GRA: (represented high economic status residential area with low vehicular and
pedestrian traffic volume);

iii)  Ajilosun: (represented medium economic status residential area where majority of the
residents either use kerosene or cooking gas for cooking);

iv)  Dalimore Junction: (this serves as an important commuter route within ado Ekiti
which represented heavy-traffic sites);

V) Odo Ado: Odo Ado-EKkiti (represent rural background area);

vi)  Fajuyi Park: (represented civil engineering construction activity area); and

vii)  Ilokun: (represented low economic status residential area where the houses are built
of mud bricks without plastering and the floors were not paved or cemented. A lot of
firewood burning activities were taking place).

The purpose of the AQI is to help people understand what local air quality means to their
health. To make it easier to understand, USEPA has developed an AQI that is used to report
air quality which is divided into six categories indicating increasing levels of health concern
(Table 1). An AQI value over 300 represents hazardous air quality and below 50 the air
quality is good, (US EPA, [14]).

Table 1: AQI. (Source: US EPA [14].)

AQI Value AQI Color AQI Color
0-50 Good

51-100

101-150 Unhealthy for sensitive groups

201-300 Very unhealthy

301-500 Hazardous Maroon

151-200 Unhealthy ‘

The AQI is a yardstick that runs from 0 to 500. The higher the AQI value, the greater the
level of air pollution and the greater the health concern. For example, an AQI value of 50
represents good air quality with little or no potential to affect public health, while an AQI
value over 300 represents air quality so hazardous that everyone may experience serious
effect (Table 2).
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Table 2: AQI health messages. (Source: US EPA [14].)

AQI Value Health Message AQI Color
0-50 None ‘ Green

51-100 Unusually sensitive people shou!d reduce prolonged
or heavy exertion

101-150 Sensitive groups should re(.luce prolonged or heavy
exertion
Sensitive groups should avoid prolonged or heavy
exertion; general public should reduce prolonged or
heavy exertion
Sensitive groups should avoid all physical activity
outdoors; general public should avoid prolonged or
heavy exertion

151-200

201-300

301-500

Everyone should avoid all physical activity outdoors

2.2.2 Computing the AQI

Fourteen days (Monday to Sunday) monitors record concentrations of four pollutants at seven
locations across the study area were taken. These raw measurements were converted into a
separate AQI value for each day using standard equations (eqn (1)) developed by EPA. The
AQI values are recorded as the AQI value for that day. The AQI is a piecewise linear function
of the pollutant concentration. At the boundary between AQI categories (Table 3), there is a
discontinuous jump of one AQI unit. To convert from concentration to AQI, eqn (1) is used
[15].

lhigh —llow
I= o (C - Clow) + low>
chlgh Clow

(1)

where [ = AQI; C = pollutant concentration; Ciow = concentration breakpoint, that is < C; Chign
= concentration breakpoint that is > C; Ii,w = index breakpoint corresponding to Ciow; Ihigh =
index breakpoint corresponding to Chigh.

Table 3: Breakpoints for the AQI. (Source: US EPA [15].)

. Equal these
S/N Breakpoints AQs Category
PM; 5 PMio
1 CO m SO m AQI
( ug /mZ) ( ug /mZ) (pp ) 2 (pp ) Q
2 0.0-15.4 0-54 0.0-4.4 |0.000-0.034 0-50 Good
3 15.5-40.4 55-154 4594 0.035-0.144 51-100 Moderate
4 40.5-654 | 155254 | 9.5-12.4 |0.145-0224 | 101-150 |Ynhealthy for
sensitive group
5 65.5-150.4 | 255-354 12.5-15.4 | 0.225-0.304 | 151-200 Unhealthy
6 150.5-250.4| 355-424 15.5-30.4 | 0.305-0.604 | 201-300 |Very unhealthy
7 250.5-350.4| 425-504 | 30.5-40.4 | 0.605-0.804 | 301-400 Hazardous
3 350.5-500.4| 505-604 [0.000-0.034| 0.805-1.004 | 401-500 Hazardous
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3 RESULTS AND DISCUSSION

It is seen from Tables 4 to 17 that the AQI ranges between good to hazardous during the
raining season (Tables 4 to 10) and moderate to hazardous during the dry season (Tables 11
to 17). During the raining season, GRA (Table 5) had the best AQI which ranged between
good and moderate while Old Garage (Table 4) had the worst AQI which ranged between
moderate to hazardous. The friendly and acceptable AQI in GRA can be linked to the
economic status of the people living in the area. GRA represents high economic status
residential area with low vehicular and pedestrian traffic volume. The area also had a very
low commercial activity with lots of green vegetations. Old Garage on the other hand is
characterized with retail shops, market, high vehicle and pedestrian traffic; it also serves as
transfer point for minibuses and taxi linking other towns, urban, peri-urban and rural
destinations. It is the hub of commercial activities in the study area. Most of the retail shops
in the Old Garage used generator for electricity supply. Woods, charcoal and kerosene stoves
were used for cooking activities. All these anthropogenic activities are responsible for the
worst AQI in the study area.

It was generally observed that AQI was worst in the dry season when compared with
raining season, except Fajuyi (Table 9) which recorded hazardous in two days (Monday and
Tuesday). GRA still recorded the friendliest AQI during the dry season, the AQI ranges
between moderate to unhealthy for sensitive groups while Old Garage recorded the worst
AQI (hazardous for seven days) during the same period. Hazardous levels of health concern,
which are AQI values over 300, trigger health warnings of emergency conditions. The entire
population is even more likely to be affected by serious health effects. Fajuyi (Table 16) also
recorded hazardous on a Saturday while other days are mostly very unhealthy meaning
everyone may experience more serious health effects.

Table 4: Daily AQI for Old Garage in Ado Ekiti during the raining season.

Day of the | PMas | PMi | CO | SO AQI | Colors | Levels of health concerns

week pug/m® | ug/m® |ppm| ppm

Monday 148 636 |139] 516 | 360 Hazardous

Tuesday 154 668 201 ] 457 | 370 Hazardous
Wednesday| 85 94 [117] 119 | 104 Unbhealthy for sensitive group
Thursday 157 626 |171] 654 | 402 Hazardous

[Friday 72 430 |142] 393 | 259 Unhealthy

Saturday 102 118 |25 | 118 | 91 Moderate

Sunday 108 451 |301] 206 | 267 Unhealthy

Table 5: Daily AQI for GRA in Ado Ekiti during the raining season.

Day of the PM2'53 PM103 CO 1 50, AQI | Colors | Levels of health concerns
week ug/m’ | pg/m’ |ppm| ppm

Monday 59 45 [23] 68 | 49 - Good

Tuesday 57 46 9 | 68 45 Good
Wednesday| 59 45 17 1 102 | 56 Moderate
Thursday 67 45 12 | 119 | 6l Moderate

Friday 66 57 20 | 119 | 65 Moderate
Saturday 61 54 |12] 65 | 48 - Good

Sunday 54 49 18 | 10 33 Good
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Table 6: Daily AQI for Ajilosun in Ado Ekiti during the raining season.

Day of the | PMys | PMjo |CO

SO,

3 3 AQI | Colors | Levels of health concerns

week ug/m’ | ug/m’ |ppm| ppm

Monday 85 128 |28 | 83 81 Moderate

Tuesday 87 125 |37 ] 65 78 Moderate
Wednesday| 88 136 | 35| 68 82 Moderate

Thursday 82 147 | 68 | 117 | 103 Unhealthy for sensitive group
Friday 73 133 | 65179 | 112 Unhealthy for sensitive group
Saturday 73 94 77 |1 189 | 109 Unhealthy for sensitive group
Sunday 63 60 65 | 54 61 Moderate

Table 7: Daily AQI for Dalimore in Ado Ekiti during the raining season.

Day of the PM2‘53 PMI% €O | 50, AQI | Colors | Levels of health concerns
week ug/m’ | ug/m’ |ppm| ppm

Monday 122 118 [ 90 | 29 72 Moderate

Tuesday 119 122 |[110| 73 85 Moderate
Wednesday| 112 117 |111] 123 | 92 Moderate

Thursday 117 110 [144] 135 | 101 Unhealthy for sensitive group
Friday 107 91 176 | 139 | 103 Unhealthy for sensitive group
Saturday 99 87 [201] 127 | 103 Unhealthy for sensitive group
Sunday 81 67 |198] 198 | 109 Unbhealthy for sensitive group

Table 8: Daily AQI for Odo Ado in Ado Ekiti during the raining season.

Day of the PM2A53 PM103 CO| SO, AQI | Colors | Levels of health concerns
week pg/m’ | pg/m’ |[ppm| ppm

Monday 81 87 |121] 101 | 97 Moderate

Tuesday 84 98 51122 | 89 Moderate
Wednesday| 124 160 | 78 | 82 | 111 Moderate

Thursday 157 193 |87 | 74 | 128 Unhealthy for sensitive group
Friday 154 184 [55] 56 | 112 Moderate

Saturday 111 352 |61 | 97 | 155 Unhealthy for sensitive group
Sunday 66 315 |[117] 95 | 148 Unhealthy for sensitive group

Table 9: Daily AQI

for Fajuyi in Ado Ekiti during the raining season.

Colors

Day ofthe | PM,s | PM;o |CO | SO, A

3 3 QI
week ug/m’ | ug/m’ |ppm| ppm
Monday 190 979 |79 | 29 | 319
Tuesday 191 979 |98 | 73 | 335
Wednesday| 171 523 109 123 | 231
Thursday 183 448 |112] 135 | 219
Friday 181 624 |127] 139 | 268
Saturday 173 457 122 127 | 220
Sunday 155 500 163 198 | 254

Levels of health concerns

Hazardous
Hazardous
Very unhealthy
Very unhealthy
Very unhealthy
Very unhealthy
Very unhealthy

WIT Transactions on Ecology and the Environment, Vol 236, © 2019 WIT Press

www.witpress.com, ISSN 1743-3541 (on-line)



16 Air Pollution XXVII

Table 10: Daily AQI for Ilokun in Ado Ekiti during the raining season.

Day of the PM2'53 PMI% CO | 50, AQI | Colors | Levels of health concerns
week ug/m’ | ug/m’ |ppm| ppm

Monday 67 61 3 1300 | 108 Moderate

Tuesday 66 57 4 | 520 | 161 Unhealthy
Wednesday| 64 56 1 | 505 | 156 Unhealthy

Thursday 69 58 1 |473 | 150 Unhealthy for sensitive group
Friday 59 55 1 | 269 | 96 Moderate

Saturday 62 48 9 1269 | 97 Moderate

Sunday 67 45 12 | 119 | 6l Moderate

Table 11: Daily AQI for Old Garage in Ado Ekiti during the dry season.

Day of the PM2‘53 PMI% CO | SO AQI | Colors | Levels of health concerns
week ug/m’ | ug/m’ |ppm| ppm

Monday 166 821 |185| 654 | 457 Hazardous

Tuesday 167 842 1206 599 | 453 Hazardous
Wednesday| 156 1032 |154| 511 | 463 Hazardous
Thursday 179 819 [205| 534 | 434 Hazardous

Friday 191 553 |157] 463 | 341 Hazardous

Saturday 158 640 | 83 | 656 | 384 Hazardous

Sunday 175 606 [233] 513 | 382 Hazardous

Table 12: Daily AQI for GRA in Ado Ekiti during the dry season.

Day of the PM2A53 PM103 CO| SO, AQI | Colors | Levels of health concerns
week pg/m’ | pg/m’ |[ppm| ppm

Monday 63 52 55 | 237 | 102 Unhealthy for sensitive group
Tuesday 59 53 50 | 237 | 100 Moderate
Wednesday| 63 56 54 | 248 | 105 Unhealthy for sensitive group
Thursday 58 56 49 | 355 | 129 Unhealthy for sensitive group
[Friday 58 58 53 1 308 | 119 Unhealthy for sensitive group
Saturday 52 54 36 | 267 | 102 Unhealthy for sensitive group
Sunday 54 51 38 | 251 | 99 Moderate

Table 13: Daily AQI for Ajilosun in Ado Ekiti during the dry season.

Day of the PM2'53 PM103 €O 50 AQI | Colors | Levels of health concerns
week pg/m’ | pg/m’ |ppm| ppm

Monday 106 375 | 57| 45 146 nhealthy for sensitive group
Tuesday 107 392 | 63 | 65 157 Unhealthy
Wednesday| 77 178 |124| 82 | 115 nhealthy for sensitive group
Thursday 105 386|150 21 165 Unhealthy

[Friday 90 291 |128] 188 | 174 Unhealthy

Saturday 112 384 |69 | 14 | 145 nhealthy for sensitive group
Sunday 176 292 |124] 32 | 156 Unhealthy
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Table 14: Daily AQI for Odo Ado in Ado Ekiti during the dry season.

17

Day of the PM2'53 PMI% CO | 50, AQI | Colors | Levels of health concerns
week ug/m’ | ug/m’ |ppm| ppm
Monday 66 84 |172] 453 | 194 Unhealthy
Tuesday 93 253 [149] 250 | 186 Unhealthy
Wednesday| 83 200 |146| 578 | 252 Very unhealthy
Thursday 71 236 | 189 403 | 225 Very unhealthy
Friday 68 195 213 285 | 190 Unhealthy
Saturday 103 303 |212] 413 | 258 Very unhealthy
Sunday 115 92 |145] 386 | 185 Unhealthy
Table 15: Daily AQI for Dalimore in Ado Ekiti during the dry season.

Day of the PM2‘53 PMI% CO | SO AQI | Colors | Levels of health concerns
week ug/m’ | ug/m’ |ppm| ppm
Monday 137 140 |[154| 385 | 204 Very unhealthy
Tuesday 143 136 [148] 350 | 194 Unhealthy
Wednesday| 127 104 | 55| 579 | 216 Very unhealthy
Thursday 148 171 [179] 398 | 224 Very unhealthy
Friday 142 209 |93 | 373 | 204 Very unhealthy
Saturday 151 208 [150] 218 | 182 Unhealthy
Sunday 153 154 [139] 330 | 194 Unhealthy

Table 16: Daily AQI for Fajuyi in Ado Ekiti during the dry season.
Day of the PM2‘53 PMI% CO | SO AQI | Colors | Levels of health concerns
week pg/m’ | pg/m’ |[ppm| ppm
Monday 138 621 | 79 | 283 | 280 Very unhealthy
Tuesday 137 354 |112| 67 | 167 Unhealthy
Wednesday| 105 412 [163] 100 | 195 Unhealthy
Thursday 139 614 | 98 | 173 | 256 Very unhealthy
Friday 150 494 127] 191 | 241 Very unhealthy
Saturday 140 780 |207| 88 | 304 Hazardous
Sunday 131 153 |129] 460 | 218 Very unhealthy

Table 17: Daily AQI for Ilokun in Ado Ekiti during the dry season.
Day of the PM2‘53 PMI% €O | S0 AQI | Colors | Levels of health concerns
week pg/m’ | pg/m’ |ppm| ppm
Monday 80 62 6 | 563 | 178 Unhealthy
Tuesday 69 55 5 549 | 170 Unhealthy
Wednesday| 73 46 8 | 355 | 121 Unbhealthy for sensitive group
Thursday 81 54 16 | 642 | 198 Unhealthy
Friday 67 41 0 | 307 | 104 Unbhealthy for sensitive group
Saturday 69 53 11 | 320 | 113 Unbhealthy for sensitive group
Sunday 108 63 9 | 255 | 109 Unbhealthy for sensitive group
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Tables 18 and 19 shows the weekly AQI for the study area during raining and dry season
respectively. The overall AQI index in GRA for both seasons still remains most favorable,
followed by that of Ilokun while Old Garage and Fajuyi still recorded the worst AQI scenario.

Table 18: Weekly AQI for Ado Ekiti during the raining.

Location PM2‘53 PM'03 €O | 80, AQI | Colors Levels of health concerns
pg/m’ | pg/m” | ppm | ppm

Old Garage| 118 | 432 | 157 | 352 | 265 | Very unhealthy

GRA 60 48 16 | 79 | 51 Moderate

IAjilosun 79 118 | 54 | 108 | 89 Moderate

Dalimore 108 | 102 | 147 | 118 | 119 Unhealthy for sensitive group

Odo Ado 111 198 | 81 90 | 120 Unhealthy for sensitive group

Fajuyi 178 | 644 | 116 | 118 | 264 H Very unhealthy

lokun 65 54 4 | 350 ] 118 Unhealthy for sensitive group

Table 19: Weekly AQI for Ado Ekiti during the dry season.

ILocation PMz"; PM103 €O | 50, AQI | Colors Levels of health concerns
pg/m’ | ug/m” | ppm | ppm

Old Garage| 170 | 759 | 175 | 561 | 416 Hazardous

GRA 58 54 48 | 272 | 108 Unhealthy for sensitive group

|Ajilosun 111 | 328 | 102 | 64 | 151 Unhealthy

Dalimore 86 195 | 175 | 396 | 213 Very unhealthy

Odo Ado 143 | 160 | 131 | 376 | 203 Very unhealthy

Fajuyi 134 | 490 | 131 | 194 | 237 Very unhealthy

lokun 78 53 8 | 427 | 142 Unhealthy for sensitive group

4 CONCLUSIONS AND RECOMMENDATIONS

This study presents the AQI for Ado Ekiti in Nigeria. As shown; the inhabitants of the study
area are perpetually exposed to a diversity of pollutants as indicated by the measured AQI
concentration. The main conclusion drawn is that, Ado Ekiti air is polluted and the level of
human exposure to the pollutants requires further investigation to ascertain the health effect
among the populace. The conclusion is supported by a number of epidemiological studies
on the effects of air pollutants such as PM,s, PMjy, CO, and SO, on human health. It
was discovered that most of the air pollutants sampled for the development of AQI was
disgustingly higher than the World health organization (WHO) standard thereby posing great
risk to the public health in particular and the environment in general. The federal, state and
local government is doing nothing to mitigate the air pollutant in the study area. There is a
need for continuous of air pollutants, regular development of AQI and public education on
the adverse effects of air pollution on both health and environment. As it were, air pollution
and its attendant consequences in the urban area under study should be made public. Steps
that could be taken for air pollution mitigation at individual and domestic level should be
clearly spelt out. Considering the AQI in most of the study locations, government
intervention in terms of air quality regulation and mitigation is much needed.
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LONG-TERM TRENDS OF TROPOSPHERIC OZONE
IN THE CZECH REPUBLIC, 1993-2018

MILAN VANA & JAROSLAV PEKAREK
Czech Hydrometeorological Institute, Kosetice Observatory, Czech Republic

ABSTRACT

The regular measurement of tropospheric ozone in the Czech Republic began within the National Air
Pollution Monitoring Network operated by the Czech Hydrometeorological Institute in 1993. The long-
term trend study is based on the data from the stations with the longest homogeneous data series:
Kosetice (EMEP, GAW, and ACTRIS) and Svratouch (EMEP), Praha-Libu§ (suburban area of the
capital Prague) and Churanov (mountain site). Non-parametric Mann—Kendall method was used for
trend evaluation. Slightly decreasing trends in mean annual concentrations were found at mountain and
background level in the whole period as well as in the first part (1993-2005). After 2006 no trend was
found. The warm period (April-September) displays similar patterns as the whole year at regional and
mountain level. In contrast, no trend was found in the whole period at EMEP stations and slightly
decreasing tendency at mountain stations in the cold period. The suburban level is characterized by a
slightly increasing trend. The difference between mean annual concentrations at regional and suburban
stations was smaller in last years. The annual variation is characterized by maxima at the end of spring.
According to the current EU air quality legislation, the target value for protection of human health is
exceeded when the 8-hour running mean is higher than 120 ug.m 25 times on average for 3 years. The
limit was exceeded at all stations during the period 1993-2005, but at the same time significant drop of
high ozone episodes was found. After 2006, the 3-year mean fluctuated around the target limit at all
stations. Assessment of the ozone impacts on ecosystems using the AOT40 index suggests that the
critical level was exceeded for long periods, not only in the regional areas but almost over the whole of
the Czech Republic. In the last decade, the values varied round the requested limit.

Keywords: tropospheric ozone, long-term trends, critical levels, background scale, Czech Republic.

1 INTRODUCTION

Tropospheric ozone does not have a source in the atmosphere. This is a secondary substance
formed by a number of complicated nonlinear photochemical reactions, which were
described in detail, e.g. in [1]. Tropospheric ozone precursors include nitrogen oxides (NOy)
and non-methane volatile organic compounds (NMVOC), while methane (CH,4) and carbon
monoxide (CO) play a role on a background scale. The photolysis of NO, by radiation with
a wavelength of 280430 nm is an important reaction, forming NO and atomic oxygen.
Ozone molecules are formed by the reaction of atomic and molecular oxygen in the presence
of a catalyst. Simultaneously, ozone is titrated with nitrogen oxide, NO, with the formation
of NO; and O;. If ozone is replaced by radicals in this reaction, its concentration increases in
the atmosphere. The OH radical plays an especially important role in this reaction.

In the formation of tropospheric ozone from precursors, the absolute amounts of
precursors is not important, but rather their mutual ratios [2], [3]. In areas where the regime
is limited by NOy, characterized by relatively low concentrations of NOy and high
concentrations of VOC, the ozone concentrations increase with increasing NOy
concentrations, but only minimally with increasing VOC concentrations. On the other hand,
in areas with a regime limited by VOC, the ozone concentrations decrease with increasing
NOx concentrations and the ozone concentrations increase with increasing VOC
concentrations. Areas with a high NOx/VOC ratio are typically polluted areas around the
centers of large cities. The dependence of ozone formation on the initial concentrations of
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VOC and NOy is frequently expressed by ozone isopleth diagrams, which depict the
maximum attained ozone concentration as a function of the initial NOx and VOC
concentrations [4]. Not only the concentrations of precursors, but also meteorological
conditions, play an important role in the ozone formation [5]. The ozone concentrations
increase with increasing ultraviolet radiation and temperature, but decrease with increasing
relative atmospheric humidity. High concentrations are often connected with prolonged
anticyclone situations. In addition to the above-described photochemical mechanisms, the
concentrations of ozone can also increase in episodes as a result of penetration of
stratospheric ozone into the troposphere and also during thunderstorms. Recently, there has
also been an increase in the importance of long-range transmission of ozone in the air streams
in the northern hemisphere to Europe and North America from source areas in south-east
Asia. Tropospheric ozone is removed from the atmosphere by reaction with NO and dry
deposition. Ozone can be transported in the troposphere over long distances, accumulate and
reach concentrations far from its place of origin [6].

NOx are formed in all combustion processes. NMVOC are emitted from a number of
anthropogenic sources (transport, manipulation with petroleum and its derivatives, refineries,
the use of coatings and solvents, etc.), and also natural sources (e.g. biogenic emissions from
vegetation). In the Czech Republic, NOx emissions dropped by 80% in the period 1990-2016
and by 55% after 2000. The total NOx emissions are negatively affected by a considerable
increase in emissions from mobile sources. The share of NOx emissions from mobile sources
increased from 27.0% in 1990 to 55% by nowadays. In the whole European Union (EU),
NOx emissions dropped EU by 58% between 1990 and 2016 and by 42% after the year 2000.
The VOCs emissions in the Czech Republic dropped by 63% in the period 1990-2016 and
30% after 2000. The figures for the whole of the EU were 62% in 19902016 and 40% after
2000 [7].

The main effect of 0zone on the human organisms is irritative. It irritates the conjunctiva,
nasal mucous membranes and bronchi. Short-term studies show that ozone concentrations
may have adverse effects on pulmonary function leading to lung inflammation and
respiratory problems [8]. Higher concentrations cause irritation-induced narrowing of the
respiratory tract and breathlessness. More sensitive to ozone are people with chronic
obstructive diseases of the lungs and asthma patients. Higher concentrations of ozone are
purportedly associated with increased mortality during the day. Tropospheric ozone damages
vegetation, impairs plant growth and decreases crop yields; it can damage forest ecosystems
and reduce biodiversity [8].

Measurement of tropospheric ozone concentrations, in view of its key role in chemical
and physical processes in the troposphere, is one of the compulsory parts of international air
quality monitoring programmes at regional level. In the Czech Republic, the measurements
began within the CHMI’s Automatic Monitoring of Ambient Air Pollution network in 1993.
This study is based on the data from the stations with longest data series: Kosetice and
Svratouch are the background stations, involved in EMEP programme, Praha-Libus
represents the suburban area of the capital Prague and Churanov is a typical mountain site
[9]. The geographical co-ordinates of the stations are indicated in Table 1. The objective of
the study is to evaluate the trends of tropospheric ozone concentrations at the regional scale
in the Czech Republic in the period 1993-2018. The period under review was divided into
two identical sub-periods 1993-2005 and 2006-2018. The motivation for dividing of the
whole period was an effort towards better understanding of influence of environmental
measures for reduction of ozone precursor’s emission as well as the changing climatological
conditions. The similar approach was used also in pan-European assessment [12].
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Table 1: Geographical co-ordinates of selected stations.

Altitude (m a.s.l.) | Longitude | Latitude
Kosetice 534 m 49°35'N | 15°05'E
Praha-Libus 30l m 50°00'N | 14°27E
Svratouch 737 m 49°73'N | 16°03'E
Churanov 1,118 m 49°04'N | 13°37'E

The nonparametric Mann—Kendall method [10] was used for statistical evaluation of
tropospheric ozone trends significance. This test divides the trend significance to four
categories:

*A* if trend at o = 0,001 level of significance;
*ok if trend at o = 0,01 level of significance;
* if trend at o = 0,5 level of significance;

+ if trend at o = 0,1 level of significance.

Test Z characterize the existence and significance of the trend. A positive (negative) value
of Z indicates an upward (downward) trend. Sen’s slope estimate Q represents estimator for
true slope of the trend per year.

2 TREND OF TROPOSPHERIC OZONE CONCENTRATIONS
Fig. 1 shows general tendency of mean annual ozone concentrations at selected stations,
while the trends in warm (April-September) and cold (October—March) periods are specified
in Figs 2 and 3. The results of trend analysis are shown in Table 2. and the mean annual
concentrations in Table 3.
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Figure 1:  Mean annual tropospheric ozone concentrations at stations Kosetice, Svratouch,
Praha-Libus, Churanov (1993-2018).
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Figure 2:  Mean annual tropospheric ozone concentrations in the warm period at stations
Kosetice, Svratouch, Praha-Libus, Churanov (1993-2018).
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Figure 3:  Mean annual tropospheric ozone concentrations in the cold period at stations
Kosetice, Svratouch, Praha-Libus, Churanov (1993-2018).
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Table 2: Trend analysis of tropospheric ozone trends from the Czech stations Kosetice,
Svratouch, Churanov and Libus.

Kosetice Svratouch Churaiov Libus
Period Q Z Sig.| Q Z Sig.| Q Z Sig. | Q Z  Sig.
Whole
1993-2018 | -0.2 -2.1 * | -04 -23 *1-04 22 * 0.1 1.1
1993-2005 | -0.2 -0.8 -0.7 -23 *1-03 -0.5 0.0 0.0
2006-2018 1 0.5 1.4 0.9 2.1 * 02 038 0.1 03
Warm
1993-2018 | -0.6 -32 ** | -04 -19 + |-04 -24 * 0.1 0.6
1993-2005 | -0.8 -2.6 ** | -1.0 -1.5 -0.5 -1.3 0.0 0.1
2006-2018 | 0.3 0.6 0.9 1.5 03 04 0.0 0.0
Cold
1993-2018 | -0.1 -0.9 -0.1 -03 -03 -2.5 * 0.1 1.6
1993-2005 | 0.2 0.6 0.5 1.3 0.1 02 0.1 0.2
2006-2018 | 0.1 0.3 0.9 28 **1-0.1 -02 02 04

Table 3: Mean annual tropospheric ozone concentrations at the Czech stations Kosetice,
Svratouch, Churafiov and Libug (ug.m).

Kosetice | Svratouch ‘ Churanov Libus
Whole period
1993-2018 64.6 68.2 77.8 49.7
1993-2005 66.4 71.3 80.4 48.8
2006-2018 62.8 65.1 75.7 50.6
Warm period
1993-2018 78.4 84.1 88.0 64.9
1993-2005 82.1 87.4 914 64.3
2006-2018 74.7 80.7 85.4 65.5
Cold period
1993-2018 52.4 51.9 67.5 34.7
1993-2005 53.5 54.6 69.2 33.8
20062018 51.3 49.2 66.1 35.6

Slightly significant downward trend was found at background stations and the mountain
station in the whole period under review as well as in the first period 1993-2005. On contrary,
after 2005, no trend was found, the mean annual concentrations displayed upward tendency.
An exception was the year 2003 with extremely hot summer, when the concentrations were
the highest in the whole period under review. Long-term average values at EMEP stations
Kosetice (65 pg.m?) and Svratouch (68 pg.m?) belong together with similarly located
German and Austrian stations among the highest in the whole EMEP network [11]. Most
stations of EMEP network reported a downward trend, however, because of the large inter-
annual variability of ozone, the downward trends are statistically significant at only 30—-50%
of the sites [12].
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Warm period displays similar patterns as the whole year at background and mountain
scale. The situation in the cold period is quite different. No trend was found in the whole
period at background stations and slightly decreasing tendency at mountain station In the
period 20062018, increasing trend was found (at Svratouch even statistically significant).
The difference between the mountain site and background level was visibly higher in the cold
period. Suburban station is characterized by slightly increasing tendency, which is not
statistically significant. The difference between mean annual concentrations at background
and suburban stations was smaller during the period under review from 20 ug.m in the 90
to 12 pg.m in last five years.

Tropospheric ozone concentrations in the Czech Republic have a marked annual variation
with maxima at the end of spring (Fig. 4). In June and sometimes also in July there is a
decrease caused by the onset of the so-called “continental monsoon”, which brings increased
cloud cover and a drop in solar radiation. We then register a second maximum in July and
August (especially in very hot summers). In the very cool year 1996 we recorded a maximum
concentration as early as April. Concentrations at mountain station are higher all year round.
The annual variation of tropospheric ozone concentrations at the background stations is
comparable with similarly located Central European EMEP stations. EMEP Assessment
report [12] indicates an increase in winter and springtime mean ozone in EMEP domain,
which is generally attributed to changes in baseline ozone (both intercontinental transport
and stratosphere—troposphere exchange) and also local effects such as the longer lifetime of
ozone because of reduced availability of NO (reduced titration).
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Figure 4: Monthly mean tropospheric ozone concentrations at stations KosSetice,
Svratouch, Praha-Libus, Churanov.
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Fig. 5 clearly shows the diurnal variation of tropospheric ozone concentrations with a
minimum at around 6 am and a maximum around 2 pm. The diurnal variation at the mountain
station is less significant; mean annual concentrations in the nigh time are about 75 pg.m.
The more marked daily variation at the KoSetice observatory than at Svratouch is clearly
influenced by the lower elevation. The difference is particularly noticeable at night, when the
Kosetice values fall to an average of 10 ug.m? less than in Svratouch, while during the day
the average concentrations are equal. At Prague suburb, the daily variation in more
significant, the concentrations are lower by 10 pug.m™ during the daylight and by 20 ug.m
in the night in comparison with background level [13].
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Figure 5:  Diurnal variation of tropospheric ozone concentrations at stations Kosetice,
Svratouch, Praha-Libu$ and Churanov.

4 CRITICAL LEVELS
To assess the effects of tropospheric 0zone on human health and on vegetation, international
and national bodies have gradually introduced a whole system of ambient air pollution limits
or critical values during the period under review. In this study, a comparison with current
Czech and European ambient pollution limits is used. Target value of tropospheric ozone for
protection of human health is exceeded when 8-hour running mean is higher than
120 pg.m™ 25 times in average for 3 years. The alert threshold for protection of human health
is exceeded when the concentration is at least once per day higher than 180 pug.m. The limit
for protection of ecosystems and vegetation is based on AOT40 index. AOT40 is the sum of
differences between the hourly concentration higher than 80 ug.m> (=40 ppb) and the value
80 pg.m™ in the given period by using only hourly values measured between 8:00 and 20:00
CET. The target value is surpassed when the AOT40 index, calculated between May and July
is higher than 18 000 pg.m>.h in average for 5 years [14].
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The target limit for human health protection was exceeded at all selected stations almost
during the whole period 19932005, only at suburb station Prague-Libus the three-year mean
values varied round the target limit in the period 1998-2002 (Fig. 6). Generally, significant
drop was found analyzing the whole period at all types of stations. The year 2003 brought
the hot summer comparable with early nineties. Although the emissions of ozone precursors
declined in the Central Europe, the number of days in which the limit was exceeded in 2003
reached the level of the beginning of the nineties. In the period 20062018, significant drop
of high ozone episodes continued. The three-year mean fluctuated around the target limit at
all stations. The summer 2018 was ones of the hottest in the history of climatological
measurement in the Czech Republic and the number of high ozone episodes increased again.
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Figure 6: Number of days with the ambient air pollution limit exceedances (sliding 8-hour

average higher than 120 ug.m).

In the EMEP domain, the magnitude of high ozone episodes has decreased by about 10%
between 1990 and 2012, resulting in reductions of 20 to 50% of the number of days exceeding
the European long term objective. It should be noted however that such thresholds are still
exceeded at a majority of stations, thereby demonstrating both the efficiency of control
measures undertaken over the past 20 years, and the need for further action.

Fig. 7 shows very significant drop of high ozone episodes, when the alert threshold
(180 pg.m) was exceeded. Such episodes were quite frequent in the very beginning of the
data series (first half of the nineties). Generally, the episodes were recorded more often at the
suburban station. By far the highest amount of the episodes with alert threshold exceedances
was recorded in the year 1994. The summer of 1994 was extremely warm and, at the same
time, the emissions of ozone precursors were still higher than in the rest of the period under
review. After 2000, the episodes of alert threshold exceedances occurred very rarely, namely
in the years with very hot summers (2003, 2015, 2018).
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Figure 8: Trend of AOT40 index.

The evaluation of the ozone impacts on vegetation implies that, not only in rural areas,
but practically throughout the Czech Republic, critical levels were significantly surpassed in
the nineties (Fig. 8). In 1994 the limit was exceeded twice at both background stations. In the
second half of the nineties, the values dropped significantly at all stations. The values at
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suburb station Praha-Libu§ declined under the target level. The warmer period 2003-2006
brought short-term increase of AOT40 index above the target limit. In the last decade, AOT
index varied round the requested level round 18,000 pg.m3.h. In the very hot summer 2018
the values exceeded the limit significantly.

5 CONCLUSIONS
The emissions of tropospheric ozone precursors dropped significantly both in the Czech
Republic and in whole the EU. NOx emissions dropped by 80% in the period 1990-2016 and
by 55% after 2000 in the Czech Republic. The figures for VOCs were 63% in the period
1990-2016 and 30% after 2000.

Slightly decreasing trend was found in mean annual concentrations at mountain and
background level of the Czech Republic in the whole period under review and also in the first
part of the period (1993-2005). After 2006 no trend was found. Warm period displays similar
patterns as whole year. On contrary, no trend was found in the whole period at background
stations and mountain site in the cold period. Suburban level is characterized by slightly
increasing trend. The difference between mean annual concentrations at background and
suburban stations was smaller during the period under review.

Tropospheric ozone concentrations at the Czech stations have a marked annual variation
with maxima at the end of spring. In June and sometimes also in July there is a decrease
caused by the onset of the so-called “continental monsoon”, which brings increased cloud
cover and a drop in solar radiation. We then register a second maximum in July and August
(especially in very hot summers). Concentrations at mountain station are higher all year
round.

Diurnal variation of tropospheric ozone concentrations is characterized by a minimum at
around 6 am and a maximum around 2 pm. At suburb station, the diurnal variation in more
significant.

The number of episodes with target value for human health exceedances dropped
significantly during the period under review, but annual target values surpassed the limit
almost in the whole period 1993-2005. Meteorological conditions for the tropospheric ozone
creation were favourable in the first half of the nineties, when the majority of episodes were
registered. In the period 20062018, the three-year mean fluctuated around the target limit at
all stations.

Very significant drop of the episodes with alert threshold exceedances was found. The
highest amount of the episodes with alert threshold exceedances was recorded in the first half
of the nineties, especially in 1994.

Assessment of the ozone impacts on vegetation, using the AOT40 index, suggests that
critical level was exceeded for long periods not only in the background areas but almost over
the whole Czech Republic; this causes damage to forest ecosystems and farm crops. In the
last decade, the values varied round the requested level round 18,000 ug.m3.h. In the very
hot summer 2018 the values exceeded the limit significantly.

In the end of the second decade of the new millennium, tropospheric ozone remains one
of the most serious environmental problems of the Central European region; however certain
prognoses from the beginning of the nineties, which predicted further continuous growth in
tropospheric ozone concentrations in next decades, have not been fulfilled.
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ABSTRACT
Air pollution levels in the cities of Bogota and Medellin (Colombia) are now reaching dangerous levels,
as measured by the few government monitoring stations available and operative. So far, government
actions have focused on enforcing private car and industrial emission limits, prohibiting the circulation
of vehicles for a few days during particularly polluted periods and vague promises of switching a
percentage of public transport vehicles to alternative power. Official measurements are increasingly
being reported in the national and local media, as well as through social media, but citizen distrust of
their quality has mounted. Citizen collectives are starting to work designing low-cost mobile sensors,
monitoring pollution in some areas and in public transport, sharing their georeferenced data over the
internet and trying to raise awareness of the dangers of pollution and the necessity of radical actions to
deal with the problem. This paper describes the current actions of some of these citizen collectives and
their results in setting the media and public agenda on air pollution problems.
Keywords: social movements, citizen collectives, air pollution, data activism, Colombia, citizen
sensing, participatory monitoring, environmental justice.

1 INTRODUCTION

Air pollution is a mounting problem in cities from London to Mumbai, from Detroit to
Bogota. An estimated 4.5 billion people around the world are currently exposed to particulate
matter (PM) levels above the concentration that the World Health Organization (WHO)
considers safe [1]. It is one of the most visible and worrying effects of what some authors
call the Anthropocene or the Capitalocene [2]. Air pollution intensification in cities around
the world demonstrates that a hegemonic, yet not universal civilizatory model, has reached a
breaking point and that its technological solutions cannot really solve the problems it has
created and continues to create [3]. The overproduction and widespread use of fossil-fuel
powered vehicles, the accelerated growth of urban populations, the expansion and nomadic
character of largely environmentally-unfriendly industries, the expansion of power
generation plants and the ideas that unlimited consumption and constant economic growth
are the ultimate goals of public institutions and private corporations have resulted in a
deepening, sadly irreversible environmental crisis. Only highly coordinated, big budgeted,
radical actions in places like China have somewhat reversed this trend, but even their air
pollution levels are still above WHO’s recommended values [4].

There is growing concern among Social Science academics and sectors of public opinion
around the world that market forces and democratic institutions are not managing to confront
this dangerous crisis: regulations, policies, international agreements, declarations of intent
are not resulting in effective solutions and environmental indicators worldwide continue to
deteriorate. We are already experiencing the limits to growth [5]. Despair at inaction has led
to recent protests in Great Britain such as the so-called Extinction Rebellion. Perhaps our
only hope is that, as it has happened in the past, citizens will take direct action, promote real
although hard solutions, start civilizatory paradigm transitions and adopt more realistic
humans-as-part-of nature lifestyles. This paper comes out of the early stages of participatory
research conducted in Colombia, South America with citizen collectives that worried about
air-quality deterioration in the cities of Bogota and Medellin, ineffective or insufficient public
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policies, corruption and irresponsible, short-term corporate decisions, have decided to take a
hands on, radical approach. They are designing and building low-cost air-quality sensors,
installing them around their under-monitored cities, using mobile monitoring equipment and
circulating their data through social media platforms, raising awareness about the problem
across all sectors of society and confronting public institutions, officials and corporations
with sufficiently accurate, urgent information.

2 AIR POLLUTION IN BOGOTA AND MEDELLIN

Bogota is a city of 1775 km? and more than 8,300,000 inhabitants. Medellin’s size is
1,152 km? with a population of 3,731,000. Both cities have been important light-industry
hubs in Colombia for the past half century. Industries are basically food, chemical, plastics,
metallurgy and construction materials. They use carbon, heavy oils and natural gas as fuel
for machinery and release particulate matter to the atmosphere. Both cities are located high
on the Andes in fairly narrow valleys surrounded by tall mountains, a geography that makes
heavy particles and gases difficult to disperse. Private cars and motorcycles, trucks, taxis and
public transport vehicles have increased substantially in both cities, especially after
neoliberal reforms introduced in the early 1990s. Power generation in Colombia relies mostly
on hydroelectric power, although there are some carbon thermoelectric plants running.
Farmers displaced from the countryside because of violence have dramatically increased the
population of Colombian cities in the past four decades. Most live in precarious settlements
in the outskirts of cities, many in unstable terrains on hills and mountains, connected to the
flat land through unsealed roads.

The authorities estimate that there could be nearly one million motorcycles, 60,000 taxis,
nearly 20.000 public transport vehicles, nearly one million private cars and about 25,000
trucks circulation in Bogota [6]. They mostly use gasoline and diesel as fuel with a small
percentage using natural gas. A subway system was built in Medellin in the 1980s but the
one planned for Bogota has been postponed for decades because of the barriers mounted by
special interests. Bogota introduced Transmilenio, an extensive Bus Rapid Transit System,
more than twenty years ago but the buses use Diesel [7]. Citizen and experts’ requests that
the buses use natural gas went unheard. Legislation to control pollutant emissions has been
introduced since the 1970s and the first air quality measurements were conducted in the late
1960s. Fixed and mobile sensors were installed and replaced when they served their lifespan.
The Red de Monitoreo de Calidad del Aire de Bogota (RMCAB) was created and in the
mid-1990s it was planning to set up 32 monitoring stations throughout the city that would
measure PST, PM,o, O3, CO and NOy [8]. Two decades later just 13 high-quality fixed
sensors were installed and running but there are worrying measurement blackouts and areas
of Bogota that are still unmeasured. The national government introduced mandatory private
vehicle emission measurements early in the 21% century and has tightened the thresholds
continuously. There have been improvements in the quality of fuels available to the public.
But trucks, public transport vehicles, industries and construction works continue to pollute
the air and their impact seems to increase year after year. Half of the nearly 2,000 industries
registered in Bogota release high impact emissions.

PMy is the most significant air pollutant in Bogota [9]. Annual average PM,¢ levels for
Bogoté range from 9.89 ug/m’ to 160 pug/m? with peaks in the months of March and April.
PM,o mean is 37.5 pg/m?, below the Colombian annual standard of 50 pg/m® but twice as
high as the WHO guideline of 20 pg/m? [10]. The sources are fugitive dust, road dust, metal
processing, industrial emissions but mostly, about 50%, vehicular traffic.

PM,s levels fluctuate between 45 and 15 pg/m3 depending on the location of the
measurement station and the time of the year. Average annual value is 24.3 pg/m?’, barely
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below the maximum allowed in the national guideline [11]. PST in Bogota always tops the
maximum recommended level of 100 pg/m®. A worrying fact is that the most affected areas
in Bogotd (Puente Aranda, Fontibon, Tunjuelito and Kennedy) are precisely those where
lower-income citizens live, and they are the majority of the population [12]. Occasional
restrictions on the circulation of private vehicles and heavy trucks when contamination levels
reach alarming levels result in even higher PM, s and PM ;o measurements because industries
and small businesses resort to older, smaller vehicles and public transport circulation
increases. Recent research has determined that despite unsubstantiated claims to the contrary
by the Mayor of Bogota, Enrique Pefialosa, particulate levels inside the buses of
Transmilenio, the Bus Rapid Transit System are dangerously high, and they are even higher
in some bus stations in the system [7].

Medellin has a smaller population than Bogota but air pollution problems have become
more serious because population density is higher, the valley area is smaller, the surrounding
mountains are taller, industries operate throughout the city, not concentrated in some specific
sections, and the concentration of cars and motorcycles per citizen is much higher. A vehicle
census from 2014 reported 1,234,946 cars and motorcycles moving through Medellin. The
Sistema de Alerta Temprana de Medellin y el Aburrd (SIATA) has 20 high-precision sensors
monitoring air quality in Medellin [13]. 58% of PM, s particles in Medellin come from old
trucks built in the 1990s or earlier and used to transport merchandise through the city. Most
of them are owned by small entrepreneurs with no other sources of income so the authorities
have faced stiff opposition to prohibit them and force their replacement.

Annual average PMjp was 61 pg/m® with the most polluted months being April
(83 pg/m®) and May (72 pg/m?), while for the remaining months, average emissions exceeded
60 pg/m® (except October with 49 ug/m?). Annual PM, s average is 26.9 pug/m* above the
national guideline. 64.6% of this particulate material is related to vehicles while 8.5% is
associated with industrial processes. Ozone annual average is 31 pg/m?* [14].

PM; s and PM emissions are substantial in Downtown Medellin, where there is a vast
number of people. It has been estimated that around 1 million people intermittently walk in
this area every day. Unofficial data suggests that around 9,000 informal street vendors work
in Downtown Medellin and therefore are exposed to substantial air pollution [15]. But as
recently as March 2019, 15 of the 20 monitoring stations in the city reported air pollution
values above the maximum permitted. Bicycle circulation restrictions had to be applied as
pollution levels were considered too unsafe.

Medical health expenses associated with environmental issues as calculated by the
Colombian Department of Planning in 2015 top 2.6% of the national GDP and result in more
than 10,000 annual deaths. Between 2011 and 2014 there were 2,877,892 patients treated in
Bogota’s hospitals due to illnesses related to poor air quality [16].

3 THE DISTRUST OF THE AUTHORITIES AND THE EMERGENCE
OF CITIZEN SENSING
British journalist George Monbiot [17] argues that had governments, corporations and
ordinary citizens put as much effort into preventing environmental catastrophe as they have
spent on making excuses for inaction, they would have solved it by now. Powerful economic
and political interests have blocked radical action and ridiculed civil society demands and
initiatives around the world. The media, with a few exceptions, is disinterested or even
actively hostile. When broadcasters cover these issues, they carefully avoid any mention of
power, talking about air pollution as if it were a random occurrence driven by mysterious,
passive forces. They mostly retransmit official communications that propose microscopic,
temporary fixes for vast structural problems. In Colombia, and other Global South locations,
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the myth of development has been reworded [18] and used to delegitimize proposals to solve
the air pollution problem and confront the crisis of the Anthropocene. Those who govern
nations, manage corporations and shape public discourse cannot be trusted with the
preservation of life on Earth. As Monbiot writes, there is no benign authority preserving us
from harm. No one is coming to save us.

Additionally, when they exist, institutional monitoring systems around the world have
drawbacks [19]: the instruments are large in size, weight and cost and are difficult to
calibrate. Their placement in urban areas is impacted by human activities (e.g., construction).

But citizens and social movements are stepping up to the front. Researchers are talking
about rising global do-it-yourself (DIY) activism and tactical media use [20]-[23]. Activists
are not only raising public awareness of environmental problems but are increasingly taking
a hands-on approach, researching the issues, discovering voids in authorities discourses and
actions, designing and building tools to collect data, circulating information through social
media, pressuring traditional media to focus on topics that matter and constantly scrutinizing
institutions, officials and corporations.

Citizens and social movements are buying or building low-cost air pollution sensors to
monitor their living environment by themselves, and they are doing it in supposedly
democratic societies like the Netherlands, totalitarian regimes like China and poor countries
like Colombia. These collectives are implementing community-driven sensing
infrastructures in many cities around the world. They calibrate their sensors with data from
the official monitoring stations and use them in under-monitored areas or even build mobile
devices that they take on the road to gather data about their usual transportation routes. They
use open hardware and software, upload data to open servers, add georeferenced information
and try to spread their measurements and findings to relevant social actors and the general
public. These Citizen Science practices are challenging, they do need professional knowledge
and support to be able to retrieve reliable data, but as our research is starting to show, maker
movements are starting to spread and are impacting traditional media and public sector
agendas in Colombia. Sometimes they seem invisible in our daunting, saturated mediascape
of today but they are learning to process big data, to create metadata and to use it in more
accessible, everyday narratives that common people can relate to.

4 CITIZEN SENSING IN BOGOTA AND MEDELLIN
In this paper we focus on the work of two citizen collectives, CanAirlO (Canard in Spanish)
in Bogota, and UNLOQUER in Medellin.

4.1 App CanAirlO

The CanAirlO App is a citizen science initiative for the monitoring of air quality in Bogota
using PM 2.5 particulate material sensors. The sensors are low cost (Fig. 1) and are built by
citizens in open workshops. There, the problem of air pollution is explained and the sensors
are assembled collaboratively.

Daniel Bernal is an electronics engineer. Three years ago he started to ask himself “How
could we trust an air monitoring network that is insufficient with only 13 stations in a city as
big as Bogota? In addition, the web page that shows the data is often out of work and the data
it shows is incoherent”. He came across an article on the Internet that argued that “if you do
not feel satisfied about how the government measures air quality, do it yourself”. It was an
initiative taking place in Germany. The article explained how to assemble an air quality
sensor. He brought some sensors from China and started working on building a reliable
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device to measure air quality. His early measurements detected that air pollution was
especially troubling inside the Transmilenio bus stations.

Antonio Vanegas is another member of the CanAirlO App collective. He is a software
engineer and develops applications for Windows. He became interested in the topic of air
pollution during a trip to the Mediterranean island of Malta. The capital of the island does
not have a metro system so public transport relies on a Bus Rapid Transit System similar to
Bogota’s Transmilenio. But in Malta, bus emissions were not perceptible. There was no
significant air pollution. Antonio Vanegas also spent some time in Berlin and followed the
debates on the criteria to choose new public transport buses. He understood that the proposals
included buses with much cleaner technologies than those chosen by the government of
Bogota. After returning to Colombia he researched the RMCAB air quality public monitoring
network and considered it insufficient. He also noticed the data outages. He saw a TV
interview of Daniel Bernal and contacted him. Antonio Vanegas and Daniel Bernal started
working together in late 2016 and with time more people started to join them.

The members of the CanAirlO App citizen collective believe that the air pollution
information provided by the RMCAB is not fully reliable. Daniel Bernal argues that the
RMCAB sensors are installed at a height of between 6 and 10 m, so therefore “the devices
do measure in the lower atmosphere but not normal breathing height”. The collective decided
to create their own low-cost, portable sensors, “but with a comparable measurement
efficiency as those of the high-cost sensors”. Early prototypes were modified after some tests.
They managed to contrast their low-cost sensor measurements with those of a high-cost
sensor from the lab of one of the universities in Bogotd. They ended up developing a much
better sensor, one with a deviation of only 3.4%. The components of the sensor cost about
$120,000 pesos (US$37). The core of the device is a Honeywell particulate material sensor
that activates when it receives air from a small fan. The device can be connected to a mobile
phone via Bluetooth and through the CanAirlO App air pollution data is uploaded to the
internet creating a collaborative georeferenced map of air quality in Bogota (Fig. 2). The app
is available on Google Play.

Figure 1: The CanAirlO sensor [24]. (Source: Medium®©.)
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The CanAirlO App collective wants more citizens to build and use their sensors. So far in

2019 they have conducted two open workshops that help participants build their own sensors
from scratch. The workshops last two hours (Fig. 3).
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Figure 2: Air pollution data visualization on the CanAirlO app [25]. (Source: Medium®©.)
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Figure 3:  Common citizens of Bogota showing their newly built CanAirlO sensors [25].

(Source: Angelica Zambrano©.)
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Currently there are more than thirty of these citizen sensors in Bogota. The goal is to have
between 100 and 200 citizens with sensors reporting to form a real and collaborative map of
air quality in Bogota. Although the application is a great initiative that has managed to
sensitize many citizens to the serious condition of air pollution in Bogota, there is still much
to be improved in terms of data visualization. The air pollution map could be redesigned to
make it easier to understand and follow by citizens with no prior knowledge of the problem.
Up to now, the map can only be viewed by those who have the app installed on their
smartphones. The collective consists of technology experts with little knowledge of
community management and social communication.

4.2 Unloquer

They are a team of technology enthusiasts comprising professionals and amateurs that have
been developing citizen science initiatives in Medellin since 2009. They have a hackerspace
near downtown Medellin and sometimes convene citizens to  explain
their projects.

“About two years ago, with the interest of analyzing data, we wanted to see the condition
of air quality in the city, but when we went looking for information, we did not find much
available. So we decided to collect it ourselves” says Julian Giraldo, an electronics engineer.
The problem became more acute with the passing of time. The local government has had to
declare public emergencies prohibiting vehicle circulation in Medellin for days, at least 5
times in the past two years. Temporary tighter industrial emission regulations have been
proposed but they have been criticized by corporations in the city. So Unloquer started
developing a low-cost mobile sensor, to monitor air quality in Medellin.

The current team is made up of 15 members. They researched citizen sensing initiatives
around the world and after testing different prototypes came up with a satisfactory, portable,
very small PM; s sensor (Fig. 4). The sensors take into account humidity and temperature
conditions. They can be taken on walking tours, on a bicycle, a motorcycle, a car or in any
other vehicle.

The devices transmit data through WI-FI connections. They use a GPS to trace routes and
add a timestamp to the measurements. Ten devices of this first version were manufactured.
Today there are at least 30 Unloquer designed sensors installed in Medellin. The total cost of
manufacturing the sensor is $300,000 Colombian pesos ($95 USD). Both the hardware and
software designed are open source and documentation is available in the collective web site.

Figure 4: Unloquer air pollution sensors [26]. (Source: Unloquer®©.)
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The project has not only developed a citizen network of mobile sensors to monitor Medellin’s
air quality, but also created a server system to store and facilitate the visualization of the data,
which is readily available to citizens in the city (Fig. 5).
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Figure 5:  Air pollution map of Medellin obtained from citizen sensors [27]. (Source:
Unloquer®©.)
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5 FINAL REMARKS

There are critics of participatory sensing, both in the academic and in the public sectors.
Distrust of the accuracy of the early Arduino devices, fears that citizen data could be
manipulated by political and economic interests, the absence of audit mechanisms are
common complaints. On the other hand, citizen sensing rises new challenges [28], such as
protecting user private data and motivating and sustaining participation. Daniel Bernal
considers that “the role of the authorities cannot be replaced. Participatory sensing data
cannot be fully compared with government data, but they can be correlated and used to
discover trends”. Citizen sensing alone is not enough but could be a useful tool for activists
to pressure governments and corporations to respond to social demands and finally take
decisive actions to curb air pollution.

Pressure from Bogota’s citizen collectives using data obtained through participatory
sensing and amplified by concerned sectors of traditional media resulted in the local
government reconsidering its initial decision of renewing the Transmilenio fleet using only
Diesel buses. Now, the local government will replace a total of 1,133 buses and they will rely
on Diesel Euro V technology (59%) and Natural Gas (41%). The Mesa Técnica para la
Calidad del Aire de Bogota (MECAB), an umbrella organization that includes citizen
collectives, academics and NGO’s has managed to become a valid source for traditional
media when reporting air pollution issues. The city government has had to interact with this
organization as well.

Citizen collectives in Medellin, some of them using data from participatory sensing
managed to force the local government to replace fifty buses from the public transport fleet
with electric vehicles.

Definitive actions are still to be taken to solve the serious condition of air in Bogota and
Medellin, but citizen sensing collectives are managing to impact public institutions, corporate
and general public agendas.
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ABSTRACT

Platforms populating the Internet of Things (IoT) use dedicated software closely coupled with
proprietary hardware, devices and interfaces, which creates silos and a lack of interoperability. The
Web of Things (WoT) is a paradigm that incentives the use of web standards to interconnect all kinds
of devices and defines an application layer for [oT applications. Multiple organizations and consortiums
are pursuing the definition of architectures and standards to deliver interoperability to the IoT
application layer. Air quality monitoring is a field in which IoT has a great role to play as it is based on
different kinds of sensors and devices which monitor air pollution. Quite a few wireless sensor networks
have been proposed in the literature to deal with this monitoring process. In this paper, we propose a
low-cost, indoor air quality monitoring platform following the recommendations of the World Wide
Web Consortium (W3C) about WoT. The platform is built based on a Web of Things capable of
exposing its own Thing Description with 15 to more than 2000 resources, depending on the underlying
hardware and the application protocol selected. These resources can serve requests providing
measurements of the attached sensors, perform actions on the environment and/or generate events based
on these measurements. Although the system is proposed for ambient monitoring, the software
architecture developed in this work can be adapted to many embedded applications in the [oT.
Keywords: Internet of Things (IoT), Web of Things (WoT), application layer for IoT, air quality
monitoring, ambient air monitoring.

1 INTRODUCTION
The Internet of Things (IoT) is a paradigm combining embedded systems and low-power
wireless communication to provide physical objects with Internet connectivity [1]. Services
offered by the IoT are the core of smart environments, such as smart homes, smart cities, or
smart industries among others. One of the greatest challenges of the [oT is the interoperability
of the devices used to create the network of physical objects.

A large number of IoT solutions make use of dedicated software applications coupled with
proprietary hardware creating silo solutions that limit the interoperability across different
platforms. To overcome this limitation, an application layer is required to communicate
among different platforms. The Web of Things (WoT) is a paradigm that focusses on
addressing this problem, improving the interoperability and usability of the IoT [2], using
open, well-known Web standards to create an application layer for IoT applications. Using
these standards, the cyber world and the physical world can communicate through an
interoperable infrastructure. The key architectural ideas and technologies enabling the WoT
are surveyed in Zeng at al. [3].

One of the fields that can take advantage of the use of IoT is air quality monitoring (AQM).
Air is 99.9% nitrogen, oxygen, water vapour, and inert gases. Monitoring the quality of air
requires measuring the concentration of several pollutants, such as carbon monoxide (CO),
sulphur dioxide (SO.), nitrogen dioxide (NO>), and ozone (O3). In Europe, the threshold
levels specified for these pollutants are published in the National Emission Ceilings Directive
[4]. These pollutants are released into the air by several human activities and natural sources,
harming human health and the environment. Examples of these activities and sources include
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burning of fossil fuels in electricity generation, transport, industry and households; industrial
processes and solvent use, for example in the chemical and mining industries; agriculture;
waste treatment; natural sources, including volcanic eruptions, windblown dust, sea-salt
spray and emissions of volatile organic compounds from plants.

As in many other fields, most of the IoT devices and services developed for AQM depend
on particular platforms or technologies, some of them proprietary, making it difficult to
develop a widely accessible application composing all the devices and services. In this paper
we propose a low-cost, indoor air quality monitoring (IAQM) platform following the
recommendations of the Word Wide Web Consortium (W3C), based on our previous work
in this field [5]. The main benefit of this platform is the interoperability of its sensors with
other IoT-based AQM platforms, since they are able to provide a description of their features,
making it possible to retrieve measurements whatever the manufacturer. The sensors are
accessible worldwide through a standard Web browser, or any other application designed to
communicate through HTTP or MQTT. Using this type of sensor, a worldwide accessible
AQM platform could be conceived allowing, for instance, remote monitoring of
geographically separated environments using only open Web standards.

2 WEB TECHNOLOGIES FOR PHYSICAL OBJECTS

Physical objects were connected through Web technologies to create smart environments
worldwide more than two decades ago [6]. One of the first reported works about bridging the
Web and the physical world was the Cooltown project by HP Labs [7], which explored an
infrastructure to support Web presence for people, places and things. Web servers were
integrated into physical objects that were accessible through URLs; on top of the
infrastructure, Internet connectivity was used. More recently, the IoT was considered part of
the Internet [8], avoiding limitations around host-to-host communications, and focusing on
the publishing and retrieval of information, which is the most common use of the Internet.
Other pioneer solutions [9]-[11] also demonstrated that it was possible to integrate physical
objects directly into the Web, or through the use of a gateway, such as Hwang at al. [12].
Modern solutions bridge heterogeneous Web services from the Internet into the IoT network
by creating proxies. Thus, clients access transparently to IoT devices and Web services in the
network, as in Jin and Kim [13].

The WoT applies Web solutions to access and retrieve information as well as to provide
services by physical objects in the [oT. In IoT solutions, each physical object has an associate
digital entity called a “Thing”; in WoT each physical object is expressed as a “Web Thing”
[14]. A Web Thing commonly exposes metadata in HTML or JSON representation, provides
an API to gain access to its properties, and defines an OWL-based semantic description. Web
Things may be integrated in the Web in three different ways [15]: (i) hosted by a Web Server
embedded into physical objects; (ii) hosted by a Web Server embedded in a gateway device;
or (iii) hosted by a Web Server allocated in a cloud service.

Simple static or dynamic Web pages can be used to abstract functionalities of physical
objects in WoT; however, reusable Web services are the preferred choice. A Web service is
a service designed for machine-to-machine (M2M) communication through the Web. The
most commonly used architecture for Web services is the Web Services Architecture (WSA)
defined by the W3C [16]. Two categories of Web services are identified: WS-* style and
REST style. In the WS-* style, Web services may expose an arbitrary set of operations, and
use HTTP as the transportation medium to provide Remote Procedure Calls (RPC). RESTful
services, the name given to Web services designed following REST architecture style [17],
manipulate representations of Web resources using a uniform set of stateless operations,
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where every service is seen as a resource, and each resource is identified by a Uniform
Resource Identifier (URI).

In the WoT, physical and virtual entities are abstracted as Web resources. In addition, use
of RESTful services is the preferred choice because of their low level of complexity and
loose-coupling stateless interaction [2], [3]. Services implementing a RESTful design
provide the following features: (i) identification of resources via URI; (ii) uniform interfaces
to access the resources, using four HTTP methods: GET, POST, PUT and DELETE; (iii)
representation of resources that can be accessed in different formats, such as HTML, JSON
or XML, and are self-descriptive as they contain the complete context; and (iv) stateless
interaction: the server and clients do not maintain session state as the HTTP request contains
all the information about the resource and the message.

2.1 ToT and WoT architectures and standards

Many organizations and consortiums are seeking to define architectures and standards to
bring interoperability to the application layer of the IoT for a broad range of applications and
industries. They aim to describe, among other scenarios, how to access IoT devices from
Web browsers, how to bridge physical objects to the Web, or how to control distributed
devices as they are discovered.

Some of the proposals focused on using Web technologies to counter IoT interoperability
issues are the following. IEEE proposed a Standard for an Architectural Framework for the
Internet of Things [18]; ISO/IEC released a reference architecture for the IoT [19]; ITU-T
proposed an architecture where WoT brokers bridge the Web and the physical objects, using
HTTP and REST services [20]; OCF developed an open source implementation and a
certification program allowing heterogeneous devices to communicate [21]; OGC released
a suite of standards to create Web-based interoperable and scalable networks of
heterogeneous systems [22]; oneM2M develop architectures to provide interoperability in
M2M and IoT solutions [23]; the OpenFog Consortium released an open reference
architecture for fog computing [24]; and the W3C proposed recommendations and an
architecture for the Web of Things [14].

2.2 W3C WoT

In this work we follow the recommendations of the W3C to overcome interoperability issues
in IAQM platforms. In 2016, the W3C launched the Web of Things Working Group
(WoT-WQ) to propose recommendations and develop standards for the Web of Things. The
four main objectives of this group are: (i) counter the fragmentation of the IoT; (ii) reduce
the cost of development of IoT solutions; (iii) lessen the risks to both investors and customers;
and (iv) foster exponential growth in the market for IoT devices and services. These
recommendations are based on scripting languages like JavaScript, data encodings like
JSON, and protocols like HTTP and WebSockets, defining also multiple architectures for
which such a set of recommendations will be suitable. The W3C Web of Things is devised
as the application layer of the 0T, interconnecting existing IoT platforms and complementing
available standards.

Following these objectives, the WoT-WG identified four technological building blocks as
the key to realizing the WoT [14]: (i) Thing, the abstraction of a physical or virtual entity
represented in IoT applications; (ii) Thing Description (TD), the structured data that
augments a Thing providing metadata about itself, its interactions, data model,
communication and security; (iii) binding templates, the collection of communication
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metadata that explains how to interact with different IoT platforms; and (iv) scripting API,
an optional building block that eases the development of IoT applications by providing a
runtime system for loT applications similar to a Web browser.

3 INDOOR AIR QUALITY MONITORING USING

WIRELESS SENSOR NETWORKS AND IOT
Air quality monitoring is a common IoT application. In Postolache et al. [25], a sensor
network for indoor and outdoor air quality monitoring using hardwired and wireless air
quality sensors is proposed. This system implements a neural network to provide temperature
and humidity compensated gas concentration values. The air quality of different locations
can be monitored and published on the Web. The sensors express physical magnitudes
through voltage levels that are sent to a network controller and Web server for TCP/IP
communication to a PC or Web publishing.

A wireless sensor network based on Libelium nodes is used in Bhattacharya et al. [26] to
compute an Air Quality Index (AQI). Each node is composed of a gas sensor board and the
Waspmote processing board. The AQI computed is published in a Context Aware Framework
to command Heating, Ventilating and Air Conditioning (HVAC) systems. This system is able
to control HVAC devices based on building occupancy estimated from CO, measurements,
and is also able to raise an alarm when the AQI is higher than a given threshold.

A wireless sensor network was also used in Yu et al. [27] to monitor temperature, relative
humidity and CO,. This system addressed the problem of firmware update through special
purpose messages in the communication protocol among servers, gateways and sensor nodes.
Later, the system was evolved to incorporate analysis and prediction capabilities [28].

An air quality monitoring wireless sensor network based on the Arduino open-source
development platform is proposed in Abraham and Li [29]. This system uses XBee modules
to provide mesh capabilities based on ZigBee specification, and low-cost micro gas sensors
able of measuring six air quality parameters. An estimation method for sensor calibration and
measurement conversion was also proposed for this system.

A real-time IAQM system using also wireless sensor networks with the ability to measure
the concentrations of six gases in addition to temperature and humidity is proposed in
Benammar et al. [30]. This solution emphasizes the use of a gateway in processing collected
air quality data and its reliable dissemination to end-users through a Web server. The system
uses the Raspberry Pi 2 model B single-board computer for the gateway, the open-source IoT
platform Emoncms for the Web server, and Libelium sensor nodes (composed of calibrated
sensors, the Gas Pro Sensor Board interface and the Waspmote processing board).

IAQ solutions can also monitor working environments, as in Marques and Pitarma [31],
where a real-time system collects an IAQ index, temperature, relative humidity and
barometric pressure in a laboratory. This system integrates a Web server and a mobile
application to provide historical readings, analysis and push notifications to alert users
in a timely manner.

4 INDOOR AIR QUALITY MONITORING PLATFORM USING WOT

All the wireless monitoring systems reviewed above can provide air quality measurements
of indoor environments. However, these solutions are designed as standalone systems with
restricted and/or proprietary communication protocols creating silos in the IoT. Even though
all these systems communicate through wireless processing boards, gateways and Web
servers, they cannot to communicate with each other since they do not speak the same
language. The sensors of a given system are only able to communicate with the network
hardware of the same system.
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In this work we follow the W3C recommendations to design an IAQM platform based on
current Web standards to overcome interoperability issues. This platform uses low-cost nodes
abstracted as Web Things, one of the building blocks of the WoT architecture. Any sensor of
this platform can be accessible worldwide from any standard Web browser using several
URIs. For instance, requesting a temperature reading from a given sensor would require
accessing http://WoTthing/temperature, given that WoTthing is defined in some DNS server
and links to the root directory of the Web server of the sensor.

The TAQM platform proposed in this work implements the WoT architecture shown in
Fig. 1. This architecture, which is a partial implementation of the W3C WoT recommendation
[14], is built based on four blocks: Thing, Thing Description, WoT scripting API, and WoT
protocol bindings. In addition, a system API provides access to various sensors. The
software components of the proposed platform are developed in MicroPython [32], a
software implementation of the Python 3 programming language optimized to run on
microcontrollers. Therefore, the processing board for this platform must provide
MicroPython support.

Thing

Properties, actions, events o
and general metadata User application

WoT Scripting API

JSON WoT

Thing description

WoT Protocol Bindings System API

Communications Cocal
metadata ( HTTP W ( mQrT ] ( har:jfmw [ uc/um]

Figure 1: WoT architecture concept.

The scripting API in the proposed IAQM platform exposes Things using two different
protocols: HTTP or MQTT.

The exposed description is formatted as required in the W3C WoT recommendations. A
Thing can have multiple resources, classified in three groups:

e Properties: A property represents an internal state of a Thing as a value that can be
accessed, and sometimes modified, through the corresponding URI.

e Actions: An action is a function that the Thing is capable of performing. Actions
can change the internal state of the Thing, manipulate input data or even actuate in
the physical world.

e Events: An event is a signal triggered by a change in an internal state or a physical
interaction with the Thing. Values that trigger these events may not be exposed
as properties.

The interactions are listed and described in the Thing Description, so the larger the number
of resources, the larger the JSON file. The WoT protocol binding layer in the proposed IAQM
platform manages the handlers and adapters necessary to communicate using the HTTP and
MQTT protocols. The HTTP and the MQTT protocol bindings are implemented using the
PicoWeb [33] and the AsyncMQTT [34] libraries, respectively. The main benefit of this
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platform is asynchrony, as it is built upon the uasyncio library [35], a port of the Python
asyncio, which enables Micropython to run different processes in parallel. This allows
monitoring different data sources at the same time and maintaining the MQTT or HTTP
server online without using threading and avoiding all the complications it implies.

The core of each Thing in the IAQM platform is the processing board. The processing
board must provide support for the Thing to communicate with a wide variety of sensors. In
addition, it must provide wireless connectivity. The processing board must be selected taking
into account the requirements imposed by the application software and firmware that will be
deployed in the system.

The Things in the proposed IAQM platform can be run using either of two selected
processing boards. Firstly, the DOIT ESP32 DevKit V1, which is designed for mobile,
wearable electronics and IoT applications. This processing board features an
ESP32-WROOM-32 MCU with two CPU cores (low-power Xtensa 32-bit LX6) that can be
individually controlled, CPU clock frequency adjustable from 80 MHz to 240 MHz, 520 KB
of on-chip SRAM memory, and 4 MB of flash memory. It also provides Wi-Fi, Bluetooth
and BLE wireless interfaces. Secondly, the Pycom GPy processing board can also run in the
platform. This processing board uses a dual core ESP32 microcontroller, provides more
memory (520 KB of on-chip SRAM memory, 4 MB SRAM memory, and 8 MB of flash
memory), as well as Wi-Fi, BLE and LTE wireless interfaces. Both processing boards run
native Micropython, with some hardware related differences.

In the proposed TAQM platform, ambient sensors (temperature, humidity, gas) are chosen
taking power consumption into account. In the case of gas sensors, there are two measuring
techniques: (i) heating an area of the sensor and measuring the chemical reaction in the air;
and (i) measuring particles in the air directly through infrared (IR) sensors. Resistive
heating-based gas sensors consume a lot of energy and, thus, greatly reduce the lifetime of
battery-powered sensor nodes. In contrast, IR sensors consume less energy since they do not
have to heat the sensor. The sensors selected are the MH-Z16 infrared sensor, for measuring
concentrations of CO,, and the fully calibrated SHT25 sensor, for measuring temperature and
relative humidity.

The devices in the TAQM platform implement Wi-Fi as the main connection technology.
Although it is quite a high consumption communication technology, the latest
implementations provide a reasonably low consumption profile (about 100 milliamps while
connected) and tools to reduce connection time, as well as deep sleep modes. Another
advantage of using Wi-Fi is that it is widely implemented and available, making it simpler to
deploy a network of TAQM devices, not needing to implement a custom network and
allowing the re-use of existing network infrastructure.

The sensor network will be able to access the internet if the Wi-Fi network has internet
connection. A gateway is not required (but it is recommended for security reasons) to access
the exposed resources as the IAQM things are designed as standalone servers. The network
follows a star topology as seen in Fig. 2.

Air quality monitoring platforms manage data acquired by sensors and provide
information that can be analysed, for instance, to optimize the operation of an HVAC system.
Usually, such analysis involves processing historical and real-time data. Processing historical
data, or data at rest, is a time-consuming task that can be done in batch mode and there is no
need for “always on” infrastructure. On the other hand, processing real-time data, or data in
motion, usually requires a stream or real-time method running on a low latency infrastructure.
Predictive analytics can be used to make decisions supported on the knowledge inferred by
the analysis, such as automatically adapt and control the HVAC system. Based on the WoT
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model used in this platform, Things can consume each other using WoT methods and
automatically make decisions based on that data.

Wi-Fi Access Point

IAQM Thing IAQM Thing IAQM Thing

Figure 2: TAQM network topology.

5 EXPERIMENTAL RESULTS
In this section, the proposed WoT architecture and the IAQM platform are evaluated.
Systems with the two previously mentioned boards (DOIT ESP32 DevKit V1 and Pycom
GPy) will be used. The experiments will be driven using a Lenovo Thinkpad W550s laptop
equipped with an Intel Core 17 and 12 GB RAM. A D-Link DIR-655 2.4 GHz Wi-Fi access
point is also used to communicate the devices with the laptop.

Two types of experiments have been designed. Firstly, performance tests, in which the
capacities of both the hardware and the software components are tested to determine
the responsiveness and stability of the platform. Secondly, measurement tests, to check the
device while measuring real ambient variables.

5.1 Performance test

The evaluation of the Web of Things is based on load and concurrency tests. Each experiment
was run 1000 times. In the HTTP implementation, HTTP REST GET requests are used to
access the properties of the Web Thing. In order to make those requests, the ApacheBench
tool [36] was used to test the concurrency and load tests. In MQTT, each request consists of
a message to a topic and a reply in a response topic which contains the requested property
value. MQTT also requires an MQTT broker which is deployed within the same laptop used
for the tests.

The load experiment consists of a large number of requests: 1000 sequential requests, with
an increasing number of properties exposed. This test was performed for both HTTP and
MQTT, although, the concurrency tests are only made for the HTTP implementation, as
MQTT is a queuing protocol and the requests are served sequentially, independently of how
they are generated.

The concurrency tests create multiple requests at the same time, evaluating how the Thing
responses. The Thing holds, for any number of concurrent requests, a constant number of
properties exposed in both devices: 45. This value is selected according to DOIT ESP32
board, leaving a margin at its upper limit, since it is the less powerful of the two.
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Table 1 shows a brief comparison of the maximum capacities of both processing boards.
As can be seen, the Pycom GPy is more powerful than the DOIT ESP32 because it has more
RAM, can expose more properties and hold bigger Thing Descriptions, reporting also
proportionally better response times. The experiments run in the DOIT ESP32 board return
poor results because this board has constrained features. The available RAM memory to run
these experiments (less than 500KB) is very low due to the Micropython environment,
therefore limiting the amount of properties that can be exposed by the Web Things. In
contrast, Web Things deployed on the Pycom GPy, that has 8 times more RAM, are able to
expose thousands of properties.

Table 1: TAQM platform load and concurrency tests for two different processing boards.

DOIT ESP32 Pycom GPy
TESTS
HTTP | MQTT | HTTP MQTT
Maximum number of exposed resources 52 15 1,000 2,000

Mean property response time with max.
number of resources exposed

Mean Thing Description response time with
max. number of resources exposed
Maximum concurrent requests 80 N/A 100 N/A

334ms | 361 ms | 505 ms 388 ms

384ms | 355ms | 836 ms | 44,474 ms

Fig. 3 shows the average response time exposing the resources through HTTP, using the
two different types of processing boards. As can be seen, the response time for properties,
which is the most common feature to be used, is always under 500 ms. Although it is a bit
high, it depends greatly on the quality of the Wi-Fi access point. A ping to the devices using
the same network results in 4 ms on average.

Fig. 4 shows the average response time exposing the resources through MQTT, using both
types of processing boards. Using this protocol, the average response time is higher because
two topics must be used and the MQTT protocol is not designed to transport large data files,
as it is required, for example, to retrieve the TD. It also shows an exponential growth of the
TD, because of the amount of resources exposed, that causes the response time to increase
gradually as the TD grows in size.

Fig. 5 shows how the devices handle the concurrency of requests. There are two aspects
to take in account when analysing these results: (i) Micropython, as well as native Python, is
executed in a single thread; therefore, the requests have to be processed one by one in any
case; however; (ii) the accumulation of requests creates a different behaviour because there
is no time lost between them.

5.2 Measurement tests

To evaluate the stability and reliability of the system in long term operations, a custom
software that exposes three resources, each one of them accessible through HTTP GET
requests, was developed. The software makes use of the Micropython WoT runtime
implementation to expose the properties in a microcontroller (DOIT ESP32 in this case), and
another software component, in a remote computer, requests a measurement every 10 mins,
and stores it in a Sqlite Data Base.

Fig. 6 shows a six-day period of data gathered with this system. The data loss during this
period is lower than to 0.01% and is caused mostly by Wi-Fi disconnections.
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Figure 6: CO,, temperature and humidity acquired with MH-Z16 and SHT25 sensors.

6 CONCLUSIONS
Air quality monitoring is a key instrument to determine air pollution issues. It is also one of
the fields where IoT plays a great role. However, most of the IoT devices and services
developed in this field depend on particular platforms or technologies, some of them
proprietary, making it difficult to develop a widely accessible application. Using Web
standards, the fragmentation between different sensors has been countered, making them able
to be accessed through common Web protocols.

In this work, we deal with indoor air quality monitoring and measuring by following the
recommendations of the W3C WoT Working Group to design, develop and deploy an
ambient sensor network which can be accessed by any standard web browser. The
implementation of two protocols, HTTP and MQTT, enables the solution to be more flexible
for the desired scenario. The use of WoT standards abstracts access to the useful data from
the acquisition process, making it easier to collect, store and process it.

This work is built on our previous work [5], where the W3C WoT standard proposal
implementation in an indoor air quality sensor was in an early stage, including few of the
required features. In this work, the implementation added and enhanced more building
blocks: the Scripting API and Protocol bindings; the Thing description is generated
automatically and has more autogenerated metadata required in the proposal. In addition, the
performance and interoperability tests of the air quality monitoring sensor were run in two
different boards, as well as the interoperability measuring tests.

In future work, the implementation of additional security and Thing discovery will
increase the interoperability while reducing the configuration process of Things, fostering
the determination of air pollution issues in indoor environments.
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INVESTIGATING OZONE AMBIENT LEVELS:
CASE STUDY OF THE FAHAHEEL URBAN AREA,
STATE OF KUWAIT

MASUMAH AL-QASSIMI & SULTAN MAJED AL-SALEM
Environment & Life Sciences Research Centre, Kuwait Institute for Scientific Research, Kuwait

ABSTRACT

Continuously monitored ambient concentrations of ozone (Os), nitrogen monoxide (NO), nitrogen
dioxide (NOz), and nitrogen oxides (NOx) for the years 2004-2005 and 2014-2015 are used to
understand the relationships and photochemical rections between ozone (O3) and nitrogen oxides
(NOx = NO+NO) in one of Kuwait's major urban areas (Fahaheel). The objective of the study is to
investigate the fate of O3 as a secondary pollutant and to determine the chemical coupling and mixing
ratio of NO2z to Os. The variation of total atmopsheric oxides (Ox = O3+NOz) concentrations with
NO:z is also assessed to gain an insight into the atmospheric sources of Ox. In addition, the diurnal
variations of NO, NOz, NOx, O3, and Ox along with variation of regional and local Ox are examined.
The daytime and night-time relationships between O3 and NOx and the ozone weekend effect in
Fahaheel area are also reported in this communication. This study creates a historical baseline for
urban areas subjected to heavy industrial emissions that can significantly improve our understanding
of the impacts of future changes in O3 concentrations.

Keywords: precursors, volatile, pollution, air quality, ozone (03).

1 INTRODUCTION

Ozone is a secondary airborne pollutant formed by complex photochemical reactions in air
containing nitrogen oxides (NOx = NO+NO;) and a wide range of volatile organic
compounds (VOCs) under the influence of sunlight [1]. Complex nonlinear photochemistry
is known to drive the relationships between O;, NOx and VOCs. With increasing
concentrations of VOCs, O3 formation tends to increase proportionately. On the other hand,
the increase in NOx levels results in variations in O3 depending on the dominance of VOCs
and NOx [2]. Additionally, the response to NOx emissions decline is highly nonlinear.
Reduction in NO; levels is always accompanied by an increase in Oz levels [3]. VOCs
generated from various human activities are also in need of close monitoring namely from
industrial related sources.

In some areas, there exists a trend towards higher levels of O; concentration on
weekends. This is despite low weekend VOCs and NOx emissions [4]. This phenomenon is
known as the ozone weekend effect and was first reported back in the 1970s in the United
States of America (USA) [5]. This effect was also assessed in various parts of the USA and
the world namely the State of California and North-Eastern Iberian Peninsula [6]—[7]. Past
efforts have also been reported in technical literature covering other parts of the world
namely the Arabian Gulf region, Indian Peninsula, Southeast Asia and North America [4],
[8]-[13]. Literature on the Middle East (ME) region's air quality status is very scarce and
outdated. There is also a shortage of such in-depth analysis of O3 and its precursors in the
State of Kuwait, where primary and secondary airborne pollutants are typically associated
with the oil and gas industry; unsanitary waste management and unregulated industrial
activities. The aim of this study is to investigate the fate of O3 as a secondary pollutant by
evaluating the photochemical reactions in one of Kuwait's major urban areas (Fahaheel).
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The study also reports on the daytime and night-time relationships between O3 and NOx;
and investigates the O3z weekend effect in Fahaheel area.

2 MATERIALS AND METHODOLOGY
2.1 Study area

The Fahaheel urban area (29°05'00”N lat. and 48°07'36"E long.) is one of five major cities
in the State of Kuwait under Al-Ahmadi Governorate. The city is associated with
downstream and petrochemical industries supporting the oil-based economy of Kuwait. It is
characterised by a typical arid climate with harsh summers. During the summer seasons,
ambient temperatures typically exceed 55°C in the months June to September. About
100,000 residents are reported to reside in the area which is also adjacent to the state's
largest oil refinery (Mina Al-Ahmadi, MAA). All refineries, including MAA comprising
Kuwait's three refinery belt alongside Mina Abdullah (MAB) and Shuibah (SHU), are
located on the southern side of the main shopping area of Fahaheel (downtown) [14]. On
the southern side of the area there are also petrochemical industries and other small private
(cottage) industries. Readers are referred to Al-Salem and Khan [14] for a satellite image
depicting main routes for commuting and industrial sites around Fahaheel.

2.2 Data sourcing, analysis and processing

Continuously monitored air quality data for the years 2004-2005 and 2014-2015 was
acquired from the Fahaheel monitoring station (located 15 m above ground level) by the
Air Pollution Monitoring Division, Environment Public Authority, Kuwait (EPA).
The ambient air samples were taken from a stationary probe (Group Tek. Model, 3—5 m,
stationary photolytic converter, Environment SA and Thermo Models) located at the top of
the Fahaheel polyclinic. The samples were examined using various primary pollutant and
secondary precursor analysers (Whatman 41, Air sample Grasbey-Anderson Ltd.,
1% tolerance, weather station), all linked to EnviDAS software's central online data
acquisition system. Continuous hourly averages of pollutant concentrations namely O;
(ppb), NO (ppb), NO: (ppb), and NOx (ppb) were collected in addition to the metrological
parameters of ambient temperature (°C ), relative humidity (RH, %), wind speed (WS, ms™')
and wind direction (WD, °). Os is often depleted locally by atmospheric titration in high
NOx emission regions. Ox is consequently a more stable entity to study as it shows the
potential for renewed production of O3 [15]. Therefore, work on nitrogen-based pollutants
included the Ox filtration procedure where points below its line have been discarded due to
photo-oxidation reactions, particulate accumulation, choking or OH" ion presence
malfunctioning of the instruments. The procedure has been established previously by other
authors and illustrated as follows [2], [13]-[14], [16]:

Ox[ppb] = O, + NO, , (1

where, Ox is the total oxide concentration in the ambient atmosphere (ppb). It is well
established that the reactions shown below generally dominate the interconversion of Os,
NO and NO, under atmospheric conditions [1]:

NO, +hv (A <398 mm) —> NO+O Q)
O0+0,+M (N,0,) > O;+M 3)
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NO+0,—2-NO, +0, @)
NO, +0,—“ > NO+0, (5)

wollo,] 7 ©

NO,] Ky
where, hv is the sunlight (solar) intensity; ks is the rate coefficient for the reaction of NO
with O3 in eqn (4); and J4 is the rate of NO» photolysis reaction in eqn (5) at equilibrium
[17]. The reactions in eqns (4) and (5) characterise a closed system in which components of
NOx (NO+NO,) and oxidant Ox (O3+NO;) relate separately but leave unchanged a total
mixing ratio of both NOx and Ox [18]. Over the course of daytime hours, NO, NO,, and O3
are typically balanced on a time scale of a few minutes called the photo-stationary state. In
this study, determining the J parameter and the NO, and O; mixing ratio assisted
in investigating the photochemical reactions (photolysis) of the pollutants. It also aided in
understating the fate of the pollutants in the ambient and their interaction with each other.
Diurnal variation of NO, NO,, NOx, O3, and Ox along with variation of seasonal regional
and local Ox were also examined in the study.

3 RESULTS AND DISCUSSION
3.1 Ozone and nitrogen oxide(s) diurnal variation and patterns

The O3, NO, NO, and NOx diurnal variation plots of hourly averages for the years
2004-2005 and 20142015 are shown in part (Fig. 1). The daily average maximum level of
O3 reached 69 ppb during the years 2004-2005 compared to 47 ppb in 2014-2015. The
diurnal cycle of O3 concentrations shows high levels with altering morning and late-night
concentrations. The lowest concentrations were found at around 5:00 to 8:00 in the early
morning hours. The concentration of Oj started to rise rapidly afterwards, coinciding with
the increase in solar radiation until it peaked at around 13:00 to 16:00 during the day.
Subsequently, it declined rapidly from daytime to evening (18:00) after reaching its
maximum value and continued to decline gradually due to the lack of solar radiation. The
same O3 daily variability was also observed in past research [16], [19]-[20]. This could be
attributed to the photochemical reaction of O3 precursors (e.g. VOCs) with natural ambient
air and NOx long-range transport [21]. It is well established that the inversion layer, solar
intensity, wind patterns and sources of emissions have a significant influence on the daily
variability of any pollutant [2], [17]. As seen in previous research these factors may also
added to the O; background levels in the study area [14].

The diurnal variation plots of NO, established in Figure 1 show two daily peaks during
morning and evening periods. The peak values of NO and NO, occurred at the same time
during morning hours (e.g. 6:00 to 8:00). This coincided with the school rush hour vehicle
emissions. The evening peaks occurred between 19:00 to 21:00 in 2004-2005 and in
2014-2015. The evening peaks corresponded to typical urban activities of Fahaheel area
(e.g. traffic, shops and markets opening, restaurants, etc). NO oxidised to NO, as morning
progresses until it reached maximum values in evening times. NO, hourly average
concentrations exceeded NO concentrations, showing higher level of environmental
oxidation in the area. The rush hours and increased volumes in traffic during morning times
and evening periods coincided with the higher NOx levels. Another factor contributing to
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Figure 1:  Hourly variations of average concentrations of O3 (top) and NO, (bottom) in
the Fahaheel urban area for the years 2004-2005 and 2014-2015.

this phenomenon is night-time inversion. The dilution processes of nitrogen-based
chemicals in the atmosphere are hindered by a lower inversion layer [14]. This layer
contains emitted pollutants such as NO and NO,, which may have caused the hourly
concentration of NOx to increase during the night [22]. During the daytime, the lower NOx
levels are mainly due to a higher inversion layer that increases pollutant dilution. In
general, the increased rate of NO; photolysis at midday causes NO: levels to drop and
O; to rise [23].

The increase in NO and NO, levels is associated with a decrease in O3 concentration
[24]. NO is a primary pollutant emitted from various sources around the monitoring
receptor point. As stated in eqn (4), NO is converted to NO; in the reaction with O;. As a
result of photolysis, NO; is reversely produced by stoichiometric balance back to NO
during the day leading to Os; regeneration. Furthermore, the levels of the primary pollutant
NO occurred at higher concentrations in 2004-2005 compared to 2014-2015. The same
was also detected for O; ambient concentration. In general, the lower NO emissions in
2014-2015 are related to the use of catalytic convertors in modern vehicles in addition to
lower combustion sources concentration build-up around the vicinity of Fahaheel.
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3.2 Chemical coupling of O3, NO and NO;

The mixing ratio of NO», O3 and the rate of NO: photolysis (J4) was determined to study the
photolysis reaction in the atmosphere. It also established the fate of the pollutants in
the ambient and their interaction with each other. The average variations of the value of
Ju/ks from eqn (6), was obtained for the study duration and is shown in Fig. 2.

20
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Figure 2: The average variations of J4/ks; value in 2004-2005 and 2014-2015.

The mean J4/ks values varied between 4.71 and 17.74 ppb (2004-2005). The maximum
value occurred at 15:00. In addition, the mean values of J4/k; varied between 4.18 and 9.38
ppb (2014-2015) with a maximum value also reported at 15:00. Han et al. [17] reported
mean J/k values ranging from 0.176 to 5.513 ppb in Tianjin, China, and a maximum value
at 10:00. Their work provided an adequate description of diurnal averaged variations of
NO, NO; and O3, consistent with the chemical coupling dominated by the previously
described reactions in eqns (4) and (5). This indicates that Fahaheel area is a photocatalytic
area which is also consistent with high UV radiation sites (e.g. Kuwait).

3.3 Diurnal variation of Ox concentration

Ox levels are influenced by photochemical reactions. The variation in the Ox concentration
mean values shows that the concentration of Ox in 2004—2005 was characterised by a
midday peak (Fig. 3). The examined Ox diurnal variation attributes the behaviour of Ox to a
similar one in the variation of Os. During daytime, the Ox concentration reached maximum
values. Similar results to the Ox pattern observed in 2004-2005 have been previously
reported in many locations including Saudi Arabia and India [4], [20]. However, the diurnal
variation of Ox in the years 2014-2015 did not fit the same pattern as that of 2004-2005.
The NO,/Ox concentration ratio variation is shown below. NO is converted to NO, through
an Oj reaction. This is crucial in establishing levels of NO, and Os. The low ratio of
NO»/Ox could be attributed to the higher O; levels during the daytime [13]. This
behavioural difference between NO, and O3 may be related to the time they have to react in
the atmosphere or the rate of chemical processes in the studied area.
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Figure 3:  Variations of Oy (top) mean values and NO,/Ox (bottom) mean value ratio in
2004-2005 and 2014-2015.

3.4 Weekday/weekend differences

The difference between weekends and weekdays of Os levels in the Fahaheel area is
investigated in this section in order to determine the ozone weekend effect. Differences in
ambient air pollutant concentrations such as NOx and O; were extensively studied on
weekdays and weekends in urban, suburban and rural sites [25]-[27]. The regional
background contributions dominate in sites where concentrations of Oz on weekdays and
weekends are approximately equal [4]. On the other hand, differences on weekdays
and weekends appear in sites dominated by O; local production. In general, a valuable
indicator of whether O; originates in local photochemical production or in transportation
processes is to study the weekday and weekend differences in O3 and NOx levels and
NO-titration [4]. The ground concentration of O3 over Fahaheel urban area depends on the
photochemical production of Oj in relation to its precursors; NOx and VOCs. The weekly
traffic patterns are believed to affect the variations of NOx and Oz on weekdays and
weekends [4]. Vehicle emissions are the main source of NOx emissions in the studied urban
area; where traffic density on weekends is assumed to be lower than the weekdays due to
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official days-off of work commuters and school/college students. Weekends were on
Thursdays and Fridays in Kuwait between 2004-2005, corresponding to Fridays and
Saturdays in 2014-2015. Higher NO, NO, and NOx concentrations and lower O;
concentration on weekdays were observed during daytime in Fahaheel area in 2004—2005
and 2014-2015 as seen in Table 1. The detected trend towards higher levels of Oj;
concentration and lower NOx emissions on weekends supported the ozone weekend effect
in Fahaheel urban area. This corresponded to the change in weekends in Kuwait, and
complemented the analysis conducted in this study.

Table 1: Weekdays/weekends daytime diurnal variations of Oz, NO, NO,, and NOy
(2004-2005) and (2014-2015).

Daytime O3 (ppb) NO (ppb) NO:2 (ppb) NOx (ppb)
Weekdays 42.29 12.64 31.10 43.83
2004-2005 Weekends 47.67 10.02 27.74 37.88
All 43.85 11.878 30.13 42.10
Weekdays 28.23 9.76 37.02 47.27
2014-2015 Weekends 31.35 7.45 30.73 38.71
All 29.12 9.12 35.28 44.09

4 CONCLUSION

Examining the variations in O3 and NOx in the urban area of Fahaheel (Kuwait) over the
years (2004-2005) and (2014-2015) resulted in determining their atmospheric behaviour.
O3 levels were clearly more elevated in the summer months. They were seen to gradually
increase until reaching the month of July in 2004-2005 and the month of August in
2014-2015. The patterns of hourly diurnal variation of O; and NOx varied between
weekdays and weekends. It was observed that O; reached higher overall weekdays and
weekends concentrations in 2004—2005 compared to 2014-2015. In addition, higher NO,
NO; and NOx concentrations and lower O; concentration on weekdays were observed
during daytime in Fahaheel area in 2004-2005 and 2014-2015. The detected trend towards
higher levels of O3 concentration and lower NOx emissions on weekends supported the
ozone weekend effect Fahaheel urban area. Furthermore, the levels of the primary pollutant
NO occurred at higher concentrations in 2004-2005 compared to 2014-2015. This is
related to the use of catalytic convertors in modern vehicles as well lower combustion
sources concentration build-up around the vicinity of Fahaheel. The present study provided
insight into ground level ozone variations in urban Fahaheel, yet the interpretation was
limited by meteorological and VOCs data inadequacies. Future studies need to explore
more detailed relationships between NOx, VOCs, and Os in the Fahaheel area.
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INFLUENCE OF SPATIAL RESOLUTION IN MODELING
THE DISPERSION OF VOLCANIC ASH IN ECUADOR

RENE PARRA
Instituto de Simulacion Computacional, Universidad San Francisco de Quito, Ecuador

ABSTRACT

Volcanic ash produces air pollution and other impacts. Regions potentially affected require information
about the possible ash dispersion trajectories and affected zones by ash fallout. In the last 19 years, five
volcanoes in Ecuador have produced moderate to large explosive eruptions. Information about the
volcanic ash dispersion in forecasting time is a priority in Ecuador. Eulerian models can provide results
with high spatial and temporal resolutions. However, they need to solve huge amounts of equations,
demanding plenty of computational resources when using high spatial resolutions. It is necessary to
define a pragmatic spatial resolution, suitable to compute volcanic ash dispersion, both in forecasting
time and with enough accuracy. For this purpose, we simulated the meteorology over Ecuador, using
the Weather Research and Forecasting (WRF3.7.1) model with spatial resolutions of 36 km, 12 km,
4 km, and 1 km. Meteorological outputs were used into the FALL3DV7.1.4 model to simulate ash
dispersion from four eruptions (Tungurahua volcano: 16 December 2012, 14 July 2013 and 1 February
2014; Cotopaxi volcano: 14 August 2015). We compared modeled ash fallout results with records from
ash meters around these volcanoes. The coarser resolutions of 36 km and 12 km, provided low modeling
performances, with values of the linear correlation coefficient (R?) between 0.00 to 0.79; and 0.28 to
0.46 respectively. Modeling with 4 km improved the performance, reaching values of R? between 0.56
to 0.98. The resolution of 1 km got the best performance, with R? between 0.70 to 1.00. Nevertheless,
when working with 1 km, it demanded about 20 computational times in comparison with 4 km. These
results suggest that for the Ecuadorian case, the resolution of 4 km is a good compromise for generating
volcanic ash dispersion in forecasting time, with proper modeling performance.

Keywords: WRF, FALL3D, forecasting time, Cotopaxi, Tungurahua.

1 INTRODUCTION
Volcanic ash produces air pollution and other environmental impacts [1], [2]. Regions
potentially affected require information about the possible ash dispersion trajectories and
affected zones by ash fallout.

Prevailing winds at different altitudes disperse volcanic ash. So, the meteorological
component of Atmospheric Transport Models (ATMs) (e.g. [3], [4]), provides key
information when modeling the dispersion of volcanic ash. ATMs also require volcanological
inputs, the Eruption Source Parameters (ESP) [5], which include information about particle
grain size distribution, and the characterization of the source term (i.e., plume height, eruption
duration, mass eruption rate, and vertical distribution of mass along the eruptive column).

In the last 19 years, five volcanoes in Ecuador produced moderate to large explosive
eruptions with significant ash plumes (Pichincha 1999-2001, Sangay permanent,
Tungurahua 1999 to present, El Reventador 2002 to present, Cotopaxi 2015). Hence,
information in forecasting time about the volcanic ash dispersion is a priority in Ecuador.

Eulerian ATMs describe the behavior of the atmosphere into domains composed of three-
dimensional arrays of fixed grid cells. For mesoscale studies, ATMs use grid cells with
resolutions of few km, providing results with high spatial and temporal resolutions. However,
they solve huge amounts of equations, demanding plenty of computational resources. The
need for high-resolution simulations (up to 1 km) comes from the better representation of
small scale processes of dispersion processes [6]. It is necessary to define a pragmatic spatial
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resolution, suitable to compute volcanic ash dispersion, both in forecasting time and with
proper accuracy.

Tungurahua (lon. 78.446°W, lat. 1.468°S; 5023 m asl), located in the Ecuadorian Andes
(Fig. 1), began its activity in October 1999. Since then, ash fallout was the most frequent
volcanic hazard [7], [8]. Based on field and modeling studies, ESP were proposed for
forecasting ash dispersion due to Vulcanian eruptions at this volcano [4].
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Figure 1:  Location of Cotopaxi and Tungurahua volcanoes. Domains for modeling: Master
domain (80 x 80 cells, 36 x 36 km), subdomain 1 (109 x 109 cells, 12 x 12 km),
subdomain 2 (199 x 199 cells, 4 x 4 km), subdomain 3 (601 x 601 cells,
1 x 1 km).

On 14 August 2015, Cotopaxi (lon. 78.436°W, lat. 0.677°S; 5897 m asl, Fig. 1) awoke
after more than 70 years [9], [10]. Cotopaxi volcano is about 50 km south of Quito (capital
of Ecuador, Fig. 1). During 2015 its eruption activity continued unevenly until the beginning
of December [11]. In the same way, based on field and modeling studies, preliminary ESP
were established for modeling ash dispersion at this volcano, for similar eruptions as the one
happened on 14 August 2015 [12].

In this study we explore the influence of spatial resolution in modeling the dispersion of
volcanic ash in Ecuador, to define a pragmatic one, for computing this information, both in
forecasting time and with proper accuracy.

2 METHOD

We modeled the ash dispersion from four historical eruptions, three at Tungurahua (16
December 2012, 14 July 2013 and 1 February 2014) and one at Cotopaxi (14 August 2015).
For these days, firstly we simulated the meteorology using the Eulerian Weather Research
and Forecasting (WRF3.7.1) model [13], with a master domain of 80 x 80 cells (each of
36 x 36 km) and three nested subdomains (Fig. 1), with spatial resolutions of 12 km (109 x
109 cells), 4 km (199 x 199 cells), and 1 km (601 x 601 km) respectively. In all cases, we
used 35 vertical levels (model top pressure at 50 hPa). Initial and boundary conditions came
from the GFS forecasts dataset [14].

Meteorological simulations were done using the following physics parameters: WSMS for
microphysics, RRTMG for radiation, Kain—Fritsch for cuamulus and YSU planetary boundary
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layer (PBL) scheme. Previous studies suggested the YSU as one of the PBL schemes with
good performance for modeling purposes in Ecuador [12], [15].

The meteorological outputs were used into the Eulerian FALL3DV7.1.4 [16] model to
simulate the ash dispersion. Table 1 shows the ESP, emissions, timescales, and options used
for modeling these four eruptions [4], [12]. We selected into FALL3DV7.1.4, the model
proposed by Mastin et al. [17], to estimate the emissions of volcanic ash.

Modeled ash clouds were qualitative compared with ash clouds detected by the
Washington Volcanic Ash Advisory Center (Washington VAAC) at different flight levels
(FL) [18]. FL (expressed in 100 feet units) is the height above mean sea level when the
pressure at sea level is 1013.2 mb (e.g., FL300 = 30,000 feet, = 9.1 km).

We compared the modeled ash fallout results with records from ash meters around these
volcanoes (4 stations for Tungurahua, 14 stations for Cotopaxi), which are operated by the
Instituto Geofisico de la Escuela Politécnica Nacional [4], [11] (Fig. 2).

-78.5 -78.2

-78.5

-0'2 1‘:: U ito -0.2
0.5 0.5
0.8 0.8

785 782 -78.5

Figure 2:  Location of stations and their nomenclature. Cotopaxi volcano (left): 1. Mariscal
(Mar), 2. Machachi 1 (Mal), 3. Jambeli (Jam), 4. Machachi 2 (Ma2), 5. Obelisco
(Obe), 6. Aloag (Alo), 7. Santa Ana (San), 8. Gualilagua (Gua), 9. Tiopullo
(Tio), 10. Progreso (Pro), 11. Entrada Sur (Ent), 12. Instituto Geofisico (Ins),
13. Agualongo (Agu), 14. BNAS. Tungurahua volcano (right): 1. Choglontus
(Cho), 2. Palictahua (Pal), 3. Pillate (Pil), 4. Runtun (Run).

3 RESULTS
Although with differences, for all the spatial resolutions, the direction of modeled ash clouds
was consistent with the course of the detected clouds. As an example, Figs 3 and 4 show the
detected the corresponding computed ash clouds, for the eruptions at Tungurahua on 1
February 2014 and Cotopaxi on 14 August 2015 respectively.

For the Tungurahua eruption on 1 February 2014, at 23h15 LT (Local time), the detected
clouds at FL250, FL400, and FL350 moved SE, S, and SW respectively, while the modeled
moved S and SW.

For the Cotopaxi eruption on 14 August 2015, at 18h15 LT, the detected ash clouds at
FL460-FL500 and FL360 moved E and N respectively, although the modeled at FL350,
FL400, and FL450 moved NE. Also, modeling showed an ash cloud was moving NW at
FL200, which was not detected by the Washington VAAC.
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Detected volcanic ash clouds
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Figure 3:  Tungurahua volcano. Eruption on 1 February 2014. Detected [18] versus
modeled volcanic ash clouds with different spatial resolutions.
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Detected volcanic ash clouds
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Figure 4:  Cotopaxi volcano. Eruption on 14 August 2015. Detected [18] versus modeled
volcanic ash clouds with different spatial resolutions.
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For all the eruptions, the simulations with coarser resolutions (36 km and 12 km) provided
larger areas affected by ash clouds, in comparison with the results when using higher
resolutions (4 km and 1 km).

The modeled ash fallout of 16 December 2012, 14 July 2013, and 1 February 2014,
affected zones at the N, W, and SW of the crater, respectively (Figs 5—7). The ash fallout of
14 August 2015 took place mainly toward NW (Fig. 8).

When modeling with different spatial resolutions, the main computed direction of ash
fallouts was the same. However, the simulations with coarser resolutions (36 km and 12 km),
provided larger areas affected by ash fallout in comparison with higher resolutions (4 km and
1 km). Also, coarser resolutions computed areas with ash fallout (red ellipses in Figs 5-8)
which were not affected, when modeling with higher resolutions. On the other hand, higher
resolutions can identify new affected zones (blue ellipses in Figs 6 and 7) in comparison with
coarser resolutions, as show the results of 14 July 2013 and 14 August 2015 eruptions.
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Figure 5:  Tungurahua 16 December 2012. Modeled ash fallout using different spatial
resolutions.
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Figure 6: Tungurahua 14 July 2013. Modeled ash fallout using different spatial resolutions.
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Figure 7:  Tungurahua 1 February 2014. Modeled ash fallout using different spatial

resolutions.
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Figure 8: Cotopaxi 14 August 2015. Modeled ash fallout using different spatial resolutions.

The linear correlation coefficient (R?) between measured and modeled ash fallout
improved when using higher spatial resolutions. The coarser resolutions (36 km and 12 km),
provided low performances, with values of R? between 0.00 to 0.79 (Table 2); and 0.28 to
0.46 respectively. The resolution of 4 km improved, with values of R? between 0.56 to 0.98.
Modeling with 1 km got the best performance, with R? between 0.70 to 1.00.

As an example, Fig. 9 shows the comparison between measured and modeled ash fallout
for the eruption of Cotopaxi on 14 August 2015.

Table 2:  Values of the linear correlation coefficient (R?) between measured and modeled
ash fallout values using different spatial resolutions.

Spatial resolution
36km | 12km | 4km | 1km
Tungurahua 16 December 2012 0.79 0.46 0.98 1.00

Volcano Date of eruption

Tungurahua 14 July 2013 0.00 0.28 0.65 | 095
Tungurahua 1 February 2014 0.25 0.33 0.95 1.00
Cotopaxi 14 August 2015 0.27 0.33 0.56 0.70
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Figure 9:  Cotopaxi volcano 14 August 2015. Values of the linear correlation coefficient
(R?) between measured and modeled ash fallout values using different spatial
resolutions.

4 DISCUSSION AND CONCLUSIONS
We used spatial resolutions of 36 km, 12 km, 4 km and 1 km, for modeling the dispersion of
volcanic ash of four eruptions, which took place in Ecuador in the last seven years.

Although with differences in shape and height, the direction of the modeled ash clouds
with these resolutions, were consistent with the course of the detected ash clouds. For all the
eruptions, the coarser simulations (36 km and 12 km) provided larger areas affected by ash
clouds, in comparison with the results when modeling with higher resolutions (4 km and
1 km). The coarser simulations also provided larger areas affected by ash fallout, in contrast
with the results when using higher resolutions.

For all the eruptions, the linear correlation coefficient (R?) between measured and
modeled ash fallout improved when using higher resolutions. The simulations using 4 km
and 1 km reached values of R? between 0.56 to 0.98, and 0.70 to 1.00 respectively.

Nowadays and based on the WRF3.7.1 and FALL3D7.1.4 models [19], we are using a
numerical system for forecasting the potential path of volcanic ash, due to emissions at
Tungurahua and Cotopaxi volcanoes. This system is working with 4 km of spatial resolution,
under the following schedule: During the first day, WRF generates the meteorology for the
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next four days. After, FALL3D models the volcanic ash dispersion for the second, third and
fourth days. Now, the computational resources dedicated to this task (24 processors, ES, 2.00
GHz and 65.9 GB of RAM [19]) require about 24 h for processing this schedule.

Using the same resources but working with the spatial resolution of 1 km, the
computational time increased to about 20 days. So, with this resolution, although with better
performance, the computed information will not be available in forecasting time.

These results suggest that for the Ecuadorian case, with the actual computational
resources, the resolution of 4 km is a good compromise, which allows the generation of
volcanic ash dispersion in forecasting time, with proper modeling performance.

This framework uses an off-line approach. It firstly forecasts the meteorology and after
the volcanic ash dispersion.

The advantage of this approach is that a unique database provides the meteorological data
for forecasting ash dispersion at different volcanoes. This feature is significant, especially in
cases of limited computational resources. Once the meteorology is available, it is possible to
forecast in almost real time, the dispersion of volcanic ash, if the beginning time of an actual
eruption is known.

Nevertheless, the off-line approach does not consider feedback between volcanic ash and
meteorology. The online modeling approach, which works with interactions, could improve
the performance. The disadvantage of the online method is the need for larger computational
capacities, in part because the ash dispersion of a single eruption demands its meteorology.
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REAL-TIME ATMOSPHERIC MONITORING OF URBAN
AIR POLLUTION USING UNMANNED AERIAL VEHICLES

QINGYUE WANG
Graduate School of Science and Engineering, Saitama University, Japan

ABSTRACT

Unmanned aerial vehicles (UAVs), or Drones, have recently begun to appear frequently in the television,
newspapers and social media for their applicability in various fields of science. Although UAVs have
been used in a wide range of atmospheric science, there are few reports of using UAVs for lower layer
atmospheric observation available. In my laboratory, harmful black carbon (BC) in ambient particulates
was determined based on the observation results of harmful chemicals in the lower boundary layer and
atmospheric conditions using UAVs. The ambient particulates in the lower layer atmosphere based on
heights can be measured by UAVs at the optional location. In this paper, I want to report the lower
layer atmospheric observation of ambient particulates with their chemical species for the first time in
Japan. The data transfer devices were loaded into UAVs for the transformation of the results measured
at different heights during 2018 in order to develop real-time observations of PMa2.s and PMio in the
lower layer atmosphere of the suburban and urban areas of Saitama city, Japan. Air pollutants
transported from the urban areas of metropolitan Tokyo were determined from the real-time results of
measurements in the vanity in the morning, noon and afternoon. High concentrations of PMz.5s and PMio
were observed around noon in the rural area of Yorii-machi, Saitama prefecture on December 5, 2017
which might be influenced by the polluted air mass from the urban atmosphere. It is clear that different
air pollution phenomena can be observed easily by using UAVs real-time atmospheric monitoring.
Keywords: unmanned aerial vehicles (UAVs), drone, ambient particulates, PM>.s, PMo, black carbon,
real-time monitoring, Saitama, Japan.

1 INTRODUCTION
In recent years, increasing attention has been paid to air pollution by fine particles in the
urban atmosphere owing to various harmful effects of those particles on human health.
Atmospheric pollutants discharged from anthropogenic sources as emissions of the gaseous
substance and ambient fine particles of PMys (particulate matter with a 50% cut-off
aerodynamic diameter < 2.5 pm) [1], the radioactive materials released by the accidents
of the nuclear power plants and the chemical plants. Moreover, pollen grains [2], yellow sand
dust, volcanic explosion, and a brush fire are also the origins of air pollution. Atmospheric
pollutants that emitted from natural and anthropogenic sources can change the composition
of ambient air affecting air quality and human health [3].

In Asian countries, severe air pollution phenomena were found with rapid economic
development and urbanization during the last several decades [4]-[7]. It is essential to
develop methods using unmanned aerial vehicles (UAVs) for the determination of
atmospheric pollutants in the lower layer atmosphere or the place where a person cannot go
easily. At the same time, UAVs can be used for the observation of the spread mechanism,
the source contribution and the generation mechanism of atmospheric pollutants with the
vertical distribution.

In this study, my research team has developed several unmanned aerial vehicles (UAVs)
and used them for atmospheric monitoring to examine real-time variations and vertical
distribution of air pollutants associated with anthropogenic activities or long-range
transportation in the lower boundary layer. To investigate the contribution of the chemical
components of the traffic emission [6] associated with toxicity of the airborne particulate
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matter, [ have especially used those UAVs and determined the vertical distribution of PM3 s,
ozone (O3, BC caused by diesel exhaust particles (DEPs) and different carbonaceous
particles (OC1~OCx) of ambient particulate matter (as PM,s) at the urban roadside site in
Saitama city and background site of Saitama prefecture, Japan.

2 MATERIAL AND METHODS
2.1 Sampling sites

The study was conducted in the Saitama prefecture located in the central Kanto region of
Japan having a population of more than one million. Two sites viz. roadside of the city route
463 (Main prefectural road with high traffic volumes of both diesel and gasoline powered
around 21,000 vehicles per weekdays) in Saitama city near the metropolitan Tokyo and
background site located in the rural area of Yorii-machi in Saitama prefecture, Japan were
chosen for observing air pollution.

2.2 Unmanned aerial vehicles (UAVs)

Several UAVs of Model EX1100SA and Model ZION QC730 (Fig. 1) embedded with
payload computer were designed and made by Enroute Co., Ltd., Japan. Another Model
SA888 was designed and built by Saitama University and Iyobeshoji Co., Ltd., Japan.
Although the Ridge Hawk controller has the power to compute and multi-task simultaneous
functions, it was built to be energy efficient to minimize battery usage during flights. The
computer consists of 4MB of flash memory, a 12-bit A/D converter with 8 input channels,
two RS232 channels, a hardware watchdog, a real-time clock and 512 bytes of RAM. During
the flights of all UAVs automatically following the GPS system, we can send commands to
the computer to control and change the data download feed, each payload instrument and the
sensors mentioned in next sections.

Figure 1: A basic unmanned aerial vehicles (UAVs).

The part order containing within the UAVs loading, airborne particulate sensors of PM; 5
and PM)o including two particle counters (Shibata Scientific Co., Tokyo, Japan) and
real-time pollen grains counter equipment were made at the same time. In order to set on all
the UAVs of Model EX1100SA, Model ZION QC730 and Model SA888, the connection
parts of the all the models were also designed and improved. We had miniaturized each
measuring machine module, confirmed for 10% weight saving of all the UAVs and made
them of about 10 m/s of survival wind speed to load into UAVs easily.
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2.3 Airborne particulate sensors for PM» s and PM;

Ambient particulate measurement using personal particle sensors of Model LD-6N2 (Shibata
Scientific Co., Ltd., Japan) (https://www.sibata.co.jp/products/products17/), is modular in
design and can be quickly installed and removed from the UAVs payload bay (Fig. 2)
evaluated by Saitama University. The package is powered by the batteries (USB power
supply from the same package powered by Li ion battery unit of minipump) for the duration
of the flight up to 10 hours [7].

) e

Impactor of
PM2.5 and PM10

Mini Pump

o

5.0 L/min

LD-6N2( detector )
LD-6N2(operator )

Figure 2: Personal particles sensor (Model LD-6N2) with an impactor of PM; s and PM,.

The aerosol package includes a passively pumped isokinetic inlet of minipump (Model
MP-NY 11, Shibata Scientific Co., Japan) to bring air and particles into the module. An optical
particle counter is also under development for the package powered by Li ion battery unit as
the field deployment. The operation displays LED indicator for sampling air and features
integrated flow measurement functions have been shown in Fig. 2.

The LD-6N2 has a quick response time, grows particles in a butanol-saturated flow and
counts particles in different diameter size ranges with the modifications were implemented
to address the high-vibration environment of the UAVs. PM» s and PM ¢ concentrations were
also characterized and determined by their impactor and sampling size-selected particles
from differential sensors designed by Saitama University [8]-[9] and also developed and
hand made by Shibata Scientific Co., Japan.

2.4 Real-time determination of the carbonaceous particles with a PM; s microCYCLONE

I used the carbonaceous particle monitors (Model AE51 and Model MA 200, AethLabs, Ltd.,
USA, https://aethlabs.com/microaeth/ma200/overview) for the determination of
carbonaceous particles. MA200 monitor is compact, real-time, wearable five-wavelength
UV-IR BC monitors with 15 sampling location automatic filter tape advance system allowing
up to 2-3 weeks of continuous measurements. The mass concentrations can be detected by
light absorbing carbonaceous particles in a sampled aerosol. The instruments have five
analytical channels each operating at a different wavelength (880 nm, 625 nm, 528 nm,
470 nm and 375 nm) [10]. Measurement at 880 nm is interpreted as the concentration of BC
[11]. Measurement at 375 nm is interpreted as ultraviolet particulate matter (UVPM)
indicative of carbonaceous particles like wood smoke, tobacco, biomass burning and DEPs.
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In this paper, I have defined those carbonaceous particles as BC, DEPs and different
organic carbon (OC1~OCx). The MA series instruments have several important
advancements. The instrument automatically controlled the advance of the tape material,
moving to a new unused spot when required. This allowed the instrument to run continuously
for multiple weeks or months without human intervention. Five-wavelength optical engine
enables discrimination between organic and elemental particles which is helpful in source
identification when measuring different aerosols. The MA series also features the special
loading compensation method, which in real-time measures and adjusts for differing optical
properties of particles of varying age and composition. For a particle size cut point of PM, s
BC, the flow rate of the microAeth needs to be set to 50 mL/min. If the flow rate of the
microAeth is set to 100 mL/min, the microCY CLONE will provide a particle size cut point
of 1.6 microns in diameter shown in Fig. 3. Therefore, BC measurements can be carried out
with the corresponding particle size selective cut point of the microCYCLONE at that
flow rate.

1203
4 567
LEFT SIDE FRONT RIGHT SIDE BACK

BOTTOM

1. Inlet port
2. User interface screen

3. Outlet port

4. User interface buttons (3)

5. DC Barrel jack port

6. USB mini-B port

7. 4-pin 3.3V TTL serial port

8. Fitter tape cartridge door

9. Flat head screw in filter tape cartridge door
10. Serial number label

Figure 3: MA 200 carbonaceous particle monitors with a special PM, s microCY CLONE.

2.4.1 Real-time determination of ambient O3

Portable O3 monitor was used in my study. It enabled accurate real-time surveying of
common air pollutants, all in an ultra-portable, handheld air quality monitor (Series 500,
Aeroqual Ltd., New Zealand, https://www.aeroqual.com/product/series-500-portable-air-
pollution-monitor). Data were stored on board the Series 500 with a maximum 8,188 records
available. To download the data a USB cable was supplied for connection to PC. Free PC
software provided with the Series 500 taken the data and represented that in a chart or table
view. Data were downloaded and viewed in excel.

The monitor can also operate in control mode. Upper and lower control limits can be easily
set directly on the display. Using the 0-5V output the Series 500 can be used to switch on or
off an externally connected device, such as an O3 generator, or system in the presence of a
predetermined level of O3 gas. By selecting the optional wall-mount bracket and plugging in
main power the Series 500 was effectively able to act as a fixed monitor as well as a handheld
portable device (Fig. 4).
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Setting and adjustments

Real time data transmission

Preparation

Figure 4:  Observation using UAVs with the sensors of PM» 5, PM9, and Os at Yorii-machi
rural site, Saitama prefecture, Japan on November 15, 2018.

3 RESULTS AND DISCUSSION
3.1 The real-time variations of PM» s and PM;, concentrations and their patterns

During the last decade, increasing attention has been paid to fine particles such as PM» s in
the urban atmosphere owing to the various harmful effects on human health [6]. PM, s can
penetrate more deeply into the lungs and may reach the alveoli causing serious respiratory
diseases. Motor vehicles exhaust is one of the main sources of PM, s in the urban atmospheric
environment. Therefore, we have used UAVs for the first time in Japan to study the spread
mechanism of atmospheric pollutants, the source contribution of urban atmospheric
pollutants in this article.

In the case of a flight in lower boundary layer up to 140 m, I found out that its inclination
was one beyond /100 m clearly 1°C in the temperature profiles in the low-rise sky from the
low layer around 70 m. When flight over 100 m of the ground level, one below /100 m went
down about 1°C, and it means that the atmosphere was weak stability even in the low layer
of 100 m. The stronger atmosphere stability was found over 100 m with a weak inversion
layer formed. Therefore, the atmospheric pollutants were concentrated by the
pollution accumulation because of the weather condition disadvantageous to the spread of
the atmospheric pollutants in the lower boundary layer during winter.

The ambient particulate measurement was carried out using the personal particle sensors
in Yorii-machi, Osato-gun, Saitama prefecture on December 5, 2017 is shown in Fig. 5. Since
the contaminant air masses were transported from the urban area in the Tokyo metropolitan
area, the real-time results of measurement of PM» s and PMjq to a suburb were determined
from morning to afternoon of the day. As shown in Fig. 5, it was found out that the influence
of short time high concentrated atmospheric pollution occurred. After that the pollution
phenomena were also determined again in the afternoon.
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Figure 5: Real-time determination of PM,s and PM,¢ using UAVs with the personal
particle sensor.

3.2 Real-time concentrations of Oz and PM, s in 140 m atmospheric layer

As shown in Fig. 6, the concentrations of O; and PM,s were increased in the 140 m
atmospheric boundary layer over ground level suggesting that secondary particles contribute
considerably as one of the pollutants in Saitama, Japan. NOs is usually present as NHsNO;
in the atmosphere. During the winter season, the concentration of NO3; was significantly
increased due to diesel exhaust which is two times higher than summer might influence the
pollution in the urban atmosphere.

3.3 Real-time variations and vertical distribution of carbonaceous components
associated with anthropogenic activities

Diesel exhaust contains substantially more particulate matter than gasoline-fuelled vehicle
exhaust and the use of diesel-powered vehicles is leading to the deterioration of air quality in
urban areas.

As given in Fig. 7, real-time mass-weighed variations of carbonaceous components were
determined during a sampling campaign period in 2018. At the same period, real-time vertical
distribution of BC caused by DEPs was mainly determined in PM> 5 of the lower boundary
layer shown in Fig. 8.
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Figure 6: Real-time determination of ambient O3 in 140 m atmospheric layer over the
ground level in a background site.

OC Carbon e

(150mt/min, 105

Balk Carbon

(150mL/min, 10s[E]5%

ROV BC (sg/m')

Time Time

Figure 7:  Real-time variations of carbonaceous components during a sampling campaign
period in 2018.

WIT Transactions on Ecology and the Environment, Vol 236, © 2019 WIT Press
www.witpress.com, ISSN 1743-3541 (on-line)



86 Air Pollution XXVII

Real time vertical distribution
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Figure 8:  Real-time vertical distribution of BC and PM; s of the lower boundary layer
during a sampling campaign period in 2018.

The high contributions of BC, DEPs and the different organic carbonaceous components
(OC1~0Cx) were observed in PM; s during the periods when the wind was coming mainly
from the roadside toward the sampling flight site presented in Fig. 9. Therefore, I strongly
believe that the contribution of carbonaceous components could be attributed to motor
vehicle emissions. Moreover, the concentrations of several chemical components such as BC
and OC1~OCx at the roadside were markedly lower on the weekend than during the week.
This reduction could be due to the reduction in the number of diesel-powered vehicles on the
weekend. The difference was marked in the case of the BC concentrations, though
the OC1~OCx concentrations were closer between weekend and weekday. Some species of
particulate polycyclic aromatic hydrocarbons (PAHs) were mainly derived from
motor-vehicle or petroleum combustion in summer and from coal and biomass combustion
in winter [6]. The high molecular weight (HMW) PAHs containing five-ring PAHs and
six-ring PAHs were determined in the fine particles of PM» s as the components of BC.
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Figure 9:  Real-time vertical distribution of BC and OC1~OCx in PM; 5 determined by a
MA 200 carbonaceous particle monitor during the sampling campaign period in
2018.

4 CONCLUSION

In this article, air quality measurement as PM> s, ozone, black carbon caused by diesel exhaust
particles and different carbonaceous particles from personal particles and gas sensors set in
several UAVs were carried out. Air quality research is moving towards the more wide-spread
use of UAVs to measure those pollutants at different altitudes; compare ground-based data;
and autonomously track plumes emitted by combustion sources, revealing the origin of
atmospheric pollutants. With the help of our developed UAVs, it is possible to investigate
the spread mechanism of atmospheric pollutants, long range transportation, specification of
the pollutant sources and the pollution mechanism with the vertical distribution in the lower
boundary layer.
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ABSTRACT

The world’s population has been growing continuously, with most people inhabiting urban settlements.
Furthermore, air pollution has become a growing concern, mainly in densely populated cities, where
human health is threatened by acute air pollution episodes. The H2020 ClairCity project aims to
substantially improve future air quality and carbon policies in European cities by initiating new modes
of engaging citizens, stakeholders and policy makers. ClairCity applies an innovative quantification
framework developed to assess environmental, health and economic impacts. In this work, the
quantification framework was applied and calibrated for the baseline situation in Bristol, the ClairCity
pilot city. The second-generation Gaussian model URBAIR was set up to simulate NO; and particulate
matter (PM) concentrations for the entire year of 2015. An analysis of source contribution was
performed providing information on the contributions of different source sectors (e.g. road transport,
industrial, residential and commercial) to NO2 and PM concentrations. The results point to a
predominant contribution of road transport sector of 53% to NO: concentrations in Bristol, while the
residential sector is the main contributor (with a contribution of 82%) to particulate matter
concentrations, mainly linked with a high use of solid biomass combustion in this sector. These results
can be powerful to support the design of air quality management plans and strategies and to forecast
potential benefits of reducing emissions from a particular source category.

Keywords: H2020 programme, ClairCity, air pollution reduction, citizens engagement, European
cities, urban areas.

1 INTRODUCTION
As the population continues to grow exponentially and moving from rural to urban areas this
results in a large population density in urban settlements, which contributes to a high pressure
over the environment. Furthermore, air pollution represents a global threat that leads to major
impacts on human health and ecosystems. It represents a public health concern mainly due
to population’s long-term exposure to high levels and acute air pollution episodes. According
to the World Health Organization (WHO), in 2015, in the European region exposure to air
pollution contributed in 391 000 premature deaths attributed to PM,s and to 76,000
premature deaths linked to NO, [1]. The most common reasons for premature death
attributable to air pollution are due to noncommunicable diseases — notably cardiovascular
diseases, stroke, chronic obstructive pulmonary disease and lung cancer. Air pollution also
increases the risks for acute respiratory infections. In terms of exposure, both short and long-
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term exposure to air pollution can lead to reduced lung function, respiratory infections and
aggravated asthma, where children and older people, as well as, people with previous health
conditions, are more vulnerable and therefore more likely to be affected by air pollution. In
Europe, currently the average loss in life expectancy due to fine particles is about 5 months
but can be more than 12 months in some urban areas [1]-[4].

According to the European Environment Agency’s estimates of the urban population
exposure to air pollution between 2014 and 2016, a substantial percentage of the urban
population in the EU-28 was exposed to concentrations of certain air pollutants above EU
limit and this number is even higher when the WHO air quality guideline values were applied.
In terms of fine particulate matter (PM. 5), 6—8% of the EU-28 urban population was exposed
to concentrations above the EU limit value, while 74-85% was exposed to concentrations
above the WHO guideline value. For PM|, the exposure estimates were 13—19% above the
EU limit value and 42—-52% above the WHO guideline value and for Nitrogen dioxide (NO;)
the estimates were around 7—8% of the EU-28 urban population were exposed to levels above
the limit value, both from the EU and the WHO guidelines values [1], [5].

ClairCity project aims to improve future air quality and carbon policies in six pilot
European cities (Amsterdam, Bristol, Sosnowiec, Genoa, Ljubljana and the Aveiro Region)
by introducing new approaches to engage citizens, stakeholders and policymakers. Placing
the citizen and their behaviours at the centre of both the problems and the solutions of the
decision-making will allow citizens and other stakeholders to discuss the role of air quality
and carbon policies for citizens’ health, general well-being and future quality of life.

This work applies and calibrates for the baseline situation of Bristol city a quantification
framework to assess the impacts on air quality and population exposure focus on NO,, PMg
and PM, s concentrations. The second-generation Gaussian model URBAIR was set-up to
simulate NO; and particulate matter concentrations for the entire year of 2015. For these
pollutants, an analysis of source contribution was performed providing information on the
concentration contributions of different source sectors (e.g. road transport, industrial,
residential and commercial sectors).

2 METHODOLOGY
Bristol, the pilot case study of ClairCity project, is a city located in South West England with
an estimated population of roughly 454,000 inhabitants.

The assessment of source contributions from distinct emission sectors to the simulated air
quality is performed for the pilot case study of the ClairCity project, based on the
quantification framework established under the project. This framework consists of an
assessment of the impact of a set of policies on emissions, air quality, human health and
related costs. The air quality assessment is performed covering distinct spatial scales: the
WREF modelling system is applied to an European domain using a horizontal grid resolution
of 0.25 degrees, and then to a regional domain covering the urban area of Bristol using as
horizontal resolution 0.05 degrees, both in an hourly basis. The air quality at urban scale is
simulated using the second-generation Gaussian model URBAIR for the computational
domain over the urban area of Bristol of 20 km x 20 km with a horizontal grid resolution of
200 m x 200 m. The URBAIR model has been implemented in previous works for a set of
urban applications [6], [7] and tested against measured data.

The baseline simulations were performed using as input data the meteorological vertical
profiles provided by the WRF model. The air quality simulations were performed for the full-
year in an hourly basis. The concentrations of NO,, PM;¢ and PM» s were simulated using the
emission rates available on the ClairCity emission database. The ClairCity emission database
includes point sources with the emission rates of the large industry sources, the line sources
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with the road traffic emissions and the area sources covering the residential, commercial and
industrial emissions. The database is built from distinct emission sectors, in line with
statistics by sector, by time of day, establishing the link with citizen’s behaviour. The air
quality is assessed for the current situation through modelling tools, evolving towards the
comparison of the simulation outputs with observations.

2.1 Background concentrations

The quantification framework covered the simulation of the transport, commercial and
residential, and the industrial emission sectors. As a result of the absence of other relevant
emission sectors within the domain and also due to important transboundary pollution, it lead
to a clear underestimation of the simulated concentrations. Therefore, to overcome this issue,
other remaining sectors were accounted as background. For the background quantification, a
methodology was applied based on the background concentration maps published by the
UK'’s Department for Environment Food and Rural Affairs (Defra). The air quality maps
produced by Defra present concentration values by different sectors and corresponded to an
annual mean in a spatial resolution of 1 km x 1 km. For this case study, to the simulated NO,
concentrations were added the concentrations available on the Defra database linked with the
contributions from the categories of aircraft, rail, other and rural, whereas for PM;o and PM, s
the added categories where: rail, other, secondary PM, residual and salt.

2.2 Model adjustment procedure

The calibration of the simulations results along with the added background concentrations
were made through an adjustment method by comparing the obtained values with measured
data from 2015. For NO; concentrations the measured data available include 107 diffuse
tubes distributed mainly over Bristol’s urban area of which 96 classify as roadside, four as
kerbside and seven as urban background tubes. In addition, four continuous measurement
points (two roadside, one kerbside, and one urban background sites) together with St Paul’s
urban background station. The values from the diffusion tubes indicate an average
concentration of 42.1 ug.m, while the maximum concentration stands around 91.2 ug.m=.
At St Paul’s station, the NO, annual average concentration was equal to 22.5 ug.m>. The
continuous measuring devices measured an average value of 36.0 pg.m™ with a maximum
concentration of 44.2 ug.m.

The adjustment corresponds to a linear regression between the simulated values and the
corresponding matching points for all the measured data. The result of the linear regression
was a slope of 1.615, which was used as a correction factor to be applied over the whole
domain.

In case of particulate matter, there is limited measured data, and consequently the
adjustment performed only takes into account measurements from St Paul’s station. In 2015,
the annual average concentration for PMo was 14.9 pg.m and for PM, s was 10.6 pg.m>.

3 RESULTS
ClairCity focuses particularly on the transport and energy related behaviour of Bristol citizens
and its contribution to air pollution and carbon emissions. The application of the
quantification framework comprises the simulation of the transport, industrial, residential and
commercial emission sectors. The assessment of impacts was performed in terms of air
quality and population exposure focus on NO,, PM; and PM> 5 concentrations.
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3.1 Air quality maps and exposure

Fig. 1 shows the annual average concentration fields for NO,, PM;o and PM, s for Bristol
with the adjustment factor applied and the background added over the domain. For each
contour map, the scale limits are set by the EU limit for each pollutant.
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Figure 1:  Contour maps of the annual average concentrations of (a) NO,; (b) PM;o; and
(c) PMy s, over the urban area of Bristol.

Fig. 1(a) shows NO; contour maps where it is easily identifiable the major highways, such
as M4 and M5 on the north of the domain, and the M32 that connects the M4 to the urban
centre. These major roads and including the city centre prove to be the main locations where
higher concentration values are attained. Fig. 1(b) and (c) shows contour maps for PM o and
PM, s, respectively. For both maps, the higher values are achieved in the centre of the urban
area, mainly caused by residential and commercial combustion but also increased by the
existing heavy traffic. However, for particulate matter no exceedances of the EU legal limits
are registered. Air quality results indicate a maximum value of 91.2 pg.m? for NO,, of
25.1 ug.m for PM,o and for PM, 5 of 22.3 pg.m=.
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As previously mentioned there was a total of 111 measurement points with available data
for NO». The applied methodology is the same for all the selected pollutants, therefore only
NO:; is presented. Fig. 2 shows the simulated values of NO, for each computational cell
corresponding to the location of the measurement point, the simulation results with the added
background concentrations and the final concentrations, with the background value added to
the simulated concentrations as well as the adjustment factor. For the computational cells
corresponding to the location of a measurement equipment the final concentration
(simulation + background + adjustment) is equal to the real measured concentration at the
same location.
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Figure 2:  Comparison of NO, concentrations for each computational cell corresponding to
the location of a measurement point, including the simulated values, the
simulation values with added background and the simulation values with the
background concentrations together with the adjusted values.

Fig. 2 denotes the underestimation between the simulation results and the measurements,
already identified before. Although the simulated maximum values are achieved in the same
points as the maximum measured concentrations. The underestimation reduces significantly
when the background concentrations are added.

Table 1 presents the population of Bristol that is potentially exposed to concentrations
above the EU and WHO Guidelines limits. For NO, the limits established by the EU and the
WHO are equivalent, being 40 ug.m for the annual mean. As for particulate matter, the
limits diverge between both standards, with WHO showing much firmer limits. PM;o values
under the EU annual mean limits are 40 pg.m> and under WHO guidelines are 20 pg.m, for
PM, s, the EU established for the annual mean limit value of 25 pg.m and for the WHO
limits it’s established at 10 pg.m?.

As presented in Table 1, 5% of Bristol population are exposed to concentration values of
NO; above the EU limits and, although the particulate matter are below the EU limits, when
stricter limits (WHO guidelines) are applied the number of inhabitants exposed becomes
significant. When looking at the domain grid cells with values over the WHO limits, for PM; 5
the area covered is 7% and for PMjo the area covered is less than 1% of the whole
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Table 1: Population potentially exposed to levels above EU limits and WHO guidelines to
NOz, PM10 and PMz,s.

Population potentially exposed (%)
Pollutant EU limits WHO guidelines
NO, 5% 5%
PMio 0% 1%
PM,s 0% 25%

domain, while for NO, the total area is around 2%. It is important to note that comparing the
area covered to the whole domain, it may seem low but the cells with higher values are mainly
located in the centre of the Bristol urban area, which combines with the higher population
density.

3.2 Source apportionment

Based on the concentration fields obtained by the URBAIR model, it is important to
comprehend the contributions by each sector considered in the simulations. Overall, the
background concentrations have a high impact on the final values. On the obtained
simulations, the background contribution values for the peripheral area can achieve over 80%
and for the urban area they can reach up to 60%. For the purpose of this paper it is not relevant
to present the background contribution so by this, it was left out of this analysis.

Fig. 3 shows the contribution by sector for NO, concentrations and since the sector that
contributes the most for NO, concentrations is the transport, it is also presented the average
contribution by each transport category. The fleet composition was divided into six major
categories: car, bus, van, motor (includes mopeds and motorcycles) and medium and heavy
truck.

NO:

Commercial
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0.3%

Residential m Motor

36% B Medium truck
Van
Transport
53%

W Heavy truck
mBus
mCar

Industrial
7%

Figure 3:  Contribution by sector for NO, concentrations and contribution by category for
transport sector.
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As revealed by Fig. 3, the major contributor is the transport sector. Therefore, to
understand behavioural aspects the total concentration for this sector was decomposed into
different fleet categories, although for the simulations the fleet composition was divided into
weekdays and weekends, only the average composition is presented. Analysing the
contribution by category for an average day, as expected the biggest contribution comes from
the cars category (54.5%), followed by bus (13.9%) and heavy truck (13.7%).

The total transport concentration for the whole domain indicates a decrease of 25.4%
between a typical weekday and a typical weekend day. In terms of category contribution is
noticeable a difference between weekends and weekdays for each category. On weekdays,
medium and heavy trucks represent twice the contribution of a typical weekend, where occurs
a decrease of the contribution by car, bus and van, while for motor the differences are
residual.

Fig. 4 shows the contribution by sector for PMio concentrations. Residential accounts for
82% of the total concentration being the major simulated source of particulate matter. The
contribution for PM, 5 is assumed to be the same as PM,, therefore only PM; analysis is
presented. The figure below also presents the disaggregation of the total residential
concentrations by category. Residential sector was divided into 8 main categories: energy
efficient fireplaces/stoves using solid biomass, combustion plants using solid biomass,
advanced stoves using solid biomass, combustion plants using hard coal, conventional stoves
using solid biomass, fireplaces using solid biomass; and a category denominated “other”
which aggregates combustion plants using LPG (liquefied petroleum gas), combustion plants
using gas/diesel oil, combustion plants using natural gas and advanced fireplaces using solid
biomass.

Residential

82% PM10

M Fireplaces (Solid biomass)
Industrial

1% m Conventional Stoves (Solid biomass)

N

W Combustion plants (boilers) (Hard Coal)
Transport

11%
’ Advanced Stoves (Solid biomass)

Combustion plants (boilers) (Solid biomass)

Commercial
6%

M Energy Efficient Fireplaces/stoves (Solid biomass)

m Other

0
1.5%

Figure 4:  Contribution by sector for PM; concentrations and contribution by category for
the residential sector.

For the residential sector, the category with the highest contribution for particulate matter
concentration is fireplaces burning solid biomass (57.8%), followed by conventional stoves
burning solid biomass (19.6%) and combustion plants burning hard coal (10.8%).

To analyze the behavioral tendencies for the residential sector it was important to examine
the daily concentration variation during the year. Fig. 5 represents the concentration on a
daily average for particulate matter for the year of 2015.
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Figure 5: Daily average of PM,y concentrations for 2015. The average of PM
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The daily average distribution of PM;o concentrations over the year denotes significant
differences between winter and summer months. During the colder periods maximum
concentrations are achieved and the values are commonly superior to warmer months. This
outcome can be easily explained due to the high demand for solid biomass burning for heating
purpose during colder periods. This proves to be a good indicator of the behavior of citizens
related to energy consumption but also recurring air pollution episodes during winter.

Fig. 6(a) shows the concentration average for the whole year for each hour. Fig. 6(b) and
(c) show the concentration average for winter months and for summer months, respectively.

The hourly annual average on Fig. 6 easily distinguishes the peak hours when maximum
values are achieved, but also the lowest values periods. The maximums are reached mainly
during early mornings between 6 h and 8 h, and the minimums are roughly at the afternoon
around 13 h and 16 h. When comparing plot (b) and (¢), the tendencies are diverse but having
a common peak early in the morning. For winter months the values are overall much higher
than summer months, showing two maximum periods during the day, being those in the
morning between 7 h and 10 h and at the end of the day around 18 h and 21 h. For summer
months, the trend is significantly different comparing to the winter. A maximum is reached
early in the morning and it is the only peak during the day, having a larger minimum period
during the day. These trends can be explained by being majorly incited for heating purposes
and related to the population behavior, for example, working and school time schedule.

4 CONCLUSIONS
This work focused on the behaviour of the Bristol citizens and its impacts on air quality. The
assessment of impacts on air quality was based on NO,, PM;o and PM> s concentrations,
taking into account the emissions from residential, commercial, industrial and transport
sectors.

Looking at air quality results it is visible for NO, concentrations the existence of hotspots
centred mainly on the urban area. Furthermore, high values are equally observed near the
major highways. In terms of exceedances of the EU concentration limits, the only pollutant
in disagreement with the law is NO,, but when stricter limits are applied, as established by
the World Health Organization, the particulate matter becomes a significant problem for the
population exposed where 25% of the Bristol population is potentially exposed to harmful
concentrations of PMys.

Focusing on the contribution by sector, the major contributor for NO; is the transport
sector and for particulate matter is the residential sector. Analysing the category contribution
for NO, for the transport sector it was possible to conclude that the major contribution comes
from cars (54.5%), followed by bus (13.9%) and heavy truck (13.7%). The distinction
between weekday and weekend showed a decrease of concentration of 25.4% from a typical
weekday to weekend. The contribution by category also changed where the biggest difference
comes from medium and heavy trucks, where the weekday contribution is twice the values
of the weekend.

When considering the contribution of the residential sector and disaggregating into
categories, for PM, the major contribution comes from fireplaces burning solid biomass
(57.8%) followed by conventional stoves burning solid biomass (19.6%) and combustion
plants burning hard coal (10.8%). The analysis of the concentration profile by day showed
bigger values for colder months comparing to warmer periods, proving that heating is the
main purpose. As a result, during winter the concentration values are significantly bigger
than during the summer. When observing the hourly variation, the results demonstrate that,
as concluded before, the differences are caused by outside temperature but the work/school
schedule define the profile tendencies. Therefore, during winter the peak values are during
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morning and at the afternoon/night, achieving low values between 13 h and 16 h. For summer
periods, the results show only one brief peak during morning and followed by a large period
of low values.

Future developments under ClairCity project include the continuation of this work by
evaluating the impact of citizen’s behaviour on air pollution; i.e., considering the
disaggregation by citizen’s behaviour patterns for example, transport to school, to work, to
shopping, etc. Therefore, the main objective is to influence people’s knowledge, to encourage
change in citizen’s behaviour by promoting a more participative society on solving air quality
problems and reducing carbon footprint.
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ABSTRACT

The community multiscale air quality (CMAQ) model was evaluated in the metropolitan region of
Salvador (MRS), which is the capital of the state of Bahia, Brazil. Once located at the tropics, two
episodes were selected (one in the dry season and another in the rainy season), in order to perform the
assessment. The meteorological information required for air quality modeling was driven by the
weather research and forecasting (WRF) model: its performance was evaluated against observational
data collected by monitoring stations located in Salvador city, Brazil. For the emissions inventory, we
applied the Emissions Database for Global Atmospheric Research (EDGAR), in conjunction with an
estimated emissions inventory of local point sources located in the major industrial complexes, in
addition with the biogenic emissions estimated by the model of emissions of gases and aerosols from
nature (MEGAN). To compute these different emissions sources, we used the sparse matrix operator
kernel emission (SMOKE). Following that, the CMAQ model was applied, in order to simulate the
chemical transport and formation of air pollutants based on the meteorological and emissions input
previously described. The required boundary conditions were determined by also applying the CMAQ
model, which used data from the MEGAN and EDGAR inventories, to a larger domain that incorporates
the domain in which the MRS is represented. The application of these modeling tools was shown to be
a good practice in the assessment of air quality in urban areas; thus, this work aims to be the first
great effort to study, simulate and validate the chemical transport of pollutants over the MRS, based
on a hybrid emissions inventory and using the state of the art in the computational atmospheric
modeling field.

Keywords: Brazil, WRF, SMOKE, CMAQ, EDGAR, MEGAN, comparative emissions, emissions
inventory, air quality.

1 INTRODUCTION

Despite the efforts put into practice in seeking for strategies and actions that contribute to the
improvement of air quality in Brazil, there is a scarcity of information that is still a
troublesome, which counts with only 1.7% of coverage of Brazilian cities by air monitoring
systems [1], and most of these cities count with a single station for monitoring a whole urban
region. Beyond that, several regions of South America face serious deficiencies in local
emission data, measurement campaigns, and the application of air quality models [2] that are
critical for generating information; and consequently, to have a better understanding of the
air quality status of Brazil.

The Brazilian legislation was updated through resolution number 491/2018 [3], which sets
new air quality standards with intermediate and progressive goals, until reaching the final
standard suggested by the World Health Organization (WHO).

We can say that a first step was taken towards stricter public policies, that can probably
lead us to an improvement in the air quality in Brazil. As we know, air quality management
is based on a proper site diagnosis that involves a reliable description of the initial atmosphere
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and boundary conditions, the representation of land use, the coverage of changes, and the
development of an emissions inventory; however, even with a great lack of information of
air quality from meteorological stations, radiosondes, radars, an emissions inventory,
particulate matter speciation, etc. The endeavour to understand the atmospheric chemical
conditions over industrialized Brazilian cities has been done by employing different
approaches and methodologies to estimate and generate these pieces of information. Thus,
different chemical transport models (CTMs) and also input data are being used in air quality
assessment. In addition, CTMs can cover larger regions, when compared with the
performance of air monitoring stations that have specific time—space scales and can be
economically inviable to be implemented over vast areas like Brazil.

Most studies focus on urban—industrial areas located in the Brazilian south—southeast
regions [4]-[8]; while almost none have addressed the other parts of Brazil, such as the
northeast region, where there had been a boom in industrial activities and growth in
population, over the last decades. Therefore, one of the objectives of the present work was to
employ the best practices seen in others’ work that employ CTMs to comprehend the local
air pollution over the Metropolitan Region of Salvador (MRS). For that, the WRF-SMOKE-
CMAQ modeling system was used to assess the chemical transport of air pollutants (like SO,
CO, NO,) over the MRS during two different seasons, dry and rainy, based on a hybrid
emissions inventory applying a local inventory in conjunction with the global inventories
called EDGAR and MEGAN, and to compare these modeling results with the observed air
quality data from six monitoring stations located within the region.

2 METHODOLOGY
2.1 Study area description

In our study area, there have been no quantitative studies yet that evaluate the use of CTMs
through observational data over the MRS. In addition, there was also no application of
inventories that could account for different emission sources, as well as the chemical
transport of air pollutants from other regions. MRS is an urban—industrial and costal area,
located in the state of Bahia in the north east of Brazil, formed by 13 cities with a total
population of over 4 million inhabitants. Beyond the activities related to tourism and
commerce, which play a very important role in the region’s economy, this area also counts
with several industries, such as: petrochemical, automotive, metallurgical and construction,
whose activities and major companies are displayed in Fig. 1.

The Cristal factory manufactures chemical products, including titanium dioxide and
sulfuric acid, that are used in the paint, paper, plastic bottle, vinyl siding and packaging
materials industries. The Camagari Industrial Complex (CIC) includes producers of
petrochemical products that are used to make thermoplastic resins, fertilizers and copper
metallurgy, among others.

The Aratu Industrial Center (CIA), with its operation covering the areas of Salvador,
Simoes Filho and Candeias counties, is a multisectoral industrial complex that has several
enterprises: chemical segments, footwear, food, metallurgy, furniture, plastics, fertilizers,
electronics, beverages and textiles; and the Landulpho Alves Refinery (RLAM), in Sdo
Francisco do Conde and Madre de Deus counties, which belongs to Petrobras S.A. and is also
a petrochemical complex.

To distinguish seasonal differences in the MRS, we analyzed the observed data for
precipitation rainfall. Then, we selected two periods: a dry one (from 16 January—15
February) and a rainy one (23 June-23 July) within the year 2015, totaling 30 days for each
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Figure 1:  The location of Bahia state in Brazil (upper left), and the domains used in the
configuration of the meteorological and photochemical models (lower left). The
major industrial complexes (cyan diamonds), and the air quality stations (green
dots) are shown within the MRS.

period of analysis. Both periods comprise part of a vacation period in which vehicle
emissions may differ substantially and influence air pollutant concentrations; however, it is
worth mentioning that vehicular emissions were not accounted for in this work.

2.2 Setup of the WRF model

The meteorological fields were generated by the WRF model [9], version 3.9.1. Its outputs
were used by the MCIP model, in order to create input data that are needed by SMOKE and
by CMAQ. A brief description of the spatial and physical configuration of the WRF model
is given below.

The initial and boundary conditions came from the GDAS/FNL operational model global
tropospheric analyses data set [10], available at a resolution of 0.25 degrees every 6 hours.
The land use data were provided by the US Geological Survey at 5 min, 2 min and 30 s
resolutions. We used three nested domains with a 9 km (39x39 cells), 3 km (60x60 cells),
and 1 km grid resolution (132x132 cells), as shown in Fig. 1, with 23 vertical levels with the
model’s top one set at 50 hPa. The physical configurations adopted were: Lin microphysics,
Eta similarity surface layer scheme, Mellor—Yamada—Janji¢ planetary boundary layer
scheme, Grell-Devenyi cumulus parametrization, Dudhia shortwave radiation, Rapid
Radiative Transfer Model longwave radiation and the Noah land-surface model. Even though
WREF performance in this study had reasonably good agreement between the observed and
simulated data for the dry and rainy periods, it was decided not to show the hourly variation
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plots and statistical metrics of this WRF performance, since detailed evaluation of the WRF
model results to the MRS can be found in previous studies [11].

2.3 Hybrid emissions inventory details

To build the hybrid emissions inventory, we used information from EDGAR, MEGAN, and
a local estimated emission inventory based on point sources. SMOKE, which is an emissions
processor used by CMAQ, was prepared to run for the coarse domain (D01) and the domain
of interest (D03) for Fig. 1. The EDGAR and MEGAN data was applied in the DO1, in order
to generate boundary conditions for the D03.

The EDGAR is a global inventory [12] that contains annual emissions of greenhouse gases
and air pollutants from 1970 to 2012. We wused the newest version, 4.3.2
(https://cidportal.jrc.ec.europa.eu/ftp/jrc-opendata/ EDGAR/datasets/v432_AP/), with a
spatial resolution of 0.1 degree. Datasets for CO, NOyx, NMVOC, NH3, SO,, BC, OC, PM,,,
PM, s with base year of 2012 were used (the closest year to 2015).

The MEGAN is a global model used to estimate fluxes of biogenic compounds, between
terrestrial ecosystems and the atmosphere, that can be used for regional air quality modeling
and global earth system modeling studies [13]. In this study, MEGAN version 2.04 was run
in an offline mode, which means that the MEGAN driving variables used meteorology and
land cover data from WREF to provide emissions in a format that is suitable for the SMOKE
processor.

As there is no official emission inventory for the MRS, we used other’s work to build the
local inventory [14], with estimated emission rates for SO,, NOx and CO based on data of
consumption, fuel composition, type of boiler/furnace, hours of operation per year and oil/gas
density. The emission factors were taken from US EPA AP-42 guidelines. Again, because of
the absence of full information about the other source types in his work, we decided to count
only the point sources category, which information about latitude—longitude coordinates and
stack parameters (e.g. stack height and diameter, exit gas velocity, exit gas temperature. Thus,
we used information from 42 companies located at CIC and RLAM (Fig. 1), numerating 203
point sources, which were only computed in the D03.

2.4 Setup of CMAQ model

The chemical transport model CMAQ [15] version 5.2.1 was applied in this study. To
promote the assessment of air quality, information about meteorology, emissions, and initial
(IC) and boundary conditions (BC) were necessary. The BC used by the D01 were a default
setup of the BCON processor and had static concentrations. The BC used by the D03 were
generated by the simulations performed with D01, and had time-dependent concentrations.
The IC for both domains had static concentrations and were also estimated by the CB05 gas
mechanism with sixth-generation to aerosol, also an option in ICON processor. The temporal
profiles used to convert the annual emissions estimated [ 14] to hourly emissions were defined
uniformly over time. The spatial resolution comes from the WREF settings. The chemical
speciation of NOx was of 95% NO and 5% NO., as previously suggested [16]. The CMAQ
configurations are summarized in Table 1.

The performance of the CMAQ model was done by comparing the hourly observed data
from six different stations located in Salvador city (to be found at (a) Avenue ACM; (b)
Barros Reis; (c¢) Campo Grande; (d) Itaigara; (e) Paralela; and (f) Piraja in Fig. 1). Despite
that the air quality monitoring network of the MRS has been operating since 2013, it is still
limited in its spatial coverage and lacks detailed information. We calculated the statistical
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Table 1: Spatial and physical configuration of the CMAQ model.

Domain Dry period Rainy period

Initial date 15 Jan. 2015 (00 UTC) 22 Jun. 2015 (00 UTC)
Final date 23 Feb. 2015 (06 UTC) 23 Jul. 2015 (06 UTC)
Grid resolution 1 km

Column and row numbers 130 x 130

Chemical mechanism of the IC cb05e51 ae6_aq (used in DO1 and D03 domains)
Chemical mechanism, BC-D01 ¢b05e51 ae6_aq (default setup)

Chemical mechanism, BC-D03 Outputs of simulations run with D01

Chemical mechanism, CCTM  cb6r3 ae6 aq

metrics of the observed mean (OBS), modeled mean (MOD), root mean square error
(RMSE), normalized mean bias (NMB) and correlation coefficient (r). Graphical plots of the
mean hourly variation comparing the observed and modeled SO,, CO and NO»
concentrations in both the dry and rainy period at each station were also presented, in order
to aid in the models’ performance evaluation. All plots are presented given the local time and
were generated by Python packages found within the Google Earth program.

3 RESULTS AND DISCUSSION
3.1 Sulfur dioxide (SOz) concentrations

The mean observed SO, concentrations presented values approximately up tol ppb, with
seasonal differences between dry and rainy periods being hardly seen; however, the dry
period showed values a bit higher than the wet period in hourly variation. We noted that there
were slight changes in the observed SO, concentrations at 6 a.m., in the dry period at Itaigara
station (Fig. 2(d)); and also at 11-12 h at the Barros Reis station (Fig. 2(b)). The lowest
difference of mean observed SO, concentrations between the dry and rainy periods was seen
at Piraja station (Table 2 (ID f)). Among the others, the dry period presented average values
that were higher than twice those of the wet period, except for the Barros Reis station (Table
2 (ID b)). By comparing with the Brazilian air quality standards, we found that the observed
SO, was far from the limit established by the environmental council (which is 7 ppb for a
24 h mean); the limits were up to the value of 2 ppb, i.e. they did not exceed critical levels.
It was expected that there would be larger observed SO, concentrations, due to the presence
of considerable vehicular fleet activity and also because of many sources from petrochemical
activities.

The CMAQ model has overestimated all SO, concentrations, except in the first hours of
the morning, between midnight and 3—4 a.m., in some sites. The largest discrepancies
occurred especially at 6 and 7 a.m. within the rainy and dry period, respectively.

The increasing SO; concentrations were shown by all stations for the wet period (around
3 a.m.), and in the dry period (with a time lag of 1 h). These peaks observed in the mean
modeled SO, data are maybe most probably caused by industrial chimneys represented in the
local inventory, since the maximum values produced by local SO, were about seven times
greater than the maximum values estimated by the EDGAR inventory (MEGAN does not
estimate SO, concentrations as input data). Because local inventory is the major contributor
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Figure 2:  Comparison of mean hourly variation of the modeled (solid lines) and observed
(dashed lines) SO, concentrations at the following stations. (a) ACM; (b) Barros
Reis; (¢) Campo Grande; (d) Itaigara; (e) Paralela; and (f) Piraja.

Table 2: Statistics comparing modeled and observed SO, for each air quality station, in ppb

units.
OBS MOD RMSE NMB r
b Dry Wet Dry Wet Dry Wet Dry Wet Dry Wet
a 079 035 251 278 2.39 333 2.19 6.86 0.03 0.02
b 018 023 258 3.00 288 391  13.10 1228  0.08 0.01
¢ 037 013 064 039 0.73 0.91 0.68 1.98 0.11  -0.01
d 024 0.10 140 140 1.44 1.85 477 1282 035 0.25
e 083 037 280 321 2.64 3.93 2.36 7.76 0.07  0.05
f 024 026 247 355 274 482 926 1254 0.04 0.01

ppb: parts per billion; SO,: Sulfur dioxide.
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to SO, emissions, we can say that the emissions factors of AP-42 were assumed [14],
inducing the overestimation of SO, emissions rates. Beyond that, the temporal profiles were
assumed to be uniform over time.

The mean modeled SO, concentrations were higher during the rainy period than the dry
period, except for the Campo Grande station (Table 2 (ID ¢)); however, overall, the hourly
variation of modeled results presented almost the same behavior in the different sites of
Salvador city, with the peaks occurring during rush hours, even though mobile sources were
not accounted for in the local inventory. The highest errors were most associated with the
rainy season, showing the great dependence of the CTMs on the meteorological model
results.

All sites had very poor values of correlation coefficient: the highest one was shown by
Itaigara (rary = 0.35; rwet = 0.25). Campo Grande had the lowest errors in statistical indexes,
while the others presented almost the same error values.

3.2 Carbon dioxide (CO,)

The seasonal differences of mean observed CO, concentrations were noted at the Barros Reis
and Paralela stations (Fig. 3(b) and (e)); however, they had the inverse behavior of the highest
values. Seasonal variation was slightly different among the others stations. The observed CO»
concentrations’ limits were up to 1 ppm in the dry period and up to 2 ppm in the rainy season,
which means it did not reach the value of 9 ppm, established by the Brazilian air quality
council. The mean diurnal variation in both periods was more prominent than the results
presented for SO,. The peaks of observed CO, occurred in the beginning of the morning
(6-7 a.m.) and in the late afternoon (at 18 h—19 h).

The CMAQ model has clearly underestimated two sites (Fig. 3(b) and (c)); however, the
behavioral changes of the diurnal variations were captured by the model, meaning that the
CMAQ model showed a better agreement for CO, results. The peaks of mean modeled CO,
also may be or are probably caused by the industrial chimneys that are represented in the
local inventory, as the maximum values produced by local CO, were about three times greater
than the maximum values estimated by the EDGAR inventory. In the MEGAN estimate, we
found almost no CO; concentrations (with values around 0.05 to 0.1 moles/s of CO,). By the
way, all species data provided by MEGAN had concentrations values close to zero, with the
dry season yielding twice as much an amount as the rainy season. Inversely, EDGAR
provided higher concentrations during the rainy season.

Table 3 presents the statistical metrics calculated for CO, results. The mean observed
CO; concentrations between both periods were similar, except for Barros Reis, where CO;
concentrations were 60% higher during the rainy season; and at Paralela, where
CO; concentrations were double during the dry period. Mean modeled CO; concentrations
were virtually identical for both periods, as well as the statistical errors, but with slight
variations. The correlation coefficient values for CO, were higher than SO, values, indicating
a better agreement for this pollutant.

3.3 Nitrogen oxides (NOy)

The analyses of NOy results were made though the assessment of NO, concentrations, since
only the air monitoring stations provide this kind of data. Despite that, the daily variation of
observed NO, presented a similar behavior to CO», with the maximum occurring in the early
morning (from 6—7 a.m.), decreasing during the day, and increasing again in the late
afternoon. Another finding was that, unlike the SO, and CO, results, the NO, concentrations
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Figure 3:

Comparison of mean hourly variations of modeled (solid lines) and observed

(dashed lines) CO; concentrations at the monitoring stations in: (a) ACM; (b)
Barros Reis; (¢) Campo Grande; (d) Itaigara; (e) Paralela; and (f) Piraja.

Table 3: Statistics comparing modeled and observed CO, in ppm for each air quality station.

D OBS MOD RMSE NMB r
Dry Wet Dry Wet Dry Wet Dry Wet Dry Wet
a 0.16 022 0.16 0.17 0.14 0.18 005 -021 0.19 0.19
b 052 08 0.16 0.18 041 076 -0.69 -0.78 0.68 0.32
c 034 032 011 0.10 032 032 -069 -0.70 023 0.23
d 0.18 021 0.15 0.15 024 024 -0.18 -029 031 0.16
e 042 020 0.17 0.18 027 020 -0.60 -0.09 048 0.23
f 020 024 0.14 0.18 0.18 025 -030 -0.27 0.14 0.08

ppm units: parts per million.
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were significantly different between seasons: the lowest difference was seen in Itaigara
station (Obsgy = 8.03 ppb; Obswet = 10.31 ppb). The rainy season exhibited higher NO,
concentrations than the dry season, and that was probably caused by the increase of
emissions. Paralela station (Fig. 4(e) and Table 4 (ID e)) was the only station that did not
present this behavior, most likely because it is located on an important route of vehicular
traffic for Salvador city; hence, the concentrations measured at this station are directly
influenced by traffic congestion.

The observed time series showed NO, concentrations varying up to 30 ppb in the dry
season (with some peaks between 40—50 ppb); and reaching up to 40 ppb in rainy period
(with some peaks between 50—70 ppb). In any case, the air quality standard (which is set at
100 ppb for 1 h mean) was not exceeded in either of both periods.

The CMAQ model captured the diurnal variation of NO»; though the increase in the late
afternoon was underestimated, especially during the wet period. The peaks of modeled NO,
values again were provided by the local inventory, which presented the maximum NO; values
about fifteen times greater than the maximum values estimated by EDGAR during the dry
season (and thirteen times the values in the rainy period). Although knowing that biogenic
sources can contributor to NOx emissions, the MEGAN inventory estimated no quantities of
NO,. This is due to the fact that most of the NOy emissions to the atmosphere in it was set up
in the form of NO. Even so, the NO concentrations generated by MEGAN had low values,
when compared to local and EDGAR inventories. Overall, the NO; results provided by the
CMAQ model seemed to agree a little better with the monitoring stations, when qualitatively
compared to the other pollutants (CO and SO).

Table 4 shows that the mean modeled NO, concentrations were virtually similar for both
periods; however, the statistical errors were found to be greater in the rainy season and the
correlation coefficient values were lower. These discrepancies are associated with the high
concentrations of NO, that were recorded during the rainy period.

4 CONCLUSIONS
To the best of our knowledge, there have not yet been any studies evaluating air pollutants
(SO,, CO,, and NO;) measured at surface of the MRS, using the WRF-SMOKE-CMAQ
modeling system, nor combining different approaches of emission inventories.

Regarding the inventories, the data that came from MEGAN had values close to zero,
meaning that it did not significantly contribute to the emissions rates read by the CMAQ
model. Despite this, the EDGAR inventory provided slight concentrations, which were much
lower than the local inventory, and it seemed not to have correctly represented the spatial
distribution of the emissions (e.g. where one of the biggest petrochemical complexes exists
in Latin America, the CIC, there is no representation of one of the most important primary
air pollutants. The local inventory only has counted with industrial point sources, missing the
representation of other types of sources. Therefore, we found nothing more appropriate than
the development of the fully local emissions inventory for MRS.

Seasonal differences of the observed data between dry and rainy periods were quite
difficult to note, this may be associated with the fact that the seasons in the tropics are not
very well defined, such as they are in the middle latitudes/temperature climate zones.
Important meteorological variables, such as the temperature and water vapor content that
influence chemical reactions in the atmosphere do not present significant changes between
both periods, so consequently, to the environmental conditions over the MRS. Beyond the
meteorological conditions, we also can say that the emission rates of these air pollutants did
not noticeably change between both periods. Regardless, the air quality standards established
by the Brazilian environment council were not overtaken by them.
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Figure 4:  Comparison of hourly variation of modeled (solid lines) and observed (dashed
lines) NO, concentrations at the stations in: (a) ACM; (b) Barros Reis; (c) Campo
Grande; (d) Itaigara; (e) Paralela; and (f) Piraja.

Table 4: Statistics comparing modeled and observed NO; for each air quality station, in ppb

units.
OBS MOD RMSE NMB r
b Dry Wet Dry Wet Dry Wet Dry Wet Dry Wet
a 10.04 21.65 6.00 694 547 1780 -040 -0.67 056 0.23
b 11.05 1831 620 753 6.18 13.45 -044 -059 0.64 0.32
¢ 698 1339 237 177 6.10 1332 -0.67 -0.87 045 0.13
d 803 1031 507 494 543 789 -037 -052 0.67 0.35
e 13.50 11.06 6.62 770 844 6.89 -0.51 -030 036 0.29
f 7.80 13,55 629 904 412 9.77 -0.19 -033 047 036

NO;: nitrogen dioxide; ppb units: parts per billion units.
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As meteorology and topography play an important role over the MRS, and since the region
experiences the influence of sea breezes that possibly aid to disperse the air pollutants
concentrations, it is worth mentioning that the evaluation of this work was also done using
monitoring stations which represented single points within a whole region, but do not exclude
the possibility of having areas where the concentrations exceed the air quality standards.

The discrepancies found between the observed and modeled data can be attributed to the
poor representation of the emissions inventories; and the deficiencies in periodic maintenance
and bad location of the monitoring stations, the latter by reason of growing industrialization
and urbanization over the MRS. Furthermore, it would be necessary to include monthly, daily
and weekly variability of the emissions; and to improve the chemical speciation profiles. It
is also fundamental to perform experimental campaigns, in order to evaluate the vertical
profiles, especially of secondary pollutants. Nevertheless, we found that the CMAQ model
was able to represent the hourly and daily variability of the air pollutants at the surface,
despite having some large variances.
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COMPARISON OF TWO PMz.s FORECASTING
MODELS IN OSORNO, CHILE

PATRICIO PEREZ & BYRON NUNEZ
Departamento de Fisica, Universidad de Santiago de Chile, Chile

ABSTRACT

According to a recent study of the World Health Organization (WHO), Osorno, a medium sized city
in the south of Chile is among the most polluted city in South America. With 150,000 habitants, the
city has unfavorable conditions for pollutant dispersion. It is located in a valley between the Andes
mountains and a coastal range. Thermal inversions that trap particles emitted mainly by wood
combustion used for heating are frequent during fall and winter. Air pollution forecasting models will
be useful for authorities to implement a policy of restrictions to emissions when necessary. These
models are also useful for the habitants so that they have the possibility to avoid places where air
quality is critical, and also so they can choose to restrict physical exercise. The specific
meteorological and pollution variables (mostly associated with wood combustion) that can be used as
input for statistical PM2.s forecasting models are identified. Results obtained with two models based
on artificial neural network techniques: a multilayer perceptron (MLP) and a radial basis function
model (RBF) are presented. Both models show comparable accuracy. With them it is possible to
anticipate, 24 h in advance, more than 80% of the high concentration episodes during 2018.
Keywords: air quality forecasting, neural networks, air pollution episodes.

1 INTRODUCTION
Osorno is a medium size city located in the south of Chile at 40°57°S and 73°08°W and it is
900 km south of the capital of the country, Santiago. Average altitude is 19 m over sea
level and lies in a valley between the Andes mountains and a coastal range. At present, the
city has a population approaching 150,000 habitants. Fig. 1 shows a satellite picture of
the city in which we can observe the Andes mountains to the right and the coastal range
and the Pacific Ocean to the left. Annual average temperature is 11°C, average wind speed
is 1.6 m/s and average precipitation is 1,300 mm. Most of this rain is concentrated in the
cold season that can be defined by the period between April and September. It is during this
cold season that episodes of PM,s pollution are observed (annual average is 37 pg/m?).
Most homes use wood stoves for heating and this represents of the order of 90% of PM, s
emissions. Fine particulate matter emitted by stoves is not easily dispersed on dry days
because of unfavourable topographic and atmospheric conditions. Low temperatures
facilitate the occurrence of thermal inversions due to surface cooling. Under these
conditions pollutants become trapped bellow an altitude of no more than 100 m [1]. Daily
concentrations often exceed 170 pg/m* which is defined as an Emergency condition. In
order to take actions in order to preview these high pollution episodes it seems convenient
to have in operation a forecasting model. A statistical forecasting model uses historical data
of meteorological and pollution data in order to fix a number of adjustable parameters and
rests on the assumption that future behaviour will obey similar functional relation [2]. Most
used statistical models for particulate matter forecasting are multi linear regressions (MLR),
multilayer perceptrons (MLP) and radial basis function networks (RBF). Stadlober et al. [3]
have shown that a MLR model is efficient for the forecasting of daily PMj in three cities in
the Alps region. MLP has proven to be a useful tool for NO, and PM;, forecasting in a
populated area in China [4]. Lu et al. [5] report a calculation using a RBF model, and they
claim that this method is faster and more effective than more traditional neural network
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models for the forecasting of particulate matter and nitrogen oxides. In this paper the
performance of two PM,s forecasting models based on artificial neural networks, a
multilayer network (MLP) and a radial basis function network (RBF), adapted to Osorno
conditions is presented. Emphasis is given to forecast high concentrations episodes.

Huitrapulli

Mantilhue

Manguemapu

Guayusca

Collihuinco

Figure 1: Satellite picture of the city of Osorno.

2 DATA
Data analyzed corresponds to years between 2015 and 2018, with emphasis on the cold
period (April-September). Pollution and meteorological information is obtained from an
official monitoring station located in the downtown area. According to Chilean pollution
legislation, PM»s 24 h average concentrations are classified into five ranges, which from
low to high concern may be labelled in the following manner: range A, corresponding to
concentrations bellow 50 ug/m?, range B, concentrations between 50 pg/m? and 80 pg/m?,
range C, concentrations between 80 pg/m?® and 110 pug/m?, range D, concentrations between
80 pg/m3 and 110 pg/m® and range E concentrations greater than 170 pg/m®. The Chilean
standard for this quantity is 50 ug/m?, so only days in range A are considered “safe” days.
The Ministry of the Environment has established a plan for the management of pollution in
the city which applies for the period between April and September (cold season). During
cold season, wood stoves do not properly certified are permanently prohibited. The same
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applies for bush burning. For days in ranges D and E, additional restrictions to emissions
are enforced. During range D days, industrial and residential boilers identified as
responsible of high emissions are not allowed to operate. Also, outdoor physical exercise in
schools is prohibited. In the case of range E days, in addition to restrictions applied on D
days, the emission of visible smoke from residential heating is banned.

3 MODELING
The goal of this study is to forecast the maximum of the 24 h moving average for the next
day (which defines the range of the day) based on pollution data and meteorology available
at 19 h of the present day. In this way it is possible to generate an air quality report at 20 h.
In order to identify the predictor variables to feed the statistical forecasting model, we did a
correlation analysis of candidate variables with the target variable. The selected predictor
variables are:

1) Average PM; s concentration between 1 am and 7 pm of present day.
2) Hourly PM; s measured at 7 pm of the present day.

3) Hourly PM,y measured at 7 pm of the present day.

4) Average PM) concentration between 1 am and 7 pm of present day.
5) Minimum temperature for the next day.

6) Temperature at 8 am of the present day

7) Wind speed at 7 pm of present day.

8) Maximum wind speed for the next day.

9) Maximum relative humidity for the next day.

10) Amplitude of wind direction of present day.

From this list, variables 5, 8 and 9 are forecasted by an independent meteorological
model. Variables 14 are associated with the tendency of concentrations and are important
in the evaluation of 24 h averages on the next day. They are indirectly related to the
intensity of wood combustion. Temperature variables are correlated with wood stove
usage. Wind related variables are associated with probability of dispersion of particulate
matter contained in smoke emitted by stoves. Relative humidity is an indicator of the
presence of rain.

Two models based on artificial neural networks are developed. One of them is
the traditional Multilayer Perceptron trained with the Backpropagation algorithm [6] (see
Fig. 2).

Here, the 10 input variables are connected to units or neurons in the hidden layer by
means of weights w("’;; and activation of these units is calculated by a sigmoid function of a
linear combination. Every neuron of the hidden layer is connected to the output by means
of weights w?y and activation of this unit is calculated again by a sigmoid of a linear
combination. Weights calculated during a training phase by an optimization algorithm
based on a sample of the available historical data. In our case, 2015, 2016 and 2017 data are
used for training. Best results are obtained with a hidden layer with 40 neurons. With
weights fixed, an independent test is performed with 2018 data.

The second model is the Basis Radial Function Network (RBF).

The main difference between RBF and MLP is that in RBF the inputs are not equally
connected to the hidden units, but only significantly to those that are within a given
distance (calculated on the basis of a vector of inputs) from position vectors (that have the
dimension of the number of inputs) of these hidden neurons [7], [8]. Output value is
calculated through a linear combination of Gaussian functions centered on the position
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Figure 3: The RBF network.

vectors. Position vectors of the hidden layer are calculated by inspection of the input
variable space, generating segregation by clustering. Weights from hidden layer to output
are calculated through an optimization algorithm based on a training set. In our case, best
results were obtained with 1,000 hidden units. Eventually, RBF may be more accurate than
MLP if this clustering is clearly present in the data. In general, with RBF we have a faster
training phase and with MLP a faster test phase. MLP has proved to be an efficient
algorithm for air pollution forecasting in two Chilean cities, for both daily and hourly
averages and for particulate matter and gas pollutants [9]-[12], but RBF has shown to be
more accurate than MLP for nitrogen oxide forecasting in Spain [13].

4 RESULTS
The performance of the models is evaluated by testing 2018 data. Indicators of this
performance are the mean absolute percentage error (MAPE), root mean squared error
(RMSE) [14] and the global model quality observed in contingency tables, which is
important to visualize range forecasting.
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Table 1 shows the results of the best forecasting MLP and RBF models developed with
2015, 2016 and 2017 data and tested with 2018 cold season Osorno data. It is observed that
both models are of comparable accuracy.

Table 1: MAPE and RMSE for 2018 Osorno data using MLP and RBF models.

MLP | RBF
MAPE | 20% | 21%
RMSE | 39.6 39.5

Although from Figs 4 and 5, an apparently similar performance for both models may be
concluded by plotting observed and forecasted values, a more detailed analysis provided by
contingency tables (Tables 2 and 3) shows that the MLP model is more accurate on range
forecasting. This is more evident for range D, 80% agreement using MLP against 71% with
RBF model, and for range C, 48% agreement with MLP against 39% with RBF. Other
useful information can be extracted from the contingency tables. As an example, for the
MLP model, from the 28 observed range E days during 2018, 23 were correctly forecasted,
3 of them were forecasted as range D and 2 as range C days. It is worth to mention that to
get the displayed results with the MLP network, a long time for training and adjustment
with different initial conditions was needed. In the case of the RBF network, the fact the
best results were obtained with a hidden layer with a number of units of the order of
magnitude the size of the training set implies that not significant clustering of the input data
was found.
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Figure 4:  Observed and forecasted maximum of next day PM» 5 24 h average using MLP
model. 2018 Osorno test data. Horizontal line indicates level of range E.
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Figure 5:  Observed and forecasted maximum of next day PM, s 24 h average using RBF
model. 2018 Osorno test data.

Table 2: Contingency table for observed and forecasted ranges using MLP model.

Forecast MLP model

A B C D E TOT | %O

A 13 33 8 0 0 54 24

B 1 16 12 6 0 35 46

C 2 3 15 10 1 31 48
(0]

B D 0 1 5 28 1 35 80
S

E 0 0 2 3 23 28 82

TOT 26 53 42 47 25 183 47

%F 81 30 35 60 92
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Table 3: Contingency table for observed and forecasted ranges using RBF model.

Forecast RBF model
A B C D E TOT %0
A 20 24 9 1 0 54 37
B 4 6 17 7 1 35 17
C 1 4 12 13 1 31 39
(0]
B D 0 1 5 25 4 35 71
S
E 0 0 2 3 23 28 82
TOT 25 35 45 49 29 183 47
%F 80 17 27 51 70

5 CONCLUSIONS

This study shows that with an appropriate choice of input variables it is possible to
implement operational PM,s statistical forecasting models based on artificial neural
network algorithms for the city of Osorno, Chile. The best predictors that apply to this city
differ from those used for PM 5 forecasting models in other cities, which may be associated
with particularities of this locality. This may help the authorities to take actions in order to
protect the population from high levels of pollution. All indicates that shift to heating
systems not based on wood combustion would improve air quality significantly.
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ESTIMATING CONCENTRATIONS OF SUSPENDED
PARTICULATE MATTER OVER THE METROPOLITAN
AREA OF MEXICO CITY USING SATELLITE AND
GEOSPATIAL IMAGERY: PRELIMINARY RESULTS

RODRIGO T. SEPULVEDA-HIROSE, ANA B. CARRERA-AGUILAR,
MAGNOLIA G. MARTINEZ-RIVERA, PABLO DE J. ANGELES-SALTO & CARLOS HERRERA-VENTOSA
Faculty of Engineering, Universidad Nacional Auténoma de México, Mexico

ABSTRACT

In order to diminish health risks, it is of paramount importance to monitor air quality; however, this
process is accompanied by high costs of physical and human resources. This research is carried out in
this context with the main objective of developing a predictive model for concentrations of inhalable
particles (PMio and PM25) using remote sensing. To develop the model, satellite images, mainly from
Landsat 8, of the Mexico City’s metropolitan area, were used. Using historical PMio and PMas
measurements of the RAMA (Environmental Monitoring Network of Mexico City) and processing the
available satellite images, a preliminary model was generated in which it was possible to observe critical
opportunity areas that would allow for the generation of a robust model. After applying this preliminary
model to the scenes of Mexico City, three areas of great interest were identified due to their presumed
high concentration of PM. The zones of interest all presented high plant density, bodies of water and
bare soil without buildings or construction, or vegetation. To date, work continues along these lines to
improve the proposed preliminary model. In addition, a brief analysis of six distinct models was made
and presented in articles developed in different parts of the world in order to visualize the optimal bands
for the generation of a suitable model for Mexico City. It was found that infrared bands have helped
modelling in other cities, but the effectiveness of these bands for the specific geographic and climatic
conditions of Mexico City is still in need of evaluation.

Keywords: air quality, modelling pollution, particulate matter, remote sensing.

1 INTRODUCTION

Particulate matter (PM) has a variety of sources and compositions. It appears naturally in the
atmosphere due to volcanic activity and fires; however, human activity also contributes to
high levels of PM pollution. Particles form in the atmosphere as a result of complex reactions
of chemicals such as sulphur dioxide and nitrogen oxides. Particle pollution is composed of:
PM,y, particles with a diameter of 10 micrometers and less, and PM, s with a diameter of 2.5
micrometers and less. Due to their small size, particles can be easily inhaled causing serious
health problems [1]. PM particles, after inhaled, can travel to the lungs and can even reach
the bloodstream, while PM; 5, being even smaller, pose a greater health risk.

Access to air pollution monitoring equipment is restricted due to its elevated cost; this
explains the use of remote sensing techniques as an alternative method for measurement.
Remote sensing provides advantages such as global and exhaustive coverage of land surface,
multi-scale and non-destructive observations and repetitive coverage.

Several investigations that have taken place, mainly in Asia, show the feasibility of using
satellite images for the estimations of particulate material concentrations [1]-[10]. According
to Chu et al. [4], the four most used models for the prediction of particulate material are:
Lineal Multiple Regression, Mixed Effects Model (MEM), Model of Chemical Transport and
Pondered Geographic Regression.

The project’s main objective is to develop air quality models for the estimation of both
PM and PM; 5 from both locally measured data and remote sensing.
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2 STUDY AREA AND DATA SETS
2.1 Study area

Mexico City’s metropolitan area comprises an area of 2,370 km? and has a population of
20,565,000 inhabitants which generates a density of 8,700 people per square kilometer [11].
The city, the capital of Mexico, is located at 19 29 52 N and 99 7 37 O in the central region
of Mexico. Dominant wind flow in Mexico City moves from north to south with a confluence
line in the southeastern corner of the city. This wind behavior indicates a flow of atmospheric
pollution from the north and east to the south and southwest part of the metropolitan area. As
a consequence of these orographic conditions in the metropolitan area, it is subject to air
stagnation and high concentrations of pollutants, especially in the southern region of the city.
Average wind speeds oscillate between 0.5 and 1.5 m/s, with maximum speeds reaching to
2.5m/s [12].

Mexico City has an automatic air quality monitoring system comprised of 29 stations with
a capability of measuring PM; and PM, s hourly year-round. The coverage of these stations
will define the area of study for the project. According to Mexican regulation, the allowed
limits for PM pollution are shown in Table 1.

Table 1: Mexican regulations allowed limits for particulate matter pollution.

Pollutant | Period of measurement | Limit (ug/m3)
PM, s Annual average 12
PM, s 24 hour average 45
PMio Annual average 40
PMio 24 hour average 75

2.2 Data sets

A statistical analysis was carried out to determine the spatial and temporal distribution of the
concentrations of particulate matter (PM,s and PM; particles) present in Mexico City’s
metropolitan area. Precipitation was also considered as a variable to determine a possible
relationship between the behavior of both variables (precipitation and particulate matter
concentrations) in a certain time span.

A selection of dates when the satellite Landsat 8 passed over the ZMCM was made. Said
satellite made contact with the ZMCM for the first time on May 20, 2013 at 5:02 pm
(GMTH+0), 11:00 am local time. From that date on, all later dates were considered in this
study up until the month of May 2018, accounting the satellite’s temporal resolution of 16
days for a total of 115 dates during the 5 years in which the analysis took place.

Regarding the pollutants PM;o and PM>s, the data was extracted from the database
generated by the measurements of all Automatic Network of Environmental Monitoring
stations (Fig. 1) under the Ministry of the Environment of Mexico City.

Both sets of data (PM;o and PM,s) were processed. Fig. 2 shows the boxplot graphic for
PMy, at 11:00 am, on the dates compatible with the passing of the Landsat 8 platform. As
can be observed, the concentrations have an annual cyclical behavior related to the rainy
season (May to November) and dry months (November to May) in Mexico City.
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Figure 1: Location of the stations of the Automatic Network of Environmental
Monitoring. (Source: Ministry of the Environment of Mexico City.)
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Figure 2:

Boxplot graph showing PM;, concentrations (pg/m3) in Mexico City on the
dates in which satellite Landsat 8 passed over the city in the period between May
2013 and May 2018. The median of measured data is represented by the line in
the box, the interquartile range box represents the middle 50% of the data, and
the whiskers represent the ranges for the top and bottom 25% of the data. The
dots represent outliers.
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In addition to the statistical analysis per season, a spatial analysis was also elaborated
upon, first based on zoning by quadrants and then, later, spatial interpolation of the data,
using the monthly average values as a reference and thus obtaining the pollutants PM, s and
PM)y and interpolating the data gathered by the entirety of the stations located within the
study area. The evaluation period lasted from the year 2013 until 2018, as it tied in with
the information provided by the Landsat 8 platform. Figs 3 and 4 show the mentioned
interpolations for PM» s and PM, respectively.
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Figure 4: PM, concentration, January 2018.
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3 METHODOLOGY

The project methodology begins with the collection of historical data from the SEDEMA
databases regarding PM o and PM> 5. Once the historical data is collected, a statistical analysis
is carried out. The analysis is comprised of one study on the temporal relation and another
on the spatial relation to the system. For the temporal study, the monthly averages of
particulate matter PM and precipitation are plotted against time and thus the relationship
between both variables analyzed. With respect to the spatial study, a spatial representation of
PM pollution is made in each of the 4 zones of the Mexico City’s metropolitan area and the
results are analyzed in conjunction.

Together with the collection of historical data, the satellite image platform is selected.
Once a platform is selected, the satellite image bank is made. These images have to be
subjected to pre-processing which allows for the retrieval of the corrected reflectance data.
The next step is to analyze and classify viable images for the study. In order to do so, the
values of cloud percentage in the images were obtained and a visual inspection was made by
previewing the images through the digital platform Earth Explorer.

Based on this analysis it was found that, of the 119 scenes available to date, only 44 can
be used. Of these 44 scenes, the products of digital numbers (Level 1) are not corrected for
atmospheric conditions, however reflectance TOA (Level 2) and surface reflectance
(Level 2) were downloaded, as shown in Table 2.

Table 2: Summary Landsat 8 scenes acquired.

Type of images Number Percentage
Useful 44 35.77%
Not useful 74 60.16%
Not available 5 4.07%
Total 123 100.00%

3.1 Processing and digital analysis of images

In order to validate the products of Level 2, pre-processing was performed on the May 20,
2013 scene with the help of the software QGIS (Quantum GIS). The following eqn was
applied for the calculation of reflectance on the top of the atmosphere (TOA)

py = MpQcar + Ap, €]

where p; is top of atmosphere (TOA) reflectance without solar angle correction,
M, is specific rescaling factor by band obtained in metadata, A, is specific resizing factor by
band obtained in metadata, and Q.,; is pixel values of standard products quantified and
calibrated (DN).

In order to obtain the TOA reflectance corrected for solar angle in the center of the scene,
it must be divided by the sine of that angle, information provided in the metadata of
the scene. Once this pre-processing was concluded, the reflectance values were compared
with the respective Landsat 8 product, and differences of the order of 3% were found. This
is due to the Landsat § algorithm which performs the correction of the solar angle per pixel
in the scene, offering a more precise result. Atmospheric corrections were made via different
methods, to verify the surface reflectance. First, the subtraction of dark objects (DOS)
correction was made, which identifies the objects that “should be dark” in some bands, having
as a consequence the supposition that the reflectance measured by the sensor is only that
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caused by the atmosphere. Another correction also took place with the help of the module
FLAASH (fast line-of-sight atmospheric analysis of hypercubes) of ENVI; the problem with
these methods is that their correction is constant and when applied to the whole image, they
do not give precise information of the atmospheric reflectance.

As a conclusion of these analyses, the use of the Level 2 product of Landsat 8 was chosen.
This decision was made based on the fact that it offers a more precise atmospheric correction
due to its better calibration. Due to the location of monitoring stations, a vector layer is
generated and associated to each image in order to begin processing data. The atmospheric
reflectance data is extracted for each location and associated with the historical field data
obtained from the monitoring stations.

In order to determine the optimal bands to use in the generation of the model for Mexico
City, an analysis of reported models was made. The scene was analyzed using 6 reported
models (Table 3). Table 4 shows the mean squared error obtained from each of them.

Table 3: Proposed equations to model PM;, concentrations.

Reference Proposed equation Study

area

Torres and PM,, = —31.56 + 111.4NDVI —.03RA.B1 + 0.089RA. B3 Quito,
Vivanco [5] —.019RA. B4 — 5.42Season Ecuador
ﬁg&f‘m PM,, = —126.9 + 0.005ND.B11 + 582.7TOA. B2 Cuenca,
— 207.1TOA.B5 Ecuador

Coronel [6]

Saraswat et PM;, = —0.8689 — 94.22RA.B1 + 166.48RA. B2 Delhi,

al. [7] + 21.01RA.B3 — 78.98RA. B4 India

Shaheen et Ga;a

al. [8] PM;, = 10008RA.B2 — 21356RA.B3 + 10965RA. B4 Strlp,
Palestine

Nadzri et al. Mecca.t,

[9] PM;, = 396RA.B2 + 253RA.B3 — 194RA. B4 Saud.l
Arabia

Ozelkan et .B6 Izmir,
al. [10] PM;, = 232.66 (W) —78.673 Turkey

Table 4: Mean squared errors reported after modelling PM ;o concentrations.

Reported mean squared error
Reference
Authors Mexico City’s Metropolitan Area

Torres and Vivanco [5] NA 54.71
Abad and Mejia-Coronel [6] 77.70 45.90
Saraswat et al. [7] 18.98 75.5
Shaheen et al. [8] 9.71 74.33
Nadzri et al. [9] NA 55.02
Ozelkan et al. [10] NA 49.59
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After processing, classifying and analyzing field measurements as well as the extracted
data from remote sensing, best fitted models for air quality parameters in Mexico City can be
propounded. Significant variations in air quality across space and time are observed.

4 RESULTS
A multiple linear regression was made in order to model the dependency of PM;y on
reflectance values obtained from remote sensing. The model that was generated is
preliminary and used to observe the performance by means of the parameters R2, with an
adjusted R and root mean squared error.

After applying the preliminary model to the scene for the 44 available dates, it was
observed that the model presents temporal variations in the concentration of PM;, which was
an expected result.

Model for June 5, 2013:

PM10 = 0.553RA.B1 — 1.764RA.B2 + 0.524RA. B3 + 0.432RA.B4 + 3.7RA.B5 —
0.757RA.B6 + 0.3017RA.B7 + 31.646T0OA.B10 — 41.306T0A.B11 + 3310.923

R? = 0.93. R? — adjusted = 0.73. RSME = 4.84 ug/m?3. )
Model for December 1, 2014:

PM10 = —1.835RA.B1 + 29358RA.B2 — 0.279RA.B3 + 0.319RA. B4 —
1.034RA.B5 + 1.796RA.B6 — 0.587RA.B7 — 197.454T0A. B10 + 247.547T0A.B11 —
1537.326

R? = 0.86. R? — adjusted = 0.45. RSME = 10.10 ug/m3. 3)

Figs 5 and 6 show the PM( concentrations for June 5, 2013 and December 1, 2014. On
these dates, low and high concentration values, respectively, were observed. The areas circled
in red reflect the zones in which the model did not work properly.
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Figure 5: PM;o modelled concentrations in Mexico City on June 5, 2013.

WIT Transactions on Ecology and the Environment, Vol 236, © 2019 WIT Press
www.witpress.com, ISSN 1743-3541 (on-line)



126 Air Pollution XXVII

-99°15.000° -99°0.000’

LEGEND

m— Points of interest

Municipalities
PMio and PMas
Monitoring stations

PMio concentrations

0
40
60
110
150
200

-99°15.000° -99°0.000’

Figure 6: PM;¢ modelled concentrations in Mexico City, December 1, 2014.

5 DISCUSSION

The model for June 5, 2013 corresponds to the rainy season (May to November), whereas the
model for December 1, 2014 corresponds to the dry season (November to May). The
determined relationship between correlation coefficients were quite strong suggesting a high
correlation. Figs 7 and 8 show the observed vs. predicted PM; concentrations for June 5,
2013 and December 1, 2014, respectively. The performance of both models was very good,
with a mean R? for June of 0.93 and for December of 0.86. As discussed above, the
concentration of PM varies considerably across space and time. Thus, it is essential to match
the spatial-temporal resolutions of AOD and PM data as closely as possible. Fortunately, for
Mexico City, the monitoring system provides hourly air quality data and the acquisition time
of Landsat 8 satellite is at 11:00 AM local time.

Other alternatives for remote sensing atmospheric modelling have been tested by several
authors, including AOT retrieved from the operational MODIS algorithm. Although
kilometric resolution works well in regional scales, the detailed aerosol spatial distribution at
city scale may be missing. The develop of the predicting models for PM,y concentrations
at a 30 m resolution across Mexico City will be a very useful tool for more accurate long-
term estimations of PM exposure in this urban area. Although the determined correlation
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values are good respective to linear regressions, our future research will be geared towards
improving algorithms for modelling PM including artificial neural networks.

Model 2013-06-05

%’50‘
N an Observed
;40 .Predlded
S 301
o
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1 - l
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Monitoring station
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Figure 7: Comparison between observed and predicted values, June 5, 2013.
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Figure 8: Comparison between observed and predicted values, December 1, 2014.

6 CONCLUSION

One of the main aspects in air pollution modelling is the quality and quantity of data used.
An enormous amount of existing information regarding the parameters of this study has been
made available thanks to the constant monitoring of SEDEMA during the past decades.
Transversal and active cooperation of different governmental instances in the development
of this work allowed for the access to high quality data. On the other hand, satellite-based
measures of aerosol optical depth (AOD) as compared to fixed ground monitors allows for
greater coverage of PMj estimations. In this paper, a method for retrieving PM;o from
Landsat 8 Operational Land Imager (OLI) images over urban areas is proposed. Important
variations in the air quality within space and time can be observed, which will be incorporated
into the second phase of this work.

The models presented in this work can be used in various disciplines for estimating PM
and may be particularly useful for environmental epidemiology studies. The obtained PM;,
distribution maps can be integrated into a geographical information system and analyzed with
relational data to obtain more reliable interpretations that act against air pollution effects.
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HOURLY TROPOSPHERIC OZONE CONCENTRATION
FORECASTING USING DEEP LEARNING

LUCAS ALVES, ERICK GIOVANI SPERANDIO NASCIMENTO & DAVIDSON MARTINS MOREIRA
Senai CIMATEC, Brazil

ABSTRACT

The purpose of this work is to build, train and evaluate a deep learning-based model to forecast
tropospheric ozone levels hourly, up to twenty-four hours ahead, using data gathered from the automatic
air quality monitoring system in the metropolitan region of Vitéria city, Espirito Santo (ES), Brazil.
Observational data of air pollutant concentrations and meteorological parameters were used as the input
variables of the model once they represented the state of the atmospheric fluid in terms of its properties
and chemical composition throughout the time. Several topologies of multilayer perceptron neural
networks were tried and evaluated using statistics of the predictions over unseen data. The best
architecture was compared with reference models and the results showed that deep learning models can
be successfully applied to hourly forecasting of 0zone concentrations for urban areas. Once such models
are fitted to the data, the forecasting procedure has a very low computational cost, meaning that it can
be used as an alternative approach in comparison with numerical modelling systems, which require
much more computational power.

Keywords: air quality forecasting, ozone, neural networks, deep learning.

1 INTRODUCTION

Ozone (O3) is a secondary pollutant in the troposphere and one of the photochemical oxidants
causing air quality problems. It is formed from chemical reactions between gases emitted by
natural and anthropogenic sources, such as nitrogen oxides and volatile organic compounds
in the presence of solar radiation. O3 can irritate the respiratory system, reduce lung capacity,
and aggravate asthma problems [1]. Moreover, it can damage plants and affect agricultural
production [2]. The World Health Organization (WHO) air quality guidelines provide
thresholds for health-harmful pollution levels and the 2005 publication sets the recommended
value for ozone concentration at 100 pg/m*® for a daily maximum 8-hour average [3].
Therefore, it is important to develop a powerful forecasting model that could help authorities
and the population to take preventive measures and avoid imminent health risks, even before
the recommended limits are reached.

2 DATA

The data used in the experiments is publicly available and was gathered from the Automatic
Air Quality Monitoring Network (Rede Automatica de Monitoramento da Qualidade do
Ar — RAMQAr) owned by the State Institute of Environment and Water Resources of Espirito
Santo (Instituto Estadual de Meio Ambiente e Recursos Hidricos do Espirito Santo — [EMA-
ES). The monitoring station chosen for this study is located in Cariacica, a city in the
metropolitan region of Vitéria, ES, Brazil. This station measures hourly averages of
the twelve atmospheric pollutant concentrations and meteorological parameters displayed
on Table 1.

Data from the years 2001 to 2015 were collected and treated to eliminate records with
invalid or missing measurements in one or more sensors. Furthermore, only valid data and
hourly sequences with at least twenty-four consecutive samples were kept in order to make
possible the generation of 0zone concentration ground truth targets, required on supervised
machine learning algorithms for the model fitting. These steps discarded most part of the
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data, including all the measurements from the years 2007, 2009, 2010 and 2013, resulting in
a data set with 30,492 samples and their corresponding targets. Fig. 1 shows the amount of
useful data by year and month.

Table 1: Parameters measured in Cariacica’s air quality monitoring station.

Parameter characteristics
Parameter ;
Type Unit
Particulate matter below 10um (PM,o) | Atmospheric pollutant | (ng/m?)
Total suspended particulate matter Atmospheric pollutant | (ng/m?)
Sulphur dioxide (SO.) Atmospheric pollutant | (ng/m?)
Nitrogen monoxide (NO) Atmospheric pollutant | (ng/m?)
Nitrogen dioxide (NO») Atmospheric pollutant | (ng/m?)
Nitrogen oxides (NOy) Atmospheric pollutant | (ng/m?)
Carbon monoxide (CO) Atmospheric pollutant | (ng/m?)
Ozone (0O3) Atmospheric pollutant | (ng/m?)
Temperature Meteorological (°C)
Humidity Meteorological (%)
Scalar wind direction Meteorological ©)
Scalar wind speed Meteorological (m/s)
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Figure 1:  Histograms showing the distribution of useful data by time period. (a) Number
of samples by year; and (b) Number of samples by month.
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In the machine learning domain, one of the main objectives is to create computational
models with the ability to generalize well the extracted attributes to new data. Poor
generalization is often characterized by overfitting, and a common method to avoid that is to
evaluate a model by splitting a data set into two. The first one is the training set, on which
the model is built and optimized. The second is the test set, on which the finished model is
evaluated with unseen data [4].

For this research, 22,987 data points from the years 2001 to 2005 were separated for the
training and validation set, and the remaining 7,505 data points from the years 2006, 2008,
2011, 2012, 2014 and 2015 were used as test data. This procedure was made in order to
guarantee that the two batches of data have samples for all months, days of a month, days of
a week and hours of a day.

3 METHODS AND MODELLING

The modelling of ozone fluctuations can be made through two types of models: deterministic
or stochastic. Deterministic models use several equations to represent the atmosphere
behaviour and thus forecast the ozone concentrations in a limited domain. Due to the
complexity of this process, developing and maintaining them are expensive tasks and
demands a large amount of computational power, since it has to process many chemical
and physical interactions between diverse parameters like emissions, meteorology and land
cover. Stochastic models, otherwise, have a simpler implementation because they try to
formulate a mathematical relationship between the input and output variables based on the
detection of some patterns [5]. Once such models are fitted to the data, the predictions are
made using few computational resources.

Artificial neural networks are one type of stochastic models and, in the deep learning field,
there are currently many different architectures available for implementation, being essential
to examine which one best fits the problem that needs to be solved. Previous works used
recurrent neural networks (RNN) to predict daily maximum concentrations of tropospheric
ozone in the city of Palermo, Italy [6], and in the Mexicali (Mexico)-Calexico (USA) border
area [7]. In Biancofiore et al. [8], RNN models were applied to predict O3 concentration at
time t+At, where At can be 1, 3, 6, 12, 24 and 48 h. A convolutional neural network (CNN)
was employed in Eslami et al. [9] to predict the hourly ozone concentration on each day using
parameters from the previous day. Eight separated multilayer perceptron (MLP) networks
were used in Agirre et al. [10] to forecast the values of the variables Os(t+k), beingk =1, 2,
..., 8 h, at two rural stations located in the Autonomous Community of the Basque Country
(North Central Spain). An MLP predictor was built in Tamas et al. [11] using one single
output to forecast O3 concentration 24 hours ahead in Corsica, France, in order to be able to
anticipate pollution peaks formation. In Coman et al. [S5] two MLP models were evaluated.
The “dynamic” model used a cascade of 24 multilayer perceptrons arranged so that each MLP
feeds the next one, and the “static” model was a classical single MLP with 24 outputs. For
both configurations, the outputs were ozone concentrations for a 24 h horizon.

The present research focus on multilayer perceptron neural network models, due to its
simplicity and large application for short-term forecasts. These networks have universal
function approximation capabilities, with applicability in non-linear problems and ability to
generalize to unseen data, being effective for prediction purposes [12]. However, prior
studies that used this type of network to forecast hourly concentrations of ozone aim attention
on MLPs with one single hidden layer, which can lead to models with limited representational
power. Moreover, few of them uses a single model to forecast hourly ozone concentrations
for all time steps ahead in a 24 h horizon. The proposed model employs this approach, since
it can take advantage of a shared internal representation for all the forecasts and obtain a
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better generalization of the problem. Additionally, in the performed simulations the best
results were achieved with deeper network topologies.

Multilayer perceptron networks have a flexible topology and among their main parameters
are the number of layers and the number of neurons in each layer. At least three layers are
required: an input layer, a hidden layer, and an output layer. The definition of the number of
layers and neurons is variable, and the best composition is problem-specific [13].

Since the model objective is to predict tropospheric ozone levels hourly, up to
twenty-four hours ahead, the output layer of the proposed model is composed by twenty-four
neurons, one for each hour in advance. Several network designs were tested varying the
number of inputs, hidden layers and nodes in each hidden layer. Besides, different nonlinear
activation functions were experimented on nodes in the hidden layers, keeping the output
neurons with linear activation function. In order to choose a good set of parameters for the
training procedure, some optimization algorithms and values of learning rate, batch size and
L2 regularization strength were tried.

The generated models were evaluated using the training data set with a 5-fold
cross-validation. In this type of cross-validation, the data set is divided into parts of the same
size. One part forms the validation set and the other parts form the training set. This process
is repeated for each part of the data, and the combination of tests is used to make a reliable
estimate of the model error [4].

The models’ performances were measured based on statistics such as the mean absolute
error (MAE), mean squared error (MSE), mean absolute percentage error (MAPE), Pearson’s
correlation coefficient (r), and regression coefficient (R?). These metrics are described in the
following equations:

1
MAE:; =110; — Fil, (1)
1
MSE =~ 3" (0; = F)?, ©)
n
MAPE =% |ﬂ|’ 3)
n o Lej=q! O
" ©0-0)Fi-F)
r= = : “4)
[ERa0-02 5 i Fr2
n _ _ 2
. (0i=0)(Fi-F)
RZ — (Zml ) (5)

Y, (0;-0)2 31 (Fi-F)?

where 0; is the observed value, O is the mean of all observed values, F; is the forecasted
value, F is the mean of all forecasted values and n is the number of samples.

Table 2 summarizes the topology and characteristics of the MLP neural network that
achieved the best results in the metrics evaluated. The training of this network used the
Feed-forward Backpropagation algorithm with Adadelta optimizer, learning rate of 1.0, batch
size of 4.0, L2 regularization strength of 2.10”° and mean squared error as the loss function.

3.1 Data preparation

The best obtained model has eighteen inputs, composed by six temporal variables and by the
twelve parameters measured in the air quality station. The wind representation was converted
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Table 2: Multilayer perceptron neural network chosen topology.

Topology

Layers . - -

Neurons | Activation function | Trainable parameters
Input 18 N/A 0
Ist Hidden layer 15 ReLU 285
2nd Hidden layer 185 ReLU 2,960
3rd Hidden layer 250 ReLU 46,500
4th Hidden layer 200 ReLU 50,200
5th Hidden layer 225 ReLU 45,225
6th Hidden layer 185 ReLU 41,810
Output 24 Linear 4,464

from scalar values of direction and speed to vector components U and V, using eqns (6) and
(7). This transformation was made because the scalar representation could mislead the model,
since direction values close to 0° or to 360° indicate that the wind is blowing in
the same direction, although these values are numerically distant

U = speed * sin((270 — direction)(%o)) , (6)
V = speed * cos((270 — direction)(lﬁ)) . (7

As indicated by other works [10], [11], the use of periodical variables, as sine and cosine
functions, representing the time cycles, lead to better results in predict ozone concentrations.
Therefore, the following temporal inputs were used:

e sin (2n (60 h + m)/1440), cos (2n (60 h + m)/1440), where h =10, 1, 2, ..., 23 is the
hour of the day and m =0, 1, 2, ..., 59 is the minute of the hour;

e sin (2nd/7), cos (2nd/7), where d = 0, 1, 2, ..., 6 is the day of the week with 0
representing Sunday and 6 representing Saturday;

e sin (2my/12), cos (2ny/12), where y =1, 2, ..., 12 is the month of the year.

Before model fitting, all inputs and their ground truth targets were normalized between
-1 and 1. This procedure changes the data to a common scale, avoiding that one input have
excessive importance in consequence of its value range [11]. Once the output of the model is
obtained, the variables are de-normalized.

3.2 Reference models

To measure the efficiency of the proposed neural network, two models were used for
reference. The first one is called Persistence model and is commonly used as a baseline to
evaluate the performance of a forecasting model. In this predictor, the forecasts for all time
steps ahead are set as the current value, which can be expressed mathematically as
y(t+A4t) = y(t), where y is the forecast target and ¢ is time [14].

The second reference model is composed by a group of twenty-four linear regressors, each
one responsible to predict a different time step of the next 24 hours of ozone concentration.
The regressors are based on multiple linear regression and were fitted using the same inputs
and targets as the MLP model. Regularization of L1 type was used in the models training,
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technique also known as Lasso Regression [15]. Several regularization parameters, which
defines the regularization strength, were evaluated using a 5-fold cross-validation over the
training data set and the parameter that produced the best performance for each regressor
was chosen.

3.3 Computational tools

All computational experiments were implemented using the Python language. Experiments
with MLP neural networks were performed using the TensorFlow platform through its
Keras high-level API (Application Programming Interface), and the Scikit-learn machine
learning library was used to evaluate the linear regression model.

4 RESULTS
A comparison between the metrics of evaluated ozone forecasting models, using the test data
set, i1s shown in Table 3. Values close to 0.0 are best for the MAE and MSE, values close to
0.0% are satisfactory for the MAPE, and values close to 1.0 are adequate for the R* and r. A
Pearson’s correlation coefficient of —1.0 implies a negative linear correlation between the
forecasted and the ground truth values, and a value of 0.0 implies that there is no linear
correlation between these variables [14].

Table 3: Comparison table between ozone forecasting models using performance metrics
over the test data set.

Performance metrics
Model
MSE MAE r R? MAPE
Persistence 295.19 12.90 0.384 0.148 113.08
Lasso 126.02 8.73 0.692 0.479 90.10
MLP 101.75 7.68 0.770 0.593 70.55

The values of the metrics introduced on Table 3 refers to the models as a whole,
considering all the 24 predictions at the same time. Thus, the proposed multilayer perceptron
is a very effective model, surpassing the reference models in all considered metrics. The
persistence model obtained the worst performance, as expected due to its simplicity. Tables
4 and 5 presents the statistics for some forecasting horizons of the MLP model and of the
Lasso linear model, respectively.

With exception of the predictions for the first hour ahead, where the Lasso model has
slightly better results, the neural network outperforms the linear model in all other time
horizons. This is shown on Fig. 2 using as reference the mean squared error and the Pearson’s
correlation coefficient (r). Besides, the prediction errors of the MLP have a more stable
behaviour along the forecasted time steps.

The model accuracy is graphically shown in Figs 3 and 4, where ozone concentration
forecasts are displayed for 1 hour ahead and 24 hours ahead in a period of approximately
7 days of measurements. The blue lines represent the actual ozone concentrations and the
orange lines represent predictions of ozone concentrations. Fig. 3 demonstrates a period in
the beginning of June 2006, which represents the end of autumn season in the south
hemisphere. On the other hand, the Fig. 4 display a period in the end of December 2014 and
beginning of January 2015, which represents the start of summer season.
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Table 4: Multilayer perceptron performance metrics over the test data set for some
forecasting horizons.

Multilayer perceptron performance metrics
Forecast horizon

MSE MAE r R? MAPE
T+1 42.90 4.94 0910 | 0.829 | 41.14
T+2 63.37 5.93 0.863 | 0.745 | 51.10
T+3 77.46 6.61 0.829 | 0.688 | 57.65
T+6 99.42 7.56 0.774 | 0.599 | 67.39
T+9 110.52 | 8.01 0.746 | 0.557 | 72.44
T+12 114.09 | 8.19 0.741 0.549 | 75.13
T+15 113.53 8.23 0.742 | 0.551 76.20
T+18 111.69 | 8.16 0.748 | 0.559 | 75.81
T+21 106.72 | 7.97 0.757 | 0.574 | 75.84
T+24 101.50 | 7.77 0.768 | 0.590 | 76.73

Table 5: Lasso linear model performance metrics over the test data set for some
forecasting horizons.

Lasso linear model performance metrics
Forecast horizon

MSE MAE r R? MAPE
T+1 34.90 4.26 0.924 0.855 | 34.23
T+2 74.28 6.54 0.831 0.691 | 61.31
T+3 103.40 7.94 0.755 0.571 | 79.04
T+6 141.71 9.43 0.641 0.411 | 98.89
T+9 138.04 9.23 0.653 0.426 | 93.60
T+12 125.95 8.80 0.695 0.483 | 88.08
T+15 137.99 9.25 0.656 0.431 97.88
T+18 147.52 9.58 0.626 0.392 | 102.67
T+21 134.72 9.12 0.669 0.448 | 98.68
T+24 105.80 7.92 0.755 0.570 | 78.69
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Figure 2:  Comparison between MLP and Lasso predictions for each hour ahead. (a) Using
mean squared error; and (b) Using Pearson’s correlation coefficient.
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Figure 3:

Multilayer perceptron predictions for a seven-day period in June 2006.
(a) Predictions 1 hour ahead; and (b) Predictions 24 hours ahead.
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Figure 4:  Multilayer perceptron predictions for a seven-day period between December
2014 and January 2015. (a) Predictions 1 hour ahead; and (b) Predictions 24
hours ahead.

5 CONCLUSIONS

The results indicated a reasonable performance for the proposed forecasting model, which
can be used by authorities and citizens to take preventive measures that avoid imminent
health risks due to O3 exposure. Moreover, it has been shown that deep learning techniques
can be successfully applied to hourly forecasting of ozone concentrations in urban areas.
Once such models are trained and fit to the data, the inference process, i.e. the forecasting
procedure, has a very low computational cost, meaning that it can be used as an alternative
approach in comparison with numerical modelling systems, which require much more
computational power.
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ABSTRACT

The influence area of a project includes environmental impacts caused by the development of the
project on abiotic, biotic and socioeconomic components such as air, water, and soil. Knowing
the location and extent of this area is essential for the environmental management of a project because
it indicates where resources should be invested. This paper proposes a guide for the determination of
areas of influence through the dispersion of particulate material in hydrocarbon projects. The present
research looked at the unpaved road that leads from Puerto Gaitan (Meta, Colombia) to the Rubiales
Field. The Gaussian dispersion model CALPUFF was used to determine the dispersion of particulate
matter in the road section that connects Puerto Gaitan and the Rubiales field. 2000 discrete receptors
were placed in a perpendicular line in three (3) sections of the road; these receptors were used to
determine the concentration behaviour of particulate matter from the centre of the road every 2 m, up
to 2000 m on each side. In order to determine the concentration profiles of the particulate matter, the
modelling results were plotted in Excel, and a correlation analysis was carried out between
the meteorology, the road sections, the emission factors and the particulate matter dispersion. This
information was adjusted to different types of probability distributions in order to determine the
representative function of the behaviour of the concentrations which included all meteorological data.
The distributions with the best fit of the data corresponded to the Beta distribution. A methodology was
generated for the calculation of the influence area in unpaved roads for hydrocarbon exploration
projects. The methodology was used for the environmental licensing process of the LLA-66
exploration area of the company BC exploration and production of hydrocarbons SL branch Colombia,
located in the city of Puerto Lopez in the Department of Meta, Colombia. It was found that the area of
influence extended 6 m to each side of the axis of the road.

Keywords:  air pollution, influence areas, unpaved roads, hydrocarbon exploration projects,
modelling.

1 INTRODUCTION

The mining energy sector in Colombia is one of the pillars of the government's development
plan, which is why it is important to know to what extent air quality is affected when devising
energy development strategies [1]. Many industrial activities, particularly energy, could be
highly polluting and directly affect air quality and, consequently, human health [1]. In
developing countries, dispersion models are increasingly being used and can be very useful
in environmental impact assessments, as well as supporting the development of local action
plans that improve air quality [2]. A project’s area of influence includes environmental
impacts caused by the development of the project on abiotic, biotic and socioeconomic
components, such as air, water, and soil [3].

Knowing the location and extent of this area is essential for the environmental
management of a project because it indicates where resources should be invested. This paper
proposes a guide for the determination of areas of influence through the dispersion of
particulate material of hydrocarbon projects, in which the transit of vehicles on unpaved roads
is presented with the CALPUFF model [4].
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2 MATERIALS AND METHODS
2.1 Study area

The present research looked at the unpaved road that leads from Puerto Gaitan
(Meta, Colombia) to the Rubiales Field (Fig. 1).
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Figure 1: Puerto Gaitan — Rubiales field road.

2.2 Emissions factors

EPA guide AP-42, Chapter 13, miscellaneous sources (Section 13.2.2 — Unpaved roads) [5]
was used to calculate the emission factors (eqn (1)).

5=k () (5) O

where k, a, and b are empirical constants; Er = size-specific emission factor (g/VKT); s =
surface material silt content (%), (calculated granulometry by a carved mechanic [6]); W =
mean vehicle weight (tons) ; VKT = vehicle km travelled.

From the above, the values of the emission factors obtained are presented in Table 1.

Table 1: Unpaved road PST emission estimates parameters.

Average Particulate

. Er daily traffic | Distance matter
Section| s(6) | W | k| a | b | ovier [Gehicles' | my | VKT | emission
day) (g/m* * 5)
1 104 | 22 [ 49 0.7 ] 045 3063 980 40 33051.48 | 0.001160
104 | 22 [ 49|07 ] 045 3063 525 40 17706.15 | 0.000630
3 95 22 149]07]045 2875 14 40 472.16 | 0.000019

2.3 Air quality modelling

The Gaussian dispersion model CALPUFF was used to determine the dispersion of
particulate matter in the road section that connects Puerto Gaitan and the Rubiales field. The
simulations were carried out under different meteorological conditions and emissions factors.

2.3.1 Simulation scenarios
To define the simulation scenarios, the available meteorology of the area and the emission
factors of the road were taken into account. The topography was constant. The available
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meteorology for the study included data from the Rubiales Morelia Airport station for the
year 2013. It was decided to simulate the entire year, separated month by month, resulting in
12 meteorological data sets, in order to increase the scenarios. In total, 39 scenarios
were used.

2.3.2 Topographic information

It is necessary to process the topography in the dispersion model, a completely flat terrain is
not assumed, using the Digital Elevation Model (DEM) on the area to be studied, which
obtains the altitude relative to sea level of each source and receptor. For our study, we used
the file 10s090w 20101117 gmted mea075 from The Advanced Spaceborne Thermal
Emission and Reflection Radiometer (ASTER) Global Digital Elevation Model (GDEM) [7],
defining the coordinates in which it was necessary to import the elevations (Fig. 2).
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Figure 2: Study area topography.

2.3.3 Meteorology information

The wind rose representative of the analysed meteorology was obtained with the software
WRPLOT View [8]; in this program, the values for wind speed and direction are set as input
parameters. The result is shown in Fig. 3; the prevailing winds came from the east and
northeast, and the predominant speeds were between 0.5 and 2.1 m/s.

2.3.4 Modelling grid
For the modelling domain, 10,000 receptors were distributed uniformly on a 40 km x 40 km
grid every 400 m to determine the global particulate distribution. Fig. 4 shows the location
of the modelling grid.
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Figure 3: Wind rose Rubiales field.
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Figure 4: Modelling grid.
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2.3.5 Discrete receptors

2000 discrete receptors were placed in a perpendicular line in three sections of the road; these
receptors were used to determine the decay of the concentrations on the sides of the road
every 2 m, up to 2000 m on each side. The location of the discrete receptors is
shown in Fig. 5.
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Figure 5: Discrete receptors Puerto Gaitan — Rubiales field road.

2.4 Identification of the probability density function adjusting to the behaviour
of the particular matter

In order to determine the concentration profiles for the particulate matter, the modelling
results were plotted in Excel, and a correlation analysis was carried out between the
meteorology, the road sections and the emission factors and the particulate matter dispersion.
The results reported by the CALPUFF were processed to determine the average annual
arithmetic concentrations. This information was adjusted to different types of probability
distributions in order to generate a representative function of the behaviour of the
concentrations, which included all meteorological data. This adjustment was made with
the EasyFit distribution adjustment software [9], in which about 55 distributions were
evaluated. EasyFit evaluates all available distributions in the literature using statistical
goodness-of-fit tests (Chi-square, Kolmogorov-Smirnov and Anderson-Darling) and
indicates the means of the p-value statistical parameter if the data conform to a given
distribution. In this case, the goodness adjustment tests were defined with 95% confidence.

3 RESULTS
3.1 Modelling results

The modelling results in three different scenarios where the meteorology was similar, and
the emission factors were different showed that the dispersion of particulate matter for the
annual exposure period behaved similarly (Figs 6 and 7).
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Figure 6:  Concentration isopleths for the annual exposure period of particulate matter
Scenario 1.
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Figure 7:  Concentration isopleths for the annual exposure period of particulate matter
Scenario 2.
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The behaviour of the dispersion of particulate matter was similar in every section of the
road, independent of the meteorology of the study area, and the air quality was directly
proportional to the emission factor (Figs 8 and 9).
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Figure 8:  Average particulate matter concentration profiles for 2000 m on the side of the
road Scenario 2.
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Figure 9:  Average particulate matter concentration profiles for 2000 m on the side of the
road Scenario 3.

WIT Transactions on Ecology and the Environment, Vol 236, © 2019 WIT Press
www.witpress.com, ISSN 1743-3541 (on-line)



146 Air Pollution XXVII

3.2 Adjustment of the probability density function for the behaviour of particular material

The results of the EasyFit Software indicated that the distributions with the best fit of the data
corresponded to the Beta distribution (Fig. 10). Similar studies obtained the same
distribution [10].
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Figure 10: Adjustment of the beta distribution for concentrations of particulate matter.

3.3 Methodology to find the area of influence in unpaved roads in hydrocarbon
exploration projects
Eqn (2) is proposed to determine the annual concentration of particulate matter.
Ca=FaBeta (al, a2, A, B), 2)

where, Ca is the annual concentration in pg / m* Fa is the annual dispersion factor. Beta is
the distribution function with parameters al, 02. A and B represent minimum and maximum
dispersion distances, respectively. Table 2 provides values for these parameters for TSP
dispersion around unpaved roads.

Table 2: Beta distribution parameters.

Parameter Dispersion factor | al a2 | A B

Particulate matter annual concentration 834.74 0.726 | 1.567 | 0 | 2,085

3.4 Case study

The methodology was used for the environmental licensing process of the LLA-66
exploration area of the company BC exploration and production of hydrocarbons SL branch
Colombia, located in the city of Puerto Lopez in the Department of Meta, Colombia. It was
found that the area of influence extended 6 m to each side of the axis of the road (Fig. 11).
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Figure 11: Area of influence on the atmospheric component LLA-66 exploration area.

4 CONCLUSIONS

According to the modelling results and distribution analysis performed in this study, we
concluded that the decay of the particulate material on unpaved roads is adjusted to a beta
distribution with the following parameters:
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REGRESSION MODELLING FOR PREDICTING
VISIBILITY IN A TROPICAL URBAN ENVIRONMENT
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ABSTRACT

Air pollution and visibility reduction is a major concern in cities. The present study focused on
understanding the impact of air quality and meteorology on visibility impairment for a tropical coastal
city (Chennai, India). Visibility measurements were carried out for 176 days representing summer,
winter and post-monsoon season. The meteorological and air quality parameters for the study period
were taken from the nearest continuous monitoring station supervised by the Central Pollution Control
Board of India (located within 2 km of the visibility monitoring site). It was found that the average
visibility experienced by the city is 11.24 + 5.47 km. The seasonal variations in the data monitored
showed maximum average visibility (15.06 + 2.87 km) during summer, followed by winter (7.64 £
3.53) and post-monsoon season (5.80 = 2.72). The stepwise linear regression model was developed to
predict visibility. The model developed for winter showed PMas is the significant predictor with
reasonable R? value of 0.68. It was observed that there is a strong negative correlation between fine
particulate matter (PMa.5) and visibility. During summer ozone, PMz 5, wind speed, relative humidity,
oxides of nitrogen (NOx) turned out to be the significant predictors for visibility and Pearson correlation
showed inverse correlation between visibility and ozone (-0.683), as well as PM25 (-0.587). Thus the
model developed for summer was able to capture the photochemistry of the summer and explained 71%
variation in visibility. The number of low visibility events (< 2 km) were estimated for different seasons
excluding fog events (RH > 90). The results showed large numbers of low visibility events in winter
(348) followed by post-monsoon (205). The results also indicated that haze events increased with an
increase in particulate matter concentration (> 60 pg/m?®), RH (> 65) and decrease in wind speeds
(<1 m/s).

Keywords: air pollution, regression, meteorology, visibility reduction.

1 INTRODUCTION

Poor air quality due to fine particulate matter (aecrodynamic diameter < 2.5 pm) pollution and
visibility reduction is a major concern in cities. The phenomenon of urban visibility reduction
is complex and manifests as a result of interaction of air emissions and meteorology. The
basic mechanism attributable to low visibility is scattering and absorption by gases and
particles in the atmosphere [1], [2]. Meteorological parameters like wind speed, wind
direction, ambient temperature, relative humidity influence visibility indirectly by
influencing sources and sinks of gases and particulate matter [3]. There could exist a several
combinations of meteorological parameters say low wind speed and high humidity which
could lead to increased residence time of pollutants, there by higher pollutant build up leading
to inversion/stable atmospheric conditions. This increased aerosol loading could further
reduce solar radiation reaching earth’s surface, leading to depressed planetary boundary layer
which intern progress towards weakened diffusion [2], [4]. In addition particulate mass
concentration, particle number concentration, size, chemical composition, mixing state and
hygroscopicity have a significant impact on visibility impairment [5], [6].

Quantification of relationship between visibility, air quality and meteorology is critical
for understanding physical or chemical processes which impair visibility and to forecast poor
visibility events. Such studies on urban visual air quality as well play important role in
shaping environmental policy and management response system. The present study focused
on understanding the following aspects: (i) monitoring and characterizing of visibility for
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tropical coastal urban environment; (ii) to quantify a relation between visibility, air quality
and meteorology through a stepwise linear regression model; and (iii) to explore the possible
mechanism or underlying theory which may contribute for visibility reduction in different
seasons and to analyse the low visibility events.

2 STUDY AREA DESCRIPTION AND MEASUREMENTS

The monitoring site is located in Chennai, a coastal city situated on Coromandel coast of the
Bay of Bengal (13.0827°N, 80.2707°E). It is a fast growing Indian metropolitan city with a
population of 8.6 million [7]. Rapid urbanisation, industrial and vehicular growth has resulted
in a greater environmental stress over city. The earlier studies carried out which aimed at
understanding the prevailing air quality in a city (between 1991 to 2005) have shown
exceedance of PM;o, NOy, surface ozone concentrations at several pockets of Chennai [8],
[9]. In addition the source apportionment studies carried out post 2005 in Chennai have
reported presence of increased particulate phase sulphate, gaseous phase oxides of nitrogen
and EC/OC ratio in particulate matter [10]. This type of atmospheric composition indicate
potential for increased particulate hygroscopicity, enhanced light absorption and scattering
there by posing greater risk of atmospheric visibility deterioration.

With orientation to climate of city, Chennai is hot and humid throughout the year. It
experiences summer (March—May), winter (January and February). The monsoon period is
classified as pre-monsoon (south-west monsoon) June to September and post-monsoon
(north-eastern monsoon) from October to December [11]. Chennai experiences tropical wet
and dry climate as per Koppen climate classification. Visibility monitoring was carried out
on a roof top (20 meters above ground level) of Indian Institute of Technology Madras (IITM)
Engineering Design building block (shown in Fig. 1). IITM campus is a beautiful wooded
land spread over 250 acres and the campus is surrounded by residential area, educational and
research institutes and commercial centres thereby heavy traffic roads. Thus the monitoring
site serves as a perfect urban background. Belfort model 6000 visibility sensor was used to
monitor visibility and it works on the principles of forward light scattering (used in earlier
studies [12], [13]). Visibility range the instrument can detect is 6 m to 80 km with accuracy
of £ 10%. Visibility data was captured for every minute and monitoring was carried out for
61 days representing summer (April and May 2018), 56 days representing post-monsoon
(November and December 2018) and 59 days representing winter (January and February
2019). Meteorological (relative humidity, wind speed, wind direction) and air quality
parameters (PMys, SO, NOy, ozone) were taken from CPCB continuous monitoring site
located within IITM campus [14].

2.1 Methods

The data collected from CPCB was examined for outliers using Quartile method. Every one
minute average visibility data, monitored and every 15 minute average air quality and
meteorological data, obtained from CPCB was converted into daily average values. IBM
SPSS statistics Version 25 was used to build season-wise regression model and to carry out
statistical analysis. Origin Pro 2015 was used as plotting software. MatLab version R2015a
was used as a coding platform to find planetary boundary height from radiosonde
observations. The data points corresponding to RH > 90 were eliminated (as to exclude fog
events contributing for low visibility) and haze events were examined.
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Figure 1:  Satellite view of India highlighting the geographical location of monitoring site
in Chennai.

3 RESULTS AND DISCUSSION
3.1 Characteristics of visibility monitored and seasonal variations
The average visibility experienced by the city is 11.24 + 5.47 km with a modal value being
14 km (for 176 days representing summer, post-monsoon and winter season). The average

extinction coefficient is 0.40 km'(at 880nm). The five number summary (refers to descriptive
measures in statistics) minimum < Q; < median < Q3 < maximum is estimated to be
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244 <5.17 <8.96 < 13.67 < 21.70. The five number summary was calculated considering
the daily average and it is clear that 50% of the data set is below 8.96 km (indicative of haze).
The test for normality using normal Q—Q plot and Kolmogorov—Smirnov test showed data is
normally distributed (N = 30847) with a significance value of 0.0. The seasonal variations in
data have been observed (shown in Fig. 2). Summer marks the better visibility with a mean
value of 15.60 + 4.16 km. However during both post-monsoon and winter season visibility
is below 10 km indicating the occurrence of hazy days. The impaired visibility days were
characterized by increased PM, s concentration shown in time series plot of visibility, air
quality and meteorological parameters in Fig. 3. The lag effect was observed between NOx
and PM; s (increase in oxides of nitrogen concentration is followed by sharp rise in fine
particulate concentration). This could be possibly due to heterogeneous gas to particle
conversion reactions. 57% of the daily average during the monitoring period showed
visibility less than 10 km.

3.2 Quantifying relation between visibility, air quality and meteorology

The step wise linear regression was performed to quantify the relation between air quality,
meteorology and visibility. The results of regression model developed showed a reasonable
R? value of 0.502 and fine particulate matter, wind speed and ozone were found to be the
significant predictors (given in eqn (1))

Visibility = 12.091-0.111(PM..s) + 0.8817 (WS)-0.73 (ozone). (1)

A further attempt was made to know if there is any improvement in the model by
considering the seasonal data. Thus steps were repeated and model was rebuilt for winter,
summer and post-monsoon season.

20.00

10.00
- l . . I
0.00

Apr-18 May-18 Nov-18 Dec-18 Jan-19 Feb-19

—
Lh
(=]
(=]

Mean Visibility(Km)

Summer Post Monsoon Winter

Error Bars: 95% C1

Figure 2: Seasonal variations in visibility experienced by Chennai.
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Figure 3:  Time series plot showing variations in visibility (VS = blue), particulate matter
(PM2 s = black), relative humidity (RH = red), oxides of nitrogen (NOx = brown),
ozone (O3 = grey) and wind speed (WS = green) for December 2018.

3.2.1 Winter

It was interesting to know that PM, s turned out to be the significant predictor variable during
winter and 68.2% of variations in visibility could be explained by fine particulate matter
alone (R? = 0.682) given in eqn (2). The Pearson correlation study showed there exits strong
negative or inverse correlation between visibility and PM,s (-0.826) and ozone (-0.52).
Positive correlation was observed between visibility and wind speed (shown in Table 1).
Stepwise regression equation obtained for winter is presented in eqn (2)

Visibility = 14.304-0.202(PM, ). 2)

Table 1: Pearson correlation between visibility, air quality and meteorological parameters.

Parameters Visibility PM, s NO« Ozone RH WS

Visibility 1.00 -0.826 -0.256 -0.52 -0.078 0.329
PM; 5 1.00 0.429 0.475 -0.003 -0.330
NOx 1.00 -0.125 -0.122 0.170
Ozone 1.00 -0.326 -0.319
RH 1.00 -0.68
WS 1.00

This could be possibly due to radiation inversion conditions, suppressed planetary
boundary layer which generally prevail during winter season. These stable weather
conditions trap the pollutants close to the earth’s surface and affect optical properties of the
atmosphere (scattering and absorption) there by reducing the ambient visibility. The
distribution fit between visibility and PM, s showed exponential decay relation during winter

(with R20.80).
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3.2.2 Summer

In summer ozone, PM, s, WS, RH, NO turned out to be the significant predictors for visibility
with R? value of 0.709. Pearson correlation showed strong negative correlation between
visibility and ozone (-0.683), PM;;s (-0.587). Stepwise regression model summary for
summer is given in Table 2 and the regression equation in eqn (3). Fig. 4 depicts frequency
histogram for standardized residual and normal P—P plot.

Visibility = 32.23-0.126(0zone)-0.057(PM,.5)-0.199(WS)-0.14(RH)-0.037(NOy).  (3)

Table 2: Model summary for stepwise linear regression — summer data.

Model summary

Standard error

. Durbin—
of the estimate urbin-Watson

Model R R square Adjusted R square

1 0.683*  0.467 0.458 2.11612
2 0.769*  0.592 0.577 1.86806
3 0.806°  0.650 0.632 1.74376
4 0.825¢  0.680 0.657 1.68247
5 0.842¢  0.709 0.682 1.61946 1.102

a. Predictors: (Constant), Ozone

b. Predictors: (Constant), Ozone, PM; s

c. Predictors: (Constant), Ozone, PM, s, WS

d. Predictors: (Constant), Ozone, PM2s, WS, RH

e. Predictors: (Constant), Ozone, PM, s, WS, RH, NOy
f. Dependent variable: Visibility

Histogram Normal P-P Plot of Regression Standardized Residual
Dependent Variable: Visibility 1.0
15
Mean = 4.09E-15 S 08
. Std. Dev. = 0.957 [am
5 10 N=61 g o6
Q @]
% e °
E 5 % 0.4 Y,
& -
& 02
0.8
-3 -2 -1 0 1 2 0 02 04 06 08 10
Regression Standardized Residual Observed Cum Prob

Figure 4: Frequency histogram for standardized residual and normal P—P plot.

Ground level ozone and secondary particulates formation through complex photochemical
reactions during peak summer hours has been studied and reported in multiple urban
environments [15], [16]. The presence O3 and several other radicals (like Hydroxyl radical-
OH, Peroxy radicals-RO; etc.) increase the oxidizing capacity of the atmosphere which intern
increase the secondary fine aerosol particle (0.1 um to 1 pm) by gas to particle conversion
process. This secondary fine particulate matter formed ultimately lead to visibility reduction
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[17], [18]. Thus the model developed for summer (eqn (3)) is able to capture the
photochemistry of summer (smog) and explains approximately 71% of variation in visibility.

3.2.3 Post-monsoon

During post-monsoon season PM; s, ozone (-0.414 and -0.321 respectively) showed negative
correlation with visibility and RH showed no significant correlation with visibility. The
variation in visibility explained by the model (eqn (4)) was found to be low (29.1%).

Visibility = 14.18-0.061(PMa.5)-0.051(0zone)-0.069(RH). @

Post-monsoon season is the period where Chennai city receives major portion of its
rainfall. The low R? value could be possibly due to unaccounted factors in the model like
washout or precipitation events, seasonal changes in wind pattern, cloud cover, etc.

During this season the lowest visibility value observed was 2.65 km and corresponding
PM, 5 concentration was 73 pug/m? (on 9/12/2018) and the highest visibility value witnessed
was 14 km (on 6/11/2018) with corresponding PM, 5 concentration of 39 ug/m?. However
there were 12 days with PM, s concentration lower than 30 pg/m?® which did not witness better
visibility. The reduction in fine particulate matter due to wet deposition as a result of drizzle
or precipitation events. However though particle concentration was reduced, precipitation
events would have simultaneously increased the local relative humidity leading to increased
extinction of light and there by visibility reduction [19].

3.3 Examination of low visibility occurrences

During visibility monitoring period severe low visibility (< 2 km) events were observed.
Most often low visibility episodes occur due to fog, haze and fog—haze mixed events.
However in the present study RH > 90 were not considered, thus fog events contributing to
visibility impairment are excluded. Haze has been often reported as weather phenomena
where visibility < 10 km at RH below 90% [19] and haze episodes are characterized by
excessive aerosol loading. The occurrence of severe low visibility events were highest during
winter (348) followed by post-monsoon season (205). As depicted in Fig. 5, the possibility
of'haze events increase with increase in RH and particulate matter concentration and decrease
in wind speed. Most of these events have occurred during early morning and mid night hours.
The reason for such events during night and early morning hours would be the formation of
stable-nocturnal boundary layer. Thus to justify this planetary boundary layer (PBL) data for
Chennai city was analysed from radiosonde observations [20]. The data is available for
morning (5:30 am) and evening (5:30 pm). The Pearson correlation performed between
visibility and PBL for dataset showed positive correlation during January (0.578), February
(0.210) during winter. This means that as the PBL increases visibility increases and vice
versa, however for post-monsoon season no significant correlations were observed. PBL
varied between 0.6-2 km during low visibility events.

The national ambient air quality standard for PMysis 60 ng/m?® (24 hour average). It is
clear from the Fig. 5 that large number of haze episodes have occurred even when the PM s
concentrations are below the standard, when RH exceeds 70 and wind speeds are lower than
0.5 m/s during winter. However no severe low visibility events were observed during summer
though RH > 70 at several instances. The lowest visibility recorded during summer is
4.35 km. This could be possibly due to decrease in the strength of land sea breeze effect
during post-monsoon and winter periods (as sea-breeze circulation occurs when 5°C or
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Figure 5:  Occurrence of low visibility events during winter period (January 2019) and
relation with PM, s, relative humidity and wind speed.

greater temperature difference between land and water body [21]. The lower wind speeds
favour accumulation of moisture in the ambient environment, which further favours
hygroscopic growth of particles leading to excessive extinction of light. Thus it clearly
indicates that there is need for season specific ambient air quality standards to be practiced
or more stringent PM, s emission reduction norms during winter for experiencing better
visibility.

4 CONCLUSION

Visibility monitoring campaign was carried out for 176 days representing summer, winter
and post-monsoon season. From the results obtained it is found that Chennai city experiences
average visibility of 11.24 + 5.47 km with modal value of 14 km. Further analysis of seasonal
variations in visibility infer, visibility is better in summer (15.60 km) followed by winter
(7.64 km) and post-monsoon season (5.80 km). City experiences hazy days (< 10 km) during
winter and post-monsoon season. Stepwise linear regression for winter showed fine
particulate matter (PM> s) is the significant predictor explaining 68% variation in visibility.
However for summer it is observed that ozone, PM,s, WS, RH, NOy are the significant
predictors, which together explain 71% variation in visibility and indicated that model
captures the photochemistry of the summer. The occurrence of low visibility events are found
to be highest during winter followed by post-monsoon season and positive correlation was
observed between PBL and visibility during winter.
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ABSTRACT

The characterization and reduction of odour emissions represents an open debate among the scientific
community. Odour nuisances are connected to a large number of substances, mostly detectable at low
concentrations. Direct estimation of odour impacts through olfactometry is not always applicable, as
this approach requires air sampling and a pool of trained panellists. Measuring the concentration of
odorous substances provides support to the characterization of emission sources and the design of odour
monitoring systems. Civil wastewater treatment plants (WWTPs) are known sources of odours. The
objective of this project is the design and development of an integrated odour emission monitoring
system at the Castiglione Torinese WWTP in Italy. In this paper, the preliminary characterization of
the emission sources and the odour emitting components are presented. The characterization of the
emission sources and tracers was obtained by mean of a number of site inspections and measurement
campaigns held between 2017 and 2019. In the last campaign, held in January 2019, chemical odour
tracers (Hz2S, NH3, VOC) and dynamic olfactometry measurements were performed simultaneously.
The screening of VOC species through gas chromatograph/mass spectrometer analysis of air samples
was also performed. Odour emitting components were ranked in terms of odour activity value (OAV).
Results show that VOC is the only group of compounds that is always detectable on the site. NH3; and
Ha2S may, in some cases, be present at considerable concentrations. Results of OAV calculations show
that a number of VOCs are detected on the site with a high spatial and temporal frequency. Additional
considerations are reported on the site-specific correlation between chemical species and odour
measurements. This detailed characterization of the emission sources and tracers results in the design
of'the final integrated monitoring system, which will be based on continuous measurement of H>S, NH3
and VOC and advanced dispersion modelling.

Keywords: odour monitoring, wastewater treatment, odour dispersion modelling, odour activity value,
odour tracers, olfactometry.

1 INTRODUCTION
Odours procure nuisance among the population and have been reported to increase health
effects even with no toxic concentration [1]. Odour nuisances are connected to a large number
of chemical substances, mostly detectable at low concentration thresholds. Civil wastewater
treatment plants (WWTPs) are known sources of odours. The analysis of odour impacts in
civil WWTPs is a challenging task, due to the design of this kind of plants.

Many factors influence whether an emission will produce disturbing impacts: odorants
are characterized by specific sensorial properties, and co-existing odorants may be subject to
interactive effects. The need to regulate odour impacts requires specific methods for odour
measurement and assessment. Odour control strategies depend on the knowledge of the
interactions between its chemical components and their dilution in the atmosphere after being
emitted [2]. At today, the application of olfactometry methods present some limitations due
to (i) the high costs of air sampling and subsequent laboratory analysis; and (ii) the
impossibility of continuous measurements [3]. The application of electronic noses, although
promising, is still limited, due to technological problems, as sensor drift over time and
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undesired sensor sensitivity to variable atmospheric conditions [4]. In addition, electronic
noses are still not representative of the odour impacts in case a complex mixture of odorants
is assessed. Using analytical techniques, i.e. concentrations measurements of odorous
substances, is not directly correlated to the determination of odour properties. Nevertheless,
the chemical identification of odorous compounds is necessary for odour monitoring and
abatement. With the purpose of relating a chemical composition of an odorous mixture to its
odour concentration, different methods were proposed. These methods include the odour
activity value (OAV [5]), the sum of the individual odour intensities (SOI [6]) and the
equivalent odour concentration (EOC [7]). Odour activity value (OAV) represents an
established methodology for obtaining significant information about odours based on the
results of chemical analyses in the field [8]. OAV, being a sort of total concentration weighted
by the odour thresholds of the single compounds contained in an odorous mixture, does
account for the different relative contribution of each compound to the mixture total odour
concentration, and therefore is able to better describe the odour properties of an odorous
mixture than just the total VOC. The main critical aspects of this method are those related to
concentration measurement of odorant species, i.e. the detection limit of the instruments and
the complete characterization of all possible odorants.

In order to obtain a continuous and complete monitoring of odour impacts, the methods
based on analytical measurements must be connected to dispersion modelling. Odour
dispersion modelling allows the evaluation of spatial and temporal distribution of odour
impacts. For this reason, modelling is essential to characterize the possible sources of odour
nuisances and take relevant remedies. Modelling odours emitted by WWTPs follows the
general approach of other types of sources. In general, non-stationary Lagrangian puff and
particle models have to be preferred to Gaussian models, due to the inability of these latter
to handle calm and stagnation conditions, lack of three-dimensional meteorology and steady-
state assumption [4]. The main issue with odour modelling is that to fully predict odour
annoyance, the fluctuations of concentrations at a small time scale (second or minute) at the
receptor are critical.

Owing to these considerations, the characterization of odorous emissions from WWTPs
requires an integrated approach, in which analytical, olfactory and modelling methodologies
are applied and linked. The objective of this research project is to propose the design and
development of such an integrated odour emission monitoring system. The SMAT’s
wastewater treatment plant (WWTP), the largest chemical, physical and biological treatment
plant in Italy, was used as a case study.

The monitoring system is composed by a network of fixed continuous measurement
stations on the site, and the development of a modelling chain simulating the local dispersion
of odour emissions in the area. The system must be designed in ways to analyse the possible
contribution of SMAT’s WWTP to odour nuisances in case of complaints of the citizens.
This paper starts from presenting the results of the emission characterization phase. Based on
this characterization, the methodology and features of the continuous monitoring system
design were defined and discussed.

2 MATERIALS AND METHODS
The research project has been developed through the following phases:

e characterization of the emission sources and the chemical species used as indicators of
odour emissions;
e selection and design of the continuous monitoring system; and
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e connection of the continuous monitoring system to the modelling chain for the analysis
and evaluation of odour nuisance episodes.

2.1 Site description

SMAT’s centralized civil WWTP is the largest chemical, physical and biological treatment
plant in Italy. The plant treats municipal and industrial wastewater with a capacity of more
than 2,000,000 of equivalent inhabitants. It consists of four lines devoted to the wastewater
treatment and one line for sludge treatment. The water line, with an average flow rate of about
25,000 m’/h, is made up of the following processes: grid screens, grit and grease removal,
primary sedimentation, pre-denitrification, biological treatment, secondary sedimentation,
phosphorous removal and final filtration (Fig. 1).

1Plant inlet / Screening
2 Degritting and deoiling

3 Primary sedimentation

4 Denitrification

5 Biological treatment

6 Secondary sedimentation

7 Tertiary treatments

8 Sludge pre-thickening

9 Sludge digestion

10 Sludge post-thickening

11 Sludge dewatering

12 Sludge drying

13 Stabilized sludge storage area
w weather monitoring station

Figure 1: Plant of SMAT’s WWTP [9].

In September 2017, a weather monitoring station was installed onsite. The location was
selected in way to avoid any potential disturbance of air circulation generated by structural
elements.

The datalogging system provides average values of the weather variables over 10 minutes.

The average wind distribution recorded in the period September 2017-March 2019 show
different wind distribution between night time and day time. Night time is characterized by
low wind (around 0.5-1 m/s) with main direction SE. Day time is characterized by slightly
higher wind (up to 5 m/s) with main direction NE. No significant seasonal variation is
evidenced, although higher variability of wind distribution appears during spring and winter.

2.2 Emission sources characterization

A preliminary characterization phase was conducted to evaluate the odour emission sources.
This phase had the objective of defining the areas of the WWTP with a major influence on
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odour impacts. To this end, five monitoring campaigns were held onsite between October
2017 and January 2019. Each campaign aimed at characterizing different aspects. A brief
description of the objectives, methods and chemical species considered for each campaign is

reported in Table 1.

Table 1: Measurement campaigns description.

ID Date Objective Description Measures
Preliminary screenin All components of the
1 Oct-17 unary & process monitored in VOC, NH3
of emission sources
three separate days
. Concentrations were
Spatial and temporal S
. . measured in different
analysis of main days at different times;
2 | Nov-17 | emission sources Y LT VOC, NH3
close to the emission
selected after .
Campaien 1 source and at a distance
paig of 10 m
Contemporary
Characterization of concentrations
3 Mar-18 | volatile compounds measurement and VOC, H,S
emitted by the plant samples collection for
GC-MS analysis
Analysis of .
Naztysts o Concentrations were
endogenous/exogenous measured close to the
4 | May-18 | contribution of o VOC
. emission sources and at
emission sources to ) .
) the site boundaries
concentrations
Contemporary
Analysis of the concentrations
relationship between measurement and VOC, NH3s, H,S,
5 Jan-19 . .
concentrations and samples collection for olfactometry
odours olfactometry and GC—
MS analysis

The analysis focused on three group of chemical species, i.e. H.S, NH; and VOC. VOC
concentration was measured with the use a portable photo ionization detector (PID, model
Tiger, ION Science, 0.1 ppb of resolution). NH3 concentration was measured with the use a
portable electrochemical device (model Gas Alert Extreme, BW Technologies, 0.1 ppm of
resolution). H>S concentration measurements were contracted to an external laboratory, and
executed according to NIOSH 6013-1994 method.

In the last monitoring campaign, measurements of VOC, H>S and NH3 concentrations
were done in parallel with air sampling and subsequent olfactometry analysis by an external
laboratory. A total of 20 samples were collected, 17 samples of ambient air and three from
diffused sources. Ambient air samples were collected in nalophan bags. Samples from
diffused sources (degritting tank, primary sedimentation tank and stabilized sludge storage
area) were collected by wind tunnel sampling. Odour concentrations were determined in a
ODOURNET TOS olfactometer according to standard EN 13725:2004.
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2.3 VOC screening and data processing

A VOC screening was performed during Campaigns 3 and 5. This phase had the objective of
characterizing the chemical species emitted by the WWTP and detecting possible odours
tracers. The data were subsequently used for evaluating a possible correlation between VOC
and odour concentrations. VOC screening in Campaign 3 was done according to EN ISO
16017-1:2002 method. Six air samples were collected in the following areas of the plant:
plant inlet, grit removal, primary settler, sludge drying, stabilized sludge external storage,
sludge thickening. Air samples were collected on adsorption tubes, then analysed in a
laboratory with a gas chromatograph/mass spectrometer (GC-MS). VOC screening in
Campaign 5 was done according to EPA-TO-15 1999 method. In this latter campaign, three
air samples were collected, two from ambient air (plant inlet and sludge drying) and one by
means of wind tunnel sampling (external sludge storage).

Data collected from the monitoring campaigns (concentrations and VOC screening) were
used to calculate the odour activity value (OAV) of single species. OAV is defined as the
ratio of the concentration of a specific odorant to its odour threshold (OT) value. The sum of
single OAVs (SOAV) was then calculated. Odour thresholds of single substances were taken
by Nagata [10] and integrated with additional sources [11], [12].

For Campaign 5, a specific OU/SOAV ratio for each measurement point was calculated.
The following methodology was used:

e A VOC profile was assigned to each point depending on its location on the area. The
VOC profile was selected from the VOC screening performed in Campaign 3 (six
samples).

e Total VOC concentration measured with the portable instrument was divided following
the VOC profile assigned, obtaining concentrations of single species.

e OAV and SOAV were calculated in each point.

e Measured odour concentration was divided by the SOAV, obtaining a specific OU/SOAV
ratio for each sampling point.

3 RESULTS
Results of measurement campaigns and data elaboration, as well as the main features of the
integrated odour monitoring system, are presented in this section.

3.1 Results of monitoring campaigns

The results of the monitoring campaigns are resumed in Fig. 2.

During Campaign 1, on average, VOC concentrations were higher next to preliminary
treatment section, primary settling and sludge de-watering section. There is agreement in the
scientific literature that these treatment stages represent the most important contributions to
odour emissions in civil WWTPs [13], [14]. Concentrations were lower downstream of the
primary treatment (nitrification tanks and secondary settlers). NH3 concentration was below
the detection limit of the instrument (0.1 ppm), with the only exception of two areas: 2 ppm
in correspondence of the plant inlet (degritting stage), and 2 ppm in correspondence of
Module 2 secondary settling stage.

During Campaign 2, measurements were restricted to the areas with higher concentration
in Campaign 1. In these areas, VOC concentrations were measured close to the emission
source or in the immediate proximity (around 5 m). Results of Campaign 2 showed that
concentration values quickly decay by moving away from the emission sources, indicating a
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Figure 2: Mean, maximum and minimum VOC concentrations measured in monitoring
campaigns.

rapid dispersion of the contaminants. Concentrations measurements of NH; confirmed the
results of Campaign 1. Results of Campaign 3 confirmed the results of previous campaigns,
evidencing a higher VOC concentration in correspondence of the plant inlet and the sludge
drying area. Considering H>S measurements of Campaign 3, the concentration was below the
detection limit of the method (0.0556 ug/m?®) in four of the six sampling points. H,S
concentration of 1.2 pug/m’ was measured next to the grit removal stage and a value of
16 ug/m’ next to the primary settling stage. These values show that H,S may, in some
circumstances, be present at values above its odour threshold, that is around 0.6 pg/m3. VOC
measurements of Campaigns 4 and 5 were extended to the whole plant area (Fig. 2). These
latter campaigns evidence a significant variability of VOC concentration around the plant,
with high background values in the order of 350—680 ppb. It is expected that the presence of
VOC in the area was also due to the possible contribution of external sources. These external
sources may be represented by the adjacent motorway, by the industrial site located 3 km
north of the plant and by the surrounding agricultural activities. Results of parallel
measurements of VOC, H2S, NH3 and OU of Campaign 5 are reported in Table 3. Odour
concentration was higher in correspondence of the degritting tank, primary settler and
(mostly) in the stabilized sludge external storage area. A significant difference in
concentration is found between wind tunnel and ambient air samples.

3.2 VOC screening and SOAV calculation

In VOC screening, 132 species were detected in Campaign 3 and 40 species in Campaign 5.
Provided that a higher number of species and chemical groups was analysed, results of
Campaign 3 were considered more precise and used in the subsequent stage of analysis.

VOC screening of Campaign 3 showed that the main family of compounds are aromatics,
aldehydes and halogenated aliphatics. Few species were detected in all sampling points.
These are: tetrachlorethylene (average concentration on all sampling points of 2.73 pg/m?),
toluene (6.33 pg/m’), m + p-xylene (2.88 pg/m?), limonene (4.36 pg/m®) and dimethyl
disulfide (DMDS, 0.46 pg/m®). The same compounds are reported in similar studies on odour
emissions from civil WWTPs found in bibliography [15], [16].
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The list of VOC species with highest OAV and the SOAV for Campaigns 3 and 5 is
reported in Table 2. For Campaign 3, a SOAV between 6.10 and 30.39 is found. Major
contribution to SOAV can be assigned to four chemical groups or species in order of
importance: aldehydes, sulphur compounds (H,S and DMDS), ethylbutyrate and propionic
acid. H,S contributes to the 87% of the SOAV in correspondence of the primary settler, and
to the 26% in correspondence of the grit removal stage. These results show that, if present,
H,S contributes significantly to odour emission at the SMAT’s WWTP. The results of
Campaign 5 show that aldehydes, octanal and decanal in particular, give the major
contribution to SOAV. DMDS is also present in correspondence of the external sludge
storage area. SOAV at the plant inlet and sludge de-watering area of Campaign 5 is higher
than that of Campaign 3, due to the relevant contribution of octanal to total odour activity
(55-68%).

Table 2: SOAYV and chemical species with higher OAV in Campaign 3 and Campaign 5.

Plant section Campaign 3 Campaign 5
(composition . oy s . 1
profile) SOAYV | Species with higher OAV | SOAV |Species with higher OAV
Acetaldehyde 1.090; Octanal 21.359
Plant inlet Ethylbutyrate 0.990; Deca'nal 8.766
(P1) 6.10 |Butirraldehyde 0.721; 38.77 | Acetic acid 3.620
Propionic acid 0.592; Nonanal 1.610
Octane 0.434 Hexanal 1.465
Hydrogen sulphide 2.000
Grit removal Acqtaldehyde 1.371
(P2) 7.71 |Butirraldehyde 0.914 - |-
Propionic acid 0.751
Propionaldehyde 0.440
Hydrogen sulphide
26.664
Primary 3039 Acetaldehyde 1.090 B B
settler (P3) ’ Butirraldehyde 0.673
Propionic acid 0.462
Propionaldehyde 0.336
Ethylbutyrate 9.036
Sludge Propionic acid 1.954
thickening 19.08 | 4-isopropyltoluene 1.354 - -
(P4) 3-isopropyltoluene 1.279
Phenol 0.964
dimethyl disulfide 2.228 Octanal 30.437
Sludge Acgtaldehyde 1.336 Decanal 4.127
drying (P5) 7.22 | Butirraldehyde 1.154 44.32 |Heptanal 3.153
Ammonia 0.684 Hexanal 2.352
dimethyl trisulfide 0.462 Nonanal 2.515
Stabilized Propionic acid 4.593 Disulfide,dimethyl 7.143
sludge Acgtaldehyde 1.195 Hexanal 5.321
external 9.47 ButlHaIthyde 0.914 16.13 | Toluene 1.476
storage (P6) Ammoma 0.620 1-Butanol 0.800 '
4-isopropyltoluene 0.461 Benzene, 1,2,4-trimethyl-0.635
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3.3 OU/SOAV ratio

Starting by the parallel olfactometry and chemical measurements of Campaign 5, a
OU/SOAV ratio was calculated for each of the 20 sampling points. To calculate SOAV, a
specific composition profile between those of Campaign 3 was assigned to each point (Table
3). Total VOC concentration was divided into concentration of single species depending on
the composition profile assigned. Composition profiles were selected from Campaign 3
because of the higher precision of the VOC screening performed in this campaign. OAV of
single species was calculated and then summed up to obtain SOAV. For each sampling point,
OU concentration was then divided by the SOAV and a OU/SOAYV ratio was obtained. The
results are reported in Table 3. Different values of OU/SOAV ratio were found if the odour
concentration was determined through wind tunnel or ambient air sampling. In the first case,
a OU/SOAYV between 1.04 and 10.31 was found. In the second case, the OU/SOAYV ratio
ranged between 0.11 and 0.46.

Table 3: Calculation of OU/SOAYV ratio for the sampling points of Campaign 5.

VOC ou
ID | Plant area concentration IS)rOojfél\é caslc?;lz\t/e d concentration | OU/SOAV
(ppb) (OU/m?)
1 |Plant inlet 1512 P1 357.1 47 0.13
2 | Grit removal* 753 P2 172.8 180 1.04
3 | Primary settler* 756 P3 114.9 540 4.70
4 | Sludge drying 648 P5 127.9 33 0.26
Stabilized sludge
5 |external storage — 963 P6 348.5 1100 3.16
position 1*
Stabilized sludge
6 |external storage — 964 P6 349.2 3600 10.31
position 2*

*Wind tunnel sampling.
3.4 Integrated odour monitoring system

The results of preliminary monitoring campaigns of VOC, NH; and H»S may be resumed
with the following considerations:

e VOC s the only group of compounds that was always detectable on the site. Nevertheless,
it could not be excluded that NH3 and H,S may be present at considerable concentration
and contribute significantly to odour impacts.

e A number of areas in the site may be detected and evidenced as primary emission sources
of VOC to be potentially linked to odour emission. These areas are the preliminary
treatments, primary settling, sludge drying and sludge thickening. The stabilized sludge
external storage area should also be considered as a primary emission source, as
characterized by the highest odour concentration. Other areas may be defined as
secondary emission sources. These are aeration tanks, secondary settling tanks and sludge
thickening area.
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o If measurements are taken moving away from the emission source, concentrations show
a significant variability in space and magnitude. Information collected is not sufficient to
directly evaluate the possible contribution of external sources to total concentration.

The VOC screening of Campaigns 3 and 5 provided information on the chemical
composition of the compounds emitted by the WWTP or present in the area. A number of
species or groups may be found in the whole area and associated with the emission sources.
Future monitoring campaigns on the emission sources surrounding the area of study could
provide additional information in order to define possible chemical tracers for odour
nuisances. Results of VOC screening were also elaborated to study the link between chemical
and odour concentrations. The resulting values of OU/SOAV ratios were used to link
chemical measurements to the modelling of odour emissions.

The resulting general scheme of the integrated odour monitoring system is reported in
Fig. 3. Starting from VOC, H,S and NH; concentration measurements, odour concentration
is estimated with the method described in Section 3.3. Odour concentrations are used to
calculate odour emission rates for primary and secondary sources. Odour emission rates are
thus introduced into a dispersion model to evaluate the magnitude and spatial distribution of
odours. The system is designed to operate in near-real time, i.e. receiving weather data and
concentrations from the monitoring stations, processing them and running the dispersion
model without a significant delay (in the order of minutes to hours). This is achieved by mean
of a set of algorithms that (i) manages and synchronizes data acquisition from weather and
concentration sensors; (ii) converts chemical concentrations into odour concentration;
(iii) calculates odour emission flow; and (iv) prepares the input and runs the dispersion
models.

VOC H:S NHs
concentration

Composition —— — — —

profile Odor thresholds

sS0AV

OWsSoAV ratios —— —»

Odor
concentration at
source

Emission flow

. . _—— =) 4— — — Weather data
estimation

Odor dispersion
modelling

Figure 3: Operating scheme of the continuous odour monitoring system.
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The system for the continuous measurement of chemical species is composed by a
monitoring station for every emission source. Each unit is equipped with sensors for VOC,
NH3 and H»S measurement. The sensors have low detection limits, in the order of 10 ppb for
VOC, 0.5 ppm for NH;3 and 10 ppb for H»S respectively. Similarly, the measuring range of
the sensors must be wide enough to cover possible concentration peaks (in the order of
0-15 ppm for VOC, 0-25 ppm for NH3 and 0—1000 ppb for H,S respectively). The sampling
frequency is 10 minutes, adequate to the analysis of peak emission episodes.

Specific gas sensors commercially available comprise a broad variety of chemical,
electrochemical, catalytic, and optical detectors with a high sensitivity and selectivity for
some target odorants. They present low response times and low cost. Their main drawback
is that they are susceptible of interferences from humidity [17]. To address this problem,
some of these sensors have been equipped with a specific filter (e.g. the CairClip sensors,
EnveaTM [18]).

The modelling system is going to be based on the Safety Atmospheric Lagrangian Model
(SLAM) developed at Laboratory of Fluid Mechanics and Acoustics of Lyon University,
France [19]. SLAM is composed by two main modules: the first is devoted to meteorological
data processing and extraction of the wind field, the second to pollutant dispersion. The
meteorological pre-processor is based on Monin—Obukhov similarity theory. The dispersion
module simulates the trajectories of a large number of particles from an increased average
velocity field at every point and at each iteration of a random component representing the
turbulent fluctuation.

4 CONCLUSION

This paper had the objective of defining the design of an integrated system for the continuous
monitoring of odour emissions at SMAT’s WWTP. The preliminary scientific and
experimental characterization phase provided the relevant information to overcome this
objective. The integrated monitoring system will be managed by a novel set of algorithms
that (i) collect and synchronize data acquisition from weather and concentration sensors;
(i1) convert chemical concentrations into odour concentration; (iii) calculate odour emission
flow; and (iv) prepare the input and runs the dispersion models. Given its high level of
automation, the system will allow a fast reproduction of odour dispersion in case of odour
nuisance episodes, providing information on the contribution of SMAT’s WWTP to odour
impacts in the surroundings.

In the study of odour quantification and minimization, several aspects remain unresolved,
due to the complexity of the topic. These aspects include the measurement methods (chemical
analyses, olfactometry, electronic noses), the characterization of odorants (in particular,
odour thresholds), the characterization of additive or synergistic effects and the dispersion
modelling phase (definition of odour emission rates and peak concentrations). The sensitivity
of population to odour problems is constantly increasing, since odours have been
demonstrated to affect citizens’ health and not only cause nuisance. Seen this, a trade-off
between scientific knowledge and the necessity of providing technological solutions is
needed. The system presented herein attempts to provide such a solution. It is expected that
its design and features shall be improved after entering into operation. In this sense, additional
field measurements will provide further details. Also, the implementation of alternative
methods for i) the conversion of chemical concentrations into odour units and ii) the
estimation of concentration fluctuation shall be tested on the system. As a final result of this
research project, SMAT’s WWTP will be equipped with a complete and integrated
monitoring system of odour emissions. The same methodology may, in principle, be extended
to other WWTPS, as well as other typologies of odour emitting sources.
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ABSTRACT

Generation and emission of hazardous gases such as hydrogen sulphide (H2S), and ammonia (NH3 from
industrial settings and livestock production facilities represent one of the major air pollution challenges.
Traditional approaches like physicochemical processes used in industrial settings, and diet
manipulation, manure confinement, and addition of inhibitors commonly employed in livestock
operations are associated with technical drawbacks, excessive cost, inability to completely eliminate
pollutants, and difficulty of implementation on a small scale. Thus, there is a need for development of
more effective and feasible technologies. One such innovative approach is the use of nano-based
adsorbents to mitigate the emission of these air pollutants. Effective capture of individual H2S and NH3
using metal oxide nanoparticles (ZnO and TiOz) have been reported in our earlier work. To evaluate
the potential for wider applications, we have now investigated simultaneous capture of NH3, H2S, and
odours by a mixture of ZnO and TiO2 nanoparticles and a tailor-made composite adsorbent (ZnO and
TiO2 nanoparticles deposited on activated carbon). Laboratory work with pre-mixed gases of various
compositions revealed that an increase of H2S and NH3 concentrations led to higher adsorption
capacities with both nano-adsorbents. Higher temperatures enhanced the adsorption of H>S but led to
lower adsorption capacities for NHs. Characterization of adsorbents through CNHS analyses,
thermogravimetry, FT-IR and XRD revealed that ZnO and TiO2 both adsorbed NH3 and H»S. While
ZnO had a much higher affinity for H2S through chemisorption, TiO2 was more effective in adsorption
of NH3 by physisorption. Results from trials conducted in a semi-pilot scale adsorption system fed with
swine manure gases, and those in a livestock research facility where a nano-based circulation—filtration
system was deployed in a real situation confirmed the effectiveness of nano-adsorbents in capture of
NH3, H2S, and odours from representative gases in real settings.

Keywords: ammonia, hydrogen sulphide, odour, nano-based emission control, pilot trial.

1 INTRODUCTION

Hazardous air pollutants such as ammonia (NH3) and hydrogen sulphide (H,S) are generated
and emitted as part of industrial processes. Agricultural activities aiming at livestock
production and associated facilities are other major contributors to emission of these
hazardous gases [1]-[4]. Ammonia is an odorous air pollutant with serious impact on human
and animal health. Ammonia inhalation could irritate nose and throat and cause nausea and
respiratory tract problems [5]. Formation of ground level ozone and fine ammonium nitrate
particulates are some of the environmental challenges associated with the emission of
ammonia [6], [7]. Like ammonia, hydrogen sulphide emission poses serious health and
environmental risks due to its toxic and corrosive nature. Hydrogen sulphide also contributes
to formation of other air pollutants such as sulphur oxides and atmospheric acidic depositions
(3], [4], [8].

Traditional approach such as physicochemical processes used in industrial settings and
those like diet manipulation, manure confinement, and addition of inhibitors to manure that
are commonly employed in livestock operations are associated with technical drawbacks,
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excessive cost, inability to completely eliminate these hazardous air pollutants, and difficulty
of implementation in the small scale. Thus, there is a need for development of more effective
and feasible technologies. One such innovative approach is the use of nano-based adsorbents
to mitigate the emission of NH3, H,S, and odours. Our research effort aiming at application
of nanotechnology to tackle the emission of NH3, H,S, and odours included several phases
as depicted in Fig. 1. In summary we have investigated the application of pure metal oxide
nanoparticles (e.g. TiO> and ZnO), as well as composite nano-adsorbents (TiO, nanoparticles
deposited on activated carbon) for the removal of individual NH; and H,S from gaseous
streams, with the results reported elsewhere [5], [8], [9].

Metal oxide nanoparticles Tailor-made nanoparticles
* Synthesis of NH; adsorbent (AC-TiO,)
* H,S adsorption by ZnO nanoparticles * Adsorption, isotherm expression
* NH;adsorption by TiO, nanoparticles « Elucidation of mechanisms
* Isotherm expressions * Synthesis of NH;-H,S adsorbent
e Elucidation of mechanisms (AC-TiO,-Zn0)

* Simultaneous adsorption of H,S and NH,

* [sotherm expressions

e Characterization and mechanisms

* Pilot scale and room trials with
representative gases

Figure 1: Overview of research strategy for tackling emission of hazardous gases.

The current paper focuses on other phases of this research that aimed at simultaneous
capture of NH3 and H»S from gaseous streams and includes an overview of our findings from
the laboratory work conducted with pre-mixed gases, semi-pilot scale tests with
representative gases (e.g. gases emitted from swine manure), and trial in livestock production
rooms.

2 EXPERIMENTAL SYSTEMS AND PILOT TEST FACILITY
2.1 Evaluation of emission control in laboratory scale system

The laboratory experimental system for simultaneous capture of ammonia and hydrogen
sulphide was a modification of the systems used for the capture of individual NH; and H»S
and consisted of feed gas tanks, an adsorption column with the nano-based adsorbent, mass
flow meters, differential pressure transducer, thermocouple, stainless steel tubing including
the required sampling ports and an online gas chromatograph [5], [8], [9]. The nano-based
adsorbents used in the experimental runs were either a binary mixture of commercial ZnO
and TiO,, or a tailor-made composite adsorbent that consisted of activated carbon with
deposited ZnO and TiO; nanoparticles.

Using the devised mass flow controller, the premixed gases (1000 ppmv NH; — balanced
with He, and 1000 ppmv H»S — balanced with He) were diluted with He to achieve the desired
ammonia and hydrogen sulphide concentrations in the mixture. The feed gas was then passed
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through the adsorption column packed with the designated adsorbent to generate the
breakthrough curves at various gas compositions and temperatures. The flow rate of the
influent mixed gas was controlled at 100 mL min™'. The outlet of the adsorption column was
directed to the online gas chromatograph to measure the concentration of NH; and H,S in
real time. The temperature of the column was controlled at the designated level using a
heating tape connected to a temperature controller. Conducting the experiments with mixed
gases containing various levels of NH3 and H,S (50-500 ppmv of each hazardous gas) at
various temperatures (22—280°C) allowed us to assess the impacts of gas composition and
temperature on the effectiveness of each nano-based adsorbent in simultaneous capture of
NH3 and H,S. The generated data was then used to determine the adsorption capacity of each
nano-based adsorbent under various operating conditions and also to identify suitable
isotherms to describe the adsorption process. The laboratory scale experimental system and
adsorption column are shown in Fig. 2.

column :

NHs and H2S

un Diluting gas

(He)

Figure 2:  Experimental set-up (left). Adsorption column packed with ZnO and TiO,
nanoparticles and glass beads (right).

2.2 Simultaneous capture of NH3 and H,S from swine manure gas in semi-pilot
scale system

The effectiveness of ZnO and TiO, nanoparticles in removing NHs, H,S, and odours from
representative gases was assessed using gases emitted from the stored swine manure. Swine
manure was collected from the manure pit of a grow-finish pig production room in an actual
pig barn. Before using in the experimental runs, the collected manure was transferred to
several containers with tight covers and stored for three weeks at room temperature to allow
anaerobic digestion and production of manure gases. The semi-pilot scale set-up consisted of
a centrifugal fan, an adsorption column, NH3 and H,S sensors, rubber tubings, and galvanized
ducts. The adsorption column was made of transparent PVC cylinder with an internal
diameter of 10 cm and a height of 25 cm. The nano-adsorbent consisting of both ZnO and
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TiO; nanoparticles was placed in the column. Mesh pad with glass wool were used at the
bottom and the top of the nanoparticle bed to support the particles and to prevent their carry
over with the effluent gas. The bottom of the adsorption column was connected to the manure
container headspace using a flexible rubber tubing, while the top of the column was
connected to the centrifugal fan by galvanized ducts. The centrifugal fan generated the flow
necessary to withdraw the gases from the manure containers headspace and to pass them
through the adsorption column. Ammonia and hydrogen sulphide sensors were installed
before and after the adsorption column to determine the concentration of NH3 and H»S in the
influent and effluent gasses. During the experimental run, manure containers were used in
sequence whereby each container was agitated intermittently to release manure gases from
the slurry for a 20-minute cycle (i.e. 2 minutes agitation at the start of the run and then every
5 minutes). Once the 20-minute cycle was completed for the first container, the flexible
tubing connection was moved and connected to the next manure container and the procedure
was repeated until the 140 minutes overall trial time was completed. Fig. 3 shows various
components of the semi-pilot scale set-up.

Adsorption
column

AN

Inlet gas Manure

ensors -
. container

Figure 3:  Experimental set-up including Adsorption column packed with ZnO and TiO,
nanoparticles.

2.3 Emission control trials in a research pig production facility

To assess the effectiveness of ZnO and TiO, nanoparticles in mitigating NH; and H,S
emissions from livestock facilities, room-scale trials were conducted in two fully
instrumented and identical pig production rooms at the Prairie Swine Centre Inc. The
dimensions of each chamber were 4.2 m x 3.6 m x 2.7 m and each housed a pen with
approximate dimensions of 2 m x 1.25 m x 0.3 m. Pens were surrounded by plastic matrix
flooring for easy access to the collection tubs underneath the slatted floor. Chambers were
maintained at a negative pressure through the ventilation system. Fresh air was forced
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through a filtration unit by a centrifugal fan before entering the chambers. The air in the room
was exhausted from the chamber through a sidewall exhaust fan. To maintain the rooms at
consistent temperature, air conditioning unit and an electric heater had been devised to cope
with seasonal temperature variations. To investigate the effectiveness of developed nano-
based filter, two air circulation—filtration system were made and installed in each
environmental chamber. Each unit consisted of a filtration compartment, an axial fan and the
required ducts and tubings. The inlet duct was placed near the manure pit and the treated air
(passed through the filter) was distributed back to the room through the outlet tubing. During
the tests the axial fan drew the contaminated air near the surface of the manure pit and passed
it through the duct where the filter housing was installed. Filtered air was then distributed
back to the room through another duct that was connected to the fan outlet. The duct had 8
equally-spaced holes which allowed the treated air to flow back into the chamber. The
filtration compartment of the air circulation—filtration system that was used in the treatment
room was loaded with approximately 200 g of each ZnO and TiO, nanoparticles, while in the
control room a commercial filter pad was used in the filtration compartment. The filter
housing in the treatment room was made of plastic styrene with honeycomb structure to
ensure uniform distribution of the nanoparticles across the filter area. The upstream and
downstream faces of the filter housing were covered with a commercially-available filter pad
and a layer of glass wool to confine the nanoparticles within the plastic housing.

Evaluation of nano-based filtration system was conducted in several trials each lasting 30
days. The first 15 days of each trial were used to accumulate the manure in the pit. The
circulation—filtration system was then tested on days 20, 25, and 30 of each trial. Prior to each
test pigs were moved from the treatment and control rooms to an adjacent room and were
only returned to the rooms after completion of tests and once sufficient ventilation was
achieved. During each test, manure slurry in the collection tub was agitated using a steel rake
and a recirculating pump. The mixing and recirculation were done simultaneously for 5
minutes. This allowed to mimic a situation that occurs during the periodic cleaning and/or
drainage of the accumulated manure in underfloor pits of swine production rooms (i.e.
highest level of H,S, NH3, and odours are usually experienced during the clearing of manure
pit and drainage of manure). Air circulation—filtration system was operated as soon as the
mixing started for 20 minutes. Concentrations of NH3 and H»S were monitored over the entire
period of test (20 minutes), using gas sensors that were installed at the filter inlet and outlet.
An additional set of NH; and H,S sensors were installed at the human level (approximately
1.6 m above the floor) to evaluate NH3 and H,S concentrations within the chamber air space.
A similar procedure was followed in the control room.

3 REPRESENTATIVE RESULTS
3.1 Simultaneous adsorption of NH; and H»S in laboratory experiments

This section presents highlights of the results obtained with a binary mixture of commercial
TiO2and ZnO. As indicated earlier adsorption experiments were conducted with gas mixtures
containing 50 to 500 ppmv of each NH3 and H,S at 22, 70, 140 and 280°C. Based on the
experimental results, ammonia breakthrough curves shifted to the left and breakthrough time
became shorter as NH; concentration in the mixture was increased. At a constant NHj3
concentration, the breakthrough time decreased due to increase of temperature. In a similar
fashion, increase of H»S concentration in the mixture led to shorter breakthrough times.
Contrary to what observed with ammonia, at a constant H>S concentration the increase of
temperature prolonged the breakthrough time. Fig. 4 shows typical breakthrough curves
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generated with the lowest and highest evaluated concentrations of 50 and 500 ppmv of each
NH3 and H,S at 22 and 140°C. The breakthrough curves generated at other concentrations
and temperatures showed similar pattern.
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Figure 4:  Representative breakthrough curves obtained with gas mixtures containing
50 ppmv or 500 ppmv of each NH3 and H,S at 22 and 140°C.

3.2 Capture of NH3 and H,S from swine manure gases in the semi-pilot scale system

As described earlier representative gases containing NH; and H»S were generated by storing
swine manure in several containers and allowing sufficient time for anaerobic digestion and
accumulation of NH; and H»S. The headspace gas from each container then provided the feed
gas (influent) to the semi-pilot adsorption system for a period of 20 minutes during which the
manure slurry in the container was subjected to intermittent mixing. Monitoring the
concentrations of NH3 and H»S in the influent gas revealed high NH; and H,S concentrations
at the beginning of each 20-minute cycle (~200 and 300 ppmv NH3 and H,S, respectively)
which then started to decrease as mixing continued. This pattern that was observed in all
seven cycles is somewhat similar to the NH; and H»S concentration profiles observed in
production facilities during the cleaning and drainage of manure from the pits. Interestingly
no ammonia or hydrogen sulphide was detected in the treated gas (effluent of semi-pilot scale
adsorption system) during the entire trial (140 minutes), even when the influent
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concentrations of NH; and H,S were at their maximum values. This revealed the
effectiveness of nano-based filtration system in removal of NH3 and H,S from representative
gases.

3.3 Emission control trials in research production facility

Fig. 5 shows the maximum concentrations of NH3z and H»S recorded by gas sensors located
at the inlet (emitted gas from the manure pit) and outlet of the installed air circulation—
filtration system (treated gas). These concentrations were recorded during the mixing of
manure pits in the chambers. As shown the maximum NH3 concentrations in the emitted gas
on days 15, 20, 25 and 30 were 63, 68, 76 and 42 ppmv, respectively. These were then
decreased to 4, 21, 34 and 20 ppmv as a result of the treatment in the air circulation—filtration
system (removal percentage: 52—69%). A similar pattern is also seen for H,S whereby the
maximum H,S concentrations in the emitted gas on days 15, 20, 25 and 30 were recorded as
51, 47, 56 and 18 ppmv, respectively, with the corresponding concentrations in the effluent
gas being 19, 14, 17 and 11 ppmv (removal percentage: 39—70%).
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Figure 5: Maximum concentrations of NHj3 (left panel) and H»S (right panel) recorded by
gas sensors located at the inlet and outlet of the installed air circulation—filtration
system.

In the control chamber where only a commercial filter pad was used in the air circulation—
filtration system (i.e. no nanoparticles), no substantial differences in concentrations of NHj
and H»S in the influent and effluent gases were observed, indicating that the marked decrease
in the level of NH3 and H»S in the treatment room trials was due to the use of nanoparticles
in the air circulation—filtration system. It is important to point out that modest modifications
to the air circulation—filtration system such as increasing the depth of the nanoparticles bed
by increasing the quantity of nanoparticles and modifying the design of the filter
compartment (e.g. decreasing the cross-sectional area of the filter compartment) to ensure
that the entire gas stream passes through the filter bed completely are highly likely to lead to
complete capture of NH; and H»S from the gases emitted from the manure pit.

4 SUMMARY OF FINDINGS
The results of the present study in the laboratory system with pre-mixed gases and in semi-
pilot scale with gases emitted from the stored manure revealed that metal oxide nanoparticles
(TiO, and ZnO) were effective in simultaneous capture of ammonia and hydrogen sulphide
from both pre-mixed and representative gases. The equilibrium adsorption capacities of both
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ammonia and hydrogen sulphide increased as concentration of these gases were increased in
the mixture. Equilibrium adsorption capacity of hydrogen sulphide increased with the
increase of temperature in the range 22°C to 280°C, while a decrease in the adsorption
capacity of ammonia due to the increase of temperature was seen. Characterization of the
exposed TiO; and ZnO nanoparticles by various techniques revealed that ZnO and TiO; both
adsorbed NH; and H»S. However, ZnO had a much higher affinity for H,S and TiO, was
more effective in adsorption of NH;. The results of characterization analyses together with
the contrasting patterns with regard to the dependency of adsorption capacity on temperature
revealed the dominance of physical adsorption in case of NH3 and chemisorption in case of
H>S. Application of the devised air filtration—circulation system with the nano-based filter
showed the effectiveness of ZnO and TiO» nanoparticles in the capture of NH3 and H,S from
a livestock production facility, though modest modification to the design of air filtration—
circulation system and increase in the quantity of applied nanoparticles might be required for
complete elimination of these hazardous emissions.
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ABSTRACT

This paper presents an integrated environmental health risk assessment framework to assess risks
associated with firewood-induced indoor air pollution as an environmental health hazard. The
combustion of firewood is associated with the emission of particulate matter, volatile organic and
inorganic compounds or gases that are hazardous to human health and the environment. To date, there
have been numerous studies and environmental health risk assessment approaches used to measure,
monitor and assess environmental health risks associated with firewood-induced and related pollutants.
However, many of the aforementioned risk assessment methods followed a narrow approach, thus
rendering these studies methodologically one-sided. Consequently, some of these studies drew
inferences about the air pollutants and the associated human health risks without identifying the tree
species from which such firewood was harvested, as well as the different properties of wood and
combustion characteristics including the dynamics of the fireplace where such combustion took place.
Some of these studies failed to identify a specific community where particular firewood is used, since
different firewood species grow in different areas and are therefore commonly used in communities
where the wood is easily found. Most experimental studies on firewood-induced air pollution examined
firewood emissions from undefined or unknown wood species. It is for these reasons that the current
study aimed to close these methodological gaps by developing a comprehensive integrated
environmental health risk assessment framework that considers the firewood user households, common
types of wood and conditions of their harvesting, combustion and emissions in the laboratory
environment. This study integrated observations, ethnobotanical meta-analysis and experimental study
designs into one comprehensive integrated environmental health risk assessment (IEHRA) framework
to assess the risks associated with exposure to volatile organic compounds (VOCs) from firewood
combustion. The IEHRA was applied in the Senwabarwana villages to assess environmental health
risks associated with selected firewood-induced volatile organic compounds. The results were
sufficiently comprehensive to identify common ethnobotanical plant species used for firewood in the
study area, the frequency of fire making, the conditions in which fire was made and common health
problems experienced by firewood user households. Finally, different species of firewood were burnt
in a laboratory under simulated kitchen conditions and VOCs were collected for analysis. The results
of the VOCs samples differentiated high- and low-risk firewood species.

Keywords: indoor air pollution, environmental health, environmental health risk assessment, exposure
assessment, risk characterisation, toxicity assessment, volatile organic compounds.

1 INTRODUCTION
The scientific credibility of research and its outcomes depend on the strength and rigor of the
research methods followed. Environmental health risk assessment (EHRA) is a complex,
comprehensive and scientific method of estimating environmental induced health risks
associated with probable exposure to potential environmental hazards, as applied in the
current study. The above resonates with a range of EHRA definitions from myriad other
authors. For example, according to The Institute of Environmental Medicine [1], EHRA is a
“multidisciplinary field of environmental health practice that is focused around the methods
used to evaluate exposure, predict health risks and outcomes”. National Health and Medical
Research Council [2] refers to EHRA as a process of estimating the “probability that, within
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a certain timeframe an adverse outcome will occur into a population exposed to chemical
pollutants (in air, water, soil or food) under specific conditions”. Clearly, a scientifically
credible, replicable and methodologically sound framework is required to qualitatively and
quantitatively estimate such environmental health risks.

There have been numerous studies that have used different approaches to assess indoor
and outdoor induced environmental health risks, including domestic firewood induced air
pollution, for example Kapwata et al. [3], Olave et al. [4], Mitchell et al. [5], Parajuli et al.
[6], Jung et al. [7] and Joon et al. [8], to name a few. It is evident from that these studies
inferred on air pollution induced health risk from a one sided and narrow methodological
base. Several methodological gaps from most air pollution induced health risk assessments
or EHRA identified and addressed in the current EHRA framework are as follows.

1.1 Survey as environmental health risk assessment tool

Survey is one of the most frequently used study designs used in air pollution studies. Survey
is a list of questions aimed at extracting specific data from a group of people, [9], [10].
Surveys may be conducted by phone, mail, via the internet, and sometimes face-to-face,
Agency for Toxic Substance and Disease Registry [11]. Most employed tools used in survey
to collect data are questionnaires and interviews [12]. In air pollution study’s authors,
Kapwata et al. [3], Parajuli et al. [6] and Rumchev et al. [13] use survey to obtain information
about cooking patterns, exposure to potential risk factors, smoking history, occupation and
exposure to biomass fuels used in the home for cooking, heating and lighting, details of the
house construction, demographic data and an assessment of socioeconomic status. Survey
may be structured or semi-structured with open-ended or closed-ended questions, followed
by response options. Kothari [10] noted that the use of closed questions leads to ease of
processing answers; enhanced comparability of answers; easier to show relationship between
variables; easier to make comparisons between variables and easier to make comparisons
between respondents. However, Gratt [14] noted that closed-ended questions to be easily
analysed statistically but seem to limit the respondent’s response. In contrary Open-ended
questions lead to a greater variety of responses (able to explore the answer) from participants
but are difficult to analyse statistically because the data must be reduced in some manner,
[12]. Survey have different modes of administration ranging from self-administration,
telephonically or via email. Creswell [12] finds self-administered surveys to be cheaper
compared to other modes of administration and having an advantage or reaching a large
sample size, cover wide geographical area and excellent for capturing sensitive topics. Other
modes of administration have disadvantage of survey being insufficiently completed
(questions left unanswered) and in some cases may not be returned to the researcher or be
returned late [10]. For example Langbein [15] experienced massive lack of response on
questionnaire questions on stove usage, cooking fuels and cooking location and therefore
omitted this information in analysis.

1.2 Observation as environmental health risk assessment tool

In an observational study, the sample population being studied is measured, or surveyed, as
it is [12]. The researcher observes the variables but does not influence the population in any
way or attempt to intervene in the study [16]. There is no manipulation by the researcher.
Instead, data is simply gathered, and correlations are investigated. Since observational studies
do not control any variable, the results can only allow the researcher to claim association, not
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causation. Chakraborty et al. [17] used observation to check ventilation pattern of the houses
by considering the total number of windows in kitchen and living room.

1.3 Experiment as health risk assessment tool

Survey and observations cannot reflect the mass or concentration of a pollutant that is inhaled
by an individual or community or households. The primary challenges with such
methodological approach are that surveys and observations are perceptive than factual or
concrete. Without experimental measurements, actual air quality problems and the resulting
health burden cannot be assessed. Some researchers use experiments to get information on
concentrations of pollutants in the smoke formed during indoor fuel combustion or the
environment, for example Mitchell et al. [5] and Wright [18]. Dai et al. [19] and Azuma et
al. [20] followed experimental methods to assess potential health risks associated with
domestic firewood use. Unlike an observational study, an experimental study has the
researcher purposely attempting to influence the results (Mouton [16]). The goal is to
determine what effect a particular treatment has on the outcome. Researchers take
measurements or surveys of the sample population. The researchers then manipulate the
sample population in some manner. Since variables are controlled in a designed experiment,
the results allow the researcher to claim causation [12]. Other studies (Mitchell et al. [5],
Nolte et al. [21], Williams et al. [22] and Plejdrup et al. [23]) used analyses firewood-induced
air pollution through experimental methods at a laboratory without prior understanding of
the tree species in use or conditions from which such tree species were harvested.

2 CHALLENGES WITH SURVEY, OBSERVATION AND EXPERIMENT AS TOOL
IN ENVIRONMENTAL HEALTH RISK ASSESSMENT

Some of the studies discussed above do not employ exposure methods to find the linkages
between adverse health effects and air pollutants. These studies drew general inferences
about the emissions and human health risks without relating the plant species, their use to a
specific community. The studies also did not confirm the real use of such wood by a real
community. Other studies (Ramos and De Albuquerque [24], Tabuti et al. [25] and Evtyugina
et al. [26]) survey method in determining the different firewood species used for domestic
fire making. These studies identified tree species through their indigenous ethnobotanical
names. This approach was replicated with improvement (adapted) in the current study. The
improvements were based on the limitations associated with the verification challenges
experiences by Diez and Pérez [27]. This study found that participants mentioned plants that
could not be seen by researchers making it impossible to identify such plants. The limitations
identified from Venter and Venter [28] and De Winter et al. [29] studies were, namely:

a) The ethnobotanical names from communities are often inconsistent in both writing and
pronunciation, thus leading to grammatical errors in the naming of the plant species.

b) South African communities are more ethnically heterogeneous than before; these
communities often speak more than one language, leading to a cultural mix. Thus,
affecting the ethnobotanical knowledge and use.

¢) There is insufficient ethnobotanical literature that clearly differentiates indigenous
plants according to various classes and subclasses of species and their characterization
features.

3 ENVIRONMENTAL HEALTH RISK ASSESSMENT THEORIES
Several studies have applied human health environmental risk assessment (HHRA) to assess
risk of chemicals [30]-[35]. The risk assessment method can be direct or indirect. The
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indirect method as applied in these studies [30]-[35] uses data from fixed monitoring stations
to estimate exposure to pollutants while direct methods uses biological measurements [36].
Indirect methods have an advantage when the focus is on larger population exposure, which
can be done at a shorter time and with minimal resources. Direct assessments are time
consuming and expensive, and they are also not feasible for measuring more than one
pollutant due to the inconvenience of attaching several samplers close to person’s breathing
zone. In this study, the environmental health risk assessment is adapted and given a new name
Integrated Environmental Health Risk Assessment (IEHRA). It is used to address the concern
of potential impact of volatile organic compounds on human health by examining exposures
resulting from firewood combustion and the effects of such volatile organic compounds on
human health. The framework is based on identifying the emission from firewood
combustion in Senwabarwana villages.

The IEHRA framework was therefore applied in Senwabarwana to assess the potential
environmental health risks from the volatile organic compounds formed during the
combustion of firewood. For the purposes of this study, the Environmental Health Risk
Assessment (Machete [30]) was adopted and adapted to a new name — the IEHRA framework
(see Fig. 1).

Exposure
assessment

Toxicity
“assessment

Risk
characteri
sation

Firewood-induced
environmental health
risks

Figure 1: Integrated Environmental Health Risk Assessment framework.

The IEHRA framework was used to assess concerns about the potential impact of VOCs
on human health, by examining exposure resulting from firewood combustion and the effects
of such VOCs on human health. This framework is based on identifying the emissions from
firewood combustion, as measured in Senwabarwana villages. As presented in subsequent
sub-sections, the framework encompasses three stages. As shown through Fig. 1, each of the
three pillars (components) of the IEHRA framework adopted in this study are discussed in
detail below.

3.1 Toxicity assessment

To assess toxicity, this stage combines hazard identification and dose response assessment,
[31]. There is no single measure of toxicity — different procedures are used, depending on the
forms of toxicity (carcinogenic or non-carcinogenic effects). For toxicity assessment, this
study integrated four study designs and approaches (survey, observation, ethnobotanical
analysis, experimentation).
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3.1.1 Surveys

Surveys were conducted by means of structured interviews to assess and analyse the
circumstances in which firewood is used in the study area. The survey also laid the
groundwork for hazard identification. The current research identified and analysed the
different types of trees from which households harvested their firewood. Through descriptive
statistical analysis and frequency analysis, priority tree species were identified.

3.1.2 Observation

Observation checklist was used to capture qualitative information such as the delivery
methods of collected wood, storage area, harvesting tools, kitchen characteristics, building
height, floor area, roof type, wall material, stove type, ventilation (number and size of
windows, doors and chimney). During this process, the voucher specimens of each plant were
photographed, collected, preserved and kept in the Horticulture Centre of the University of
South Africa (UNISA), Florida Campus.

3.1.3 Ethnobotanical analysis

The names of the plants were given in Sepedi, which is the vernacular language
predominantly spoken in Senwabarwana. Books, publications and different websites on
vernacular names of plants, were used to assist in identifying the plants by comparing and
checking the features. However, the researcher had difficulties in identifying some plants, as
they were not appearing in any of the books used. Notwithstanding, plants were arranged in
a list with correct common name, botanical name, vernacular name, family name and
description of each plant.

3.1.4 Experimentation

This stage followed the guidelines set by the Department of Health [37] as well as the
manufacturer’s guidelines [38], which are based on the World Health Organization (WHO)
guidelines. According to Innovative Occupational Hygiene Solutions [39], South Africa does
not have legislation and methodologies for monitoring indoor air pollution. Therefore, most
companies employ international assessment standards for collecting samples from building
surfaces and air, examining the effects of pollutants on human occupants, and determining
life-sustaining indoor air quality [40]. Depending on the types of pollutants to be monitored.

3.1.5 Sample preparation

The five most commonly used tree species (Red bush willow, Sickle bush, Leadwood, Black
monkey thorn) were tested during the experimental phase. According to Creswell [12], many
factors affect the performance of a fuel during combustion, including the heat value index,
the heat potential, the durability of the embers, its elemental composition, its physical
properties (e.g. density, size), its ash residue and the availability of oxygen. All these factors
should be taken into consideration when combusting wood fuel. However, this study is not
concerned with the combustion properties of firewood, but rather with the emissions.
Therefore, the physicochemical properties of the commonly preferred species were not
tested. Amongst the participants it was found that the wood was intended for residential
heating and cooking and had been air-dried. The wood was cut in equal logs (1 kg) prior to
combustion. According to Inkoom and Crentsil [41], the combustion of 1 kg of firewood
produces harmful levels of emissions. The combustion methods were designed to reflect the
Senwabarwana kitchen and stove setup of cooking using a three stone open fire method. A
monitor was placed in the cooking area at a level equivalent to the breathing zone of an
individual engaged in cooking (0.5—1 m above the floor, and 0.5-1 m from the source). For
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the purposes of this study, it was assumed that factors affecting emissions (such as moisture,
ash content, amount of gasifying substances, shape and materials, flue gas outlet dimensions,
air supply, stack height, size and shape, natural draft, air supply and mixing, combustion rate,
operation habits), from residential wood combustion are constant. This is because residents
do not scientifically test for these factors prior to combustion, and this process must reflect
the true combustion processes.

3.1.6 Sampling of pollutants
Sampling includes the collection of pollutants (analyte) from a known volume of air and the
stabilisation of the analyte on the sampling medium [26]. Sampling is usually the most
important step in any analytical procedure. Errors committed at this stage cannot be corrected
later during the analysis, therefore care was taken during the sampling methods selection
process. This study used 1 L Teflon Tedlar Bags (plastic) to sample a volume of air. These
bags are simple to use, affordable, reusable and available in various sizes (normally from
500 mL to 1.00 L). This method enables the measurement of short-term exposures for many
substances (sampling duration of a few minutes). A disadvantage of using Tedlar bags is that
compounds may not remain stable for more than 2448 hrs [42]. Some bags are also
permeable to certain chemicals, and losses of significant amounts of sample have been
observed when they are stored for prolonged periods. To avoid this, samples were taken
to the laboratory immediately after sampling. Moreover, Tedlar bags can allow humidity to
diffuse when relative humidity levels differ between inside and outside Gawrys et al. [43]. A
double-layer Tedlar bag has been designed with a drying agent between the two films, to
limit the impact of external humidity on a low-humidity sample Scientific Kit Corporation
(SKC) [38].

The bag was connected to a pump, which drew out the volume of air at a flow rate of
5 mL/min for 1 h. The bag was filled to less than 80% of its maximum volume, in accordance
with the manufacturer’s instructions. The sampling period was 1 h, which is equivalent to the
cooking period. For accurate measurements, three replicate tests were performed for each
wood species.

3.1.7 Sample storage

Samples collected in Tedlar bags were placed in a clean and cool environment (at room
temperature) out of direct sunlight to prevent photo degradation. The bag samples were taken
to the laboratory with the valve closed, and an identification tag attached. For best results,
samples were analysed within 12 hrs of collection, and no later than 24-48 hrs after
collection. The samples were sent to the SKC Safety Health and Environment laboratory
immediately after sampling. The samples were marked by indicating numbers, the date
collected, and the tree species used, to avoid discrepancies.

3.2 Exposure assessment

To comprehensively assess potential human exposure to firewood-induced VOCs, the current
study used numerous data from two of the four study designs discussed earlier: observation
and experimentation. During the observation phase, the researcher assessed the physical
structure of the kitchen designs, the floor area (size) of the kitchen in relation to the family
size, the number of windows/vents and their ratio to the floor area, and the potential for
cross-ventilation, among other things. Lastly, through experimentation, the burning of
different wood species within defined standards and the collection of ambient indoor
emissions enabled the researcher to simulate the potential emissions that can be inhaled and
that can enter the human body via different routes of exposure.
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3.3 Risk characterisation

The risk characterisation step combines information on toxicity and exposure, to describe
what is likely to happen to those who are exposed. Therefore, risk characterisation, which is
the last step in the IEHRA process, summarises all data from the previous two stages/steps
(Woolfenden [42], USEPA [44]). In addition, risk characterisation is the stage of IEHRA at
which conclusions are drawn, based on the strengths, weight and limitations of the evidence
or available data about the environmental hazards resulting from domestic
firewood use [11], [31].

4 RESULTS AND DISCUSSION
The results are presented according to the three IEHRA stages, namely toxicity assessment,
exposure assessment and rich characterisation

4.1 Toxicity assessment

Firewood is the dominant fuel type used in the study area. The types of firewood species used
as fuel, being preferred for their quality as firewood are Red bush willow (Mohweleri), Sickle
bush (Moretshe), Leadwood (Motswiri), Black monkey thorn (Mokgwa), Umbrella thorn
(Mushu). Communities have preferences in respect of the type of wood they choose for
combustion, as different woods exhibit different burning characteristics [25]. The firewood
is collected dry. In cases where wet wood is collected, it is stored in the backyard to allow it
to dry before use. It was observed that all the respondents used open-fire three-stone stoves
(without chimneys) for cooking. The use of these stoves’ releases smoke into the kitchen.
Black soot was observed on the walls of some kitchens. This exposes the person responsible
for cooking, along with family members and/or neighbours to pollutants in the smoke, which
might have affected their health.

During site visits and observation of household kitchens, none of the kitchens was found
to show signs of potential presence of firewood sources of BTEX such as glues, paints,
furniture wax etc. Thus, except for potential ambient BTEX sources, the above-mentioned
domestic BTEX sources were excluded as potential sources of the BTEX found in these
kitchens. It was observed that all the respondents used firewood in open-fire three-stone
stoves for cooking and this practice has the potential to cause adverse health effects through
the inhalation of smoke released from combustion. Through experimentation, toxicological
assessment revealed that there are several pollutants released during combustion of firewood
species. It was revealed that VOCs such as benzene, toluene, ethylbenzene and xylene are
released as pollutants from the combustion of the firewood used as fuel in Senwabarwana.
Fig. 2 shows the selected VOCs emitted per firewood species and their concentration. Higher
concentrations could be expected in winter months when the area becomes prone to pollution
accumulation due to climatic conditions. The results indicate that Mushu had the highest
benzene concentration followed by Moretshe, exceeding the detection limit of one micron
per m® (lpug/m?). The lowest benzene concentration was detected in Motswiri,
Mokgwa and Mohwiliri.

These measured concentrations are treated as intake rather than dose because it is known
how much of the inhaled pollutant is absorbed by the body. The legal limits on emissions of,
and exposure to, VOCs vary from country to country and are set by authorities such as the
European Union and the United States Occupational Safety and Health Administration
(OHSA). At present, there are no official regulations for VOC emissions for South Africa,
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Figure 2: Detected levels of VOCs concentration per selected tree species (ug/m?).

apart from benzene for protection of human health and the environment despite VOCs
playing an important role in the tropospheric chemistry and potentially causing serious
effects on human health. The National Environmental Management: Air Quality Act 2004
(Act No. 39 of 2004) of the Republic of South Africa gives the national ambient air quality
standards for pollutants such as sulphur dioxide, nitrogen dioxide, particulate matter, lead,
ozone and benzene, but nothing for other VOC, hence international standards are often used
(Republic of South Africa, 2004). The legal limits assume that toxic effects will not occur
until a threshold dose is exceeded [2], [9].

According to the Agency for Toxic Substance and Disease Registry [11], benzene is a
genotoxic carcinogen in humans, and no safe level of exposure can be recommended. It is
therefore necessary to reduce indoor exposure levels as far as possible. From parameters
published by the Department of Environmental Affairs, the national ambient air quality
standard for benzene, per year, is 10 pg/m>. The health effects associated with benzene are
that it causes cancer and damage to the immune system, as well as neurological problems and
possibly reduced fertility.

As noted in Fig. 2, high concentrations of toluene were emitted from Mushu, followed by
Moretshe, and low concentrations from Motswiri, and no toluene was detected for Mokgwa
and Mohwliri. Exposure to toluene causes headaches, fatigue, nausea and drowsiness. The
World Health Organization non-cancer 30 mins guideline value is 1000 pg/m? based on odour
annoyance. This study found toluene concentrations to be below the WHO standards, when
participants were cooking with firewood.

Ethylbenzene and xylene were only emitted from Mushu and were not detected in the
other firewood species. Exposure to ethlybenzene causes irritation of the eyes and throat, as
well as liver disease. The odour threshold for ethylbenzene is 10,000 pg/m* (ATSDR [11]).
The WHO ambient air guidelines for xylene are 4 800 for 24 hrs pg/m® and 870 pug/m?as an
annual value [9]. This study found the concentrations of ethylbenzene and xylene to be lower
than those recommended by the World Health Organization. A pollutant at a concentration
below its toxicological reference value is not considered to represent a health risk [11]. The
comparison between the intake value (dose) and the dose-response value indicates the level
of exposure to be below the toxicological reference value, which it is unlikely that even
sensitive individuals will experience adverse health effects.
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4.2 Exposure assessment

The pollutants listed above can cause various health effects once exposure has occurred. Such
health effects vary, depending on the length of time for which an individual has been exposed,
and the concentrations s/he was subjected to. The respondents in Senwabarwana indicated
that they cook once and/or twice a day (morning and/or evening). It is assumed that cooking
takes approximately 1 h [44]. The kitchens are used mainly for cooking and body warming
in winter. It was therefore necessary to assess the kitchen structures as they may influence
exposure to firewood smoke during cooking. The structural design of kitchens in the study
area is characterised by a limited number of windows, the size of which is usually small,
thereby limiting the exchange of indoor air with outdoor air. It was observed that respondents
opened windows and doors when cooking, to allow ventilation. However, pollutants cannot
disperse properly due to poor kitchen structures putting residents at risk.

4.2.1 Reported health effects

Each of the products of firewood combustion has certain health effects on the human body.
46% of respondents self-reported headaches more frequently, followed by eye problems
(33%) — sore, red and teary eyes; the burning of biomass fuel produces smoke that irritates
the eyes [11]. According to the International Agency for Research on Cancer (IARC) [9],
VOCs are irritants to the eyes and respiratory tract, and are carcinogenic. Although relying
on self-reported diseases may make the study unreliable, a case-control study of indoor
cooking smoke exposure and cataract prevalence in Nepal and India found that the use of
solid fuel in unfuelled indoor stoves is associated with an increased risk of eye problems with
cataract development in women [11]. That study therefore supports the findings of the current
study. In many households, everyday exposure to air pollution may contribute to an
increasing prevalence of asthma and cancer [17]. In this study, 12% of respondents self-
reported asthma, and 3% self-reported cancer. Pneumonia was reported by only 1%, whereas
9% reported heart problems and 4% reported incidents of strokes. Literature indicates that
short-term exposure to high levels of the BTEX can cause symptoms like eye, nose and throat
irritation, headaches, nausea and vomiting, dizziness, and the worsening of asthma
symptoms. Scientific studies suggest that long-term, chronic exposure at high levels can
cause an increased risk of liver damage, kidney damage, cancer, and central nervous system
damage.

4.2.2 Link between health effects and firewood species

Fig. 3 presents the relationship between the firewood species used and health effects. This is
a test of statistical significance to compare frequency of reported health effects by type of
firewood species. It is observed that respondents who uses mushu more often reported highest
health effects complains followed by those using mohwiliri, moretshe, motswiri and mokgwa
respectively. Mushu was found to emit more volatile organic compounds compared to other
firewood species. It is therefore not surprising that there are more complaints regarding health
effects for mushu as compared to other firewood species.

5 RISK ASSESSMENT
This step combines the information from the two previous steps to provide an indication of
the nature and expected frequency of adverse health effects in exposed populations. The
fundamental assumption of the sampling strategy consists of the fact that measured
concentrations represent maximum concentrations to which all individuals could be exposed
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Figure 3: Link between health effects and firewood species.

in the kitchen [44]. If this assumption is true, then the risk of developing health effects due
to the presence of the studied volatile organic compounds can be assessed as negligible. This
holds for all Benzene, Toluene, Ethylbenzene and Xylene (BTEX) (concentrations remain
below the risk levels).

Benzene poses a health risk in households where mushu and moretshe are used. There is,
however, no health risk associated with the use of mokgwa, mohwiliri and motswiri.
Similarly, toluene poses a health risk when mushu and moretshe are used, while there is no
health risk associated with the use of mokgwa, mohweleri and motswiri. Ethylbenzene poses
a health risk when mushu is used as firewood. Xylene has no health risk associated with the
use of all five-tree species. Due to a limitation of this study monitoring volatile organic
pollutants over a limited period, it was therefore not possible to estimate risks over longer
periods of exposure (chronic health effects).

6 CONCLUSION

This study reviewed existing air pollution related risk assessment frameworks and research
methods used. During such reviews, it emerged that despite the existing of numerous risk
assessment frameworks and research methods followed, a huge gap was identified in both
the frameworks and methods used. Consequently, an opportunity of developing an improved
and Integrated Environmental Health Risk Assessment (IEHRA) framework was identified.
Thus, one of the major contributions of the current study was to improve from known EHRA
frameworks by developing the current IEHRA and ultimately conduct the study in
Senwabarwana Villages using this improved framework.

It was found that firewood is the main source of energy. Volatile organic compounds
emitted from the selected firewood were assessed. Mushu was found to emit the highest
concentrations of BTEX. Ethylbenzene and xylene were not detected in Motswiri, Mohwiliri
and Mokgwa, while benzene and toluene were detected below the detection limit of 1pg/m?.
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The study found the VOC concentration to be below the WHO standards for those cooking
with firewood. Each of the VOCs derived from firewood combustion has certain health
effects on the human body. However, lower limits were detected in this study, suggesting
that the community of Senwabarwana — which relies on firewood — is at lower risk of the ill
effects associated with burning firewood. The risk assessment of health effects reported in
Senwabarwana leads to the conclusion that reported health complaints are not due to the
presence of the measured compounds. It is recommended that further studies be conducted
on other pollutants emitted by these firewoods.
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PROSPECTS FOR THE USE OF ALTERNATIVE FUELS
AND ENERGY BY ROAD TRANSPORT IN RUSSIA

ALLA GOLUBEVA & ELENA MAGARIL
Department of Environmental Economics, Ural Federal University, Russia

ABSTRACT

Road transport is one of the main consumers of petroleum products and sources of air pollution. In the
conditions of Russia’s fast-growing vehicle fleet, it is necessary to develop and implement effective
measures to reduce the consumption of scarce oil fuels and stimulate the use of alternative eco-friendly
fuels. The aim of this work is to assess the prospects for the use of alternative fuels and energy by cars
in Russia. This paper outlines the main ways of reducing the gasoline and diesel fuel consumption by
road transport, including the use of the motor fuel alternative types. As the most promising direction of
alternative energy development in the road transport sector regarding Russia’s conditions, a transition
to gas-cylinder fuel is proposed. This study presents the main problems of road transport gasification
and the ways to solve them. The effective actions in the selected fields will reduce the consumption of
scarce fuel and energy resources and enable improvement of the environmental situation in
megalopolises.

Keywords: alternative fuels and energy, motor transport, liquefied petroleum gas, compressed natural
gas, liquefied natural gas, traditional motor fuel, transport gasification.

1 INTRODUCTION
At the present stage of society development, in the conditions of industrial production
volumes and the world’s vehicle-amount growth, the depletion of fossil fuels is proceeding
at high rates. The burning of traditional motor fuel by cars causes significant damage to the
environment [1]-[3]. The reduction of consumption of scare fuels of petroleum origin by
road transport is one of the priority problems of society’s sustainable development.

Considerable attention is paid to research on the possibility of improving environmental
sustainability and the energy efficiency of vehicles [4]-[8].

Liquefied petroleum gas (LPG) [9]-[12], compressed natural gas (CNG) [4], [6]-[10],
[13]-{17] and liquefied natural gas (LNG) [2], [11], [12] are environmentally friendly
alternatives to traditional liquid motor fuels, and it is advisable to expand their use.

Meanwhile, there is currently no systematic approach to reducing the consumption of
traditional motor fuels by expanding the use of alternative fuels by the fleet. This leads to
the irrational over-consumption of petroleum origin fuels, inhibits the development of the
alternative motor fuel market, and worsens the environmental situation.

Thus, it is necessary to develop and implement mechanisms for the optimal use of oil
origin fuels, to stimulate the development of alternative motor fuels in order to create
sustainable, ecologically balanced economic development that takes into account the interests
of the future generations.

2 THE THREAT OF THE FUEL AND ENERGY RESOURCES
CONSUMPTION GROWTH
The modern level of civilization development is characterized by a rapid growth of the
Earth’s population (Table 1) and its ever growing need for exhaustible fuel and energy
resources. An extensive scenario for the world energy development leads to the aggravation
of the socio-economic and environmental problems, which requires the effective actions to
shift to rational energy consumption.
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Table 1: The Earth’s population dynamics, mln. people*.

Region 1950 | 1970 | 1990 | 2010 | 2015 | 2030 | 2050 | 2100
World including: | 2,525 | 3,682 | 5,310 | 6,930 | 7,349 | 8,501 | 9,725 | 11,213
Africa 229 366 632 | 1,044 | 1,186 | 1,679 | 2,478 | 4,387
Asia 1,394 | 2,120 | 3,202 | 4,170 | 4,393 | 4,923 | 5,267 | 4,889
Europe 549 657 721 735 738 734 707 646
L. America 169 288 447 600 634 721 784 721
North America 172 231 281 344 358 396 433 500
Australia, etc. 13 20 27 36 39 47 57 71

*Based on the data from the United Nations [18], [19].

In 2017, the primary energy consumption in the world was 13.5 billion TOE. The main
energy resources consumers are China — 3.1 billion TOE (23.2% of total energy
consumption), the USA — 2.2 billion TOE (16.5%), and India — 0.75 billion TOE (5.5%).
Russia occupies the fourth place, consuming 698.3 million TOE of the primary energy, which
is equal to 5.2% of the total global consumption [20], [21].

Over the past 50 years, the primary energy consumption has increased by 3.7 times (Fig.
1). High rates of growth in fuel and energy resources consumption require the adoption of
effective solutions in the field of their rational use and alternative energy development.

16.0
14.0
12.0
10.0
8.0
6.0

4.0

Consumption, MMTOE

2.0

0.0
1965 1970 1980 1990 1995 2000 2005 2010 2015 2016 2017

Figure 1: World primary energy consumption dynamics (based on data from BP [20], [21]).

3 THE ROLE OF THE ROAD TRANSPORT IN THE REDUCTION OF FUEL AND
ENERGY RESOURCES CONSUMPTION
During the last 100 years, oil has been playing a central role in the world balance of energy
consumption. In 2017, the share of oil in the total energy consumption was 34.2%,
coal — 27.6%, natural gas —23.4%, while the total contribution of nuclear energy, hydropower
and renewable energy sources was only 14.8% (Table 2) [20], [21].

WIT Transactions on Ecology and the Environment, Vol 236, © 2019 WIT Press
www.witpress.com, ISSN 1743-3541 (on-line)



Air Pollution XXVII 195

Table 2: Energy resources consumption in 2017, MMTOE.
Energy resources

. Total

Region . Natural Nuclear | Hydro- [Renewable .
Oil Coal consumption
gas energy | power | energy

China 608 207 1,893 56 262 107 3,132
USA 913 636 332 192 67 95 2,235
India 222 47 424 8 31 22 754
RF 153 365 92 46 41 0.3 698
World total | 4,622 | 3,156 | 3,731 596 919 487 13,511

The main consumers of petroleum are transport, industry, energy production, and other
sectors. Within that, the priority role is taken by transport (Fig. 2). The main role of transport
in oil consumption in the long term is confirmed by the medium- and long-term forecasts
made by the BP and the International Energy Agency (IEA).

® Transport
® Energy Production
W Industry

u Others

2035

2015

w Transport
w Energy Production
u Industry
w Others

w Transport

w Energy Production
u Industry

u Others

Figure 2: Oil consumption by sectors (based on data from BP [21], [22]).

The fuel combustion by transport causes significant damage to the environment, both from
pollution by toxic substances and from CO; emissions [6], [7].
Carbon dioxide is the main component of technogenic emissions entering the atmosphere
when burning organic fuels, thus being an indicator of the scarce hydrocarbon fuels
consumption and the level of civilization development as a whole. The increase of CO»
emission contributes to global warming and indicates the depletion of fuel and energy

resources.
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In the structure of CO, emission from the transport sector, the main contribution is made
by cars, light trucks, and passenger cars weighing up to 3.5 tons (43.3%), as well as by cargo
vehicles (22.2%) (Fig. 3).

Motorcycles (1.7 %) Water transport (10.8%)

Motor cars (43.3%) Railroad transport (2.2%)
\ Buses (6.3%)
Air transport (13.5%)

Cargo motor
transport (22.2%)

Figure 3:  The structure of the world CO, emission from the vehicle sector of the economy
(based on data from BP [20], [21]).

The data in Table 3 show more than a twofold increase in the number of cars in the country
during the period of 2000-2017, which was mainly due to passenger cars. Thus, the search
for ways to reduce the traditional motor fuels consumption and, accordingly, CO, emission
by cars, is a priority task, the solution to which requires urgent action considering the current
high rate of the population motorization [7], [23].

Table 3: The dynamics of the amount of cars in Russia [24], [25].

No Name Years

B 2000 2005 2010 2012 2015 2017

Amount of vehicles,
1 thousands, 25,394 | 31,210 | 40,662 | 45,471 | 51,290 | 50,600
including:

1.1 Passenger cars 20,353 | 25,570 | 34,354 | 38,792 | 44,200 | 46,500
1.2 Trucks 4,401 4,848 5,414 5,751 6,200 3,700
1.3 Buses 640 792 894 928 890 400

4 THE WAYS OF REDUCING THE PETROLEUM FUELS
CONSUMPTION BY ROAD TRANSPORT
The conducted research allowed us to offer two main ways to reduce the deficit petroleum-
derived fuel consumption by vehicles: 1) the increase of the fuel economy of cars
with gasoline and diesel engines and 2) the use of alternative fuel and energy (Fig. 4) [23],
[26], [27].
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| THE REDUCTION OF THE OIL FUELS CONSUMPTION |

r'd Y
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Figure 4: The main ways to reduce petroleum fuels consumption by road transport.

It should be noted that for Russia in the short and medium term, the emphasis should be
placed on the quality improvement of traditional motor fuels as one of the most effective
ways of increasing vehicle fuel efficiency. One of the possible ways to solve this problem is
the effective use of the economic incentive mechanisms of oil products producers, aimed at
the improvement of the produced gasoline and diesel fuel environmental characteristics [23],
[26]-[29].

The second direction of reducing petroleum fuel consumption by vehicles is the transition
to the alternative fuels and energy. It should be underlined that the development of alternative
energy in Russia is hampered by a number of objective factors. Russia is rich in traditional
fuel and energy resources; as a consequence, the development of alternative energy was not
at the forefront.

The raw orientation of the Russian economy extensively exploits traditional energy and
hinders the development of alternatives, which requires significant financial resources. The
high monopolization of the energy market by the vertically integrated companies is also a
serious deterrent to the development of alternative energy in Russia. One cannot ignore the
other problems of introducing each type of alternative energy in Russia: financial, geographic
(especially climatic), technical, etc.

The change of energy carriers is a painful and long historical period, in which the changes
in production technologies are reflected. Meanwhile, the most developed countries at the
present stage actively introduce the latest developments in the field of alternative energy.
Accordingly, to get the positive results in the matters of alternative energy in the long term,
it is necessary to act today.
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Despite the obstacles hampering the development of alternative energy in Russia, there
are indisputable prerequisites for an increase in the amount of vehicles using gas-cylinder
fuel and other alternative types of motor fuel in the country’s total automobile fleet.

The main share of the fuel consumption by the Russian vehicle fleet belongs to gasoline,
while this country ranks second in the world (after Iran with their reserves of 34 trillion m?)
in the field of the prospected proven reserves of natural gas (Table 4) [30], that creates a huge
potential for the transition to a highly environmentally friendly gas-cylinder fuel.

Table 4: Characteristics of the natural gas proven reserves and production at the beginning
0of 2017 (based on data from BP [20], [21]).

Region Gas‘rgsourcses, The share in the(:) world
trillion m resources, %

North America 10.8 5.6

Latin America 8.2 4.2

Europe and Eurasia, including: 62.2 32.1

Russian Federation 35.0 18.1

The Near and Middle East 79.1 40.9

Australia and the rest of Asia 19.3 10.0

Africa 13.8 7.1

World, total 193.5 100.0

As for the electric vehicles and hybrid electric vehicles [31], they are not so relevant for
Russia, primarily due to the climatic conditions: the harsh climate in most parts of the country
significantly limits their mass use. Also, today, the Russian consumer is not ready to
significantly overpay for a car with an environmental performance improvement. The same
applies to the vehicles running on biofuel [32]. Under conditions of the large natural gas
reserves in Russia, the development of road transport consumption of the other types of
alternative energy is only possible in the long term.

5 THE MAIN PROBLEMS OF THE ALTERNATIVE TYPES OF MOTOR FUEL
MARKET DEVELOPMENT AND THEIR SOLUTION
The main alternative to the petroleum-derived fuels used by Russian transport in the medium
term is compressed natural gas (methane) and liquefied petroleum gas (propane-butane
mixture) [9], [13]-[17].

Methane is a compressed natural gas supplied to the specialized automobile gas-filling
compressor stations (AGSCS) via pipelines. Propane-butane mixture is obtained from oil and
condensed petroleum gases. Considering the fact that, firstly, the widespread use of propane-
butane as an automotive fuel does not completely abolish dependence on oil; and secondly,
our country ranks second in the world in proven prospected reserves of natural gas (Table 4),
the use of compressed natural gas is the main alternative to traditional motor fuels.
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Despite the fact that Russia ranks second in the world in proven prospected reserves of
the natural gas (Table 4), today it is necessary to solve a number of problems for the
widespread introduction of the compressed natural gas as a motor fuel. The main ambitions
of the Government in the issue of transport large-scale gasification are registered in the
Russian Government decree of May 13th, 2013, Ne 767-r [33], according to which a set of
measures should be developed and submitted so that by 2020 in the subjects of the Russian
Federation, the level of natural gas use as a motor fuel by public transport and by municipal
services transport would reach 50% of the total number of the equipment units (in the cities
with a population of more than 1,000,000 people). However, today it is difficult to distinguish
the active measures that should be performed by the Government and all the motor fuel
market participants to achieve these parameters.

The conducted researches have allowed to reveal the basic problems on a way of the road
transport mass gasification in Russia, and also to offer their possible solutions (Figs 5 and 6).

The lack of the - -
automobile gas-filling . State support of the high-technology AGSCS developed infrastructure |
| compressor stations
m (AGSCS) dteveloped . State support of the automakers to stimulate mass production of the NGV |
nef
b
s Th
) e lack of the - - -
& developed net of the 2 Sdtate‘sup};grt an.d ﬁ%e mves‘tmentstattractloyzh?;;on.stttllllct ;g)gv and tgc.hmcally
@' | |service centers workng| odernize the existing service centers specializing in the servicing
2N with the motor . The advanced training of the personnel of the existing service centers/training of
- transport using the gas- e personnel of the new centers specializing in the NGV servicing
5 cylinder fuel
=
= The lack of the 1. State support of the automakers producing the NGV (subsidies, lax credit, tax
E enterprises mass- remissions)
| producing "gas" cars
(NGV), compressor - Car owners stimula
equipment, and other linder fuel through the lax credits, tax remissions for transport tax, disposal
necessary tools rogram with the replacement of the old car to the NGV efc

Figure 5:  Infrastructure problems of the motor vehicles mass gasification in Russia and
ways to solve them.

To date, the infrastructure problems are the major for the mass gasification of transport
(Fig. 5). There is not a sufficient number of automobile gas-filling compressor stations
(AGSCS) for the large-scale gasification of the car stock. This problem resembles a vicious
circle: on the one hand, the development of the gas engine fuel market is hampered by the
poorly developed infrastructure, and on the other hand, the infrastructure is absent due to
the shortage of natural gas vehicles.

The large-scale gasification of vehicles is a complicated task, requiring a system approach
to solve it. In addition to the basic infrastructure problems of this issue, the studies carried
out have revealed a number of additional directions for solving the problems of vehicle
gasification (Fig. 6).

It is important to note that the transfer of public transport (city buses, fixed-route taxis) to
gas, subject to all safety requirements, will lead to a much greater environmental and
economic effect than the transfer of the personal vehicles, due to the higher energy efficiency
of the trip per passenger.
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Figure 6:  The complex of the additional problems of the vehicles mass gasification in

Russia and their solution.

To implement the “modal shift”, it is necessary to stimulate the population to abandon a
personal car in favour of public transport. To solve this problem, a well-developed
infrastructure of public transport is needed, employing the increase in the traffic frequency
and the number of vehicles, the increase in the routes number, the improvement of the
transport comfort, and its speed increase.

The consumption of gas fuel, taking into account the significant disposable reserves of the
natural gas, the potential of the associated petroleum gas processing, and the complex
environmental situation in Russia, should increase. The development of the gas-cylinder fuel
market in the country is possible only with substantial state support. The significant
dependence of vehicle gasification level on State support is evidenced by the accumulated
experience of the countries actively developing in this direction.

Considering the high complexity of solving the problem of the significant share of
replacing traditional non-renewable energy resources with new sources of energy in the
motor transport sector of Russia, it is necessary to integrate the efforts of all the participants
in this matter: the scientists, the government, the society, the automakers, and the fuel
producers to resolve it.
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6 CONCLUSION

In Russia, under the existing conditions of the country’s high rate of vehicle-amount growth
and the reduction of oil reserves, it is necessary to implement a set of measures to improve
the fuel efficiency of vehicles with gasoline and diesel engines, as well as to develop
alternative motor fuels. Taking into account the high level of natural gas reserves in the
Russian Federation, there is a huge potential for switching to the highly ecological gas-
cylinder fuel. An integrated solution of the main problems of vehicle gasification by the
selected directions will allow a reduction of scarce fuel and energy resources consumption,
reducing air pollution and improving the ecological situation in the country.
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CHILDREN’S EXPOSURE TO INDOOR AIR
IN SCHOOLS: IMPACT ON WHEEZING
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FERNANDO G. MARTINS & SOFIA 1. V. SOUSA
Laboratory for Process Engineering, Environment, Biotechnology and Energy (LEPABE),
Faculty of Engineering, University of Porto, Portugal

ABSTRACT

Wheezing is a common symptom in childhood and has been associated with air pollution. Children
spend a large part of their time in school, this being the most important indoor environment apart from
home. However, studies on the impact of children’s indoor air pollution exposure at schools on
respiratory health are scarce. Thus, this study aimed to assess the impact of children’s exposure to
indoor air pollution in a total of five urban nursery and primary schools on active wheezing.
Multivariate logistic regression models were used to estimate the associations, adjusted for sex, age
group (pre-school/primary school) and parental history of asthma. A microenvironmental modelling
approach was used to estimate indoor air pollution exposure to each of the pollutants exceeding
legislation limit values (COz, formaldehyde and PMa:s), as the sum of the product of time spent by the
child in different indoor school microenvironments and the time-averaged concentration measured in
each microenvironment. Measurements were performed in 11 classrooms, two bedrooms and two
canteens in Porto, Portugal. A total of 164 completed parent-reported questionnaires derived from the
International Study of Asthma and Allergies in Childhood allowed to identify active wheezing (at least
one wheeze episode in the previous 12 months) in 16.5% of the studied children. Although not
statistically significant, the studied children’s exposure to indoor air pollution in nursery and primary
schools seemed to be associated with an increase in the odds of having active wheezing especially for
PM2s (OR = 1.57, p-value = 0.675). These results highlight the importance of applying indoor air
pollution mitigation measures in nursery and primary schools. The impacts of those measures, on both
indoor air quality and children’s respiratory health, should be evaluated in future studies.

Keywords: indoor air pollution, nursery and primary schools, children, wheezing.

1 INTRODUCTION
Children constitute a sensitive population to environmental contaminants’ exposure,
including indoor air pollutants, since their lungs and immune system are still under
development and they have a relatively higher amount of air inhalation. Effectively, evidence
has been made that indoor air pollution (IAP) impacts children’s respiratory health [1].

Wheezing is a very common health respiratory symptom on childhood and one of the most
common causes of morbidity and hospitalization among infants and young children, and
respiratory infections [2]. Approximately 25-30% of infants have at least one wheezing
episode, and nearly half of the children have a history of wheezing by six years of age [3].
Wheezing is often considered the expression of an acute infection, being also frequently
associated with other respiratory diseases [4]. In fact, wheezing could be an indicator of
asthma and chronic obstructive pulmonary disease, being these the most common causes of
wheezing [5]. Besides, asthma and wheezing are among the most frequent reasons for
children’s visits to paediatricians [6].

Apart from home, school is the most important indoor environment for children, in where
they spend a great part of their day. However, indoor air quality (IAQ) in schools has been
less studied than in other buildings, and consequently the attention given to the adverse
children’s health effects in these environments is scarce [ 1]. Nevertheless, in Portugal, indoor
air quality limit values are defined for new and existent commercial and services buildings,
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including schools, for pollutants such as particulate matter (PM> s and PM o), carbon dioxide,
carbon monoxide, volatile organic compounds, formaldehyde and radon [7].

Existing literature focused on the association between children’s exposure to indoor air
pollutants and respiratory health is also limited, and mostly focusing on asthma, thus
neglecting childhood wheezing although it is more common and easier to diagnose [8]-[13].

Moreover, information on the prevalence of childhood wheezing covering Portuguese
children remains scarce. Furthermore, the impact of exposure to IAP in nursery and primary
schools on childhood wheezing has not been extensively studied. Thus, this study mainly
aimed to assess the impact of children’s exposure to IAP in urban nursery and primary
schools on active wheezing.

2 METHODOLOGY
The study population consisted of pre-schoolers (3—5 years old) and primary school children
(6-10 years old) attending three nurseries and two primary schools involved in the
INAIRCHILD project [14]. These schools were located in urban context in Porto district, in
the north of Portugal (41°N, 8°W).

According to Branco et al. [15], a microenvironmental modelling approach seemed to be
the best methodology to assess individual children’s exposure to air pollution, whereby it
was adopted for this study. Based on the concepts of calculating exposure introduced by
Fugas [16], Duan [17], [18] and Ott [19], the present work resorted to eqn (1) to estimate
individual children’s exposure

E; = Zle Cijtij, (1

where E; is the exposure of the i individual, Cj is the concentration of the pollutant measured
in the j" microenvironment of the i individual, #; is the time spent by the /" individual in the
j™ microenvironment, and J is the number of different microenvironments (ME) considered.

The adopted approach was based on both continuous monitoring of indoor air pollutants
in the distinct indoor ME and data of time—location patterns for a day (daily exposure).
Therefore, data from daily time—location patterns, i.e. the time spent by each individual
(child) in each indoor ME (classrooms, bedrooms and canteens) was obtained from the school
timetable and validated by the educator/teacher of the class. In turn, indoor continuous
sampling of CO,, formaldehyde and PM, s were carried out during occupancy periods in 11
classrooms, two bedrooms and two canteens, and hourly mean values were calculated.
Detailed characterization of sampling and IAQ of these ME was previously described [20]
and conclusions were that CO,, formaldehyde and PM,s have exceeded Portuguese
legislation limit values [7], thus they were selected to integrate the IAP exposure evaluation
in the present study. After being calculated, IAP exposure was dichotomized in “under” or
“above” limit values by considering the limit values in the Portuguese legislation for IAQ as
the cut-off, namely: (i) 2250 mg/m?® for CO, (plus 30% of margin of tolerance as no
mechanical ventilation system was working in the room); (ii) 100 pg/m? for formaldehyde;
and (iii) 25 pg/m?® for PM, s (plus 100% of margin of tolerance as no mechanical ventilation
system was working in the room), for the association with active wheezing.

A total of 164 ISAAC-derived questionnaires (International Study of Asthma and
Allergies in Childhood derived questionnaires) were completed by parents or guardians of
children attending the studied ME, accepted to participate in the study and signed an informed
consent according to the Helsinki Declaration developed by the World Medical Association,
allowing collecting individual information of sex, age, parental history of asthma, and
respiratory symptoms, namely wheezing and dyspnoea. Active wheezing (reporting at least
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one wheeze episode in the previous 12 months) was considered the main health outcome in
this study.

Moreover, this study was approved by both the Ethics Commission of Universidade
do Porto and the Ethics Commission for Health of Centro Hospitalar Universitario de Séo
Jodo, Porto.

Descriptive statistics were used to express the characteristics of individuals, IAP exposure
and health outcomes. Multivariate logistic regression models were used to estimate the odds
ratios (OR) of the associations between IAP exposure and active wheezing, adjusted for age
group (pre-schoolers or primary school children), sex and parental history of asthma.
Statistical analyses were performed with R software version 3.5.3 [21]. The level of statistical
significance was set at 0.05.

3 RESULTS AND DISCUSSION
3.1 Study site and population

Children’s daily indoor exposures to CO,, formaldehyde and PM,s were summarized
(minimum, median, mean, maximum and interquartile range (IQR)) in Table 1.

Table 1: Summary of children daily exposures to CO,, formaldehyde and PM,s in the
studied microenvironments.

Minimum | Median | Mean | Maximum IQR
CO; (mg/m®) 1706 2641 2579 3877 487.4
Formaldehyde (ng/m?) 19.96 64.58 71.67 277.7 73.38
PM, s (ug/m’) 20.52 32.56 | 41.64 67.88 38.10

IQR = interquartile range.

When comparing to the limit values of the Portuguese legislation for IAQ, the majority of
the individuals were exposed to indoor air pollutants above that threshold. In fact, the worst
case was PM,s (92.4% of individuals exposed to concentrations above the threshold),
followed by CO» (61.0%) and finally formaldehyde (26.8%).

Characteristics of the studied population (mean age 5.4 years old), including respiratory
symptoms, were summarized in Table 2.

The study population was gender balanced, including exactly the same number of male
and female children. The number of children not born in Portugal was residual. Important to
consider is the number of the studied children having at least one asthmatic parent (23.9%).
The prevalence of ever wheezing and dyspnoea (at least once in lifetime) was 28.7% and
8.5%, respectively, while the prevalence of active wheezing and dyspnoea (at least one
episode in the previous year) was 16.4% and 5.5%, respectively. Effectively, in both ever
and previous year, the prevalence of wheezing was higher than the prevalence of dyspnoea,
highlighting the importance of that respiratory outcome. From those reporting active
wheezing (16.4%), one to three diurnal attacks in the previous year were frequently reported
(15.2%), while only 1.2% reported more than 12 diurnal attacks in the same period. On the
other hand, nocturnal episodes of wheeze were not so common as diurnal, as the majority of
those reporting active wheezing did not present any nocturnal attack (9.1%), while 3.0% and
4.3% reported having less than one and at least one nocturnal attack of wheezing per week,
respectively. Exercise induced and speech-limiting wheeze attacks were not so common,
being presented in only 2.4% and 1.8% of the study population, respectively.
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Table 2: Characterization of study population, including respiratory heath symptoms (with
respective 95% confidence intervals).

| Y% | 95% Confidence interval
Age group
Pre-schooler 61.6 54.1-69.0
Primary school children 38.4 31.0-45.9
Sex
Male 50.0 42.3-57.7
Female 50.0 42.3-57.7
Born in Portugal
Yes 99.4 98.2-100.0
No 0.6 0.0-1.8
Asthmatic parent
No 76.1 69.5-82.6
Yes 23.9 17.4-30.5
Ever symptoms (lifetime prevalence)
Wheeze 28.7 21.7-35.6
Dyspnoea 8.5 4.3-12.8
Active symptoms (last year)
Wheeze 16.4 10.8-22.1
Dyspnoea 5.5 2.0-9.0
Prevalence of wheeze in the last year
Attacks number
None 0.0 0.0-0.0
1to3 15.2 9.7-20.7
4to012 0.0 0.0-0.0
>12 1.2 0.0-2.9
Nocturnal attacks number
None 9.1 4.7-13.6
< 1 night/week 3.0 0.4-5.7
> 1 night/week 4.3 1.2-7.4
Exercise induced 2.4 0.1-4.8
Speech-limiting attacks 1.8 0.0-3.9

Active wheezing prevalence in the present study could be compared with the prevalence
reported in previous studies as they used a similar methodology (data reported in ISAAC-
derived questionnaires). In primary school children from Viseu, Portugal, Martins et al. [22]
reported a slightly lower active wheezing prevalence (11.7%) when compared with that of
the present study. Also for primary school children (aged 7-9 years old) from two
municipalities in Western Cape Province, South Africa, Olaniyan et al. [8] reported a slightly
lower prevalence of active wheezing (12.9%) than in the present study. In another study in
Portugal, Branco et al. [12] reported an active wheezing prevalence of 17.1% for children
with less than 5 years old attending nursery schools in Porto and Braganga districts, which
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was very similar to the prevalence calculated in the present study. On the other hand, Norback
et al. [23] reported an active wheezing prevalence of 19.7% in pre-schoolers (aged 3—6 years
old) from day care centres in seven cities of China, which was slightly higher than that
calculated in the present study.

3.2 Modelling associations between IAP exposure and active wheezing

Table 3 summarizes the results from the multivariate logistic regression models representing
the association between exposure to CO,, formaldehyde and PM, s, and active wheezing,
namely odds ratios (OR), correspondent 95% confidence intervals (95% CI) and p-values. A
separate model was built for each indoor air pollutant studied. Crude (unadjusted) and
adjusted models were obtained.

Table 3: Crude and adjusted odds ratios (OR and aOR), and respective 95% confidence
intervals (95% CI) and significance (p-values) of the associations between
exposure to CO,, formaldehyde and PM> s, and active wheezing.

crude OR crude aOR adjusted

(95% CI) p-value 95% CI p-value
Exposed to CO: 0.83(0.36-1.95) | 0.676 | 0.71 (0.29-1.73) 0.449
Age group: Pre-schooler 3.08 (1.10-8.66) | 0.033* | 2.79 (0.96-8.07) 0.044*
Sex: Male 2.64 (1.08-6.49) | 0.034* | 2.27 (0.90-5.70) 0.074
Asthmatic parent: Yes 1.89 (0.76-4.66) | 0.168 | 1.85(0.72-4.73) 0.207
Exposed to formaldehyde | 1.30 (0.52-3.24) | 0.580 | 1.09 (0.41-2.90) 0.861
Age group: Pre-schooler 3.08 (1.10-8.66) | 0.033* | 2.61 (0.89-7.63) 0.064
Sex: Male 2.64 (1.08-6.49) | 0.034* | 2.25(0.90-5.64) 0.076
Asthmatic parent: Yes 1.89 (0.76-4.66) | 0.168 1.82 (0.71-4.70) 0.223
Exposed to PM:s 1.66 (0.20-13.9) | 0.640 | 1.57 (0.17-14.4) 0.675
Age group: Pre-schooler 3.22 (1.10-9.47) | 0.033* | 2.49 (0.81-7.67) 0.097
Sex: Male 3.59 (1.22-10.6) | 0.020* | 3.07 (1.01-9.31) | 0.037*
Asthmatic parent: Yes 1.23(0.43-3.49) | 0.702 | 1.07 (0.36-3.20) 0.906

95% CI = 95% of confidence interval, OR = odd ratio; aOR = adjusted odd ratio; *Significant at p-value < 0.05
calculated by likelihood ratio (LR) test.

Although not statistically significant, children’s exposure to indoor PM> 5 in nursery and
primary schools seemed to be associated with an increase in the odds of having active
wheezing in childhood (aOR = 1.57, p-value = 0.675). Although less significant, similar
results were found for formaldehyde exposure (aOR = 1.09, p-value = 0.861). On the other
hand, although also not statistically significant CO, presented an opposite behaviour
(aOR = 0.71, p-value = 0.449), which was expected as CO; is not an air pollutant per se,
although it is usually used as a global indicator of air change rate (ventilation).

Previous studies in the literature reported that PM has a negative impact on human
respiratory health, namely in children [24], [25]. Moreover, short-term PM; s exposures in
schools were linked to increased hospital admissions and emergency department visits for
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respiratory effects, particularly wheezing [10]. In all models, being a male child, a pre-
schooler or having at least one asthmatic parent increased the odds of having active wheezing.

These results were in accordance with some previous studies in the literature, namely with
a study in primary school children (aged 9-11 years old) from Malta that also reported a
direct association between wheezing and high exposure to indoor formaldehyde and PM s
[26]. Rawi et al. [10] stated significant associations between wheezing and indoor PM; s
concentrations in preschools (aged 5-6 years old) from Selangor, Malaysia and no significant
association between indoor CO;, concentration and respiratory symptoms. Another study
performed both in primary schools and homes of schoolchildren living in Malaysia (Kuala
Lumpur and Negeri Sembilan), reported no significant associations between exposure to
indoor PM5 s and current wheezing [9]. A Portuguese study in public primary schools also
located in Porto concluded that higher exposure to PM, s increased the odds of wheeze among
children, and that indoor exposure to formaldehyde was related with wheeze in the past year
[11]. Another Portuguese study performed in day care centres from Porto and Lisbon (mean
age of participants: 3.1 years old) described a significant relation between CO; concentration
and reported wheezing in the previous 12 months [27]. However, these comparisons with
other previous studies should be interpreted with care, mainly because some of those
considered IAP concentrations rather than IAP exposures, and others were carried out also in
other microenvironments rather than only nursery and/or primary schools (e.g. home).

The main strength of the present study was the use of a ME modelling approach to
estimate children’s individual exposure to IAP in nursery and primary schools. On the other
hand, a limited number of nursery and primary schools, and consequently a limited number
of participants (children) were the main limitations of this study.

4 CONCLUSIONS
As far as the author’s knowledge goes, this was the first study assessing the impact of
children’s exposure to IAP (CO,, formaldehyde and PM,s) in urban nursery and primary
schools on active wheezing, using a ME modelling approach to estimate IAP exposure.

This study concluded that children was very often exposed to levels of IAP higher than
legislated inside nursery and primary schools, namely PM, s, CO, and formaldehyde. The
prevalence of childhood active wheezing was 16.4%, in accordance with previous studies in
the literature for similar study populations. Although not statistically significant, the studied
children’s exposure to IAP in nursery and primary schools, especially PM,s (OR = 1.57,
p-value = 0.675), seemed to be associated with an increase in the odds of having active
wheezing. These results highlighted the importance of applying IAP mitigation measures in
nursery and primary schools to reduce its levels, which is expected to mitigate the negative
effects on children’s respiratory health.

Future developments include the enrolment of more schools and participants (children),
as well as to extend the analysis to physician diagnosed respiratory health outcomes, namely
asthma. Moreover, the impact of mitigation measures should also be evaluated in future
studies.
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ABSTRACT

Air pollution is the leading cause of the global burden of disease from the environment, entailing
substantial economic consequences. International shipping is a significant source of NOx, SO2, CO and
PM, which contributes to the increase in O3 levels that can cause known negative health impacts. Thus,
this study aimed to estimate the health impacts of ozone ship-related air pollution in Portugal in 2015.
To determine the health-related effects of this sector, shipping emissions were obtained from an
Automatic Identification System based emission inventory using the Ship Traffic Emission Assessment
Model (STEAM). Their contributions to SOMO35 (sum of ozone daily 8-h maximum means over
35 ppb in the calendar year, expressed in ppb per day) levels in Portugal were modelled using the
EMEP/MSC-W chemistry transport model (simulations with and without shipping emissions).
Log-linear functions based on WHO-HRAPIE relative risks for each health endpoint (all-cause and
respiratory mortality, and cardiovascular and respiratory hospital admissions) were used to estimate the
attributable fractions. Then, the excess burden of disease was calculated by multiplying the attributable
fractions with the baseline incidence of each health endpoint and the population at LAU2 level. Costs
associated with the health impacts were estimated as the product of the excess burden of disease and its
unit health cost value. Shipping emissions contributed to an increase of 21% in the number of deaths
for all-cause mortality and respiratory diseases, as well as hospital admissions for cardiovascular and
respiratory diseases. A total external cost of around 180 (86-266) M€ a yr'! was estimated for these
health endpoints in 2015. These results show that Os-related air pollution from ships is a considerable
problem affecting the Portuguese population.

Keywords: shipping emissions, modelling, air pollution, impact pathway approach, health effects.

1 INTRODUCTION

International shipping has been recognized as a significant source of pollution namely
concerning nitrogen oxides (NOy), sulphur oxides (SOy), CO and particulate matter (PM),
also contributing to the increase of O; levels. Nevertheless, the associated effects on
premature mortality and morbidity are not yet well documented [1]-[4]. Once 70% of
emissions from ships in international routes occur until 400 km from the coast and can be
easily transferred hundreds of kilometres towards the mainland, ships have the potential to
contribute significantly to air quality degradation and consequent effects on human health in
coastal areas, as well as in inner areas [2], [5]. Shipping emissions are regulated by the
International Maritime Organization (IMO) according to the Annex VI “Prevention of Air
Pollution from Ships” under the International Convention for the Prevention of Pollution
from Ships (MARPOL) [6]. For Portugal, air quality standards for ambient air are defined in
Decreto-Lei n° 102/2010, which imposes limits for human health protection [7].

In the last 25 years, emissions from land-based sources (traffic, heating, industrial
production, power generation, etc.) have decreased substantially in Europe due to new and
more effective air pollution and climate policies. Emissions of NOy, SOy and fine particulate
matter have been reduced by about 52%, 83% and 28%, respectively [8], [9]. An opposite
behaviour was verified for ship emissions which have been neglected for a long time, making
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shipping one of the least and last regulated anthropogenic emission sources [8], [10], [11].
Therefore, significant progress has been made to study air quality impact of ship emissions
all over the world, however only a few also studied their negative effects on human health
[17, [3], [12]-14]. Since studies on the impact of ship emissions on human health are still
scarce and Portugal has a very important geo strategic position in international maritime
transport, it is relevant to study the impacts of ship emissions on health in this region.
Moreover, as far as known there are no studies concerning health impacts of ozone
ship-related air pollution in Portugal. Thus, this study aimed to reduce this gap by estimating
the health impacts of ozone ship-related air pollution in Portugal for 2015.

2 MATERIALS AND METHODS
2.1 Ship emissions inventory

The shipping emissions inventory of Portugal for 2015 was obtained based on the full
bottom-up Ship Traffic Emission Assessment Model (STEAM). STEAM allows to assess
emissions from each individual ship combining the Automatic Identification System (AIS)
shipping activity information (both terrestrial and satellite-based, provided by Orbcomm)
with the detailed technical characteristics of each ship and engine type (collected from
various sources and archived for over 90,000 ships) and emission factors of a particular ship
type, size, machinery type and operative mode. Based on this information, the model can
predict the power consumptions and loads of main and auxiliary engines and the fuel
consumption of the ship with reasonableness based on resistance that each ship requires to
overcome at a specified speed [15].

2.2 Atmospheric simulations

To evaluate the contributions of shipping emissions on Oz concentrations over Portugal,
atmospheric simulations have been performed with the chemical transport model
EMEP/MSC-W. The model was configured for two scenarios, with (w/ship case) and without
shipping emissions (wt/ship case) for 2015 with a horizontal resolution of 0.1° x 0.1° (long—
lat), vertical structure of the model with 34 layers and a data output time step of 1 h. Grid
emissions in the same resolution from other sources divided in 11 SNAP (Selected
Nomenclature for Air Pollution) sectors like public power, industry, other stationary
combustion, road transport among others were taken from official European emission
inventories provided by the Centre on Emission Inventories and Projection (CEIP) that are
reported under the Convention on Long-range Transboundary Air Pollution (CLRTAP) and
National Emission Ceilings (NEC) Directive [15]. Emissions from shipping sector
considered in the CEIP inventory were excluded to perform the simulations. Moreover,
contribution to emissions of the dust from Sahara, emissions of NOx from lightning and
emissions from forest and vegetation fires from the “Fire INventory from NCAR version 1.5”
[16] were also considered. More details on the model can be found in Simpson et al. [17] and
NMI [18]. The meteorological data for 2015 was generated by the state-of-the-art Integrated
Forecast System model (IFS) of the European Centre for Medium-Range Weather
forecasts (ECMWF).

2.3 Health impact assessment

To assess the excess of health burden attributable to ozone ship-related air pollution
SOMO35 indicator (sum of ozone daily 8-h maximum means over 35 ppb in the calendar
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year, expressed in ppb per day) was used. SOMO35 was applied because it is considered the
most robust indicator for O3 health impact assessments in global model calculations [19].
Log-linear functions (based on WHO-HRAPIE relative risks) for each health endpoint
(derived from available epidemiologic studies) were used to estimate the relative risks (RR),
as recommended by WHO [20] and other authors [21]-[25]. RR for linear-log functions were
estimated using the following equation:

RRlog—linear = e'B(C_CO)s )
where C is the SOMO35 level (converted to pg m™), C, cut-off value (considered zero in
calculations) and B-coefficient relates the change in the RR to a unit change in air pollutant
concentration (an increase of the risk per 10 ug m>).

After RR calculations, the attributable fractions (AF) were calculated following the
attributable risk as:

AF = (RR — 1)/RR. ©)

To estimate the excess burden of disease (EBD) the increment in the number of deaths
and additional cases due to ozone ship-related air pollution over 2015 was estimated, using

eqn (3):
AEBDs = BI X AF X Pop, (€)

where Bl is the baseline incidence of the selected health endpoint for a given population and
Pop is the population within the age group of interest.

Data about population by single year of age of Portugal at LAU2 level (civil parish) was
obtained from the Eurostat 2011 Census database hub [26].

All-cause mortality baseline rate was obtained from the National Statistical System of
Portugal for 2015 (INE, 2018). Respiratory mortality baseline rate was obtained from the
European Health for All database (HFA-DB). Data on hospital admissions for respiratory
and cardiovascular causes was taken from the OECD Stat database [27]. Health endpoints,
baseline incidences, and RR used in this study are listed in Table 1.

2.4 Assessment of socio-economic external costs of the burden of disease

To estimate the economic cost, the burden of disease unit health costs (cost per case of illness)
were used. The exposure cost for a particular health endpoint was calculated as the product
of the Exposure Response Function (ERF) and its unit health cost value (eqn (4)).

Table 1: Health endpoints, baseline incidences, and RR used in this study.

Health endpoints Age group BI per 10° RR (95% CI)
All-cause mortality Adults (age > 30 years) 1,048 1.0029 (1.0014-1.0043)
30 to 44 years 3.0

. . 45 to 59 years 16.4
Respiratory mortality 60 to 74 years 76.3 1.014 (1.005-1.024)
75+ years 976.2
Cardiovascular
hospital admissions >64 years 1,112.4 | 1.0089 (1.0050-1.0127)
Respiratory hospital >64 years 919.1 | 1.0044 (1.0007-1.0083)
admissions

BI = baseline incidence; RR = relative risk; CI = confidence interval.
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Exposure cost = (ERF) X (Cost per case of illness or death). C))

Deaths were valued using the value of statistical life (VSL), which is how much society
is willing to pay to avoid an anonymous death [28].

Following the benefit transfer approach that takes into account differences in income
levels between two places, country-specific VSL for Portugal in 2015 was estimated using
the formula recommended in OECD [29], based on an extensive meta-study performed by
OECD [30]. VSL was adjusted according to the eqn (5).

YC

B
VSL C 2015 = VSL EU 2005 x (m) X (1 + AP + AY)#, )

where: VSL EU 2005 is the VSL of the average of EU27 countries (USD 3.6 million in
2005); YC is the Gross Domestic Product (GDP) per capita at the purchasing power parity
(PPP) in 2015; YEU is the average GDP per capita of EU27 countries at PPP in 2015; § is
the income elasticity of VSL, which measures the percentage increase in VSL for a
percentage increase in income (the value of 0.8 was established by OECD); PPP is the
purchasing power parity-adjusted exchange rate in 2005; AP is the percentage increase in
consumer price from year 2005 to 2015 (measured by consumer price index (CPI) that
reflects the inflation or changes in the cost to the average consumer of acquiring a basket of
goods and services); and AY is the percentage change in real GDP per capita growth from the
reference year to 2015 (derived from real GDP per capita annual growth). All values
previously described were obtained for the reference years and 2015 from the OECD data
portal [31]. Table 2 summarizes the unit values used in this study.

Table 2:  Unit cost values for VSL and respiratory and cardiovascular hospital admissions
used in this study.

Parameter Unit value Units

Value of Statistical Life (VSL) 2.60 M¢€/death
Respiratory hospital admissions 2414 €/hospital admission
Cardiovascular hospital admissions 2414 €/hospital admission

3 RESULTS AND DISCUSSION

Table 3 presents the estimated number of premature deaths and additional cases associated
with exposure to ozone ship-related air pollution for 2015 in Portugal, as well as the external
costs. Fig. 1(a)—(d) shows the spatial distribution of premature deaths and additional cases.

Additional 69 (95% CI: 33, 102) deaths due to all causes, 34 (95% CI: 12, 57) deaths due
to respiratory diseases, as well as 46 (95% CI: 26, 66) and 23 (95% CI: 4, 43) hospital
admissions due to cardiovascular and respiratory diseases, respectively, were estimated due
to ozone ship-related air pollution for 2015 in Portugal. Overall, shipping emissions
contributed to increase in 21% the number of deaths and additional cases of all health
endpoints considered. As can be seen from Fig. 1, most mortality and additional cases
occurred close to Portugal coastline. These results seemed to be related with a greater
susceptibility of these zones to shipping emissions and because those are densely populated
areas. It is also important to emphasise that results showed additional cases of hospital
admissions due to respiratory diseases in some inner parishes of Portugal. The number of
deaths due to respiratory diseases and the number of hospital admissions due to
cardiovascular and respiratory diseases were compared with the total number of deaths and
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Table 3: Total number of additional cases and external costs in Portugal associated with
ozone ship-related air pollution in 2015.

Air Health endpoint Additional deaths/cases | External costs (95% CI)
pollutant P (95% CI) (values in M€)
All-cause mortality 69 (33-102) 179 (85.7-265)
Respiratory
. mortality 34 (12-57) 88.4 (31.2-148)
3 Cardiovascular
hospital admissions 46 (26—66) 0.111 (0.0628-0.159)
Respiratory hospital 23 (4-43) 0.0555 (0.096.6-0.104)
admissions

CI = confidence interval.

All-cause mortality

Deaths Respiratory Deaths

0-0.10
0-0.20
0.20-0.40 0.10-020
B 0.40.0. B 020-030
Bl 0.40-0.60 B 030.033
B 0.60-0.70 -
(a) (b)
Cardiovascular hospital Respiratory hospital
admissions admissions
0020 0-0.05
0.20-0.30 B 0.05-0.15
Bl 0.30-040 B 0.15-020
Nl 0.40-0.46 N 0.20-023
(c) (d)

Figure 1:  Spatial distribution (at LAU2 level) of: (a) Deaths due to all causes; (b) Deaths
due to diseases of respiratory system; (c) Hospital admissions due to diseases of
cardiovascular system; and (d) Hospital admissions due to diseases
of respiratory system.
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additional cases reported for Portugal during 2015. According to the results, the number of
deaths due to respiratory diseases and the additional cases due to diseases of cardiovascular
and respiratory systems attributable to ozone ship-related exposure represented 0.3%, 0.2%
and 0.1% of the total, respectively. Moreover, and more specifically, the number of deaths
calculated from all-cause mortality was compared with the number of premature deaths
attributable to Oz exposure during 2015 for Portugal reported on the Air quality in
Europe — 2018 report performed by the European Environmental Agency (EEA). Results
showed that the number of deaths due to Oj; ship-related exposure calculated in this study
represented 23% of the total number of deaths reported by the EEA. Results confirm that O3
related air pollution from ships seemed to be a considerable problem affecting the Portuguese
population, mainly in coastal areas.

Regarding exposure costs, it was estimated 79 M€ (95% CI: 85.7-265 M€) related with
the number of additional deaths from all causes, 88.4 M€ (95% CI: 31.2—-148 M€) from deaths
due to respiratory diseases as well as 0.111 M€ (95% CI: 0.0628-0.159 M€) and 0.0555 M€
(95% CI: 0.096.6 €-0.104 ME€) related with additional hospital admissions due to
cardiovascular and respiratory diseases, respectively. A total exposure cost of around
180 M€ yr'!' (95% CI: 86-266 M€ yr'!) resulting of Os related air pollution from ships was
estimated in Portugal for 2015 (respiratory mortality could not be added to the overall costs
estimate to avoid double counting). The results above described show that human health
external costs due to O3 related air pollution from ships cannot be neglected when the total
external costs of shipping emissions are considered.

4 CONCLUSIONS

This study allowed estimating health and economic impacts of ozone ship-related air
pollution in Portugal for 2015. It was estimated 69 (95% CI: 33—102) deaths and costs of 79
ME (95% CI: 85.7-265 ME€) due to all causes, 34 (95% CI: 12—57) deaths and costs of 88.4
ME (95% CI: 31.2-148 M€) from deaths due to respiratory diseases, 46 (95% CI: 2,666) and
23 (95% CI: 4.43) hospital admissions and costs of 0.111 M€ (95% CI: 0.0628-0.159 M€)
and 0.0555 M€ (95% CI: 0.096.6 €-0.104 M€) due to cardiovascular and respiratory diseases,
respectively, due to ozone ship-related air pollution. A total exposure cost of around 180 M€
yr'! (95% CI: 86 —266 M€ yr'!) was estimated in Portugal for 2015. This study shows that
ozone ship-related air pollution increased 21% the number of deaths and cases of all health
endpoints. Moreover, the number of deaths due to ozone ship-related exposure calculated in
this study represented 23% of the total number of deaths reported by the EEA for Portugal in
2015, which confirms that ship emissions may have a substantial impact on human health,
mainly, in areas with high population density and near the Portuguese coastline. These
findings contribute to the understanding of the comprehensive impacts of ozone ship-related
air pollution, supporting the view that shipping emissions are a significant source air pollution
that affects the Portuguese population.

Future developments should include the study of other air pollutants and of different
health endpoints, as well as extend the study to the Iberian Peninsula domain.
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ABSTRACT

Biomass combustion is a major contributor to ambient air pollution. Thus, knowing the real-life
emissions of biomass heating systems is crucial. Within the project Clean Air by biomass a field
measurement campaign was conducted. 15 biomass heating appliances were tested in households at the
end user according to their usual operation. Emission factors for gaseous and particulate emissions, as
well as for the genotoxic and carcinogenic substance benzo(a)pyrene, were evaluated and compared to
current proposed European and Austrian emission factors used for emission inventories. Moreover, the
shares of particles and benzo(a)pyrene in hot and cooled flue gas were determined. Results showed a
high variability of emissions in the field. Highest values and ranges occurred for room heaters
(TSPtotal: 226 mg/MJ). Biomass boilers showed clearly lower emission factors (TSPtotal: 184 mg/MJ)
in the field than room heaters and also than the proposed European and Austrian emission factors, in
many cases. Emission factors for tiled stoves showed a similar trend (TSPtotal: 67 mg/MJ). The share
of condensable particles in the flue gas was remarkable. Especially benzo(a)pyrene was found mostly
in the condensable fraction of the particles.

Keywords: biomass combustion, field measurement campaign, emission factors, benzo(a)pyrene,
condensable particles.

1 INTRODUCTION

Domestic biomass heating appliances are very common in Austria and all over Europe. Thus,
knowing their emissions in real life is important, since they contribute to air quality issues.
Especially PM emissions from biomass combustion contributes significantly to PM pollution
in Europe [1]-[3]. Moreover, focus on the polycyclic aromatic hydrocarbon benzo(a)pyrene
(BaP) is given, due to its genotoxic and carcinogenic impact on human health [3], [4].
Real-life emission factors (EF) are used for emission inventories, air quality modelling or the
prediction of air pollution impact on human health [5]-[7]. EF can be evaluated in two ways,
by either close to real-life lab testing or by field measurements. One example of lab testing
is the beReal test protocol for firewood room heaters [8]. During field measurements it was
shown that this lab test method can reflect real-life situations [9]. Other lab tests showed a
high variability of emission results at different close to real-life testing methods [10]-[13].

Close to real-life testing methods include transient conditions, like ignition, preheating or
load changes of the heating appliances in order to reflect real-life conditions. Nevertheless,
the broad variety of framework conditions (e.g. user influence, chimney design, heat output
dimensioning etc.) cannot be considered in harmonized lab tests. Thus, field measurements
are required in order to evaluate the broad range of emissions in real life.

In Austria, a comprehensive field measurement campaign was conducted by Spitzer et al.
[14] in 1998. 173 biomass heating appliances were tested and average emission factors were
evaluated. Within the project BioMaxEff[15], 16 newly installed biomass boilers were tested
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in the field at nominal load and varying load conditions close to real-life operation. EF need
to reflect real-life conditions as close as possible. Thus, they have to be updated regularly,
since the stock of biomass heating appliances is continuously changing.

In the project Clean Air by biomass a field measurement campaign was conducted
measuring 15 different biomass heating appliances in the field at the end user. This study
presents an overview of gaseous, particulate and BaP emission results and a comparison to
current emission factors for Europe and Austria, respectively. Moreover, particle emissions
and their chemical composition (BaP) in the hot and undiluted flue gas and in the cooled and
diluted flue gas were compared.

2 MATERIAL AND METHODS
Within the Clean Air by biomass project a field measurement campaign was conducted,
measuring 15 biomass heating appliances in total. These are:

e 6 room heaters (RH)
e 6 biomass boilers (BB)
e 3 tiled stoves (TS)

Table 1 gives an overview of the tested appliances. Their year of construction, nominal
heat output, classification according to the respective EN standard and the evaluated emission
parameters in the field are given. The appliances were installed in single family or
farmhouses. Whereas boilers represented the main heating source, room heaters were used
as additional heating source. Tiled stoves were used as both.

2.1 Testing procedure

During field measurements, all tested appliances were operated by the end user according to
their usual operation habits. Fuel was also provided by the end user in order to reflect
real-life conditions. Measurement of gaseous emissions, temperature and draught conditions
of the flue gas was done continuously. Particulate emissions were measured discontinuously
in each batch (RH and TS) or test phase (BB). Measurements lasted until the end of a heating
cycle. For room heaters and tiled stove this was determined by the end user or at a maximum
of three continuous batches. For boilers, three or four test phases were measured to evaluate
different combustion phases — at least ignition and full load operation.

2.2 Measurement equipment and set up

For the field measurements two different equipment sets were used. Depending on the local
situation in the field (mainly space demand and accessibility), the more extensive or the
standard set was chosen (Table 2).

Measurements were done with a logging interval of 1 s for flue gas draught (p),
temperature (T) and gaseous emissions, i.e. oxygen (O2), carbon dioxide (CO2), carbon
monoxide (CO) and organic gaseous compounds (OGC). Particulate emissions (TSP and
TSP40) were either measured according to the standard VDI 2066-1 (Standard set) or
according to a new in-house developed TSP sampling procedure (Extensive set). Based on
the method of Klauser et al. [16], it was adapted to enable simultaneous measurements of hot
and cooled particles with only one suction device (it was necessary to have only one sampling
point in the flue duct at the end user in the field). Thereby, a suction tube with a planefilter
directly after the sampling nozzle and an additional planefilter after a diluter were used. The
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Table 1: Overview of tested appliances.

Year of

Appliance co_rtlis;uc hi(;rgli:;;:l " EN standard ;\;Z;l:::fs rE)elf)lgj-y

1 E;zzvro‘)d room 9013 8kW | EN 13240 C(%ngo%gp’

2 E;zzvro‘)d room 1 9017 8kW | EN 13240 C(%ngo%gp’

s [t | o | | ORI 00 TR
4 E;izvr""d room 2013 73kW | EN 13240 C(T)’sgﬁ)?bgp’ (r=0)
5 |Firewood insert ~2010 n.a. EN 13229 CO, TSP

6 | Firewood cooker 2016 20 kW EN 12815 Cgl)“’Sgﬁ)(,:iBEIS)P,

7 |Wood chip boiler | 2001 | 40kW | EN303-5 C(%Sgﬁfiggp’

8 | Wood chip boiler | 2001 40 kW EN 303-5 CO, TSP

9 | Wood chip boiler | ~1985 ~60 kW n.a. CO, TSP BB
Boiler using saw CO, OGC, TSP, _
10 dust 1962 250 kW n.a. TSP40, BaP (n=6)
Boiler using saw CO, OGC, TSP,
11 Just 2018 350 kW EN 303-5 TSP40
12 | Firewood boiler 2010 35.6 kW EN 303-5 CO, TSP
13 |Firewood tiled 1 ges na. na. CO, TSP
stove
14 Firewood tiled ~1970 na. na. CO, OGC, TSP, TS
stove TSP40 N
Firewood slow (n=3)
15 |heat release 2016 n.a. EN 15250 €O, OGC, TSP,
. TSP40
appliance

n.a.: not available

Table 2: Overview of measured parameters with the two measurement equipment sets.

Measurement Measured parameters Number of measured
Extensive CO, CO,,0,, OGC, T, p, TSP, | BB:n=3 (4); TS: n=2;
measurement set TSP40, BaP RH:n=5

Standard measurement BB:n=3(2); TS:n=1;
sot CO, CO,,0,, T, p, TSP, RH-n=1

first one is for the determination of particles in the hot flue gas (TSP) and was heated up
continuously to 130°C. The second filter is for the determination of particles in cooled flue
gas (<40°C), which includes condensable organic compounds (TSP40). The sum of both
gives the total sampled particles (TSPtotal). Fig. 1 shows a scheme of the used suction device.
After the measurements the filters were sent to an analyzing lab for the determination of
benzo(a)pyrene (BaP) concentrations (Section 2.4).
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TSP TSP40

7 =
.. TSP sampling filter (hot flue gas) 5;2

... Diluter

.. Mass flow controller

.. TSP40 sampling filter (condensables)
.. Dryer

... Mass flow meter

... Suction pump

NouwswNe

Figure 1: Scheme of measurement equipment (suction device) for particle sampling
(TSP and TSP40).

2.3 Data evaluation

Data evaluation was done for each appliance for a whole heating cycle (Section 2.1).
Thereby, for gaseous emissions (CO and OGC) a time weighted mean was calculated over
the whole measurement period. Results are given in mg/m® at standard temperature
and pressure (STP), referred to 13% O, in dry flue gas. For particulate emissions (TSP and
TSP40) results are firstly calculated for each measured batch/phase according to Klauser et
al. [17]. The sum of TSP and TSP40 specifies the result for TSP These results are given
as well in mg/m® at standard temperature and pressure (STP), referred to 13% O; in dry
flue gas. Afterwards a time-weighted mean was calculated for the result of the whole
heating cycle.

The proposed European and Austrian EF are given in mg/MJ. Thus, emission
concentration results of the field measurements were transferred to mg/MJ based on
combustion calculation [18] and according to the fuel composition. For the final evaluation
results were aggregated according to the type of appliances. Means, medians, maxima and
minima were calculated for the presentation of the results.

2.4 Chemical characterization of sampled particles

The TSP and TSP40 filters, taken during the field measurements, were characterized
regarding BaP concentrations. This procedure was done according to the protocol of DIN EN
15549 using a solvent mixture of dichloromethane and cyclohexane for extraction. The
chemical analysis itself was done with a GC-MS. Results are given in ug/m?. They are
transferred to pg/MJ according to the fuel composition (same calculations as for other
emissions — Section 2.3).
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2.5 Fuel

Fuel for the field measurements was provided by the end user. To evaluate fuel properties,
representative samples of the used fuel were taken and analyzed for carbon (C), hydrogen
(H), nitrogen (N), water (w) and ash (a) content. The analyses were done according to the
standards ISO 16948 (C, H, N), ISO 18134-2 (w) and ISO 18122 (a). The mean results are
given in Table 3. All chemical parameters (C, H, N) of all tested fuels are in a narrow
range, so the calorific values of the fuels are on a comparable level. The water content is in
a range between 6 and 16 wt%. This means, that firewood as well as wood chips and saw
dust are already dried. Especially for wood chips this indicates, that the fuel is provided by
the user itself and stored in an appropriate way. The ash content is very low for all fuels.

Table 3: Overview of chemical analysis of fuels, used in the field measurements.

Cwt%) | H(wt%) | N(wt%) | w (wt%) | a (wt%)
Mean 49.5 6.1 0.1 10.7 0.7

3 RESULTS AND DISCUSSION
3.1 Emission results

Fig. 2 gives an overview of the emission results of the tested appliances, according to the
type of technology. On average, room heaters have the highest emissions. This technology
shows mean values of 4029 mg/M1J for CO, 712 mg/MJ for OGC, 138 mg/MJ for TSP and
226 mg/MJ for TSPwi. The lowest gaseous emissions occur at boilers (CO: 914 mg/MJ,
OGC: 56 mg/MJ). Particulate emissions were lowest at tiled stoves (TSP: 58 mg/MJ, TSPyota:
67 mg/MJ). Medians (red cross) indicate that for room heaters and partly for boilers, a few
higher values increase the mean values. In case of room heaters these values occurred with
very bad user operation of the appliance (e.g. restricted air supply or overload batches). At
boilers mainly the old boiler using saw dust as fuel had higher emissions.

Moreover, emissions have a high variability (which is common for emissions measured
in the field), indicated by the whiskers (maximum and minimum) in Fig. 2. Especially room
heaters have a wide range in emissions due to prevalent transient conditions during firewood
burning and due to more possible influencing factors of the end user.

4500 800

4000 = 8284 _ 1592 mBiomass boilers (BB) 300 7
3500 ZZ H ;z g% ETiled stoves (TS) 555 Z%
—, 3000 gé 2 %é @Room heaters (RH) ~ _ éé
® 2500 é% ; 500 gé < Medion §)200 éé
© 1500 / ﬁ‘zm éé @ 100 é%
1000 | / 3 é/ . é é
- % i % .
’ co ’ oGC TSP TsPtotal °

Figure 2:  Overview of emission results (mean values) of the field measurement campaign.
The whiskers indicate maximum and minimum values.
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The study of Spitzer et al. [14] showed similar values for room heaters, but much higher
values for boilers for CO (RH: 4463 mg/MJ, BB: 4303 mg/MJ) and OGC (RH: 664 mg/MJ,
BB: 448 mg/MJ). TSP results are on a comparable level for both technologies (RH: 148
mg/MJ, BB: 90 mg/MJ). This indicates, that the stock of boilers changed to more advanced
technologies with lower gaseous emissions.

The current field measurement results are comparable to the emissions of the study of
Ozgen et al. [11]. There, lab tests with three consecutive batches at a firewood stove including
the ignition and preheating batch were conducted. The measured emissions showed values
0f 3196 mg/MJ for CO and 110 mg/MJ for TSP.

Another study from Pettersson et al. [12] presents results from lab tests with two full load
batches at a firewood stove. This study also takes maloperation into account, i.e. restricted
air supply and moist wood. Emissions are 3600 mg/M1J for CO, 820 mg/MJ for OGC and 140
mg/MJ for TSPiw. OGC and TSP are higher than the presented values of the field
measurements and of the study of Ozgen et al. [11]. This reveal that unfavorable user habits
can increase those emissions.

The results of the field measurements in the BioMaxEff [15] project showed lower
emissions for boilers on average (CO: 243 mg/MJ, OGC: 5 mg/MJ, TSP: 15 mg/MJ).
However, these results only include measurements at new installed pellet boilers, which were
not tested in the current study.

3.1.1 BaP emissions

As illustrated in Fig. 2 it is even more obvious, that BaP emissions are highest for
room heaters in the field. This technology shows an average value of 305 pg/MJ compared
to 18 ug/MJ for boilers and 4 ng/MJ for tiled stoves. Also, the range of BaP emissions in the
field is very high. Results indicate that the user could be a major influencing factor on BaP
formation. However, further investigations are needed to evaluate most important influencing
factors of the formation of BaP.

The study of Klauser et al. [10] showed clearly lower values for BaP with a maximum of
86 ng/MJ for firewood appliances. However, only new and advanced technologies were
tested. Moreover, the operation of the appliance at beReal testing follows the manual of the
manufacturer, so maloperation is omitted.

Ozgen et al. [11] found BaP emissions of 204 pg/MJ which is on average lower, but in
the range of the current study. Pettersson et al. [12] found higher values (BaP: 610 ng/MJ) at
restricted air supply and the use of moist wood for testing. Compared to the current study this
is at the level of the maximum value of the measurements (646 ug/MJ).

Klauser et al. [16] measured average BaP emissions at a state-of-the-art wood chip boiler
of 3.5 ug/MIJ at starting conditions. Since, these conditions are normally more likely to
formulate BaP emissions, the result is clearly lower compared to the emissions of the
current study.

3.2 Comparison to current emission factors for Europe and Austria

Fig. 3 shows the single emission results for OGC, BaP, TSP and TSP of the tested
appliances in comparison to currently suggested emission factors for Europe (EMEP) and
Austria (AEF). In Table 4, the different emission factors for Europe and Austria, which were
used for comparison, are given.

The comparison of the EF of the field measurements (Fig. 2 and Fig. 3) and the suggested
EF (Table 4 and Fig. 3), shows that EF for boilers measured in this study are much lower
than the proposed European EF, when using EMEP_d (conventional boilers), except for 1
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TSP result. This outlier is the result of the old boiler fired with saw dust. The 95% confidence
interval given for European EF, cover this higher value. The lowest results of the field
measurement campaign are well reflected by EMEP e (pellet boilers), although other
technologies were tested, except for particulates which are higher by trend. EMEP ¢
(advanced/eco-labelled boilers) show higher EF for gaseous emissions (CO, OGC) and
represents particulates and BaP, compared to the field measurements. Tiled stoves are
compared with EMEP_b (high-efficiency stove) and EMEP_c (advanced/eco-labelled stove).
EMEP_b shows higher EF than the emissions of tiled stoves of this study. EMEP ¢ would
represent the emissions of tiled stoves, except for OGC the proposed EF is higher. EMEP a
(conventional stove), EMEP b (high efficiency stove) and EMEP_c (advanced/eco-labelled
stove) are used for comparison with room heaters. The range of those EF comprises the values
of the field emissions well, with exception of some cases. For BaP 3 clearly higher results
are measured. Nevertheless, they are within the 95% confidence interval of EMEP a
and EMEP b.
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Figure 3:  Emission factor results for OGC, BaP, TSP and TSPiw of the field
measurements (EFfeiq) in comparison to current suggested European (EMEP)
and Austrian (AEF) emission factors (EFs.g,), differentiated by technology (BB:
boilers, TS: tiled stoves, RH: room heaters).
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Table 4: Overview of emission factors for Europe [5] and Austria [6] in mg/MJ.

Abbreviation | Description CO 0GC TSP TSPiotal BaP
EMEP a Conventional stoves | 4000 750% 200 800 121
EMEP b High-efficiency 4000 | 437.5% | 170 400 121
- stoves
Advanced/eco-
EMEP ¢ labelled stoves and 2000 312.5* 54 100 10
boilers
Conventional «
EMEP d boilers <S0kWth 4000 | 437.5 170 500 121
EMEP ¢ | Pelletstovesand 300 | 125% | 32 62 10
- boilers
AFF i Woodstovesand | 3955 9 | 73635+ | 148 86.25%*
- cooking stoves
Tiled wood stoves
AEF ii and masonry 23453 | 422.5% 100 42.5%*
heaters
AEF_iii Natural-draft wood 1 3403 | 43756 | 75 8.75%
- boilers
AEF _iv Forced-draft wood | 35345 | 406.25% | 50 0.5%*
- boilers
Wood chips boilers
AEF v with conventional 2400 540.5* 100 6**
technology
AEF vi New wood stoves | p35 5 | 453 61
- and cooking stoves

*EF are given for NMVOC; based on Anderl et al. 2017 for biomass combustion a methane share of 25% is in OGC
[6]5 EFOGC = EFNMVOC +0.25 EFNMVOC-
**Austrian EF are only given for the sum of 4 PAHs [6]; the share of BaP is given as 25%; EFp.p = 0.25 EFpas.

Austrian EF for boilers are in general too high for gaseous emissions (CO and OGC) in
comparison to the study results. Particulates are well represented by AEF iii (natural-draft
wood boiler), AEF iv (forced-draft wood boiler) and AEF v (wood chips boiler with
conventional technology). There is one EF for tiled stoves (AEF _ii...tiled wood stoves and
masonry heaters). This EF overestimates emissions in comparison to the conducted field
measurements of this study. For all room heaters, AEF i (wood stoves and cooking stoves)
represents a reliable mean value. Some emissions are clearly higher, others are clearly lower
than this EF. AEF vi (new wood stoves and cooking stoves) represents the lower values
of this study.

Especially for room heaters it is very hard to define appropriate EF even when
distinguishing between different technologies, since the variability is very high. Moreover,
the operation of room heaters is influenced by many factors regarding the framework,
foremost user operation habits. The availability of a 95% confidence interval like it is
available for European EF, is a good measure for modeling best or worst-case scenarios of
air quality in a region. Nevertheless, this wide range of emissions in the field makes it hard
to predict air quality or conduct emission inventories.
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3.3 Differences of particulate measurements

For the field measurement, tested with the extensive equipment, TSP and TSP40 samples are
compared (Fig. 4). Thus, an evaluation of the share of condensable particles is possible.
Moreover, the fraction of BaP in the condensable particles is determined. Results show that
a high share of TSPy is in the hot flue gas (TSP). However, for room heaters 33% can be
found in the condensable fraction (TSP40). Moreover, emissions of BaP are mainly found in
the condensable fraction. For air quality issues the sum of both fractions is fundamental, since
a fraction of volatile organic compounds condensates at ambient temperatures. Thus,
measuring this sum of particles is necessary to get reliable emission factors for TSPyl
Otherwise, emissions could be underestimated. This is even more important regarding BaP
and the impact of air quality on human health.
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Figure 4: Comparison of particle measurement and the chemical characterisation in hot
(dark) and cooled (bright) flue gas.

4 CONCLUSION
In this study results of a field measurement campaign, including 15 biomass heating
appliances are presented. The following conclusions can be drawn:

The results of this study in comparison to the study of Spitzer et al. indicate that for boilers
a technological development towards lower gaseous emissions had happen. For room heaters
this was not found, even though the results of official type tests assume such a development.
However, room heaters are more influenced by the end user. End user training and also focus
on the optimization of real-life conditions during heating (including ignition, preheating and
load changes, which is not tested at official type tests) could have a high potential for
future improvement.

The proposed European and Austrian EF show higher values by trend for boilers and tiled
stoves. For room heaters EF are in the range of emissions of this study. Combined with the
comparison to the results of Spitzer et al. of 1998, this reveals that EF, especially for
boilers and tiled stoves, need to be updated regularly. Moreover, due to the high variability
of the field measurement results it is very hard to define EF. This high variability is
mainly caused by framework conditions (user influence, installation in the house,
dimensioning, chimney...).
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Close to real-life lab tests can be a good opportunity to reflect the technological
development of heating appliances at close to real-life conditions. Nevertheless, but they
cannot reflect the whole framework. Since EF are used for emission inventories, they have
an impact on policy decision makers and regulations. Thus, field measurements should be
fostered in order to get a good overview of the emissions in real life and even more
reliable EF.

The comparison of particles in the hot and cooled flue gas reveal that the amount of
condensable particles is unneglectable. Moreover, BaP is predominantly found in the
condensable fraction of particles. Hence, EF should consider condensable particles.
Otherwise TSP and BaP can be underestimated.
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ESTIMATION OF FUEL LOSS AND SPATIAL-TEMPORAL
DISPERSION OF VEHICULAR POLLUTANTS AT A
SIGNALIZED INTERSECTION IN DELHI CITY, INDIA

RAJNI DHYANI, NIRAJ SHARMA & MUKTI ADVANI
Transport Planning and Environment Division, CSIR-Central Road Research Institute, India

ABSTRACT

Vehicular traffic is considered one of the major contributors to urban air pollution in a city like Delhi.
Signalized traffic intersections are considered as urban hotspots due to their high air pollution levels
which generally exceed the air quality standards specified by the regulatory agencies. The high air
pollution levels mainly result from the idling of a large number of motor vehicles at these signalized
intersections resulting in fuel losses and corresponding emissions leading to deteriorating air quality.
There are ~950 signalized traffic intersections in Delhi city. A large number of the population works
and lives close to these traffic intersections and are exposed to these air pollutants. Therefore, it
becomes imperative to understand the spatial-temporal distribution of vehicular emissions resulting
because of the idling of motor vehicles at these intersections. In the present study, the fuel loss
estimation due to the idling of vehicles was carried out at Lodhi Road intersection using idling fuel
consumption data carried out on various test vehicles representing the Delhi traffic. The fuel loss was
converted into emissions using fuel-based Intergovernmental Panel on Climate Change (IPCC)
emission factors. The emissions have been estimated in terms of greenhouse gas (CO2, CHa, and N20)
emissions and indirect greenhouse gas (CO, NOx, and NMVOC). The results indicated that daily there
was ~230 litre of petrol, ~100 litre of diesel and ~170 kg of compressed natural gas (CNG) loss due to
idling at Lodhi Road intersection. The resultant emissions load estimated was ~1300 kg of CO, 13 kg
of NOx, 90 kg of CO per day. The spatial extent of vehicular pollutant has been assessed with the help
of the CAL3QHC model.

Keywords: emissions, fuel loss, idling, signalized intersection, CAL3QHC model.

1 INTRODUCTION

The traffic intersections are considered as air quality hotspot because of generally poor air
quality at these places which often exceeds the stipulated air quality standards. The main
reasons for this is high vehicular traffic activities, vehicular idling due to traffic delay, red
time signal etc. A vehicle run on a city road trip consists of idling, acceleration, cruise, and
deceleration modes [1]. The share of these different stages depends upon driver behaviour,
level of traffic congestion at traffic intersections etc. Further, the fuel consumption of
vehicles depends upon factors viz. type and category of vehicles, engine technology,
inspection and maintenance (I & M) practices etc along with the driving cycle of the city [2],
[3]. Large variations in traffic flows, increased queuing time and constricted road geometries
makes signalized road intersections as pollution hotspots [4], [5]. The delays at traffic
intersections result in idling fuel losses and corresponding emissions which deteriorate the
air quality of surrounding areas. A study carried out by Sharma et al. [6] estimated idling fuel
losses at 950 signalized traffic intersections in Delhi to be ~262,703 kL petrol, ~145,284 kL.
diesel, 248 kt CNG and 10,202 kL LPG per year. Further, if these losses converted
into monetary terms they estimated to be around 5.9 billion USD per year (1 US$ = 70
Indian Rs.).

The people working, commuting or spending time at these signalized traffic intersections
gets exposed to high level of air pollutants. Complexity in dispersion of air pollution at urban
intersection makes it difficult to manage air quality at these hotspots. Thus, to manage the air
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quality at these urban hotspots, it becomes more important to understand the extent of spread
and dispersion behaviour of pollutant at traffic intersections. The dispersion of air pollutants
at traffic intersections get influenced by various factors viz. intersection geometry, surface
roughness, wind speed and wind direction etc.. Vehicular pollution dispersion models have
been used to predict present and future air quality along the roads/highways. They have been
used and have helped in improving the understanding of the pollution dispersion at traffic
intersections. There are many line source models (AERMOD, CALINE4, and ADMS) which
have been used regularly to predict air quality along road/highway corridors modelling. In
the present study, Gaussian equation based CAL3QHC model have been used predict the air
quality at a selected traffic intersection. CAL3QHC is an exclusive traffic intersection/
hotspot model. The model has been used in various studies to predict air quality at traffic
intersections, however, very few studies have been carried out in India at traffic intersections
as well as using this model.

Thus, in the present study, authors have attempted an indicative exercise to estimate
emissions due to the idling of vehicles at a signalized intersection in Delhi city. Further,
spatial-temporal extent of the vehicular pollution (under mixed traffic conditions) at Lodhi
Road intersections has been assessed with help of Gaussian based CAL3QHC intersection
model.

2 METHODOLOGY

Delhi city has been experiencing exponential growth in the motorized vehicle population
from ~4.3 million in the year 2005 to nearly 10 million vehicles in 2016 [7]. Delhi registered
vehicles constitutes nearly 4.22% of the vehicular population of India [8]. Road transport is
the main mode of transportation in the city. There are ~950 signalized traffic intersections in
Delhi which could be divided into high (>0.2 million vehicles/day), medium (0.1-0.2 million
vehicles/day) and low (<0.1 million vehicles/day) traffic intersections according to their
traffic volume. The private mode of transportation viz., car, and two-wheelers constitutes
~85% of all traffic volume of Delhi city. Delhi has the highest traffic density, therefore
regular traffic congestion and delays at various traffic intersections are not unfamiliar in the
city. The selected signalized traffic intersection is located at Lodhi Road (28°35'28.06"N,
77°13'44.24"E) at an elevation of 707 feet (Fig. 1). Lodhi road intersection is a low capacity
intersection (<0.1 million vehicles/day) with an average daily traffic volume of ~92,000
vehicles. The Lodhi road intersection is located in a mix of government offices, schools,
colleges and residential complexes. However, the surroundings of selected site are relatively
greener, spacious and have planned development as compared to most of the Delhi city.

2.1 Estimation of idling fuel losses and corresponding emissions

The methodology for estimation of fuel loss and corresponding emissions at Lodhi Road
signalized intersection consists of two parts: (i) carrying out fuel consumption studies at
idling on various test vehicles (representatives of vehicles fleet plying on selected city/state).
These tests simulate and help in estimating the fuel consumed during idling of vehicles at
various signalized intersections; and (ii) converting the fuel losses as estimated in step (i)
into emissions by employing appropriate emission factors and various other input parameters
collected from primary surveys or secondary sources.

For the estimation of idling fuel consumption, different categories and vintage of (two-
wheelers, bike scooters, cars, etc.) petrol-powered and diesel-powered vehicles were tested
[6], [9]. The vehicles tested were broadly categorized in the following categories: (i) 2W—4S
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Figure 1: Average delay at Lodhi Road signalized traffic intersection.

(two wheelers—4 stroke-motorcycle); (ii) car—petrol; (iii) car—diesel; (iv) LCV (light
commercial vehicles)—diesel; and (v) bus—diesel, HCV (heavy commercial vehicles), 3W
(three wheelers)—auto, which form the fleet composition in Delhi.

The total number of vehicles idling at selected intersection due to delay has been estimated
by cumulative input—output flow polygon approach [10] are shown in Table 1. From Table
1, maximum idling traffic could be observed during evening hours (17.00-18.00 and 18.00—
19.00 hours).

Further, the maximum waiting time could be observed during morning and evening traffic
peak hours. During late night hours, traffic delay was observed to be less as compared to day
time hours due to low traffic count at intersection (Fig. 1).

Idling fuel consumption was estimated in terms of mass units (kg) then converted in terms
of equivalent energy units by applying the fuel specific net calorific values (NCV) for
emission estimations (TJ/t). Idling emissions (kg/hour) were estimated using IPCC [11], [12]
default pollutant-specific (CO,, CHy4, CO, N>O, NOx and NMVOC) emission factors (kg/TJ)
for each fuel type used [13]. The detailed methodology for estimation of idling fuel
consumption and corresponding emissions can be referred from [6].

2.2 CAL3QHC model description

CAL3QHC is a Gaussian based mathematical model to predict vehicular pollutants viz.,
Carbon monoxide (CO) or other inert pollutant from vehicular at traffic intersections.
CAL3QHC is a consolidation of the CALINE3 line source dispersion model and an algorithm
that estimates the length of the queues formed by idling vehicles at signalized intersections
[14]. The model predicts the air pollution concentrations from both moving and idling
vehicles. CAL3QHC requires all input parameters necessary to run CALINE4, on addition
to these input idling emission rates, number of moving lanes, approach traffic volume at each
link, idling emission factors signal cycle length, red time signal, clearance lost time,
Saturation flow rate, signal type, and arrival type etc. at the intersection is required. Table 2
presents the input parameters collected/estimated for air quality prediction by CAL3QHC
model at Lodhi Road intersection.
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Table 1: Hourly idling traffic at Lodhi Road signalized intersection.

Time Car | 2W-4S | Autorickshaw (3W) | Bus | LCV | HCV
7-8 274 136 94 24 18 0
89 394 203 148 21 13 1

9-10 555 338 234 42 17 0

10-11 628 367 255 31 14 0

11-12 654 369 325 25 32 1

12-13 602 299 255 23 22 1

13-14 596 304 246 22 22 2

14-15 612 311 275 14 20 0

15-16 642 373 298 15 23 1

16-17 664 358 269 17 24 0

17-18 758 365 260 23 20 1

18-19 756 366 256 21 12 0

19-20 671 394 262 12 27 0

20-21 564 291 205 18 16 1

21-22 455 238 149 11 14 0

22-23 338 109 73 10 12 4

23-24 171 50 49 5 9 3

24-1 99 29 39 0 6 4
1-2 61 16 21 1 4 3
2-3 30 16 10 0 3 3
34 27 10 12 0 5 3
4-5 31 13 28 1 5 5
5-6 84 29 39 9 5 7
6-7 135 53 54 14 6 1

Total 9800 5035 3855 357 348 42

% share 50.4 25.9 19.8 1.8 1.8 0.2

The CAL3QHC model has been used to predict CO concentration under prevailing traffic
and meteorological conditions during morning (10—11 am) and evening (6—7 pm) traffic peak
hours. The CO being the indicator pollutant for vehicular activities was chosen for the present
study.

2.3 Estimation of emission factors

In the present study, hourly emission factors were estimated for twelve links. Out of twelve
links, eight were free flow links and four were idling links. Following methodologies were
used to estimate the emission factors for both the cases.

2.3.1 Free flow traffic emission factors

The weighted emission factor used in free flow traffic conditions was estimated for the eight
links which have free flow conditions. Due to absence of vehicle speed based emission
factors, the weighted emission factor (WEF) were estimated on the basis of vehicle kilometre
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Table 2: Input parameters for CAL3QHC model.

S. no.

Parameters

Unit/value

Source

@

CO measurement (hourly)

mg/m? or pg/m?

Secondary [15]

Measurement of fuel consumption and free flow/idlin

emission factors

(i) Traffic volume Vehicles/hour Primary
(ii) Categorization of vehicles based on fuel
type (petrol, diesel, CNG, LPG) technology No. of vehicles Primary and secondary
type (2 strokes, 4 strokes)
(iii) ngri é);)oﬁle/vmtage of vehicle (fuel station Number or % Primary and secondary
(iv) Fuel consumption by different categories of Primary and secondary
vehicles during idling (petrol, diesel, CNG ml/10 min [9]
and LPG vehicles)
v Average hourly time delay at intersection .
v for eafh categ(})/ry of Vehic}ie Seconds (s) Primary
(vi) Net calorific value (NCV) TJ/10%*tonne Secondary [11], [12]
(vii) | Emission factor (EF) (idling) tonne/TJ Secondary [11], [12]
(viii) | Emission factor (EF) (free flow traffic) g/km Secondary [16]
Meteorological data
(i) Wind speed m/s Secondary [15]
(i) Stability class Pasqltlfl)l_—((}“i)lfford Secondary
(iv) Mixing height m Secondary [17]
) Background concentration ppm Primary
(vi) Multiple wind direction degree (°) Primary
(vii) | Wind direction degree (°) Secondary [15]
(viii) | Wind direction increment angle degree (°) Primary
(ix) Start angle degree (°) Primary
(x) End angle degree (°) Primary
Road geometry
(i) Road length meter (m) Primary
(ii) Link height meter (m) Primary
(iii) Mixing zone width meter (m) Primary
Queue parameters
(1) Average signal cycle length seconds (s) Estimated
(ii) Average red time length seconds (s) Estimated
(iii) Clearance lost time seconds (s) Estimated
@iv) Approach traffic volume Vehlcl(esp};le)r hour Primary
W) Idle emission factor gram/(\g/:illlcllre;-hour Primary
(vi) Saturation flow rate Vehzf]}fl/r}/l& 1rllre/;ane Estimated
Pre-timed/
(vii) | Signal type actuated/semi- Primary
actuated
Worst/below
(viii) | Arrival type a:géiie;i‘éf;z?/ Primary (observed)
best progressing
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travelled based (VKT) emission factors provided by CPCB [16]. The WEF is a function of
vehicle emission factor (vehicle category, type, fuel type, age profile, vintage etc.) and
vehicle activity (traffic volume). The equation for calculation of WEF is as follows:

WEF = [X(j) X (ky) N (j, ky). EF (i, j,ky)]/Total no. of vehicles, )

where:

e WEF is weighted emission factor (g/km);

e N (j, ky) is number of vehicles of a particular type j and age k in year y;

o EF(ijky) is emission factor for component i for the vehicle type j and age k in year y
(g/km);

e iis pollutant component (viz. CO);

e jis type of vehicle (i.e. 2W, 3W (auto rickshaw), cars, bus, truck etc.);

o kis age of the vehicle in year y.

2.3.2 Idling traffic emission factors

Idling emission factor for CO was estimated and expressed in terms of g/vehicle-hour. The
following equation has been used for estimation of-emissions during idling by various
categories of vehicles (i)

1V FCi D¢eT(yi NCV¢.EF (¢
E, = 2Vi0CGri) 1Ty, NV il , 106, @

where:

e E;=Total emission of pollutants type i (kg/h);

e Viay = Vehicle type j of vintage ky (no. of vehicles);

e FC s iy = Fuel consumption during idling by vehicle type j using fuel type f of vintage
ky (I/h);

e D= Density of fuel f(kg/l);

e T sy (s)= Time delay at traffic intersections by vehicle type j of fuel type f of vintage
ky;

e NCVy=Net calorific value for fuel type f(Tera-joule/tonne (TJ/kt));

e FEF 4 ;= Emission factor for fuel type fof pollutant type i (tonnes/Tera-joule (t/TJ)).

2.4 Meteorological parameters

The micro-meteorological data such as wind speed, wind direction was taken from the IMD
air quality monitoring station at Lodhi Road [15]. The hourly mixing height values were
obtained from the Indian Meteorological Department (IMD) [17]. The worst case wind angle
was considered in the present study with 0 degree as start wind angle and 360 as end angle
with 5 degree wind increment angle.

Tables 3 and 4 presents the link-wise input data collected/estimated for the prediction of
air quality at the selected traffic intersection. Table 3 presents the input used for free flow
traffic link and Table 4 presents the input required for the idling traffic/queue links.
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Table 3: Traffic input parameters for free flow traffic links in CAL3QHC model.

Link No. O;;:}igifle/iéSSISSIOn Wind speed (m/s) | Mixing height (m) Mi).(ing zone
10-11 am 6-7pm |[10-11am| 67 pm | 10-11 am | 67 pm width (m)
Link 1 1557 (2) | 1563 (1.9) 1.1 1.3 1110 1800 14
Link 3 | 2112(2) | 2130(1.9) 1.1 1.3 1110 1800 14
Link4 | 1729(2) 1738 (2) 1.1 1.3 1110 1800 14
Link 6 | 1307 (2) 1549 (2) 1.1 1.3 1110 1800 14
Link 7 | 1870(2) 1644 (2) 1.1 1.3 1110 1800 15
Link 8 | 1388 (2.1) 1817 (2) 1.1 1.3 1110 1800 15
Link 10| 1388 (2.1) 1603 (2) 1.1 1.3 1110 1800 15
Link 11| 1388 (2) | 1603 (1.9) 1.1 1.3 1110 1800 15

Table 4: Traffic input parameters for idling traffic/queue links in CAL3QHC model.

Link 2 Link 5 Link 9 Link12
Input parameters
10-11 | 67 | 1011 | 67 | 10-11 10-11 | 67
67 pm
am pm am pm am am pm
Average signal 281 290 | 281 290 281 290 281 290
cycle length (s)
Red time cycle (s) 105 107 105 107 105 107 105 107
Clearance lost time 3 3 3 3 3 3 3 3
()
Approach traffic 1201 | 1581 | 1386 | 1381 | 1186 | 1308 | 1373 | 1360
volume(v/hr)
Idling emission
factor (g/hrv) 24 2.3 3.4 3 3.1 4 3.6 4
Saturation flow 1800 | 1800 | 1800 | 1800 | 1800 | 1800 | 1800 | 1800
rate (v/hr/lane)

3 RESULTS AND DISCUSSIONS
3.1 Idling fuel loss and corresponding emissions

The fuel consumption during idling at Lodhi road intersection was estimated for different
type and categories of vehicles for 24-hour period. Petrol driven vehicles (especially, private
vehicles viz. cars and two-wheelers) are predominantly more in Delhi as compared to public
and commercial transport vehicles. Therefore, it was observed that among all fuel type, losses
of petrol was highest followed by CNG, diesel and LPG (Table 5).

The diurnal variation of idling emissions viz. NOx, CO, N2O, CH4, NMVOC, and CO; has
been shown in Fig. 2. Thus, there were idling emission losses to the tune of ~1300 kg of CO»,
13 kg of NOy, 90 kg of CO per day. Further, peak idling emissions could be observed during
morning and evening peak traffic hours. During night time to early morning hours, when
there is less idling traffic at intersection the estimated idling emissions were found to be
comparatively very low.
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Table 5: Idling fuel loss at Lodhi Road intersection.

Idling fuel loss | Quantity (per day)
Petrol 232.14L
Diesel 97.8L
CNG 169.8kg
LPG 10.27L
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Figure 2: Diurnal variation in idling emissions at Lodhi Road signalized traffic intersection.

3.2 Spatial-temporal extent of emissions at signalized intersection

The spatial extent of vehicular pollutant has been assessed with the help of the CAL3QHC
model [14]. Like every typical four arm signalized traffic intersection in India, each arm of
Lodhi road intersection has three traffic movements — free left, straight and right turn. Out of
these three movements, straight and right movement traffic has to idle at intersection
(Fig. 3). In the present study, the spatial temporal extent of pollutants has been observed for
morning and evening peak hours only.

The CO concentrations were estimated at pre-identified receptors locations at 2 m, 5 m
and 10 m from mixing zone width at its four arms and at centre (middle of intersection).
Worst case scenario (in terms of wind angle) selected for the present study and 60 minute
average concentration of CO was predicted. The background concentration (input in model)
was kept zero to observe only the vehicular emissions contribution to the surroundings.
During morning peak hour (10-11 am) the highest concentration was 343.5 ug/m?
(0.34 mg/m®) observed at 2 m away from mixing zone width, at distance of 10 m the
concentration was zero, indicating absence of contribution from vehicular emission. During
the evening peak hour (6—7 pm), the highest CO concentration was observed at centre of
intersection (1030.5 pg/m? or 1.03 mg/m?®) followed by 2 m (687 ng/m?), 10 m (572.5 pg/m?)
and 20 m (343.5 pg/m?) away from mixing zone width, thus indicating reduction in vehicular
pollution as the distance from the intersection (or zone of influence) increases (Fig. 4).
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During night time (e.g. 2-3 am), due to low traffic volume (~70 vehicles/link/hour), the
average signal cycle length (72 seconds) and red time signal (20 seconds) also get reduced
which results in smaller queue length and less idling, thus lower CO contribution from
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vehicles at intersection. Further, ~100 m away from intersection during any time of the day,
the vehicular pollutant influence was negligible. When compared to the average observed
CO concentration (~1.5 mg/m®) during evening hour (67 pm) from ambient air quality
station at Lodhi Road [15], the performance of the CAL3QHC model was found to be
satisfactory.

4 CONCLUSIONS

In the present study, idling fuel loss and corresponding emissions were estimated at Lodhi
Road intersection in Delhi (India) and an indicative exercise was carried out with the help of
CAL3QHC model to understand the spatial and temporal extent of CO dispersion at the
selected intersection. The Lodhi road intersection is low traffic capacity intersection with
traffic volume of ~92,000 vehicles/day; out of these ~19,000 vehicles idle on an average for
~200 seconds per hour in a day. Large number of petrol driven vehicles (cars, two-wheelers)
results in highest loss of petrol fuel followed by CNG (three-wheelers, buses), Diesel (LCV,
HCV) and LPG. The fuel loss results corresponding emissions, with highest being CO,
followed by NOx, CO, etc. The same exercise could be applied at any signalized intersection
to get the estimate of fuel loss and related emission throughout the city in order to find out
the enormity of the problem.

Apart from estimation of idling fuel losses and corresponding emissions the spatial and
temporal distribution of pollutants holds an important aspect in air quality management
studies at these intersections. The spatial and temporal dispersion of pollutants delineate the
zone of influence, which could help further in drafting the air quality and traffic management
plans. Further, it is necessary to understand the dispersion at intersections because of the
exposure level and impact on health of people (due to idling emission and resultants poor air
quality) who resides, work or pay short visit at intersections/hotspots due to variety of reasons
(viz. commuting, business activity, etc.). The CAL3QHC is Gaussian based intersection
model which has been used in the present study to predict the CO concentration. The high
concentration observed during the peak hours, (especially during evening peak hours), gives
clear indication of the magnitude of contribution of vehicles in deteriorating the air quality
in surrounding areas or its influence zone of a traffic intersection. However, the present study
is an indicative exercise to present spatial temporal extent of CO in an urban hotspot using
CAL3QHC model. The CAL3QHC model has been used in very few studies in India that too
under heterogeneous traffic conditions and owing to unavailability or lack of understanding
related to traffic and idling/queue link parameters requirement. Studies that are more
comprehensive need to be carried out in future for performance evaluation and validation of
CAL3QHC model for Indian traffic (heterogeneous or mixed traffic) and meteorological
conditions.
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ABSTRACT

The new National Emission Ceilings (NEC) Directive was transposed into Portuguese law in 2018
creating the obligation to comply with the established NEC for Portugal and to develop a National Air
Pollution Control Programme (NAPCP). An analysis of emission trends and projections, and potential
air quality and environmental impacts, was performed as a support to the NAPCP. Notwithstanding the
emissions reduction trend, NEC noncompliance cases are still foreseen for SOx, NMVOC and PMa.s
under a 2030 current level legislation scenario. In terms of air quality impacts, a likely compliance with
air quality objectives for health protection is expected for NO2 and PMz s, with an increase of Os levels.
Based on the obtained results, it is possible to identify the need for further emission reduction measures
and for the air quality simulation of other scenarios.

Keywords: NEC directive, emission projections, air quality impacts, modelling.

1 INTRODUCTION

The latest report by the European Environment Agency raises awareness for the high
population in Europe still exposed to dangerous levels of atmospheric pollution that can lead
to premature mortalities. Beyond the impact on human health, air pollutants also have adverse
effects on the environment, namely causing crop losses and acidification of soils and surface
waters [1]. To ensure the reduction of these negative impacts, the revised directive on
National Emissions Ceilings (NEC), published in 2016, sets stricter targets, expressed as a
percentage reduction of 2005 emissions, for the air pollutants included in the previous
regulation (SO,, NOx, NMVOC and NH3), and an additional ceiling for PM, s [2]. The new
reduction commitments for 2030 are designed to implement the reduction of air quality
impacts by 2030 established in the Communication on a Clean Air Programme for Europe
[3]. Compliance with these commitments is also expected to contribute to the European
Union’s long-term objective of achieving levels of air quality in line with the guidelines of
the World Health Organization. Full compliance with European air quality standards can be
achieved in the short to medium term by focusing on the implementation of existing policy
plus Member State action, and thus substantially tighter emission reduction commitments
are needed.

The NEC Directive fine tunes the provisions and requires each Member State to draw-up,
adopt and to regularly update a national air pollution control programme (NAPCP), taking
into account the wider air quality challenges of the Member State with a view to ensuring
that the 2020, 2025 and potentially also the 2030 NECs are met in time, contributing
effectively to the achievement of the European air quality objectives and without significantly
impacting air quality in neighbouring Member States.

The background information and the policies and measures selected for implementation,
to be included in the NAPCP, shall not only be determined through the evaluation of the

WIT Transactions on Ecology and the Environment, Vol 236, © 2019 WIT Press
www.witpress.com, ISSN 1743-3541 (on-line)
doi:10.2495/AIR190241




248 Air Pollution XXVII

extent of the emission reductions to be achieved, but also on the obligation to prevent or
reduce the transboundary air pollution impact, to contribute to the achievement of European
air quality objectives and to ensure coherence with any other relevant national plans or
programmes. To this effect, Member States should take into account the need to reduce
emissions in zones and agglomerations affected by excessive air pollutant concentrations
and/or in those that contribute significantly to air pollution in other zones and agglomerations.
NAPCPs should, therefore, contribute to the successful implementation of air quality plans
enacted under the European Air Quality Directive.

Portugal is still facing atmospheric pollution problems, especially in urban areas, and had
to develop and implement air quality plans to further reduce emissions aiming to improve air
quality [4]-[7]. In this sense, it is important to assess and control national emissions,
considering their spatial variability, in an integrated way, with the future perspective, to
comply with the new NEC Directive commitments and, at the same time, fulfil the air quality
objectives/standards.

To support the NAPCP development for Portugal, an analysis of emission trends and
projections, and an evaluation of impacts on air quality and on the environment should be
performed. In this context, this work aims to present the outcomes of the ongoing project
FUTURAR - Air quality in Portugal in 2030 - a policy support
(http://futurar.web.ua.pt/en/project), in what concerns the:

1. Analysis of the national emission projections submitted under the Convention on Long-
range Transboundary Air Pollution (LRTAP), against the NEC established
for Portugal;

2. Assessment of the impacts on air quality and ecosystems of these projections;

3. Evaluation of potential NEC and EU air quality targets compliance, and identification of
possible non-compliant areas in the country.

2 METHODOLOGY
This study focuses on the evaluation of emission projections and their impacts on air quality
and environment under the NEC Directive. Firstly, an analysis of emission trends and latest
submitted projections for 2020, 2025 and 2030 was carried out aiming to verify the
compliance of NEC considering the current legislation until 2030 (CLE scenario, without
additional measures). Then, an estimation of air quality impacts and an evaluation of the
legislation fulfilment were performed.

The Air Quality Directive defines annual limit values of 40 and 25 pg.m? for NO; and
PM, s concentrations respectively, and establishes a maximum daily 8-hour mean of 120
ug.m for Os, that could not be exceeded in more than 25 days per year. To evaluate the air
pollution impacts and identify potential areas of non-compliance of the air quality targets
defined in the EU Air Quality Directive (2008/50/EC), the air quality modelling system
WRF-CAMx was applied over Portugal with a spatial resolution of 0.05°, driven by a coarser
domain over Europe at 0.25° by a two-way nesting approach.

The air quality modelling system includes the Weather Research & Forecasting (WRF)
(Version 3.7.1) model [8], and the Comprehensive Air Quality Model with Extensions
(CAMX) (Version 6.4) [9]. Two simulations were performed: base case (as reference) and
future scenario. The reference scenario considered the latest gridded emissions available
(EMEP 2015) [10], disaggregated by sector and pollutant, for the simulation domain
resolution of 0.05°. For the future scenario, the 2030 national projections were disaggregated
assuming the same spatial distribution of emissions by activity sector and pollutant. All other
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input data (meteorology, initial and boundary conditions of the European domain) were kept
the same in both simulations.

To assess the impacts of air pollutants on vegetation and natural ecosystems, the Air
Quality Directive defines critical levels (for SO, and NOx) and the Accumulated Ozone
exposure over a Threshold of 40 ppb (= 80 pg.m>) (AOT40). The long-term critical level for
SO; is 20 pg.m™ as an annual mean and this value is applied during the winter period (from
1 October to 31 March). While for the NOx, the annual air quality guideline is
30 pg.m>. Regarding the AOT40, this parameter is the sum of the difference between hourly
concentrations greater than 80 ug.m during the summer period (May to July) using only the
one-hour values between 8§ am and 8 pm of each day. This indicator is designed for
the protection of crops and forests and the target value is 18 000 ((ug.m>).h).

In this work, the critical levels and AOT40 were estimated for the outputs from the air
quality modelling system and using the Portuguese land use dataset at high spatial resolution
[11], to provide the air pollution risks only on the grid cells with more than 50% of vegetation.

3 EMISSION TRENDS AND PROJECTIONS

Under the United Nations Economic Commission for Europe (UNECE) Convention on
Long-Range Transboundary Air Pollution of 1979 (CLRTAP) and related Protocols, Member
States report annual emission inventory information from 1990 until the current year minus
2 years. Ferreira et al. [12] analysed the evolution of the Portuguese national emissions and
the compliance of old NEC Directive in 2010. The emission inventories reported to the EC
show that emissions in Portugal presented a consistent decreasing trend for all pollutants until
2014, and slight decreases and increases from 2015 onwards. The 2010 targets were achieved
with measures implemented at the time, which allowed Portugal to even surpass the
defined goals.

As an additional requirement, emission projections for SO,, NOx, NH3;, NMVOCs, PM
and, if available, black carbon (BC) must be reported. The projections shall cover the years
2020, 2025, 2030 and, where available, 2040 and 2050. Projected emissions are used to assess
whether or not Member States are on track towards meeting their reduction commitments for
2020 and 2030 [13].

Considering that NEC targets are based on emission reduction percentages of the 2005
emissions and based on the latest projections reported by Portugal, Fig. 1 presents the national
emissions for 2005 and 2015 (considered as the reference year for the present study) and the
Portuguese projections for 2030, by activity sector.

Comparing 2005 and 2015 emissions, it can be concluded that Portugal is performing well
in reducing its atmospheric emissions. However, efforts are still required to further reduce
the 2015 levels. The analysis of emission projections indicates that national commitments
based on current legislation are not enough to achieve NEC in 2030 and additional measures
are needed, namely, to control SOx, NMVOC and PM, s emissions. Moreover, actions are
mainly required for the industrial sector as the main contributor to the referred pollutants.

4 AIR QUALITY AND ENVIRONMENTAL IMPACTS
4.1 Air quality impacts

The outputs of the WRF-CAMx system for 2015 and 2030 were processed to get annual
averages and differences between the reference and the future scenario over the study region
as represented in Fig. 2.
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Figure 1: National emissions (in kton) by SNAP activity sector for 2005 and 2015
(reported in 2017) and emission projections reported in 2017 for CLE scenario
by the Portuguese Environment Agency.

According to the air quality results, a decrease of NO, annual average concentrations is
expected for 2030 mainly in the urban areas of Porto and Lisbon, with a maximum decrease
of 15 ug.m?3. Regarding PM, s, the model simulates increases and decreases for the annual
average. A maximum decrease of 10 pg.m was obtained and increases up to 15 ug.m were
achieved in particular areas, where large industrial point sources are located. For O, the
results indicate averaged increases of 5 to 20 pg.m™.

To evaluate the potential compliance of the air quality objectives in 2030 based on the
national emission projections, the legislated parameters were computed for the future
scenario air quality results: NO, and PM, s annual average concentrations and the number of
exceedances of the O3 target value. The maps presented in Fig. 3 exhibit the likely, uncertain
and unlikely compliance of the objectives based on the targets set by the Air
Quality Directive.

Compared to a reference scenario based on 2015 emissions spatial distribution in Portugal,
the impacts of CLE projections for 2030 considering the same share in the spatial distribution
of emissions by pollutant and sector reveal a likely compliance of air quality objectives for
NO: and PM; 5 objectives in the whole country — Continental Portugal. For Os, the estimated
impact indicates a higher area with non-compliance in 2030. This can be justified by the fact
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CAMXx for reference and the future scenario, for NO,, Oz and PM; 5 pollutants.
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Figure 3:  Compliance of air quality objectives based on Portuguese emission projections
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that projected emissions estimate a decrease of NOx emissions and an increase on NMVOC
emissions, which is particularly reflected in rural areas. A further investigation on the NOx/
VOC ratio regimes is required to better understand the obtained results.

4.2 Environmental impacts

The vegetation and ecosystem potential impacts of emission projections for 2030 were
estimated by the calculation of critical levels (for SO, and NOx) and AOT40. Figs. 4 and 5
display the AOT40 and SO, and NOx obtained results, respectively, for crop and forest areas
in the country according to the Portuguese land use database.

Reference 2030 scenario

(’) 6000 12000 18000 27000 (; 6000 12000 18000 27000
AOT40 [(ug.m *).h] AOT40 [(ug.m *).h]

Figure 4:  AOT40 levels in crop and forested areas obtained for the reference case and 2030

scenario based on O3 modelled concentrations.
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Figure 5:  Critical levels for SO, and NOx obtained for the reference and the future
scenarios based on modelled concentrations.

AOT40 ozone values are below the limit value, and with similar patterns and levels, for
both reference and future scenarios, indicating a likely compliance of the legislation (Fig. 4).
Concerning the estimated SO, critical levels, both for winter and entire year, values are below
the legal target for the reference case, and even a slight decrease is expected in the future,
especially in the south of the country. For NOx, critical levels calculated for reference and
future scenarios reveal an uncertain compliance of the target value in the agricultural area
northeast of Lisbon, along the Tagus river basin.

5 FINAL REMARKS
In this work an analysis of atmospheric emission trends and projections was performed in the
scope of the National Emission Ceilings Directive that should be accomplished from 2030
onwards, aiming to achieve the established ceilings in 2030. Moreover, as a support to the
development of the National Air Pollution Control Program (NAPCP), required by the NEC
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Directive, the WRF-CAMX air quality modelling system was used to evaluate the impacts of
emission projections on air quality and environment.

The emission projections considering the current legislation until 2030 reveal that
additional measures for further emission reductions are required to attain the NEC targets
established for Portugal. Notwithstanding, in terms of air quality impacts, a likely compliance
with air quality objectives for health protection is expected for NO, and PM,s. However, a
degradation of air quality regarding O; is potentially foreseen. Regarding impacts on
vegetation and ecosystems, there are no special concerns, except for NOx critical levels,
although modelling results show a tendency of reducing risk in the future.

It must be highlighted that, in this study, land use change was not considered for the 2030
simulation nor the climate forcing, since the objective was to evaluate the impacts of
future emissions.

Future work will include the design and assessment of the most efficient emission
reduction measures to comply with the NEC and minimize impacts on air quality,
environment and health.
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ABSTRACT

Particulate matter concentrations are still exceeding the European air quality limit values, mainly in the
urban areas where a large part of the population lives. Despite the implementation of several policies
and measures to reduce the atmospheric emissions from road transport, this activity still has high
influence in the air quality of the European cities. The main purpose of this study was to assess the
potential of urban mobility strategies to reduce the particulate matter concentrations over the main
avenue of Moscavide (a parish within the municipality of Loures, very close to the city of Lisbon,
Portugal). The proposed strategies were evaluated by applying an air quality modelling system with a
high spatial resolution. The results showed a slight air quality improvement (up to 0.9 ug.m) for the
tested scenarios. However, complementary studies are still necessary to provide a better understanding
of the most efficient urban mobility strategies to be applied over the study area.

Keywords: PMo, road transport, urban mobility strategies, air quality modelling.

1 INTRODUCTION
Despite the efforts on reducing particulate matter (PM) atmospheric emissions, the European
population lives in urban areas where particles levels with an aerodynamic equivalent
diameter less than or equal to 10 pm (PM;o) exceed quite often the air quality limit values,
[1] with severe implications for human health [2].

Road transport is one of Europe’s main sources of PMo [1]. To reduce the atmospheric
emissions from this sector, in the last decades, several policies and measures have been
implemented such as: (i) definition of European emission standards (e.g. Euro 5 and Euro 6);
(il) modifications in the fuel specifications (e.g. reduction of sulphur content);
(iii) development of alternative fuels (e.g. compressed natural gas (CNG)) and devices for
treatment of exhaust gases (e.g. diesel particulate filter) [3]; (iv) encouraging a shift among
transport modes; (v) land use planning to ensure sustainable transport facilities; and (vi)
improving public transport and procurement [1].

The ongoing REMEDIO project (regenerating mixed-use Mediterranean (MED) urban
communities congested by traffic through Innovative low carbon mobility solutions, part of
Interreg MED Program and co-funded by European Regional Development Fund (ERDF))
aims to strength the capacity of cities to use low carbon transport systems and include them
in their mobility plans by testing existing mobility solutions, through an assessment tool and
participatory governance schemes that result in an operational path replicable by other MED
urban areas with different city sizes. This work is part of this project and aims to evaluate the
potential of urban mobility strategies to reduce PM,o levels over the main avenue of
Moscavide located in Loures municipality (close to Lisbon, Portugal). The baseline case and
proposed strategies were evaluated using an air quality modelling system with high temporal
and spatial resolution. In addition, data collected in field campaigns conducted for an autumn
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period, covering traffic counts and air quality monitoring, were used to estimate road
transport emissions and to select the simulation period, respectively.

The paper is organised as follow: in Section 2, the air quality modelling setup and
configuration are described in detail. Section 3 and Section 4 focus in the simulation episode
selection and urban mobility strategies results, respectively. Finally, in Section 5, the main
conclusions are presented.

2 AIR QUALITY MODELLING SETUP AND CONFIGURATION

To evaluate the potential of mobility scenarios to improve the air quality in the main avenue
of Moscavide, an adequate model able to simulate atmospheric concentrations at street level
was selected. The Computational Fluid Dynamic (CFD) model VADIS [4], [5] developed at
the University of Aveiro is suitable for the present case study. This model is composed by
the FLOW and DISPER modules. The FLOW calculates the wind, pressure, turbulence
kinetic energy, turbulent viscosity and temperature three-dimensional (3D) while the
DISPER computes the 3D air pollution concentrations using the wind field estimated by
the FLOW. The main input data of the VADIS model are the local meteorological conditions
(wind speed, wind direction and temperature), road transport emissions and buildings
volumetry (buildings coordinates and height).

The VADIS was applied over the main avenue of Moscavide with a domain of
536x536x70 (lengthxwidthxheight) and a grid resolution of 3x3x3 m3. The study case
consists in one narrow way road of about 400 meters surrounded by buildings with less than
14 meters of height and, consequently, has unfavourable air pollution dispersion conditions.
Fig. 1 shows the buildings and road segments (1-5) over the study area.

" |Moscavide

Lisbon

0 10 km ’ 0 50m
L1 L1

Figure 1:  Application area of urban mobility strategies with the buildings and road
segments considered.

The meteorological parameters can be obtained either from measurements at a
meteorological station or from a meteorological model. For this work the Advanced Research
Weather Research and Forecasting model (WRF-ARW) (v.3.7.1) [6] was considered. This
model has been extensively used in Portugal and worldwide [7]-[9]. It provides
meteorological fields for the region of interest by applying a nesting approach, from global
to regional scales, covering the study area. In this work, it was applied with the following
nested domains: domain 1 (D1) with a spatial resolution of 125 km, covering the Europe and
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part of North Africa; D2 with a spatial resolution of 25 km, comprising Iberian peninsula;
and D3 with a spatial resolution of 5 km, covering the Portuguese region. The global
meteorological fields from the National Center for Environmental Prediction, with 1x1°
(= 10x10 km?) of horizontal resolution and 6 hours of temporal resolution, were used to
provide initial and boundary conditions for the coarse meteorological domain (D1). The
model physical configuration was defined according to previous WRF model simulations
over the Portuguese region [10], [11].

The Transport Emission Model for line sources (TREM) [12] was used to estimate road
transport emissions for the baseline case and urban mobility strategies. Road traffic counts
were used to obtain the traffic flow for the study area. The vehicle fleet composition (vehicle
categories and classes) was defined using statistical data from Statistical National Institute
(INE) and the Portuguese Automobile Trade Association (ACAP) [13], [14]. For the urban
mobility strategies, four scenarios were created and tested over the study area.
Scenario 1: vehicles below the Euro 3 emission standard were replaced by newer cars (Euro
4, 5 and 6); Scenario 2: diesel used by the buses was replaced by compressed natural gas
(CNG); Scenario 3: maximum vehicle speed limited was increased to 35 km.h™'; and Scenario
4: the road traffic was closed in the road segment 5 (Fig. 1). It should be noted that the road
traffic flow was kept the same in all tested scenarios, except for the Scenario 4 where the
road segment 5 was closed (without traffic flow). The scenarios of this work have been tested
and implemented worldwide, showing for that, their applicability and economic
sustainability over the case study [12], [15].

The buildings 3D coordinates input data were provided by the OpenStreetMap dataset
[16] and the buildings’ shapes were defined according to proximity and geometry criteria
(building in 2D are represented in Fig. 1). The building heights were estimated based on
number of floors and considering 2.8 meters per floor.

3 SIMULATION EPISODE SELECTION
During November 2016, air quality monitoring and traffic count campaigns over the case
study area were conducted. With the main purpose of selecting the hourly episode for the air
quality modelling application, the daily profile for the measured PM;, levels and traffic flow
in the area of interest were analysed (see Fig. 2). The wind speed and wind direction from
WRF-ARW cells, located over the modelling domain, for the experimental campaigns were
also analysed (Fig. 2).
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Figure 2:  (a) Hourly values of PM;y concentrations and traffic flow in the case study;
(b) Hourly wind fields at the inlet boundaries of the air quality modelling system.
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During the experimental campaign, the PM, levels showed variations consistent with
changes in road traffic flow. Three air pollution peaks in the morning (at 9 am), at midday
(1 pm) and evening rush hours (at 7 pm) were registered. The highest PM;o concentrations
(51 pg.m) were recorded at 7 pm when the wind blew from north and wind speed was about
1.4 m.s"!. The identification of emission sources of the study area shows that soil, road
transport exhaust emissions, non-exhaust emissions, sea salt and fuel-oil contribute to about
36.3,9.9,24.8, 17.2 and 11.9% of the measured PM concentrations during the experimental
campaign, respectively [17]. Values between 10 and 25 pg.m™ were obtained for the off-peak
period (0 am—8 am) and the registered PM; levels were lower than the European limit value
(daily limit value is 50 pg.m™). Regarding the meteorological parameters, the wind speed
ranged between 0.5 (at 5 am) and 1.8 m.s™! (at 4 pm). The wind blew from southeast during
late morning (10 am and 11 am) and for the remaining hours, the wind direction was mainly
from the north.

According to the analysed air pollution levels, traffic flow and meteorological parameters,
the hour of 7 pm was selected for the air quality modelling application over the study area.
In this sense, the evening rush hour (i.e. 7 pm) was selected for simulation, and thus, in the
next sections, the simulated road transport emissions and air pollution levels correspond to
the referred period. This analysis is quite important since that is the period when people are
most exposed to air pollution, while they are driving, walking on the street or at home.

4 URBAN MOBILITY STRATEGIES

The urban mobility strategies were investigated considering as reference the baseline
scenario (current situation). Two different approaches were used to provide this analysis:
(1) road transport emissions by road segments to quantify the impact of measures in terms of
PMo emissions; (ii) mapping of the hourly PM;, levels differences between baseline and
mitigation scenarios to understand the spatial variability of the air pollution concentrations.

Fig. 3 shows the road transport emissions by road segment (1-5), for the baseline
case (Base case) and urban mobility scenarios (Scenario 1, 2, 3 and 4) for the study episode

(7 pm).

HE Basc case
I Scenario 1

51 1 [ Scenario 2
[ Scenario 3
I Scenario 4

Road segments

0.0 0.5 1.0 1.5 2.0 2.5
PM10 emissions (g.h™")

Figure 3:  PMjo emissions (g.h!), by road segment, for the baseline case and tested
scenarios on evening rush hour (7 pm).
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For the baseline case, the PMj( emissions vary in a range of 1.1 to 2.1 g.h”!. Maximum
values are obtained for the road segment located further north of the study area
(road segment 5). The emissions of the remaining roads represent 50-80% of the total
emissions of the main road. Analysing the emissions associated to each urban mobility
strategy, the highest impacts are obtained for Scenarios 1 and 4 with a total reduction of about
4.1 (57%) and 2.0 g.h'' (28%), respectively. The replacement of the fuel used by buses
(Scenario 2) and the increase of the maximum vehicle speed limits (Scenario 3) allow a total
reduction of less than 0.5 g.h'! (6.4%). However, these results only allow to quantify the
atmospheric emission impacts of the tested Scenarios. Concerning the air quality impacts,
Fig. 4 presents the expected PMjo levels reduction (in pg.m?) during the study
episode (7 pm).

| Scenario 1 ~ | Scenario 2

PM10 reduction (ug.m %) PM10 reduction (ug.m *)

Figure 4:  Air pollution reduction of PMjo levels based on the difference between each
scenario and the baseline case.
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It can be observed that the implementation of Scenarios 1 and 2 reduce the PMio
concentrations up to 0.9 pug.m™ over the study area. The highest air pollution decrease is
recorded when the road segment 5 is closed. However, Scenario 1 reveals a larger reduction
area with air quality improvements over the entire simulation domain (up to 0.5 pug.m™). For
the remaining tested Scenarios, the replacement of the buses fuel (Scenario 2) and the
increase of the maximum vehicle speed limit (Scenario 3) a slight decrease of PMjg
concentrations is verified (less than 0.1 pg.m).

5 CONCLUSIONS

The main goal of this work was to evaluate the potential of urban mobility strategies to reduce
the PM o levels on a narrow street of an urban area. The proposed strategies were evaluated
by the application of the CFD model VADIS, with high spatial and temporal resolution to
different scenarios. The TREM was used to estimate road transport emissions for the baseline
case, based on traffic counts performed in the study area, and for the proposed scenarios. Air
quality monitoring and traffic count campaigns for an autumn period shown that the highest
PM concentrations are recorded on evening rush hours (at 7 pm) when the wind blows from
north and the wind speed is about 1.4 m.s™. The tested urban mobility strategies showed that
the highest reductions of PMjy concentrations are obtained when the Euro 3 vehicles are
banned and the road segment with the largest traffic flow is closed. However, complementary
studies considering different scenarios and the influence of the non-exhaust emission from
the road traffic (this source represents about 25% of the measured PM o concentrations in the
study area) is needed to provide a better understanding of the most efficient urban mobility
strategies.
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ABSTRACT

Waste-to-Energy (WtE) processes respond both to the emerging need for reducing the flow of waste
into the environment and, at the same time, to the increasing demand for energy. Despite, these evident
advantages, WtE plants still present some critical issues regarding the emissions of heavy metals into
the atmosphere, which are regulated by the environmental legislations but, concerning the European
Union, are regarded as groups of metals with no consideration of the different carcinogenic potential of
each metal. In addition, there are uncertainties on the estimation of the balance of carbon dioxide, which
depends on several factors like transportation, type of incoming waste, processes in use and secondary
emissions. Despite great improvements in air pollution control from this sector, persistent organic
pollutants are still emitted by WtE plants. Therefore, the implementation of adequate environmental
monitoring (EM) plans is essential to monitor the impact of WtE plants in their surroundings, especially
in the presence of the population, fields and pastures. In view of these considerations, this paper aims
to provide guidance on basic and novel approaches that are necessary for a comprehensive monitoring
of the impacts of a new WtE plant in terms of air quality and public health. A case study regarding the
EM plan proposed for a new WtE plant will also be reported as an example.

Keywords: ambient air, soil, deposition, sediments, dioxin, heavy metals, gasification, waste
management.

1 INTRODUCTION

The increasing demand for energy that has taken place since the last century, combined with
the increasing need for reducing the flow of waste into the environment, resulted in the great
opportunity of producing energy from waste and in the development of the so-called
waste-to-energy (WtE) sector [1]. The contribution of this sector towards the achievement of
the United Nations’ Sustainable Development Goals number seven (Affordable and Clean
Energy) and eleven (Sustainable Cities and Community) has already been recognised by the
scientific literature in this field [2], [3].

Generally, WtE processes include the direct or indirect combustion of waste or
refuse-derived fuel (RDF), which is produced by aerobic treatments of the residual fraction
of municipal solid waste (MSW). Being thermal processes, both methods lead to the
generation of thermal energy from the combustion of a fuel. The latter can be directly
the RDF in the case of direct WtE plants (e.g.: incinerators) or the gas generated by the
thermal treatment of waste/RDF, i.e. the syngas [4], [5]. In this last case, WtE plants are
commonly regarded as indirect processes and include different gasification treatments,
pyrolysis and combinations of these treatments [6]-[8].

MSW incinerators are the first example of WtE technologies [9]. Historically, MSW
incinerators were depicted as a threat for human health, especially for their contribution in
terms of dioxin in the atmosphere. In the last decades, the WtE sector has undergone rapid
changes in the air pollution control lines to limit the emissions of dioxin, heavy metals,
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particulate matter (PM) in general, nitrogen (NOy) and sulphur (SOy) oxides [10]. Besides
the use of renewable sources, WtE was recently recognised as one of the cleanest approaches
for energy production, thanks to the improvements made in terms of air pollution control
[11]. Nowadays, modern WtE plants may include electrostatic precipitators and bag-house
filters (for PM removal), multi-stage scrubbing (to remove acids and SOy, with the optional
addition of activated carbon to remove dioxin, hydrocarbons in general and metals), selective
or non-selective catalytic reduction (for NOy removal) and, recently, selective catalytic
oxidation (for dioxin removal) [10]. Further improvements are expected by the WtE sector
from the general point of view of sustainability, especially concerning the minimisation of
the solid residues (e.g., bottom ashes) and the recovery of chemicals [12]-[16]. These
expected improvements will allow the WtE sector to comply with a vision of circular
economy. Specifically, the literature recently highlighted the positive role of indirect
combustion and bottom ash vitrification in a circular economy perspective [17].

However, some potential criticalities still exist, especially concerning the role of heavy
metals [18]. In addition, as large combustion installations that partly burn non-biogenic
fractions of waste, WtE plants generate net positive emissions of carbon dioxide (CO,) into
the atmosphere, with direct impacts on the climate. Non-biogenic CO, contributions also
derive from the use of other fossil fuels to ignite the waste and to carry out the vitrification
process of the bottom ashes, as an option to landfilling. Methane (CH4) and coke are usually
adopted for those purposes, respectively. Indirect CO, net emissions that must be considered
to complete the CO, balance derive from the transportation (positive contribution to the net
CO; generation) of waste and from the avoided emissions related to both energy recovery
strategies and the choice of performing the co-generation of thermal and electric energy
(negative CO, contribution). The net CO, generation is normally calculated as an estimate
based on standard emission factors regarding positive contributions (auxiliary fuel
combustion and waste transportation) and the negative contributions (extra thermal energy,
obtained by energy recovery strategies, and electric energy production from a reference mix
of fuels, which may be compensated by electric energy production by a steam turbine in the
plant). The CO, generated by waste oxidation can be estimated by the carbon content of
the input waste, which requires periodical characterisation. Thus, the amount of CO,
generated by a WtE plant strongly depends on the input waste, whose composition may not
be constant over time. Therefore, the estimation of CO, emissions through emission factors
is subject to a high degree of approximation. A continuous monitoring system for CO,
concentration at the stack level would reduce the degree of uncertainty and avoid performing
chemical characterisation of the input waste.

In the European Union, the emissions from WtE plants in the atmosphere are regulated by
the European Directive 2010/75/EU [19]. The authorisation processes of a WtE plant is
regulated by the European Directive 2014/52/EU [20] that reviewed the Directive
2011/92/EU [21] in several aspects: ‘purely’ procedural requirements, screening, quality and
monitoring [22]. Directives (Art. 1 of 16) shall apply to the assessment of the environmental
effects of those public and private projects which are likely to have significant effects on the
environment. This Directive describes the procedure to evaluate the Environmental Impact
Assessment (EIA) of a single project to ensure an integrated pollution prevention and control
on the environmental matrices (e.g. soil, water, air, ecosystems). A specific section of the
EIA Directive describes the EM plan with the aim to conducting cumulative exposure and
risk assessment pre- and post-intervention [23].

An EM plan should monitor the area potentially influenced by the plant and the expected
impacts as more completely as possible. All the environmental comparts that could be
influenced by the activities of the plant should be correctly identified, as well as the pollutants
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monitored. To create a reference base to compare the situation when the plant is in operation,
it is important to evaluate the pollution level before its construction. If critical impacts cannot
be excluded during the plant construction, a monitoring activity should be planned during
this phase too.

In the light of the importance of correct EM plans for the WtE sector, the present paper is
intended to provide guidance on the basic approaches that are necessary to monitor the
impacts of a new WtE plant in terms of air quality. In addition, this work presents other new
and unconventional strategies that would allow for a comprehensive monitoring of a WtE
plant from the point of view of its impacts on air quality and on the exposure to air pollutants.
Such new approach responds to the need for overcoming the uncertainties that characterise
this sector in terms of (1) the emissions of heavy metals and persistent organic pollutants
(POPs), (2) the role of secondary emissions and (3) its carbon footprint. These aspects are
here discussed also by considering the case study of the EM plan proposed for a
new WtE plant.

2 BASE APPROACH

Hereby we refer to the case study of a project for a new WtE plant located near the border
between the provinces of Trento and Bolzano (North Italy). The project consists in a thermal
treatment of industrial waste finalized to produce energy (electricity and heat), through the
technology of indirect combustion, with final vitrification of the ashes. Input of the new plant
consists in RDF (European Waste Catalogue — EWC — code 19 12 10) and in sorting
non-hazardous residues (EWC code 19 12 12) for a total amount of 95,000 t/year. Estimated
net production of electric energy is 100 GWh/year, with a maximum thermal power of
69 MW. The main stack of the WtE plant is designed 45 m high, with an internal diameter of
1.8 m. The scheme of the new plant consists in the main following parts: heating furnace,
gasifying reactor, temperature monitoring and product analysis. Moreover the thermal line is
completed by the presence of a heating recovery system, dry off-gas purification line with
catalytic removal of nitrogen oxides and spent reagent storage systems, turbo generator
with nominal capacity of 17 MW and connected vapour cycle system. The outgoing airflow
rate from the primary stack is 107,000 Nm®/h.

The EM plan proposed for the case study presented above is partly based on a
conventional monitoring scheme that considers classical environmental matrices for air
contaminants: exhaust gas, ambient air and soil. Noise pollution and other environmental
matrices like superficial water basins and groundwater are considered by the plan but are not
reported in this paper. According to the EM plan, ambient air concentrations and soil
concentrations should be measured before, during and after the construction of the plant. One
critical aspect, which may influence the significance of the monitoring activity, is the location
of the sampling points. The most appropriate strategy consists in locating the sampling points
where the highest impacts are expected. The choice of the sampling points can then be made
on the basis of the results of the dispersion modelling that is part of the environmental impact
assessment procedure. In addition to the expected hotspots, especially in the case of soil
concentrations, sensitive areas could be selected, such as kindergarten, schools and parks,
where children might be exposed to the contaminants by accidental soil ingestion. Regarding
the contaminants to monitor, concerning ambient air concentrations, heavy metals and, in
general, PM10 are the air pollutants considered by the EM plan of the case study presented
here. The choice of these air contaminants to monitor is related to the results of the dispersion
modelling and to the health impact assessment, which highlighted that the role of dioxin is
negligible with respect to that of heavy metals. The monitoring of soil concentrations
concerned a larger variety of pollutants (heavy metals, aromatics, phenols, chlorinated
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compounds, polycyclic aromatic hydrocarbons, plant protection products, dioxin and
other chemicals) according to the legislation on the concentration limit values of pollutants
in soils [24].

3 ADVANCED APPROACH

In addition to the classical monitoring approach involving stack emissions, pollutant
concentrations in ambient air and soil and noise, other techniques are very useful to
characterise the impacts of a new installation and, specifically, a new WtE. Such techniques
are not routinely included in EM plans, but their potential in deepening the understanding of
how the environment is influenced by the plant is worth consideration for future
environmental impact assessment procedures. Some methodologies would provide additional
information to measure the footprint of a WtE plant in the surroundings. Other methodologies
would overcome issues related to the WtE sector that have been recently pointed out [15].

The contribution of a WtE plant in terms of air pollutants could be evaluated by two
unconventional methodologies that have been developed in the last five years. Specifically,
two methods are particularly appropriate to monitor the influence of a plant in terms of
persistent organic pollutants (POPs). The first method consists in the characterisation of the
sediments of a pond, possibly located downwind and within a few kilometres from the plant.
By knowing the sedimentation rate of the pond and by collecting a sediment core, it is
possible to characterise and quantify the POPs that have deposited as sediments to the bottom
of the pond over the years. This method allows reconstructing the history of pollutant
contributions in the area and, through the analysis of the fingerprints of chlorinated
compounds like dioxin and through the so-called “diagnostic ratios” between different
polycyclic aromatic hydrocarbons, the identification of the dominant source(s) of POPs in
the area is made possible [25]. Indeed, every source emitting dioxin is characterised by a
specific profile of the different congeners in the exhaust off-gas of a combustion plant [26].
In spite of large approximations that must be considered on the fate of POPs in the
atmosphere and on their partition between gaseous and particle phases, the detection of a
similar profile in other environmental matrices might reveal that the most probable origin of
the contamination could be the combustion plant under observation. Another unconventional
methodology allows obtaining the same information: the characterisation of the atmospheric
depositions to soil. By placing bulk deposition samplers in the surroundings of a combustion
plant, the role of the plant can be determined by a comparison between the congener profiles
of dioxin and the fingerprint of the specific emitting activity [26]. Deposition samplers should
be placed in strategic locations, preferably close to residential areas, schools, hospitals, fields
and pastures, in order to cover all the possible routes of exposure to POPs. Indeed, in the case
of dioxin, the diet is the dominant exposure route [27], since such group of toxics tend to
accumulate in the food chain, specifically in fat tissues. This peculiarity justifies the
importance of monitoring pastures and fields [28]. For both methodologies, the quantification
of POPs can be made with high-resolution gas chromatography and mass spectrometry, after
extraction with hexane and specific purification cycles [25], [26]. Both methodologies are
included in the EM plan of the WtE plant presented here as a case study. Figure 1 presents
the location of the monitoring points chosen for the measurement of ambient air
concentrations, soil concentrations, atmospheric deposition and sediment sampling. The
monitoring points were the same for ambient air concentrations and atmospheric depositions
(A1l and A2) and are located close to the area of the plant. A1, located in a vineyard, coincides
with the cell with the highest concentration of air pollutants that results from the dispersion
model used during the environmental assessment study; A2 was chosen to characterise the
role of the plant in the industrial area where the plant is located. One monitoring point for
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soil concentration (SO1) was selected as close to the cell of maximum impact for air
pollutants, whereas the second monitoring point (SO2) was chosen to keep a playground
under observation. The monitoring point for sediment concentrations (SE1) is located in a
nearby pond.

An additional monitoring proposal concerns the speciation of the chromium released by
the stack(s) of a WtE plant. At the European level, the environmental legislation established
concentration limit values for several heavy metals emitted from incineration plants:
cadmium (Cd), thallium (TI), total chromium (Cr), arsenic (As), nickel (Ni), lead (Pb),
vanadium (Va), cobalt (Co), mercury (Hg), manganese (Mn), antimony (Sb) [19]. However,
the legislation does not specify limit values for the single heavy metals (apart from Hg), but
establishes a limit values for the sum of Cd and Tl, and for the sum of the remaining metals.
Some of the aforementioned metals are listed by the International Agency for Research on
Cancer (IARC) as carcinogenic (Cd, As, Ni) and possibly carcinogenic (Hg) to humans [29].
In addition, in the emissions from a WtE plant, Cr is composed by Cr III (not carcinogenic)
and Cr VI (carcinogen to humans). Among the metals regulated by the legislation, Cr VI and
Cd have the highest carcinogenic potentials [30]. This means that, in a worst-case scenario,
a WtE plant might emit a large proportion of Cd and Cr VI in relation to the other metals in
their respective groups and, in spite of this, would comply with the legislation. In other words,
in the absence of specific limits for carcinogenic metals, the environmental authorities of a
country/region could authorise a new plant to induce a non-acceptable cancer risk in the
population potentially exposed to the emissions.

250 500 750 1000
E— =]

m

Figure 1: Location of the monitoring points for ambient air concentrations and deposition
(Al and A?2), soil concentrations (SO1 and SO2) and sediment sampling (SE1)
chosen for the case study; the location of the primary stack is represented
by a red dot.
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Thus, a monitoring approach consisting in periodical verifications of the concentrations
of the specific metals at the stack would help the detection of anomalous contributions
of carcinogenic metals in the atmosphere. It is worth reminding that inhalation is not the only
route of exposure to metals. Accidental soil ingestion and the diet may give non-negligible
contributions to the daily dose too [31]. Therefore, a periodical metal speciation at the stack,
which could be carried out by sampling and analysing the particulate matter released by the
plant, would allow excluding the occurrence of non-acceptable levels of carcinogenic metals
or considering the adoption of improved air pollution control technologies. The
quantification of metals could be carried out with inductively coupled plasma optical
emission spectrometry on particulate samples. Cr speciation could be determined with ion
chromatography-based US EPA method 7199 [32]. This first additional monitoring approach
is proposed within the EM plan of the WtE plant presented in Section 2.

The emissions into the atmosphere from a WtE plant usually do not only originate from
the main chimney. Secondary emissions may play a significant role in the overall mass flow
of the air pollutants released by a WtE plant. In the case study presented here, for instance,
the mass flow rate of total suspended particles (TSP) released by secondary emissions are
estimated to be almost 28% the TSP mass flow rate from the primary stack. The type of air
pollutants released and their mass flow rates vary depending on the type of secondary
emission involved. In addition, different secondary emissions may be subject to different
limit values, which depend on the nature of the processes and on the fuel used (if any). The
characterisation of the emissions from a WtE plant may be more complicated in the presence
of diffuse emissions, i.e. the release of air pollutants in the atmosphere without any
conveyance systems. However, such conditions are likely to occur in the residual municipal
solid waste treatment sector only if the plant includes an aerobic biological stage. In that case,
diffuse emissions (represented by an area source) may occur at the outlet of the air treatment
line if an open biofilter is used [33]. Given the non-negligible role of secondary emissions,
an EM plan should keep the concentrations of air pollutants under control. To this purpose,
discontinue samplings at secondary emission points might be sufficient to characterise
secondary contributions into the atmosphere.

The conventional monitoring approach usually focuses on local pollutants. However, the
carbon footprint of a WtE plant could be also easily assessed by installing a non-dispersive
infrared (NDIR) sensor for the monitoring of the concentrations of greenhouse gases at the
point of release of the exhaust gas. Given the non-negligible contributions expected from
secondary emissions, installing NDIR gas sensors also on secondary stacks would allow for
a direct measurement of the carbon footprint of the whole plant. In addition, the direct
measurement of greenhouse gases could turn useful to calibrate the average CO»-equivalent
(COy¢q) emission factors that are usually adopted to estimate the carbon footprint from
specific processes. The monitoring of CO»q concentrations (and consequently of the COseq
mass flow rates, which can be calculated from the airflow rate) at all the emission points of
a WtE plant could help detecting priorities in the adoption of strategies to reduce the
emissions of greenhouse gases, by focussing, for instance, on the transportation of waste
and/or on carbon sequestration processes.

4 CONCLUSIONS
The present paper analyses perspectives of stack and environmental monitoring of a new WtE
plant to be built in north Italy, discussing the results of the base approach (due to existing
European Directives) and to an advanced approach due to necessary improvements suggested
by the specificity of the case studied that can find broader application in the WtE field. The
advanced approach proposed includes two unconventional methodologies developed in
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the last five years to monitor the influence of a WtE plant in terms of persistent organic
pollutants (POPs), in particular the characterisation of the atmospheric depositions to soil.

In particular, the first method describes the characterisation of the sediments of a pond,
located downwind and in the neighbourhood of the plant. This allow (1) to reconstruct the
contribution of pollutants in the surrounding area and (2) to identify the dominant sources of
POPs through (1) the analyses of the fingerprints of chlorinated compounds and through (2)
the so-called “diagnostic ratios” between different polycyclic aromatic hydrocarbons.

The second methodology proposed consists in placing bulk deposition samplers in
strategic positions (e.g. public areas and buildings like schools, hospitals and parks,
residential areas, fields and pastures) in the surroundings of the plant, comparing the
congener profiles of dioxin and the fingerprint of the specific emitting activity from
the stacks.

In addition to the two unconventional methodologies we propose (1) the speciation of the
chromium released by the stacks of the WtE plant with the aim to quantify the cancerogenic
effect due to the presence of Cr VI in the total Cr emitted and (2) the specific analyses of the
emissions from secondary chimneys.

Although the application of first unconventional method is limited by the presence of a
pond in the neighbourhood of the plant, the second methodology as well as the speciation of
the chromium and the analyses of the secondary points of pollution emission can be
considered innovative approaches for the characterization of a WtE plant that aim to
minimize its environmental footprint.
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ABSTRACT

Carbon dioxide (CO2) is a known global pollutant and is responsible for the global warming that the
planet has been experiencing for the last few decades. On a local scale, outdoor CO2 does not pose any
risk for the environment and humans. Risks are usually far from involving human beings in the majority
of indoor environments, although high CO2 concentrations may entail temporary adverse effects that
are similar to the typical symptoms of the so-called “sick-building syndrome”. Such effects become
even more important on workplaces or at school/university, since high CO:2 levels may negatively
influence the productivity and the learning capability of individuals. To understand the magnitude of
the problem, a monitoring campaign was carried out in four classrooms and in a library of a university
in northern Italy. Three of the classrooms under observation were not equipped with an air extraction
system. The CO2 concentration was monitored with low-cost non-dispersive infrared digital sensors in
two periods of the year: between February and March and at the end of May. During those periods, the
number of occupants, temperature and relative humidity were also monitored, as well as any opening
of the windows (where available). The results showed that, where automatic air extraction is not
available, CO2 concentrations can exceed 5,000 ppm. In general, the lower the ratio between the room
volume and the number of occupants, the higher the concentrations achieved. The installation of low-
cost sensors might prove useful to prevent the negative effects from the exposure to high CO: levels
and help achieve more sustainable conditions in indoor spaces, since the sensors could inform lecturers
and students on the need for opening doors and/or windows when air extraction is not provided.
Keywords: carbon dioxide, indoor air quality, comfort, exposure, sustainability, ventilation, air quality
monitoring.

1 INTRODUCTION

According to the World Health Organization (WHO), on average, people spend about 90%
of their daily time in indoor environments [1]. In the light of such outcome, the air quality in
schools, workplaces, houses and other indoor spaces is then crucial to limit the personal
exposure to air contaminants [2]-[5]. In addition, cohort studies revealed that indoor air
pollution is correlated with an increase in mortality, due to respiratory morbidity [6]. Poor
indoor air quality is at the basis of the so-called sick-building syndrome (SBS), i.e. an
ensemble of symptoms (e.g. loss of attention, fatigue, pains and allergic symptoms) that are
associated with the staying of an individual in his/her workplace or house [7], [8]. Contrarily
to the outdoor space, indoor environments, if not adequately built, may contribute to increase
the concentrations of air contaminants that comes from outside [9] or that are generated
indoors, especially if the ventilation and the rate of exchange of the indoor air are weak.
Indeed, similarly to outdoor environments, ventilation acts as the main dispersion mechanism
in indoor spaces [10].

The indoor air can enrich with several air pollutants: particulate matter [6], volatile
organic compounds [11], nitrogen dioxide [12] and ozone [13] are some of the most common
air contaminants that have been studied in indoor environments so far. Such pollutants can
enter an indoor space from outside by infiltration through doors and windows or simply when
doors and windows are opened. If the outdoor concentration of contaminants is higher than
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the indoor concentration, the latter increase. If no forced aeration system is present, the
contaminants may stagnate inside the indoor environment. Consequently, the human
exposure to air pollutants may increase with respect to outdoors [14]. As an example,
Gonzalez-Flesca et al. [15] found out that the personal exposure to benzene measured in four
French urban areas was 3.5 times higher than the mean outdoor concentration.

In addition to external contributions, the indoor air is strongly influenced by indoor
sources. Cooking, biomass burning for heating and cooking purposes, natural-gas burners,
cigarette smoke and new furniture are known sources of particulate matter, carbon monoxide,
nitrogen dioxide, polycyclic aromatic hydrocarbons, dioxin and volatile organic compounds
[16]. Besides those air contaminants, in the recent years the scientific community has paid
growing attention to a substance that has not been traditionally accounted for when
investigating the air quality of confined environments: carbon dioxide (CO,). The global
effects of such substance on the environment are well known. On a local scale, with the
exception of specific workplaces (e.g. fermentation tanks), CO, does not pose direct risks for
human health. However, in indoor environments, CO, may assume the features of an indoor
pollutant, since it promotes the occurrence of some of the symptoms of the SBS. Indeed, high
concentrations of CO,, within certain limits, induce negative (though reversible) effects on
humans, such as decrease of attention, reduced productivity and physical discomfort [17].

The concentration of CO, in the outdoor environment is normally in the range
300—400 ppm. The generally weak ventilation that characterises indoor environments with
occupants leads to higher values. According to the German Indoor Air Hygiene Commission
and the Working Group of the Supreme Health Authorities of the Federal States, CO»
concentrations may be regarded as “hygienically insignificant” (<1,000 ppm), “hygienically
evident” (1,000-2,000 ppm) and ‘“hygienically unacceptable” (>2,000 ppm) [18]. The
German Federal Environment Agency’s Indoor Air Hygiene Commission declares that
rooms exceeding a CO, concentration of 1,000 ppm should require an exchange of air. Such
an advice becomes an obligation if the concentration exceeds the value of 2,000 ppm [19].
Further works concluded that concentrations above the “hygienically insignificant” range
might negatively influence the learning ability [20]. Headache, loss of attention and
sleepiness are symptoms related to higher concentrations, up to 5,000 ppm [21]. As
previously mentioned, mortality is associated with extreme conditions, i.e. where CO; is so
abundant that oxygen becomes limited [22]. Although such extreme levels are not proper of
houses, offices or schools, other symptoms like headache, sleepiness and decreased attention
may often occur in crowded and non-ventilated public places.

The dependence of CO» concentrations on the air exchange rate of a room made some
authors conclude that CO; can also be a good indicator of the presence of other substances
[17] and, according to Fanger [23], “may in many cases also provide a first indication of a
possible health risk” from toxic air contaminants. Monitoring CO, concentrations in indoor
spaces can help highlighting critical situations requiring an exchange of air (where automatic
ventilation systems are absent) or an increase in the air exchange rate (where automatic
ventilation systems are present), in order to reduce the exposure of the occupants to
potentially toxic substances and decrease the level of discomfort directly induced by CO,
inhalation.

Schools and universities, especially, have the role of educating the future ruling class.
High CO; concentrations in crowded rooms may influence the learning quality and may pose
arisk to the achievement of this goal. Recent researches carried out in primary and secondary
schools showed that CO, could achieve mean concentrations higher than 1,000 ppm, which
thus highlight a “hygienically evident” problem [24], [25]. Other studies showed that peak
concentrations close to [26] or higher than 4,000 ppm [27] may be achieved in schools, and
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highlighted the positive role of natural ventilation in taking the concentrations back to
acceptable levels. In spite of the importance of keeping the learning capability at high
standards, the number of studies on the CO, concentrations in schools and, especially, in
universities is still low.

In the light of the previous considerations, this paper wants to share the results of a
monitoring campaign of indoor CO, carried out in an Italian university and highlight the
higher levels of concentrations that may be achieved in classrooms when no automatic
ventilation systems are installed. This work is intended to shed a light on an underestimated
factor that negatively affects the sustainability in working and teaching environments.
Continuous CO, monitoring can turn useful to plan renovations in school and university
environments or to inform teachers/professors on the need for exchanging the air (e.g. by
opening doors and/or windows) when air extraction is not provided.

2 MATERIALS AND METHODS
2.1 Air quality monitoring campaign

The air quality monitoring campaign was carried out in a building of the University of Trento.
Trento is a town with about 117,000 inhabitants located in an Alpine valley in northern Italy.
The building considered in this study is located on a hill, about 80 m above the town, in an
area that could be regarded as an urban background zone from the point of view of air quality,
the main emission source being a secondary street (lowest distance: 91 m) and the university
parking (Fig. 1). The building hosts a total of 24 classrooms with different size. Four
classrooms and the library were selected to be representative of all the typologies of rooms
present in the building and frequented by students. The layouts of the selected rooms are
presented in Fig. 2. All the rooms, with the exception of room T3, lack of an automatic air
extraction system, but are equipped with air conditioning. Only the doors of room M2 have
a small grid in the lower part that connect the rooms with their respective corridor. Only
rooms M2, D1 and D2 have windows that can be opened. The features of the rooms
monitored are reported in Table 1. The monitoring sessions lasted between 8 and 11 days and
took place in two periods: the classrooms were monitored between February and March 2017,
whereas the measurements in the library were carried out at the end of May 2017. During
each session, the number of occupants, as well as the opening of windows (in rooms M2, D1
and D2), were also monitored. The number of occupants was evaluated on a 1-hour time
resolution, by counting the people inside the rooms. For each classroom, the occupants were
the professor and the students attending their classes. In the case of the library, the occupants
were mainly students, with the occasional presence of a few researchers and professors.

2.2 Instrumentation

The CO, measurements were carried out by using two identical portable real-time monitoring
devices (ENERair v7.0, Enerconsult srl, Italy) equipped with a non-dispersive infrared digital
sensor with self-calibration. The sensor is able to measure CO, concentrations in the range
0-5,000 ppm, with an accuracy of = 30 ppm (+ 3%) and a resolution of 1 ppm. The device
contains an in-built datalogger, which locally stores the data on a micro-SD card and
transmits the measurements to a central server via Ethernet connection or WiFi. The device
is also equipped with additional sensors that turn useful to monitor other parameters for
indoor air quality, such as temperature and relative humidity, which were measured by a
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Figure 1:  Map of the building with detail of the distance from the closest emission source
(a secondary street).
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Figure 2: Layouts of the rooms monitored. The red dots indicate the location of the
monitoring device.
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Table 1: Features of the rooms monitored.

Library Room T3 Room M2 | Room D2 | Room DI
Net surface (m?) 520 145 85 62 62
Net volume (m?) 1,460 760 280 205 205
Floor 0 0 2 2 1
Orientation SE E S SE SE
Maximum 162 98 88 47 47
number of seats

. Cannot be Cannot be Can be Can be Can be

Windows

opened opened opened opened opened
Sampling period | 02.08-02.17 [ 02.17-02.26 | 02.17—02.26 | 02.27-03.08 | 02.27-03.08

semiconductor I2C-bus sensor. The sampling time can be personalised and was set as equal
to 15 s for the whole duration of the tests. In all the classrooms, the device was placed on the
desk, with exception of the library, where the device was located on a table of the room.

3 RESULTS AND DISCUSSION
The trends of CO, concentration, temperature (T), relative humidity (RH) and the number of
occupants during the monitoring campaign that took place in the library are presented in
Fig. 3. The trends of T and CO, concentration follow that of the number of occupants. As
expected, the trend of RH is antithetical with respect to T. During the whole monitoring
period, the CO, concentration remained in the acceptable range (<1,000 ppm), although no
air extraction is present and in spite of the relatively low value of the minimum ratio between
volume and number of occupants (13.6 m*/person). This can be explained by the fact that the
library is widely used during the whole day by students that often open the main door to
enter/exit the room, and by the fact that the airtightness of the building envelope is quite low.

The situation gets slightly worse when considering the largest classroom (T3). Here, on
the eighth day from the beginning of the monitoring campaign, the CO, concentration
reached a peak of 1,507 ppm after four hours of lessons (Fig. 4). That day, the minimum ratio
between volume and number of occupants was 16.5 m?/person, i.e. similar to the value
measured in the library. This difference in the CO, peak concentration is probably due to the
fact that this room has been built after the main building, in place of an original inner
courtyard, so with higher attention to constructive quality (better airtightness) but with supply
and return air conditioning elements mainly concentrated in the upper part of the space (the
roof is not horizontal but presents a slight sloping and a maximum inner high of about
6.50 m) and non at the users level, so with non-optimal air fluxes.

Higher concentration values were measured in classroom M2 (Fig. 5). Here the CO; peak
concentration (1,791 ppm) was achieved on the fifth day of measurements, in the
correspondence of the highest number of occupants (30 people). In this situation, the ratio
between volume and number of occupants was 9.3 m*/person. Room M2, like rooms D1 and
D2, has windows that can be opened by the occupants. During this peak episode, the windows
were opened and the CO, concentration soon decreased to <700 ppm.

The situation was even worse when considering the smallest classrooms monitored. Room
D2 showed a maximum concentration of 3,855 ppm on the third day of measurements
(Fig. 6). In that occasion, the number of people was 44, corresponding to a ratio between
volume and number of occupants of 4.7 m*/person. After this peak episode, the windows
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Figure 3:  Trends of CO; concentrations, T, RH and number of occupants in the library
during the monitoring campaign.
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Figure 6: Trends of CO, concentrations, T, RH and number of occupants in room D2
during the monitoring campaign.
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Figure 7:  Trends of CO; concentrations, T, RH and number of occupants in room D1
during the monitoring campaign.

were opened by the occupants. The highest concentration value was recorded in room D1 on
the last day of measurements (Fig. 7), when the value reached the instrumental end of scale
(5,000 ppm). The number of occupants in that situation was 30. The corresponding ratio
between volume and number of occupants was 6.8 m®/person. This peak episode was
recorded after five hours of lessons without opening the windows. The high concentration
values made the occupants open the windows to refresh the air. Following windows opening,
the concentration dropped to about 1,000 ppm. Contrarily to room M2, rooms D1 and D2 are
not equipped with any grid on the entrance door and this may partly explain the higher
concentrations measured.

4 CONCLUSIONS
The monitoring campaign carried out on university rooms highlighted that high
concentrations of CO», generated by the human metabolism, might be easily achieved during
classes in the absence of air extraction systems. The critical levels of CO, concentrations
(>1,000 ppm) that can be achieved in such situations entail adverse (though reversible) effects
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on the occupants, who might experience decreased their learning capability, fatigue,
sleepiness, loss of attention, headache and other symptoms that recall those of the SBS. The
use of low-cost equipment, such as non-dispersive infrared digital sensors, could prevent the
occurrence of CO; levels that might become critical to students, lecturers and, in general,
employees working in relatively crowded rooms and/or in the absence of air extraction
systems. Low-cost sensors could make people aware of the need for simple actions, like
opening windows and doors, which could rapidly take the CO, concentration back to the
“hygienically insignificant range” (<1,000 ppm).

In this paper, CO, is thus seen from a different perspective, i.e. not as a global pollutant,
but as a local contaminant that humper the achievement of sustainable conditions in
workplaces and school buildings. Conversely, the low-cost CO, monitoring approach
presented in this paper can help the identification of critical environments that may require
renovations (e.g. installation of automatic ventilation systems) or can alert the occupants
when it is opportune to favour the natural ventilation of indoor spaces (e.g. by opening
windows and/or doors).
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ABSTRACT

The assessment of the impacts of future civil/industrial plants on air quality is traditionally based on
the environmental assessment procedure, which, however, may lead to different conclusions depending
on the choice of the target area and the emission sources already present, and may underestimate the
global impacts on health, society and economy. The paper proposes an organic multi-step methodology
to carry out health risk assessments on a target area, to assess the incidence of emissive activities under
evaluation for authorisation, and, as an additional matter of novelty, to study mitigation/compensation
measures to take their future impacts back to acceptable levels, if their contributions are expected to
exceed acceptable risk parameters. Criteria for the definition of target areas, emission calculation,
dispersion modelling, the health risk assessment procedure, the verification of the risk acceptability and
the compensation approach are described in detail. The current potential limitations of the approach are
discussed and solutions to overcome such weak points are proposed. In view of a sustainable integration
of new activities within local contexts, this methodology aims at guiding decision makers to carry out
the screening of projects in terms of health impacts, according to a standardised approach.

Keywords: dispersion modelling, health risk, emissions, air quality, cancer risk, hazard index,
environmental impact, external costs, environmental sustainability.

1 INTRODUCTION

Air pollution is the first environmental cause of worsening of human health and/or mortality
on Earth, causing about 7 million deaths per year [1]-[4]. In the 28 countries of the European
Union, following the exposure to particulate matter (PM), ozone (O3) and nitrogen dioxide
(NOy), air pollution is believed to be responsible for the death of 483,400 people per year [5].
Among other environmental issues, the traditional environmental impact assessment
procedure evaluates the compatibility of future activities with the air quality of the area where
those would be located and the compliance with health risk parameters of acceptability.
Indeed, health protection should be the ultimate purpose of the authorisation procedure for
environmental impact assessment. However, the conventional approach presents some
limitations [4], [6]-[10]:

1. the health risk may significantly vary within the area of study, depending on the local
prevailing mechanisms of dispersion of the air pollutants, on the spatial distribution of
the residents and on the other emission sources that may be present in the area;

2.  the definition of the study area itself requires a standardised approach, since the impacts
of one or more emission sources quantitatively depend on the extension and location of
the target area;

3. although a new activity may comply with health risk acceptability parameters, it may
also entail increased social costs, since health impacts, though considered as acceptable,
might increase;

4. the conventional approach is based on the use of different methodologies, which
requires different input data and formats, and does not follow a standard procedure.
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The novelty of this paper consists in the proposal for an organised and organic multi-step
methodology that allows local administrators and decision makers to:

1. carry out the assessment of the risk for health related to air pollution in a target area
through an integrated approach;

2. evaluate scenarios that consider the presence of additional emissive activities and the
acceptability of their supplemental impacts; and

3. consider possible mitigation measures to compensate the authorisation of a new activity,
in order to improve (or, at least, to keep as constant) the status of health in the area.

A scheme of the multi-step methodology that will be discussed in the paper is presented
in Fig. 1. The health risk assessment is carried out through the traditional methods of air
dispersion modelling and the estimation of the intake of contaminants through the relevant
routes of exposure, but the procedure is presented in a unified way and with a logical
structure, to facilitate the work of local authorities. The evaluation of scenarios including the
activity of additional emission sources allows assessing the local incidence of a new planned
industrial/civil plant with respect to the current situation. Finally, the compensation approach
should be used when the new activity, in spite of adopting the best available techniques, is
expected to induce a health risk that exceeds the criteria of acceptability in the target area.
The compensation procedure may translate, for instance, into obliging the owners of the new
activity to invest in enhanced air pollution control systems for plants that had been already
authorised in the area and that have room for improvement in air pollution control or energy
saving policies. As another example, in the case of new waste-to-energy plants, the
compensation approach may consist in using the electric energy produced by the plant and
ask the owners of the plant to install electrical heating systems in dwellings, as integration
(partial substitution) of domestic boilers fed by fossil fuels or wood stoves, the latter being
known sources of PM [11], [12].

Target area

!
STEP 1 . Morphological Meteorological Characterisation of Population
FIREDNELS data emission sources density maps
STEP 2 Definition of exposure Emission [
routes calculation
STEP 3 Meteorological } Dispersion ‘
pre-processor ' model
STEP: 0 e REeE e
STEPS Health risk Quantifications of Quantification of

acceptability economic costs health impacts

STEP 6 Evaluation of
compensation strategies

Figure 1:  Conceptual scheme of the integrated methodology for the management of human
exposure to air pollutants.
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2 METHODOLOGY
2.1 Selection of the target area

The definition of the target area is a necessary step to identify the dominant routes of
exposure, to define the limits of the computation domain of the dispersion model, to estimate
the impacts on health, to evaluate the influence of additional emission sources and of possible
mitigation strategies. To quantify the impacts, the target area cannot be limited to the area
including the industrial sources to investigate, but should be extended to the adjacent
municipalities or residential areas, and up to a variable distance from the point of interest that
depends on the possible presence of orography, which may impede the dispersion of
pollutants. As a reference criterion, the target area should include all the municipalities/
districts contained in a radius of 5 km from the industrial source (or, if more than one, from
the barycentre of the industrial sources). In addition, if important external emission sources
are present (e.g., an industrial hub), the target area should include a buffer containing the
municipalities/districts adjacent to the area defined by the previous criterion, in order to
account for the possible influence of external sources on the air quality of the inner target
area. Concerning the horizontal grid resolution of the dispersion model, the higher the
resolution, the higher the accuracy of the heath impact estimation. Cells with sides of 100 m
could be a reasonable compromise between accuracy of the results and computational efforts.
If the target area includes the buffer, the latter can have a lower horizontal resolution (i.e.,
higher cell dimensions), which can be imposed with a nesting procedure in the dispersion
model.

2.2 Data collection and emission calculation

The collection of data is functional to the simulations of the dispersion of air pollutants and
to the health risk quantification. The management of data must be carried out on a
georeferenced base, i.e., in a geographical information system (GIS) environment.

In addition to direct intake of air pollutants via inhalation, other routes of exposure may
be significant in determining the daily dose of air contaminants: the diet, the dermal contact
with contaminated food, the dermal contact with soil and the accidental soil ingestion. If the
target area includes cultivated lands, pastures and/or places where kids can get into contact
with soil (e.g., schools and playgrounds), the air pollutants that deposit to soil may activate
those additional exposure routes. Accidental soil ingestion may be a significant route of
exposure for children, especially if schools or parks are present in the area [13]. A basic
knowledge of the area and the consultation of land-use maps, such those created by the
CORINE Land Cover project [14], help identifying the relevant exposure routes to consider.
Every land-use class of the CORINE maps also reports a value of the surface roughness,
which is an essential parameter to the meteorological pre-processor of the selected dispersion
model for the calculation of the wind field in the domain. Depending on the size of the
computation domain of the dispersion model, the urban fabric might be explicitly defined
rather than parametrising it by defining surface roughness values compatible with the land
use [10]. In this case, an elevation map of the buildings must be retrieved or specifically
developed.

If orography is present in the target area, a digital elevation model (DEM) must be
included in the dispersion model. DEMs are available as georeferenced raster maps on
various online databases. The DEM should have a horizontal resolution lower or equal to that
of the computation domain of the dispersion model.
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The meteorological pre-processors of dispersion models require hourly meteorological
data relative to one or more weather stations in the area or to a regional/global scale model
(e.g., WRF). Depending on the dispersion model chosen, the essential data may vary. When
the purpose is the assessment of the impacts on health, as in the present case, meteorological
data should cover a whole solar year of observations.

It is then essential to retrieve data on the emissions of the largest possible number of
pollutants from the largest possible number of sources. In the case of point sources (e.g.,
chimneys of mills or centralised district heating systems), the data consists in: the location
and elevation of the source, the temperature of the gas emitted, the airflow rates, the
concentration of pollutants at the stack level, the possible presence of buildings near the
source. Those data can be retrieved through the environmental assessment reports. If accurate
emission values can be estimated for activities subject to environmental impact assessment,
the estimation of the emissions from other sources has a much higher degree of uncertainty.
This is the case of road traffic, whose emissions must be estimated based on: a
characterisation of the vehicle fleet (usually available from national statistics databases), on
the vehicle fluxes along the road network (usually available from local authorities) and on
emission factors available in the literature. At a European level, emissions factors for road
traffic are provided by the European Environment Agency (EEA) [15] and can be calculated
by applying the COPERT 5 algorithm [16]. Roads are usually treated as linear sources in
dispersion modelling, thus by approximation to polylines in GIS environments. If aggregate
emission factors are available, some activities are conveniently modelled as area sources, due
to their ubiquity [17]. This is the case, for instance, of small industries and diffuse sources
(e.g., de-centralised domestic heating), which could be approximated to polygons. The
emissions from domestic heating could be weighed on the resident population, by retrieving
population density maps from regional/national statistics institutions. Regional air pollutant
inventory emissions, like the case of INEMAR in Italy [18], turn particularly useful to this
purpose. The emissions from other specific areal sources (waste landfills or wastewater
treatment plants) may be estimated with the use of national or international databases, like
EEA emission inventory [15]. To reduce the uncertainties related to this approximated
approach, daily, weekly and yearly patterns of emissions should be assumed. All the mass
flow rates of pollutants should cover the same period of meteorological data. Consistently
with meteorological data, dispersion models require hourly values of the mass flow rates of
the pollutants considered. Given a specific dispersion model, emissions and meteorological
data play the most important role in determining the accuracy of the simulation results. Thus,
the more emission values are accurate, the higher is the accuracy of the output.

Besides the emission sources located in the target area (with the possible inclusion of the
buffer area), it is important to consider the background annual mean concentrations of as
more pollutants as possible, by retrieving the data measured by rural background air quality
stations within or close to the computation domain. Interpolation methods, like the ordinary
Kriging method [19], could be used to obtain more realistic background concentration maps
if more than one rural background stations are available.

In addition to weighing the emissions from diffuse sources, population density maps are
essential to quantify the impacts in terms of the number of cases of cancer, hospitalisation
and mortality expected on an annual basis, and to estimate the economic costs for the society.

2.3 Dispersion modelling

The meteorological data, recorded by one or more meteorological stations within the target
area or obtained by regional-scale models, are the input data to the meteorological pre-
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processor of the selected dispersion model. Some manipulations are necessary to convert the
data into the format required by the pre-processor. Depending on the dispersion model,
vertical profiles of wind, temperature and pressure may be requested as input data. The pre-
processor computes the horizontal and vertical wind fields that are necessary to calculate the
dispersion of air pollutants within the atmosphere. Generally, the output from the dispersion
model consists in maps of annual mean and maximum concentrations and, in the case of
macropollutants, concentrations compatible with the limit values defined by the
environmental legislation. The concentrations simulated for each pollutant must be added to
the background concentrations of the same pollutants (if available) measured at rural
background sites. In the case that other exposure routes are relevant for the target area, in
addition to inhalation, atmospheric depositions should be selected besides air concentrations
as the second desired output of the dispersion model.

2.4 Health risk estimation

Diet, dermal contact and accidental soil ingestion are relevant pathways for inorganic (heavy
metals) and organic (dioxin and polycyclic aromatic hydrocarbons) micropollutants, which
tend to accumulate in soil and in vegetable and animal tissues, due to their physical-chemical
properties. Such pollutants may of course enter the human body through inhalation too. The
estimation of the health risk by exposure to micropollutants is carried on the basis of the
guidelines developed by the United States Environmental Protection Agency (US-EPA) for
the calculation of the cancer and non-cancer risks [20]. The US-EPA guidelines focus on the
long-term effects of micropollutants. All micropollutants may induce toxic non-carcinogenic
effects, whereas only some of them are carcinogens: dioxin, polycyclic aromatic
hydrocarbons, some volatile organic compounds like benzene and formaldehyde, and some
metals including cadmium, arsenic, mercury, nickel and chromium VI [21]. Through specific
relations that depend on the exposure route, the guidelines allow estimating the daily intake
of each contaminant and the associated risk, by starting from annual mean concentrations and
deposition values. The calculation of the exposure through the diet requires considering the
statistics on food consumption for the target population, which are usually elaborated by
national statistics institutes, like the Italian National Institute for the Research on Food and
Nutrition (INRAN) [22]. The estimation of the overall risk is carried out through the
superposition principle, thus by assuming that the risk related to a single contaminant can be
added to the risks related to the others. By applying the US-EPA guidelines to each cell of
the computation domain, it becomes possible to obtain maps of the individual risk (related to
the single pollutant) for cancer or non-cancer effects, or a map of the overall (by summing
all contributions) cancer risk. As a precautionary measure, the present methodology
presented here suggests assuming that all the population living in the target consume only
locally-grown food, thus subject to the potential contamination that is the object of the study.

Although the US-EPA guidelines do not consider macropollutants (NO,, PM, O3 and
carbon monoxide), the risk related to the exposure of the individuals to macropollutants can
be anyway estimated through the several cohort studies available in the literature, which
allow obtaining the so-called relative risk (RR), i.e., the incremental probability that an effect
occurs in an exposed population with respect to the probability that the same effect occurs in
an unexposed one [23]. The literature provides RR values concerning the incidence of specific
non-cancer pathologies that require hospitalisation (e.g., respiratory and cardiovascular
diseases) and the incidence of mortality. RR values are inserted in parametrised dose-
response functions of the following type:
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Ay = =Py, (e7RR4C — 1), (M

where Ay is the excess annual incidence of a specific effect, P is population exposed to the
increase of the annual mean concentration of a specific air pollutant (4C) with respect to the
unexposed population and yy is the baseline prevalence of the effect per year [24]. 4C and
RR are normally expressed as ug/m® and its reciprocal, respectively. Values of yy may be
obtained either from the same cohort studies reporting the RR values chosen or, if available,
from national or international statistics database. The more specific the statistics are for the
local population, the higher is the expected accuracy of the results.

2.5 Verification of the exposure acceptability

In the case of cancer risk, no threshold values are considered below which the impact can be
considered as null, since a single damaged cell might be sufficient to initiate the development
of cancer. However, the cancer risk may be considered as acceptable if comprised between
10°% and 10 [25]. In the Italian legislation, 10 is the acceptable cancer risk related to the
emission of a single pollutant from a single source, while this value is increased to 10 when
considering more pollutants from a single source [26]. Considered the purpose of the present
methodology, 107 is selected as the reference value to assess the acceptability of the overall
cancer risk in the area, and the consequent possibility to start new industrial activities. This
value is precautionary, since the methodology considers the as wider as possible number of
emission sources in the area. Concerning the non-carcinogenic risk, the doses of each
contaminant are divided by a contaminant-specific reference dose established by the US-EPA
[21], below which no effects occur. This ratio is the so-called hazard index (HI). HI < 1
indicates the absence of toxic non-cancer impacts for health.

To quantify the impacts related to the inhalation exposure to macropollutants, the
following procedure can be applied:

e  convert the population density vector map into a raster map reporting the number of
inhabitants in each cell (the cell size should equal that used in the dispersion model);

e  for each pollutant and for the corresponding effects of interest, apply the dose-response
function to each cell, now characterised by the pollutant concentration and the number
of inhabitants; depending on the effects, it could be necessary to use the maximum
concentrations instead of the annul mean ones;

e cell by cell and for each pollutant, quantify the effects in terms of hospitalisation for
different health outcomes and of mortality;

e  calculate the total number of cases within the computational domain;

e  estimate the economic costs for the society, for instance through the cost functions
defined by the ExternE methodology [27].

By applying the population raster map to the cancer risk map, it is possible to estimate the
potential annual cancer cases related to air pollution within the target area. In this case, the
economic quantification of the impacts is not feasible, due to the variability of the course of
the disease among individuals.

To evaluate the incidence of one or more additional emission sources in the target area,
the same methodology must be reapplied by replacing the current emission sources with the
additional ones. By adding up the risk maps related to the current situations and the
corresponding risk maps related to the additional sources, the new risk maps will take into
account the contribution of the additional emission sources. If the new scenario did not
comply with one of the acceptability criteria, or if the additional sources implied unacceptable
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sanitary impacts and social costs (according to criteria to be defined with the local
authorities), it would be necessary to consider strategies to compensate the impacts or,
eventually, deny the authorisation to the new activities.

2.6 Evaluation of compensation measures

To evaluate compensation strategies, it is necessary to define alternative emissive scenarios
and apply again the methodology on the dominant emission sources of the area. Once the
health risk will have been estimated depending on the air pollutants (macropollutants,
carcinogenic micropollutants or toxic non-carcinogenic micropollutants), the acceptability of
the risk must be verified.

3 CRITICAL ASPECTS

The methodology presented in Section 2 follows a multi-step approach that makes use of
several procedures. Generally, at present, the latter are poorly harmonised and require a huge
amount of input data, both in terms of quantity and in terms of variety. Therefore, efforts are
necessary to facilitate the retrieving of the data of interest and to make them compatible with
the procedures adopted. A set of tools could be developed by the scientific community to
facilitate the fast conversion of data into the format required by who applies the methodology.
However, the public sector (e.g., environmental agencies) should ease the operation of data
collection by making all the data of interest available to the public and reachable on a
dedicated web portal. In addition, the following critical aspects are worth consideration:

1. the background contributions of heavy metals, dioxin, benzene, polycyclic aromatic
hydrocarbons and carbon monoxide would be neglected in the assessment of the health
impacts if those pollutants were not measured by the air quality monitoring stations
located in the target area;

2.  at present, an institutional methodology to estimate the transfer of toxic and persistent
pollutants from the environment to animals and from animals to meat, dairy products
and eggs is still absent;

3. the different databases required to extract relevant emission factors might consider
different pollutants and, in some cases, pollutants that are aggregated in different
manners.

The first point would require specific monitoring campaigns covering the unmonitored
pollutants. However, two assumptions could be formulated on this aspect:

e the background concentrations of benzene and carbon monoxide, whose presence is
generally limited to the proximity with emission sources [28], [29], might be neglected;
e the possible underestimation of persistent pollutants might be compensated by the
precautionary strategy of considering that the diet is 100% based on locally-grown food.

The second point implies that, in case farm animals present in the target area, the
estimation of the health impacts should consider animal- and pollutant-specific food-chain
models available in the literature. As an example, McLachlan [30] developed a model to
assess the accumulation of dioxins and furans through the feed-cattle-beef/milk chain.

The third point entails the need for harmonising different databases, introducing
hypotheses or neglecting some pollutants.

In the light of the previous considerations, the role of public institutions is crucial in view
of a homogenisation of data and procedures that would avoid wrong conclusions in a health
impact assessment or approximations that might underestimate the real impacts.
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4 CONCLUSIONS

The present paper proposes a methodology aimed at assessing the health risk related to the
air quality in a target area and a criterion to evaluate the acceptability of the additional
incidence of a new emissive activity. The criterion is based on the concepts of acceptable
cancer risk, unitary HI and the compliance with local sanitary and economic targets,
respectively considering the effects of carcinogenic micropollutants, the toxic non-
carcinogenic effects of micropollutants and macropollutants. The methodology actually
consists in a sequence of consolidated procedures (emission calculation, dispersion
modelling, health risk estimation, external cost estimation) and novel steps (compensation
criterion), which were here presented in a unified manner, in order to serve as guidelines to
local administrations. The implementation of this methodology could facilitate the decision-
making process concerning the authorisation procedure of new industrial/civil activities, but
requires efforts by the public sector at local and national/international levels. Specifically,
additional monitoring campaigns in the areas under investigation might be necessary to
retrieve background contributions of air pollutants that are not monitored by the air quality
stations in the target areas. In addition, at a national/international level, the public sector
should support the harmonisation of different sources of data to facilitate the application of
the complete methodology presented here.
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ABSTRACT

A chemical scrubber followed by a biotrickling filter (BTF) was integrated in the air treatment line of
a composting plant, originally equipped with an open-bed biofilter. Such integration is motivated by
the poor performance of the biofilter in the removal of odorants like ammonia (NH3), sulphides and
volatile organic compounds (VOCs). The scrubber and BTF units were monitored during two summer
periods in two consecutive years (08.10.2016-09.13.2016 and 07.26.2017-09.20.2017) by analysing
key parameters such as airflow rate, metabolite concentrations and, especially, the temperature of the
circulation water of the BTF. During the second period, a 17% decrease in the waste-gas flow rate and
a consequent increase in the waste-gas temperature were measured. The control of temperature proved
to be crucial for the removal of the three groups of pollutants investigated in this study. The occurrence
of thermophilic conditions in the BTF inhibited nitrification and generally lowered VOC
biodegradation. The increased NH3 removal rate that was observed during the second period can only
be explained with the increase in the residence time in the scrubber, as an analysis of the nitrate and
ammonium concentrations in the circulation water of the BTF revealed. While adverse temperature
conditions may be compensated by increased residence time for NH3, temperature is crucial for VOCs,
which were only slightly affected by the increased residence time. On the other hand, a relative
increasing trend of VOC removal rate in the BTF was observed in the thermophilic range. In addition,
the removal efficiency of dimethyl sulphide clearly increased during the second period. More research
is needed to understand if such a positive effect can be related to the increased residence time in the
pre-treatment line or if thermophilic conditions can help the biodegradation of VOCs and sulphides.
Keywords:  biofiltration, air pollution control, absorption, volatile organic compounds, dimethyl
sulphide, ammonia.

1 INTRODUCTION

In spite of the evident advances in the emission control from industrial and civil activities,
air pollution is still an alarming issue related to the continuous economic growth of developed
and developing countries around the world, which determines an increasing number of
activities that release air pollutants into the atmosphere [1]. Ozone, particulate matter (PM)
and ammonia (NH3) act on a regional scale, the first two being transported over hundreds of
kilometres and the last one promoting secondary PM formation [2]-[4]. Ozone also induce
global warming on a global scale [5] PM also acts on a local scale, inducing respiratory and
cardiovascular diseases [6], as well as nitrogen dioxide, carbon monoxide, volatile organic
compounds (VOCs) and micropollutants. VOCs may be directly harmful to humans through
inhalation and may promote ozone formation [7]. In addition, NH3 and other nitrogen-based
compounds, several VOCs and sulphur-based compounds may be perceived by the sense of
smell at low concentrations, thus inducing odour nuisance to people living near activities that
emit such substances [8].

Physical and chemical methods (e.g., thermal or catalytic oxidation, absorption, catalytic
reduction and adsorption) have been largely and conveniently used to remove gaseous air
pollutants when the polluted airflow is characterised by high pollutant concentrations
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(> 100 ppm) and low-to-medium flow rates (< 10* Nm?/h) [9], [10]. The treatment of large
airflow rates characterised by lower pollutant concentrations have proved to be more
conveniently achieved by methods that limit the use of fuels, electric energy and chemicals
[11]. This is the case, for instance, of biofiltration, which is a widespread, simple and
cost-effective technology that is especially convenient to remove a large variety of air
pollutants at low concentrations (generally < 100 ppm) but with medium-high airflow rates
(> 10* Nm3h) [12]. Such operating conditions are typical of mechanical-biological
treatments (MBTs) of municipal solid waste like composting. In fact, biofiltration has
become a fundamental component of the air pollution control lines of MBTs.

Composting and other aerobic MBTs (e.g., biostabilisation and biodrying) emit a large
variety of compounds compared to specific industrial activities. The major constituents of
the process air of aerobic MBTs include volatile organic compounds (VOCs), nitrogen- and
sulphur-based compounds. Among VOCs, the main groups of compounds in the process air
are aromatics, ketones, aldehydes, terpenes, volatile fatty acids and alcohols [13].
Nitrogen- and sulphur-based compounds are mainly ammonia (NH3), ammines, hydrogen
sulphide, dimethyl sulphide (DMS) and dimethyl disulphide [14], [15]. All VOCs except
aromatics are generated by incomplete aerobic biodegradation, while sulphides are formed
by local conditions of anaerobic biodegradation that can develop in the waste piles the
porosity of waste is low [13], [16]. Ammonia and ammines are formed as degradation
products of proteins [16]. Aromatic VOCs and other micropollutants (e.g., dioxin) may be
released by MBT facilities too. Contrarily to the previous compounds, such substances are
not formed during the biodegradation process but are already present in the waste. The
presence of aromatics may be due to the disposal of solvents in the waste, while the presence
of dioxin may be related to the presence of contaminated food waste [17]. Indeed, it is known
that about 90% of the human daily exposure to dioxin occurs through the diet [18].

Traditionally, biofiltration is carried out by open-bed biofilters, which requires large areas
to ensure satisfying residence time and homogeneous conditions along the vertical direction.
More recently, as an alternative to traditional biofilters, biotrickling filters (BTFs) have
gained consideration because of their more compact size, lower pressure drop, effective pH
control and due to the possibility of removing different pollutants that require different pH
conditions and bacterial strains [19]. Indeed, contrarily to biofilters, BTFs can be easily
divided into two or more stages operating under different pH conditions and inoculated with
the most suitable microorganisms for the removal of the pollutants.

The control of temperature in a BTF is particularly important because temperature
influences the reproduction of the microorganisms that carry out the biodegradation process.
Mesophilic conditions, with temperatures in the range 10—40°C, are the most suitable for
most of the bacterial strains and, consequently, for most of the pollutants that are removed
by biofiltration [20]. Generally, temperatures in the thermophilic range (> 45°C) may cause
the death of most of the microogranisms. This should be taken into account even when
operating a BTF under mesophilic conditions, since biodegradation is an exothermic process
[19]. Nevertheless, thermophilic conditions are favourable in specific situations, e.g. when
the target is to remove nitrogen oxides from an airflow [21]-[23]. On the other hand,
temperatures in the cryophilic range (< 20°C) may inhibit the microbial activity [24].

The present paper describes the operation of an air treatment system used to pre-treat the
air extracted from the biocells of a composting plant treating the organic fraction of municipal
solid waste (OFMSW). The latter is located in northern Italy and was object of numerous
complaints by the local population, due to the odour nuisance perceived in the area, which
was related to a malfunctioning of the existing open-bed biofilter, caused by the high
concentrations of NH3 in the waste-gas flow and by the high waste-gas temperature. In
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addition, high concentrations of VOCs and sulphides were detected in the waste gas, which
were generated by anaerobic zones in the biocells. Sulphides like DMS are characterised by
lower odour threshold levels compared to other compounds that are generally formed during
composting [7]. To reduce the concentrations of odorants in the waste gas upstream of the
existing biofilter, a pre-treatment line was installed. The latter is composed of a chemical
scrubber and a BTF. In the attempt to decrease the waste-gas temperature, the gas flow rate
to the pre-treatment line was increased by drawing the air of the compartment assigned to
receive the incoming waste.
In view of the history of the composting plant, the aim of this paper is two-fold:

e to evaluate the technical convenience of pre-treating the heavily polluted air coming
from the biocells of a composting plant through advanced biological systems, alone
or in combinations with chemical scrubbers;

e to investigate the impact of different process parameters (including the waste-gas
temperature) on the performance of the pre-treatment stage, especially on the
capability of removing NH3, VOCs and DMS.

2 MATERIALS AND METHODS
2.1 Description of the air pre-treatment line

The waste gas coming from the biocells for the accelerated oxidation of OFMSW (about
8,550 m’/h at about 65°C) is mixed with the waste gas coming from the reception
compartment (28,575 m’/h at about 30°C) in the attempt to reduce the gas temperature. The
waste gas is then sent to the chemical scrubber operated with a washing solution
(1,400 L/min) based on sulphuric acid (H>SOs) to abate NHs. The scrubber consists in a
column composed of two chambers filled with spheres of polyethylene.

The waste gas is then sent to a BTF, designed to operate at a temperature of 40°C, for the
removal of peaks of NH3, VOCs and sulphides. The filling material consists in shells, which
ensures pH stability in case of production of acidic by-products during biodegradation. In
addition, the BTF, in an appropriate range of temperature between 25 and 35°C [25], is
capable of operating the nitrification of the residual NH; coming from the chemical scrubber.
The BTF ensures a residence time of 16 s at the total airflow rate (37,125 m*/h at 38°C). The
washing solution is recirculated over the filling material with a flow rate of 160 L/min.

The biofilter, originally treating a waste-gas flow rate of 84,000 m*/h coming from the
biocells and the maturation stage, is now requested to treat the additional 28,575 mh from
the reception compartment. Consequently, the specific volumetric load increased from 44 to
60 m*/h per m® of filling material.

2.2 Air sampling

The efficiency of the air treatment stage of the composting facility was monitored through
the analysis of air samples collected by seven sampling points along the air treatment line.
Specifically, three air sampling ports are located at the inlet of the chemical scrubber (A), at
the inlet of the BTF (B), at the outlet of the BTF and downstream of the blower (C). Fig. 1
presents a schematic view of the layout of the air treatment stage of the composting facility
and of the locations of the three sampling points.
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Figure 1: Layout of the air treatment line of the composting facility.

2.3 Analytical methods

The concentrations of NH3 and DMS in the process air were measured by means of
colorimetric vials (Dragerwerk AG & Co. KGaA, Germany), inserted into the sampling ports
A, B and C, allowing for measuring NH3 in the ranges 2—-30 ppm and 5-100 ppm, and DMS
in the range 0—15 ppm. The total VOC concentration in the process air was monitored by a
photoionisation detector (MiniRAE Lite, RAE Systems, USA), allowing for measuring VOC
concentrations in the range 0-5,000 ppm in the sampling points A, B and C. A hot-wire
anemometer (HD 2303.0, Delta OHM Srl, Italy) was used to measure the temperature
and the flow rate of the process air in the sampling point A. In addition, the temperature and
the concentration of ammonium (NH4") and nitrates (NOs>) ions were monitored in the
circulation water of the BTF. Finally, the pH of the washing solution of the scrubber and
the pressure drop between the BTF were respectively monitored by a pH-meter and digital
differential manometers. Two measurement campaigns were carried out in two consecutive
years: the first one took place in the period 08.10.2016-09.13.2016 and the second one was
performed in the period 07.26.2017-09.20.2017.

3 RESULTS AND DISCUSSION
3.1 NH; removal

The removal of NH; from the process air of the composting facility is preliminarily carried
out by the scrubber through chemical absorption. Generally, the absorption of NHj increases
both with the contact time of the pollutant with the washing solution and with decreasing the
pH of the washing solution.

The effect of the contact time is visible by comparing the removal efficiency of NHj
between the two study periods, since the flow rate of the process air was decreased by 17%
between 2016 and 2017 by the company that manages the composting plant (Fig. 2). During
the whole observation period, the pH remained almost constant and comprised between 4.0
and 4.7. The NH; concentration at the inlet of the scrubber varied between 6 and 60 ppm
during the two monitoring periods. Overall, the chemical scrubber allowed obtaining
NH; removal efficiencies > 85%, determining an NHj3 concentration at the inlet of the
BTF < 2.5 ppm (mean value: 0.6 ppm).
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Figure 2:  Trends of the removal efficiencies of NH; by the chemical scrubber during the
first and the second monitoring period.

The removal performance of NH3 by the BTF was not as constant as that of the chemical
scrubber for the same observation period. These results are confirmed by the trend of the
concentrations of NH4" and NOs? in the circulation water of the BTF. Specifically, NO;*
concentration in the circulation water is a good indicator of the biological activity of the
microorganisms present in the BTF, since a well-performing biological oxidation process
transforms NH;" into NOs> through nitrification. Therefore, by assuming the airflow rate,
the circulation water and nutrient flow rates and the inlet NH3 concentration as constant, a
decrease in the NO;* concentration in the circulation water over time would indicate that the
biological activity of the microorganisms is weakening. This would be accompanied by an
increase in the NH4* concentration in the circulation water. The concentration trends of NH,*
and NOs? in the circulation water are reported in Fig. 3.
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Figure 3:  Trends of the concentrations of NO3;? and NH4" in the circulation water of the
BTF during the first and the second monitoring periods.
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The concentration trends of NH4" and NOs? are not constant over time. This behaviour
could be partly related to the high temperature of the circulation water, which reaches peaks
> 45°C, especially during summer 2017. Nitrification is known to take place under
mesophilic conditions [25]. Under thermophilic conditions, nitrification is inhibited. This
may explain the low concentrations of NO3* in the circulation water. The high temperature
of the washing solution of the BTF experienced in September 2017 explains the significant
increase in the NH4" concentration. This event is associated with an increase in the NH3
concentration at the outlet of the BTF.

3.2 DMS removal

An increase in the overall removal efficiency of DMS was observed during the second
monitoring period (summer 2017) with respect to the first one (Fig. 4). This increase may be
due to the increase in the residence time caused by the decrease of the airflow rate that
occurred in the second year. An additional explanation could be related to the increase in the
temperature of the circulation water of the BTF that might have created favourable conditions
in the BTF. However, this hypothesis is not supported by the scarce number of scientific
papers in the literature [27]. To prove this hypothesis, the concentration of DMS should be
measured in B. However, such measurements are not available at present.
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Figure 4: Trends of the DMS concentrations measured in the sampling points A and C
during the first and the second monitoring periods.

3.3 Total VOC removal

During the two monitoring periods, the VOC concentrations at the inlet of the scrubber varied
between 5.9 and 51.2 ppm (Fig. 5). A decrease in the VOC removal efficiency of the
scrubber-BTF combined system can be observed in 2017 compared to the previous year.
Such lower performance may be due to the transition to thermophilic conditions in the BTF,
which may have slowed down the activity of the microorganisms performing VOC
biodegradation. The very low removal efficiencies in the scrubber indicate that most of the
removal process occurs in the BTF. In fact, absorption is known not to represent an efficient
option for VOC removal, due to the generally low solubility of VOCs in water [26].
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Figure 5: Trends of VOC concentrations during the first and the second
monitoring periods.

3.4 Effect of temperature

In the attempt of understanding how the temperature can influence the removal of the three
investigated categories of pollutants, Fig. 6 reports the relationships between the removal
efficiencies of NH3;, DMS and VOC:s as a function of the temperature of the circulation water
in the BTF, by assuming a temperature of 40°C as a threshold value for the transition between
mesophilic and thermophilic conditions.
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Figure 6: Relationships between the circulation water temperature in the BTF and the
removal efficiencies of NH3;, DMS and VOCs; overall removal efficiencies refer
to the abatement by the scrubber-BTF system.

Concerning VOCs, the available data allow calculating both the removal efficiencies of
the scrubber-BTF system and the removal efficiencies of the BTF alone. Regarding DMS,
due to the lack of data in B, only the removal efficiencies of DMS by the scrubber-BTF
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system were included in Fig. 4. Similarly, the relationship between temperature and NHj3
removal efficiency is presented only with respect to the scrubber-BTF system. A decreasing
trend in the removal efficiencies of total VOCs is visible at increasing temperature in the
circulation water of the BTF. The highest temperature generally occurs during 2017, when
the waste-gas flow rate was 17% lower than 2016 on average. This confirms that, in spite of
an increase in the residence time, an increase in temperature negatively affects total VOC
removal. Concerning the only BTF, the VOC removal efficiency seems to increase after
transition to thermophilic conditions. However, the removal efficiencies obtained under such
circumstances are lower than those achieved in the mesophilic range of temperature.
Additional tests should be carried out at higher temperatures to confirm the positive effect of
temperature. Regarding NHj3, the increase in the overall removal efficiency with temperature
is only apparent, since nitrification is inhibited under thermophilic conditions. Therefore, the
overall improvements in the NH3 removal efficiency may be related to the increase in the
contact time in the chemical scrubber, due to the decrease in the airflow rate that occurred in
2017, the same period during which the temperature of the circulation water increased. The
abatement performance of DMS seems to increase at increasing the temperature of the
washing solution of the BTF.

This behaviour can be explained both by the increased residence time in 2017
(when higher temperatures were measured) and by a possible favourable situation to
sulphide-degrading microorganisms determined by thermophilic conditions. To confirm this
effect, measurements of the DMS concentration in B are needed. If this effect were
confirmed, thermophilic conditions could facilitate the removal of sulphides.

If the main target is to reduce NH; and VOC concentrations upstream of a biofilter, two
alternative options are available:

e the company that manages the composting plant could insert a heat exchanger
upstream of the pre-treatment line to cool down the waste-gas flow rate, if its
temperature is incompatible with the optimal conditions for nitrification in a BTF;

o the waste-gas flow rate could be further increased by an amount of colder air coming
from outside or from internal compartments with low pollutant concentrations
(e.g., the reception compartment or the last maturation stages).

Both the options must be evaluated by the company managing the plant, since additional
costs would be involved: the first option would imply the condensation of part of the waste
gas, which would require additional operational costs to treat the generated wastewater; the
second option would entail the enlargement of the treatment line (e.g., an additional stage in
the BTF), with additional investment costs.

4 CONCLUSIONS
The air pollution treatment line of a composting facility was monitored during two
observation periods. The line comprises a chemical scrubber and a BTF upstream of a
biofilter. Special attention was given to assess the performance of the first two elements of
the treatment line, which, if properly operated, would ensure lower pollutant loads to the
biofilter and, consequently, higher overall removal rates. In view of improved performance,
the control of the temperature of the system proved to be crucial. Specifically, the
establishment of thermophilic conditions showed adverse effects on the biodegradation of
NH;3 in the BTF and a reduced performance in the overall VOC abatement. A decrease in
the airflow rate occurred during the second period of observation and this may explain the
increase in the removal rate of NHj3, thanks to a consequent increase in the residence time.
However, the temperature of the circulation water increased at the same time and this could
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be considered as a positive factor towards the removal of DMS that was observed in the
thermophilic range. Additional confirmations of the effects of high temperature on DMS
removal would be available if the concentrations of DMS were measured upstream of the
BTF (sampling point B). If the positive effect of temperature were confirmed, the increase in
the DMS removal during the second monitoring period could be related to the occurrence of
thermophilic conditions and this could open to additional options in the field of air pollution
control. The increase in the residence time did not have positive effects on VOC removal and
this behaviour may be explained with the low solubility of VOCs in water. While adverse
temperature conditions may be compensated by increased residence time for NHj,
temperature is a crucial factor for VOC removal. The complete monitoring of key parameters
(pollutant concentrations in air and in water, metabolite concentrations, temperature, pH and
airflow rate) in all the sampling points located upstream and downstream of each component
would allow for the correct management of a multi-step air pollution treatment line and would
give definitive indications on their role.
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ABSTRACT

Many studies have been carried out around the world to identify the carcinogenic risk associated with
human exposure to air pollution and, nowadays, epidemiological evidences are the way to characterize
the risk. Human exposure to naturally occurring ionizing sources is one of the main risks highlighted
by the WHO. There is still a great need to make the population aware of this risk, to avoid exposure.
For decades, the radon entry has been studied through diagnostic measurement techniques, designing
efficient mitigation systems. The rate of radon entry into indoor air also varies with climatic conditions,
such as rain, which alters the soil conditions and thus the flow of gas through the soil to the building
shell. Environmental parameters and building specific shapes need to be examined to quantify their
influence for radon entry. Several mechanisms are responsible: the dominant ones are the “stack effect”
driven by temperature differences between the indoors and the outdoors, the effect of wind on the
building shell, the operation of mechanical ventilation systems which distribute heated or cooled air
throughout the house and each types of foundation which connects the building to the ground. Italy is
a geologically fragile country, constantly hit by earthquakes; this allowed to develop over the centuries,
safer building strategies. Most of the Italian building heritage, in over 7,900 municipalities, consists of
masonry buildings, often made up of local materials with a high radium content. The purpose of this
article is to evaluate and analyse how environmental, anthropic and constructive factors can influence
radon entry models into buildings. Understandings of the various mechanisms that drive radon into
buildings permit the development of specific technologies aimed to limit the radon entry rate and satisfy
the Council Directive 2013/59/EURATOM requirements.

Keywords: radon, indoor air pollution, IAQ, case studies, aerosols and particles, environment, air
pollution modelling, ventilation, ionizing radiations.

1 INTRODUCTION
The Italian building heritage is mainly made up of load-bearing masonry constructions. This
is due to the history of the Country, and above all to the culture of conservation handed down
over the centuries, which advises to restore and maintain buildings, not only historical ones,
rather than demolish and rebuild with innovative technologies, materials and systems. Many
earthquakes, over the centuries and in recent years have struck Italy.

The building stock present in the regions classified as seismic risk consists of 11.1 million
buildings, of which 60% are residential buildings made of load-bearing masonry, about
5.2 million buildings built before 1981. In this study, we are dealing with masonry buildings
built before 1946, which currently represent 26.4% of the Italian building heritage in seismic
risk areas [2]. Most of these buildings were built with local or volcanic materials, with a high
content of radium-226, such as those studied, for our case, in the Lazio region, and in
particular in the area affected by the last eruption of the Latium Volcano, now Albano Lake,
that occurred more than 5,000 years ago. By adding contributions from the soil, building
materials and other factors, the population is unknowingly exposed to radioactive doses that
far exceed the reference values imposed by 2013/59 / EURATOM [1].
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2 BACKGROUND
Radon, its harmful and oncological effects due to the gas itself and its decay products are
often less considered than other indoor pollutants, particularly in Italy, due to regulatory gaps.
238U, progenitor of radon, constitutes 99.3% of the mixture of natural uranium and, with
a half-life of about 4.5 billion years, it is widespread from the origins of the earth; you can
find it in all soils and building materials produced directly or indirectly from soils, rocks, in
particular from granite and volcanic ones.

Radon, a noble and chemically stable gas, has a half-life of 3.82 days; therefore, the most
inhaled fraction of this gas is expelled without contributing significantly to the expected
respiratory damage. Its decay products, 2!8Po, 2!4Pb, 2!“Bi, and >'*Po cause the major health
problems. These radionuclides supply the dose of alpha radiation to the bronchial tissue and
increase the risk of developing lung cancer.

The environmental aerosol, both for transport and for respiratory deposition, influences
the behavior of the attached fraction of radon decay products. These particles include natural
materials such as pollens, road dust as well as anthropogenic emissions. Many factors can
modify the internal aerosol such as cooking, smoking and other occupants’ lifestyles.

A new WHO Handbook on Indoor Radon [3] recommends that Countries adopt reference
levels of the gas of 100 Bg/m, lowering the values recommended by 2013/59 / EURATOM
set at 300 Bg/m™ for annual average indoor radon concentrations.

3 INFLUENCING FACTORS ON INDOOR RADON CONCENTRATION

Many and concurrent factors influence the entrance of radon into buildings: soil physical
characteristics, building materials, shape and relationships among the height Hg, length Ly
and width Wy of the building, foundation type, environmental parameters, human behavior
and lifestyle (Fig. 1).

The main principles of radon transport in materials are due to diffusion and convection.

Diffusion, due to the difference between the concentration of radon in the soil or in
building materials, is a process generated by concentration gradients. The gas extends,
according to Fick’s law, which connects flux density and concentration gradient, to distribute
homogeneously between the layers (eqn (1)):

Ja(Rn) = =D, (Rn)grad C(Rn), )

where:

e Jd (Rn) is the diffusion flux density of the radon activity (Bg/m?s);

e D, (Rn) is the actual diffusion coefficient obtained from the ratio between the diffusion
coefficient D and the porosity of the layer e which influences the gas diffusion rate;

e C (Rn) is the concentration in terms of radon activity (Bq/m?).

Convection, a phenomenon regulated by Darcy’s law, is due to differences of the pressure
gradient (eqn (2)):

v(Rn):_—AP , 2)
)7,

where:

e y(Rn) is the surface velocity vector;

e K is the permeability coefficient (m?);
e mis the viscosity of the fluid;

e P is the atmospheric pressure in Pa.
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Figure 1:  Summary of the interaction among the numerous parameters that affect indoor
radon concentration levels.
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The transport mechanism is caused by the pressure difference between external and
internal air, normally lower, and finds privileged flow channels in the joints of the
foundations, of the water and natural gas pipes and in the cracks of the basements.

The chimney effect is due to the difference in temperature between the building’s interior
and exterior: the lighter warm air tends to rise and this flow involves the depressurization
inside the building and, consequently, an air recall from the outside and from the ground.

Convection is generated by wind, houses heating, atmospheric pressure or mechanical
ventilation, that cause pressure differences between the outdoor and indoor of the dwellings.
The amount of the pressure drop caused by wind depends on the shape of building and on the
wind speed. The shape of the building affects the concentration of the internal radon. Fig. 1
summarizes the geometry of the building and relates the dimensions, height Hg, width Wg
and length LB. Experimental studies have shown that tower buildings (Hg > Lg, Hg > W)
have high concentrations of radon even on floors higher than fifth, thanks to the chimney
effect. Low buildings with a large base on the ground floor have high concentrations due to
the great contribution made by the contact with the ground and the internal depression which
increases the entry of radon from the subsoil.

The pressure drop is transmitted with a certain speed and this influences the rate of radon
entry into the building. The parameter that increases or decreases this velocity is the
permeability of the ground. Advection is even more effective in case of cracks in the soil.
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The “wind effect” due to the difference in air speed between the internal and external
building exerts a force on the walls and on the ground in the direction of the wind, which
pushes the radon into the building.

Infiltration indicates the exchange of air between the indoor and the outdoor of buildings,
as doors and windows, ventilation and gaps and openings through the shell of the buildings.
Other factors facilitate the migration of radon from the ground to the building, such as rain
or ice layers: in fact, the rainwater that saturates the soil prevents radon from being released
into the atmosphere and conveys it to the foundations area.

It is very important to know the building foundation system (Fig. 2). In masonry
constructions, the continuous foundation often does not allow a ventilated crawl space and
the lower floor of the building rests directly on the ground. Because of these construction
characteristics, radon between the floor and the crawl space enters the building through all
the joints and cracks of the floor and piping systems, due to the difference in atmospheric
pressure between inside and outside.

oD
() | (b) | (c)

Figure 2:  Plant and elevation of shallow foundation types. (a) Strip footings consist of
load-bearing walls. The ventilation of the crawl space is difficult; (b) Spread
footings are the most common and consist of single or combined columns.
Sometimes the floor rests directly on the ground; and (c) Raft footings are used
to spread the load from a structure over the entire area of the building, because
of soft or loose soils. Drawings © [4].

4 MATERIALS AND METHODOLOGY
4.1 The area

Santa Maria delle Mole, Municipality of Marino, is located south of Rome, between the
Appia Antica Park and the base of the ancient Latium Volcano, now Lake of Albano. There
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are many underground water springs and high gaseous emissions of carbon dioxide CO, and
sulfur dioxide SO, a toxic gas with a nauseating smell. This area is not completely urbanized
and will be the subject of new constructions; because of its geophysical characteristics, it is
very important to check the concentration levels of radon gas and other pollutants.

4.2 Building characteristics

The building studied has some interesting characteristics that make it right as an
experimentation model. The shape of the building follows the land morphology, with
considerable differences in height. In particular, the building under test is located on a deep
lava flow of black leucitite [5]. This construction, dating back to the Second World War,
1939, has a supporting structure in volcanic tuff masonry. The building has mixed
foundations due to an old structural failure on shallow foundations, strip footing type on the
side of bedroom and spread type on the living room side (Fig. 3). The most significant rooms,
objects of different measurement campaigns in recent years, are the living room and the
bedroom. The two rooms have different characteristics: the living room rests on an almost
underground room; the bedroom instead rests directly on the rock and is slightly lower than
the external one. Both rooms have an inter-floor height of 4 m, the living room is 50 m? and
the bedroom are about 25 m?.

| | ) _ = T

Figure 3: Plant and elevation. Numbers represent the measurement points. Drawings © [4].
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4.3 Measurement methodology

Test 1: January—March 2018; July—September 2018
Detector: Solid-state nuclear tracks detector (SSTD CR39)
Test 2: January—March 2019

Detectors: Solid-state nuclear tracks detector (SSTD CR39)

MR1 ZnS(Ag) scintillation cell with sensor of humidity, temperature,
atmospheric pressure
TESTO anemometer

Some passive dosimeters were placed in different positions in each room. Measurements
were made in the coldest winter months and in the hottest summer ones. Three dosimeters
were positioned at different heights, compatible with the lifestyle of the occupants. The
measurements inside the same room differ between the min and the max: in the living room
even more than 35%, in the bed area around 28% on radon concentration levels (Table 1).

Table 1: 2018 Measurements.

2018 Measurements
SSNTD | Distance A A Average Average
CR 39 | from wall | Jan.—Mar. measure Jul.—Sep. measure | measure measure
and floor per point per room
1L 60cm | 761 Bg/m? 293 Bg/m? 527 Bg/m?
2L 160 cm | 523 Bg/m? | 35.98% | 206 Bg/m® | 29.69% | 364 Bg/m? | 472 Bq/m’
3L 120cm | 817 Bg/m® 231 Bg/m? 524 Bg/m?
4B 120 cm | 834 Bg/m’ 220 Bg/m® 527 Bg/m’?
5B 180 cm | 644 Bg/m® | 28.12% | 196 Bg/m® | 25.75% | 420 Bg/m* | 509 Bq/m?
6B 60 cm | 896 Bg/m’ 264 Bg/m® 580 Bg/m?

The average of the measured values is around those fixed by Italian Legislative Decree
230/95, 500 Bq/m?, which recommends repeating the measurements in case of values close
to the set limits, but the levels recommended by the European Council Directive
2013/59/Euratom, 300 Bg/m?, are largely exceeded. The measurements were repeated in
2019. Due to different causes affecting variation of radon concentration such a time span is
necessary to obtain average values (Table 2).

Table 2: The measurements confirm the values found in the previous year.

2019 Measurements
SSNTD CR 39 ]V)V;sltla:gg fflr(‘)’gr‘ Jan—Mar. | A measure Averagi:fé‘:ﬁwre per
1L 60 cm 692 Bg/m®
2L 160 cm 548 Bq/m? 30.72% 677 Bq/m?
3L 120 cm 791 Bg/m3
4B 120 cm 690 Bg/m3
5B 180 cm 596 Bq/m? 17.79% 670 Bg/m?
6B 60 cm 725 Bg/m3
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5 MATERIALS AND METHODOLOGY
Radon measurements were performed with a scintillation cell detector. The difference in
concentration, thanks to the measurement of the airflow speed, shows that the dosimeters

must be positioned compatibly with the lifestyle of the occupants (Table 3).

Table 3: 2019 Measurements by MR1 and anemometer.

2019 Measurements

N T T o i
1L 60 cm 702 Bg/m® 0.00 m/s

2L 160 cm 612 Bg/m? 12.82% 0.12 m/s 664 Bg/m?
3L 120 cm 680 Bg/m® 0.07 m/s

4B 120 cm 713 Bg/m’® 0.00 m/s

5B 180 cm 694 Bg/m® 14.84% 0.22 m/s 740 Bg/m?
6B 60 cm 815 Bg/m® 0.00 m/s

6 CONCLUSION

After all these analyses we can conclude that to make a good evaluation, we need to keep in
mind many factors and that it is difficult to generalize because too many parameters are at
stake. New elements are suggested for a good diagnosis of the building. Occupant lifestyles
play a very important role. The objective measurement does not guarantee the occupant from
unconscious exposure. As seen that from experimental data the radon concentration
differences can be even higher than 35%, that in terms of radiation protection means
increasing the cancer risk. Measurement differences within the same room, suggests the
operator to take into account also the furnishing of the house. First of all the bedroom design,
where every human being spends at least 8 hours a night. Portions of interior rooms may
remain completely unventilated and sometimes right on the bedside.

This study shows how many topics are to be examined for a correct analysis for radon
entry model into buildings:

area on which the building stands;

geological analysis and anthropic transformations;

building materials and outdoor flooring;

construction technology, foundation type;

plant systems, cooling and heating;

building design, shape and openings that regulate the correct dilution of indoor air;
careful study of environmental, meteorological and microclimatic parameters;
interior design that can influence the lifestyle of the occupants (Fig. 4).

All these issues should be treated by various specialists, each in his own field and work
as a team for a better result.
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Figure 4: The average value of indoor radon concentration is quite high (Table 3). The

graph shows how, as the outdoor temperature decreases at night, the
concentration rises.
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ABSTRACT

The indoor radon concentration in underground workplaces pertaining to Sapienza — University of
Rome have been monitored since the 1990s according to the prescription of the Italian Legislative
Decree 230/95. In the last few years, the recommendations contained in the Council Directive
2013/59/Euratom have shifted the focus to all indoor exposure situations by promoting actions to
identify workplaces and dwellings with radon concentrations exceeding the reference level of
300 Bg/m’. In response to the upcoming transposition into national legislation, Sapienza has promoted
the first Italian survey addressing workplaces in university buildings, regardless of the position with
respect to the ground floor. The survey has interested more than 300 workplaces, i.e. administration
and professors’ offices, research and educational laboratories, conference rooms and classrooms,
distributed in 15 different buildings. Places monitored are strongly heterogeneous in terms of users’
habit, occupancy pattern and building characteristics. The influence of these parameters into seasonal
variation have been addressed by organizing the survey into four quarters. The indoor radon
concentration is measured by solid state nuclear track detectors, CR39. The aim of the paper is to
present features, methods and intermediate results of the survey. The work, relying on the analysis of
previous measurements interesting underground workplaces, focuses on methodology followed during
all the preliminary and preparatory phases: active measurements by ionization chamber radon
continuous monitor, radon progeny equilibrium factor estimations by radon daughters monitor,
strategies for occupants’ awareness, positioning protocol and provisions to maximize representativity
of results.

Keywords: indoor radon, survey, university, radon in school, radon in workplace.

1 INTRODUCTION
Inhalation is the primary patter for public exposure to natural radiation [1]. The main
contribution is given by isotope 222 of radon (in the following referred to simply as “radon”
or “Rn”) and its progeny [2]. This nuclide is showed to be the primary cause of lung cancer
among people who have never smoked (i.e., the second cause of lung cancer after cigarette
smoke). The percentage of lung cancer attributable to radon exposure is estimated to range
between 3% and 14% [3]: in Italy, the annual average of lung cancer deaths attributable to
radon is 3,326 (1,118-5,882), ranging between 3% and 18% of total lung cancer deaths [4].

Radon concentration in Italy has been addressed, from 1989 to 1998, by a representative
National Survey aiming to evaluate the exposure in dwellings of all the 21 Italian regions.
According to the results of such survey, Lazio was found to be one of the region with the
highest mean radon concentration (>100 Bg/m™) [5]. Since then, several studies have been
carried out in Italian workplaces and dwellings (e.g., [6]).

The current Italian Legislative Decree 230/95, transposing recommendation of Directive
96/29 Euratom, demands radon measurements in underground workplaces only.
Nevertheless, exposure in schools (i.e., kindergarten, primary, and secondary school) has
been studied due to the peculiar building characteristics (schools are generally at the ground
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and first floor) and due to the age of population generally frequenting such buildings (e.g.,
[71-{10D).

The need of performing and documenting design and methods of a survey addressing
university buildings arises from: (i) no case study interesting such buildings in Italy, and very
few in other countries (e.g., [11]), are available; (ii) due to the dimension and the spatial
distribution of such buildings, specific protocols should be considered; and (iii) Council
Directive 2013/59/Euratom (transposition into national legislation is in progress) will require
measurements in workplaces and buildings with public access without restriction on
floors [12].

In this paper, the survey on indoor radon concentration in Sapienza — University of Rome
will be described in detail. The materials and methods will be discussed in depth with respect
to radon detectors used, number of buildings (and rooms) involved, and deployment-removal
protocols. The inner representativity, in terms of intended use and occupancy factor, of such
survey will be analyzed. Moreover, the results of measurements addressing radon equilibrium
factor F and unattached fraction f, will be reported.

2 MATERIALS AND METHODS
The survey has been completely designed and managed by Sapienza — University of Rome
and Italian National Institute for Insurance against Accidents at Work (INAIL). The indoor
radon measurements interested 18 buildings, all of pertinence of the Department of Basic and
Applied Sciences for Engineering (SBAI).

2.1 Rooms census

A comprehensive and systematic census of rooms to be considered within the survey has
been carried out. Such analysis is mandatory to allow a proper estimation of dose for students
and workers. Ten intended uses have been considered, each to be associated to a
correspondent occupation factor, 7' (expressed in terms of fraction of weekly working hours,
i.e., 40 h, for the occupant maximally exposed to indoor radon). For offices, workshops,
porter’s lodges, and research laboratories, 7=1 is considered. Reading rooms, libraries,
classrooms, and teaching laboratories are assumed to have 7=0.5. Storage rooms, kitchens,
archives, and copy rooms are all considered unattended rooms (7=1/20). Public toilets,
stairways, corridors and elevators have been excluded from the survey due to the low
occupancy factor (generally lower than 1/40) and the high air exchange rate.

The results of the census are reported in Table 1.

A total of 335 rooms have been censed: as expected, offices (156) and research
laboratories (111) cover the large majority of rooms. As a consequence of the census, three
buildings (12, 13 and 16) have been excluded from the survey due to the lack of rooms
satisfying requirements about minimum occupancy factors.

2.2 Radon detectors

CR-39 solid state nuclear track detectors (SSNTD) have been used. The sizes of the plastic
polymer chosen, manufactured by TASL Ltd, are 37x13 mm. The CR-39 has been coupled
with NRPB/SSI holder made of conductive plastic.

Results of studies by Tokonami et al. [13], [14] show a thoron sensitivity for such holders
of 0.1 cm? kBq' m® h'! (0.05 in relative terms). Thus, the Rn-220 penetration into NRPB/SSI
holders should not be neglected when deploying the passive dosimeter in rooms. If no
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Table 1: Results of intended use census for building interested by the survey. Columns two
and three report the distribution of rooms according to the intended use. Columns
four and five report the maximum value for occurrences (absolute and percentage
respectively) of the intended use in row in the 18 buildings. Columns six and seven
report the mean value for the same occurrences. The minimum values are not listed
because equal to zero for each row.

No. Max. Mean

#H () (#) (%) #) (%)
Office 156 47 33 96 9 38
Workshop 1 0 1 3 0 0
Reading room 8 2 2 13 0 2
Lodge room 5 1 1 13 0 1
Kitchen 1 0 1 3 0 0
Copy room 1 0 1 14 0 1
Archive 3 1 1 3 0 0
Classroom 25 7 11 100 1 28
Teaching lab 24 7 6 100 1 21
Research lab 111 33 93 84 6 8

attention is paid to the position of detectors, this may result in incorrect estimates. From
several scientific findings, in fact, it was clarified that radon readings by radon detectors were
overestimated by the presence of thoron [15]. If the indoor radon activity concentration is
roughly uniform in rooms, the spatial distribution of thoron decreases exponentially from the
wall surface [16]-[18]: according to this, a minimum distance of 30 cm between CR-39 and
the closer wall has been adopted during the current survey.

According to scientific findings concerning CR-39 detectors background [19], a chemical
etching of the detectors has been performed prior to their exposure to radon in order to make
easier and more accurate the discrimination of true tracks (i.e., due to interaction of radon
and its progeny) from those of the background (i.e., due to surface defects, micro-voids and
alpha interactions before exposure).

2.3 Design of the survey

A long-term periodicity in indoor radon concentration is acknowledged [20]: radon follows
usually a seasonal cycle with higher levels in cooler months and lower levels in warmer
months. The magnitude of the resulting cycle depends on temperature and weather condition
of the area. Such periodicity may be modified by: living habits (i.e., changes in the house’s
ventilation rate), occupancy pattern and building characteristics. Thus, the correlation
between Rn concentration and meteorological parameters is far from simple. Results from
the TItalian National Survey [5] showed several evidences of winter to summer Rn
concentration ratio lesser than one. In order to verify if such inverse seasonal variation could
affect the buildings addressed, it has been decided to divide the survey into four 3 month
periods, nearly coincident with the four seasons. The measurements started at the beginning
of spring 2019.
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Such approach has also the aim of collecting data to estimate the average (with respect to
the site) seasonal correction factors. These coefficients allow to perform measurements
shorter than one year (e.g., three months [21]), thus estimating the annual mean on the basis
of previous observation of seasonal variations in the same area. This approach, followed by
several Countries, provides strong reduction of time and cost efforts to manage regulatory
requirements. The same approach could be applied to Italy: the current Italian Legislation
expresses, in fact, the radon limit in term of annual mean concentration (i.e., 500 Bg/m).

2.4 Dosimeters deployment

Dosimeters have been deployed by a trained team according to the following main criteria:
(i) the instrument should be placed in a safe position to reduce the risk of manumissions,
accidental falls or hits; ii) the instrument should be placed far from heat sources, including
surfaces with direct solar radiation; (iii) the instrument should be placed far from air
conditioner, windows or doors; and (iv) the instrument should be placed at least 30 cm far
from the bearing walls and 1 m from floors and ceilings [22].

In each room one CR-39 detector has been placed, except for rooms larger than 100 m?
whose radon concentration is being monitored by two dosimeters.

During the deployment procedures, the content of the holder has been showed to the rooms
occupants. Such an expedient is aimed to avoid manumissions of the instruments during the
measurements period, whose main cause is represented by the desire to know what is inside
the holder.

The dosimeters have been coupled with a flyer containing concise information about the
nature of measurements taking place and the contacts of survey directors always available
for answering questions. On or two reference persons for each building (according to the
number of rooms and occupants) have been informed and trained about radon risk, regulatory
legislation, and kind of measurements being performed. Then, the information has been
transmitted to all the workers by the reference persons themselves. All these precautions are
aimed to make the workers feel confident about the measurements taking place in their
rooms. In fact, occupant’s cooperation is mandatory in checking and saving the dosimeter
during the measuring period, so reducing the number of missing results. The cleaning
company has been informed about the rooms interested by such measurements together with
the positions of each dosimeter deployed.

2.5 Equilibrium factor and unattached fraction

The evaluation of dose arising from radon progeny inhalation is often related to the gas
exposure only due to the supposed compensation between doses from attached and
unattached fraction. [23] shows that such a self-compensation is not fully realized, and for
the same radon gas concentration, the effective dose can vary by a factor up to 2: thus,
equilibrium factor and unattached fraction should be evaluated for proper doses evaluation.

According to the ICRP recommendations, an equilibrium factor of 0.4 can be assumed.
However, since this factor depends largely on human-related and environmental conditions
(e.g., living habits, occupancy pattern, humidity), 7 rooms, contemporary monitored by
CR-39 detectors, have been also sampled to host measurements of equilibrium factor and
unattached fraction. Rooms choice aimed to make the samples representative with respect to
intended use.

Two instruments have been used to evaluate such parameters: an active ionization
chamber radon detector (AlphaGUARD DF2000), and a double channel radon progeny
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monitor (Tracerlab BWLM-2S PLUS). The potential alpha energy concentration (PAEC) of
each radon daughter has been determined by alpha spectrometry considering attached and
unattached fraction individually.

Each measurement lasted more than 24 hours in order to superimpose short term aperiodic
fluctuations and periodic diurnal cycle of radon-related parameters.

3 RESULTS AND DISCUSSION
Dosimeters have been deployed in a total of 178 rooms, with a prevalence of offices (66%),
research and teaching laboratories (8% and 16%, respectively). The distribution of CR-39
detectors, according to intended uses of monitored rooms, is reported in Table 2.

Table 2: Summary of rooms whose indoor radon concentration is being measured, i.e., CR-
39 detectors have been placed inside actually. Columns two and three report the
distribution of rooms according to the intended use. Columns four and five report
the maximum value for occurrences (absolute and percentage respectively) of the
intended use in row in the 18 buildings. Columns six and seven report the mean
value for the same occurrences. The minimum values are not listed because equal
to zero for each row.

No. Max. Mean

#H ) (#) (%) ) (%)
Office 118 66 33 100 7 47
Workshop 1 1 1 3 0 0
Reading room 5 3 2 13 0 2
Lodge room 2 1 1 13 0 |
Kitchen 1 1 1 3 0 0
Copy room 3 2 1 14 0 2
Archive 1 1 1 3 0 0
Classroom 5 3 4 27 0 3
Teaching lab 14 8 6 100 1 31
Research lab 28 16 14 100 2 12

Four other buildings have been excluded from the survey during this phase: they are all
mainly hosting classrooms characterized by large areas (more than 150 Bg/m) and high air
exchange rates.

Inner representativity of rooms sampling during the procedure of dosimeter deployment
is discussed with respect to two parameters: intended use (Table 3) and floor level (Table 4).

Rooms actually being measured are well representative of the whole “population” of
rooms censed, considering both the occupancy factor and the floor level. Tables 3 and 4 show
maximum differences of 4% and 6%, respectively.

3.1 Equilibrium factor and unattached fraction

As shown in Table 5, the average equilibrium factor for offices is 0.52 which is nearly equal
to the suggested value, 0.5, of [24], but 30% higher than the traditionally assumed value, 0.4,
of [25] (still considered appropriate by [2], showing a range from 0.1 to 0.9). The F value
increases for libraries, usually characterized by small surface to volume ratios, and decreases
for archives and storage rooms due to their very small free inner volume.
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Table 3: Analysis of inner representativeness with regards to rooms occupancy factor
expressed in terms of hours spent there in one year: (i) offices, workshops, porter’s
lodges, and research labs, 2000 h year!; (ii) reading rooms, libraries, classrooms,
and teaching labs, 1000 h year'; (iii) storage rooms, kitchens, archives, and copy
rooms, 100 h year!.

Rooms censured Rooms measured

#) (%) #) (%)

2000 hiyear 273 81% 149 84%
1000 hiyear 57 17% 24 13%
100 y/year 5 1% 5 1%

Table 4: Analysis of inner representativeness with regards to floor levels of rooms hosting
indoor radon concentration measurements.

Rooms censured Rooms measured

(#) (%) #) (%)

PS1 68 10 40 11
PTE 55 8 48 13
PR1 115 17 39 11
P01 77 11 51 14
P02 4 1 0 0
P03 5

P04 11 2

Table 5: Summary of measurements results about equilibrium factor F and unattached
fraction f, during the first three month period (corresponding to spring).

Equilibrium factor  Unattached fraction
Mean o (k=1) Mean o (k=1)

Office 1 0.49 30% 0.09 68%
Office 2 0.39 32% 0.14 49%
Office 3 0.51 33% 0.14 51%
Office 4 0.48 26% 0.13 28%
Porter’s lodges 0.52 29% 0.12 76%
2000 h year™! 0.48 10% 0.12 16%
Library 0.66 34% 0.08 28%
1000 h year™ 0.66 34% 0.08 28%
Archive 0.33 15% 0.20 21%
100 h years™ 0.33 15% 0.20 21%
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The average unattached fraction for the offices considered is 0.12, greater than the central
value of the unattached fraction in houses, 0.05, reported by [2]. Despite what expected,
measurements in archives and storage rooms, usually characterized by higher aerosol
concentrations (so attachment rates), return higher values of unattached fraction (0.2).
Similar considerations should be extended to the reduction (with respect to 0.4) of the
equilibrium factor in such places: indeed, a value of 0.33 is generally associated to lower
aerosol concentration than the average house.

4 CONCLUSION
A survey addressing measurements of radon concentration in university buildings (at
Sapienza — University of Rome) has been described and discussed in depth. The survey aims
to provide information about radon exposure in workplaces (e.g., offices, research
laboratories) and places attended by students (e.g., classrooms, teaching laboratories and
libraries).

The sample of rooms being measured has been proved to be representative of all the rooms
censed at the beginning of the survey. Two main variables have been considered in
representativity analysis as parameters potentially influencing indoor radon concentration:
occupancy factor coupled with the intended use for rooms (i), and the floor level (ii).

Measurements are well under way since April 2019 being designed to be divided
according to seasons in order to appreciate the periodicity, direct or inverse, in radon
seasonality.

The paper also shows the results of a preliminary study addressing the evaluation of
equilibrium factor F and unattached fraction f, in 7 rooms sampled within the places
interested by radon measurements. Such measurements will be repeated in the following
three month monitoring periods (i.e., summer, autumn, and winter) extending the number of
rooms considered.
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ABSTRACT

A silicon photodiode-based inexpensive detector working as a counter and spectrometer for alpha
particles has been conceived, designed, constructed and analyzed in depth. Monte Carlo simulations by
means of MCNPX ver. 2.7.0 code have been carried out to select the most suitable sensitive element
for the intended applications. The detecting unit has been coupled to an Arduino board and tested for
low-rate alpha-particle counting and spectroscopy. Results demonstrate a maximum count rate of
4-103 5!, an energy resolution corresponding to a full width at half maximum of 160 keV over the entire
energy range of measured alpha (namely 4 + 6.5 MeV), and the sensitive element’s intrinsic efficiency
of about 100%. Being the detector capable of distinguishing alpha energy associated to decays of radon
daughters, its applications include ???Rn progeny monitoring. The air sampling system has been realized
by a volumetric micro-pump forcing the air-flow through a millipore filter. By knowing the air-flow
rate processed and the corresponding alpha energy spectrum measured, the concentrations of '3Po,
214po and 2!°Po are determined. The potential alpha energy concentration-in-air is inferred, and effective
dose evaluated. Calibration and testing measurements have been carried out by comparing the obtained
results to the outputs of professional and expensive radon progeny monitor. The detector capability of
“following” radon progeny concentration-in-air vs. time has been demonstrated. The device studied
here can be configured as a prototype for an inexpensive radon progeny sensor to be potentially suitable
for indoor air-monitoring in residential buildings, evaluating people’s exposures to radon and initiating
corrective actions (e.g., mechanical ventilation) if necessary.

Keywords: radon exposure, alpha spectrometry, silicon photodiode, Arduino, PAEC.

1 INTRODUCTION
From 2013 on, the EU Member States have been busy in the transposition of Council
Directive 2013/59/Euratom [1] into national legislation. Among novelties introduced,
increased attention is paid to exposures from natural sources of radiation, and radon-related
aspects particularly.

Updated primary risk model (BEIR VI [2] and Czech—French models [3]) studies
regarding epidemiological approach to radon effects on health encouraged the review of the
probability coefficient for radon- and radon-progeny-induced lung cancer from 2.8 E-4 to
5 E-4 per WLM [4]. The application of general biokinetic models (mainly the Human
Respiratory Tract Model, HRTM, from ICRP 66 [5]) to radon exposures (including the
progeny intakes in lungs and whole body) results in a values of effective dose per unit
exposure ranging from 10 to 20 mSv per WLM. Because of that, with respect to the preceding
legislation, the 2013/59/EURATOM established a “Reference Level” of 300 Bq m™ for
annual average indoor radon concentrations (including both occupational and public
exposures), overcoming the 500 Bq m3 “Action Level” of the 1996/29/EURATOM
(regarding occupational exposures only).

It should be considered that the 2013/59/EURATOM Directive advises Member States
that National Reference Level for radon “shall not be set higher than 300 Bg m™”,
encouraging to choose lower values in situations involving long-term exposures to radon,
i.e., workplaces and dwellings. Moreover, being the 300 Bq m™ value conceived as a
“reference level” instead of an “action level”, radon exposures are subjected to the ALARA
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principle (As Low As Reasonably Achievable) and the annual average radon indoor
concentration should be kept below 300 Bq m™ as more as reasonably achievable.

With all these premises and the potential market related to radon issues and radiation
protection aspects, the increasing number of new radon detectors developed in last years and
service companies available for radon measurements can be understood. However, regardless
any future legal implication, manufacturers or measurements providers can rely on the
fact that radon is acknowledged as the second cause of lung cancer after cigarette smoking
[6], [7]: in many cases it is a sufficient expedient to promote and diffuse their products to the
public without any legal obligation.

The current and common tendency for manufacturers is to conceive “smart” devices even
for radon measurements. e.g., Wi-Fi sensors with associated database and detectors which
can be geo-localized allowing measurements linked to the specific features of the territory.
Further, any member of the public could be able to measure indoor radon concentration by
itself and receive notifications about high radon concentration with a message on his smart
phone, etc.

A “smart” radon detector could be useful to people truly, as an alternative solution to
traditional remedial action applied to “radon-rich” locations. Currently, in most Member
States, when at a specific location the annual radon indoor concentration overcomes the
“action level”, remedial actions need to be applied to reduce such concentration. Typical
actions are ventilation with external air, isolation of the building from foundations, “pressure
traps” to intercept radon paths to the interior of the building, etc. Actions like these are usually
applied continuously, regardless the effective indoor radon concentration. Here instead, a
“smart” radon detector could be suitable to control, suggest, and optimize the remedial action
operation, e.g., powering fans and active parts only when needed (only when people are there
and concentrations are exceeded), or warning people at the place to open the window
and dilute the internal air with external air. This way, radon concentrations would be
controlled only when it is necessary, with relevant savings in costs and energy
consumptions of buildings.

Such an hypothesis would suggest precise features for the “smart” radon detector to be
applied: 7) the sensor should be an active detector; i7) accuracy and precision of measurements
in “following” radon evolution vs. time (day—night cycles) should be demonstrated; iii)
responses should be in real time e.g., frequency of measurements could be hourly, or each
quarter, depending on device’s detection limits.

At the Radiation Protection Laboratory of the Sapienza University of Rome, Department
of Basic and Applied Sciences for Engineering, a photodiode-based detector for alpha
particles has been developed and properly characterized. All the features of the device and
results about the experimental campaign carried out can be found in Gugliermetti et al. [8].
The detector is open-source, it is called “Alphaino”, and it can be suitable for different
applications involving alpha particles detection and spectroscopy, so including
measurements of radon and its progeny. The paper herein discusses how the “Alphaino”
detector has been suitably modified to build a radon progeny monitor, called “Radonino”.

At the Radiation Protection Laboratory, an experimental campaign with the “Radonino”
detector, the AlphaGUARD [12] radon monitor, and the Tracerlab BWLM-PLUS-2S [10]
PAEC monitor, has been carried out. Synchronized and contemporary sets of measurements
have been registered for an entire month. Part of the data acquired have been used for the
initial calibration of the “Radonino” detector. With calibration achieved, data have been used
to verify the detector operation and demonstrate its capability in “following” radon and
progeny evolution vs. time, as for as professional and expensive instrumentation.
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This paper aims to show that reliable radon exposure measurements can be achieved even
without expensive instrumentation, through a well-conceived detector. An effective and
cheap radon monitor detector measuring directly the PAEC could be particularly suitable to
provide continuous effective dose evaluation in radon-affected dwellings and workplaces, in
order to warn people or initiate mitigation actions when truly needed.

2 DETECTOR DEVELOPMENT

The core of “Radonino” is the “Alphaino” detector discussed in Gugliermetti et al. [8].
Alphaino is an alpha-particle detector intended for applications where low cost and small
dimension are key factors. It can be used both as an alpha particles counter, and for alpha
spectroscopy. It can also be connected both to traditional nuclear spectroscopy electronics,
and to cheap prototyping boards, e.g. Arduino [15]. The detector has been tested for low-rate
alpha-particle counting and spectroscopy, demonstrating a maximum achievable count rate
of 4-10° s7!, with an energy resolution corresponding to a full width at half maximum of 160
keV over the entire energy range of measured alpha, namely 4 + 6.5 MeV, the intrinsic
efficiency being 100%. The detector is open-source: everyone can download the schematics,
build the sensor and contribute to further development through the GITHUB repository for
the project, https://github.com/bemxgm/Radon-Monitor.

The application of “Alphaino” to radon indoor concentration measurements comes from
the fact that risks to people’s health is given by the radon progeny, and not by radon gas itself.
Detectors measuring radon (**?Rn or ?2°Rn) gas directly can be fairly complex, and very
expensive, due to the fact that radon isotopes are dispersed in air and radon is a noble gas,
chemically inert almost. Detecting ?2?Rn (or 2°Rn) decays means to “observe” a certain
volume of the air to be monitored with the experimental capability to detect the decay event
in such control volume: ion chambers or scintillation cells are used, typically. Professional
instrumentation exploits this kind of sensitive element, usually.

Being 2*’Rn (and the same ??’Rn) the initiator of an equilibrium chain with its Po, Pb, and
Bi daughters, i.e., the progeny, detectors can rely on progeny measurements to infer the father
concentration-in-air. The technical realization of the equilibrium among radon and its
progeny is a quite interesting possibility to measure radon. As a matter of fact, the detection
of the progeny is quite easier with respect to the measurement of the radon itself. Indeed,
22Rn daughters, >'8Po, 214Pb, 2!“Bi, and 2!“Po, are mainly produced by decay in form of
positive ions [9]. Such atoms have a high probability to get attached among themselves and/or
with dust particulate in air, forming “clusters” of different sizes [10], [11]. Such “clusters”
are called “unattached” (with diameter ranging from 0.5 to 4 nm) when free or attached to
vapor or gas in traces, and “attached” (with diameter from 0.1 to 0.4 um) when attached to
aerosol. The advantage in measuring radon’s daughters is that the progeny can be easily
collected in front of a detector for the measurement. Collection can be achieved by
mechanical methods, e.g., forcing air to pass through a filter placed in front of the detector,
or with electrostatic precipitation toward the sensor.

The “Alphaino” detector in Gugliermetti et al. [8] has been arranged in a suitable
configuration to realize the mechanical collection of radon progeny on a paper filter by means
of an air flow forced to pass throughout. The detector, Fig. 1, is called “Radonino”. The
photodiode sensor in front of the filter is capable in detecting alpha particles emerging from
the filter itself. 2'3Po, 2!4Pb, 2!“Bi, and 2!“Po are determined by the analysis of the alpha
particles’ energy spectrum collected for one hour. By knowing the flow rate processed by the
sensor, the Potential Alpha Energy Concentration, PAEC (MeV cm™), is calculated. Such
energy, in form of a concentration of alpha particles decays in air, determines the risk to
human health when air is breathed in the respiratory tract.
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air inlet

air outlet

\

photodiode

Figure 1:  The “Radonino” detector. The chip is housed in a light-proof electromagnetic
shielded ABS box sketched in gray color.

With the PAEC determined, it is possible to retrieve the corresponding radon
concentration-in-air, being “action” or “reference” levels defined by legislation expressed in
such units, or convert the PAEC in effective dose rate directly. Fig. 2 shows a comparison
between the workflow with the “Radonino” detector here proposed and the classical
workflow applied to professional radon detectors such as Bertin Instruments AlphaGUARD
[12]. For the equilibrium factor, F, defined as the ratio between equivalent equilibrium
concentration (EEC, i.e., the concentration corresponding to the PAEC) and the
corresponding radon concentration-in-air, a nominal value of F=0.4 is assumed for indoor
locations, conventionally. As to convert PAEC in effective dose, is assumed the effective
dose coefficient per unit exposure by ICRP 115 [13], i.e. 0.465 uSv cm? h'! MeV-..

Y N N\

RADON PAEC uSv|  EFFECTIVE
MEASUREMENT | F=0,4 | ESTIMATION |0 4655y DOSE
[Bg/m?] [MeV/cm?] et [uSv/h]

8

RADON PAEC PSTV EFFECTIVE
ESTIMATION F=0,4 | MEASUREMENT |0 4657 DOSE
[Bg/m?] [MeV/em?] 3 [uSv/h]
LEGAL FRAMEWORK 'RISK TO HEALTH' FRAMEWORK

Figure 2:  Workflow with professional radon monitors and with the “Radonino” detector
here proposed.

The adjustment of “Alphaino” towards “Radonino” for realizing PAEC measurements
asked for a new design of the casing with respect to Gugliermetti et al. [8]. The sensor is
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based on photodiode which is sensitive to light intrinsically, and a light-tight environment is
needed for correct operations. For reducing the electronic noise, the casing has been covered
with a conductive paint electrically connected to the ground, as to realize an electromagnetic
shielding. The case has been produced by means of a 3D printer, and material selected is
ABS, Acrilonitrile Butadiene Styrene, due to its excellent mechanical features. It allows the
suction of air from the side and the outlet upright with respect to the photodiode sensitive
element as depicted in Fig. 1. Prior to be expelled, the air is forced to pass throughout a
suitable millipore paper filter, permitting the “dust” carrying the radon progeny to be settled,
for alpha-particle detection.

The air flow is obtained by means of a volumetric micropump connected to the outlet of
the detector. The flow rate realized corresponds to 0.3 L/s. Alpha particles energy spectra
are recorded by means of a multi-channel analyzer ORTEC EASY-MCA-2k, and spectra are
acquired with a frequency of one hour.

3 EXPERIMENTALS
The first test carried out was intended to demonstrate the feasibility of the project, i.e.,
verifying the effective capability of “Radonino” in detecting alpha particles from the radon
progeny settled on the millipore paper filter.

Fig. 3 shows the first alpha energy spectrum measured with the “Radonino” detector,
the acquisition lasting 24 h as to obtain statistically significant data to be compared with
the professional detector Tracerlab BWLM-PLUS-2S. Peaks in the spectrum are due, in the
order, to 2!8Po, 214Po, and 2!?Po, the last one belonging to the 22°Rn decay chain.

0.050
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0.025
0.020
0.015 1
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0.005 A

0.000 -
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Figure 3:  Alphaino recorded alpha spectrum of the progeny of 2°Rn->*2Rn. Peaks in the
spectrum are due to 2'3Po (6 MeV), 21Po (7.7 MeV), 212Po (8.8MeV).

The following experimental campaign was carried out for a quantitative characterization
of “Radonino” aimed to calculating the efficiency of the system in detecting alpha particles
vs. other working parameter selected, e.g. the air flow-rate. The calibration has been achieved
by means of the Tracerlab BWLM-PLUS-2S. Alpha energy spectra, acquired with a
frequency corresponding to 1 hour with both detectors synchronized in time, have been
compared and the overall efficiency of “Radonino” in detecting alpha from the millipore
filter was calculated.

Once '*Po and 2'“Po concentration-in-air are determined with the calibrated “Radonino”,
contributions to PAEC from 2!“Pb and 2'“Bi can be inferred by equilibrium considerations.
The PAEC value [MeV/cm?] vs. time is so determined for the following evaluations.
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Three different experimental campaigns have been realized at the Radiation Protection
Laboratory, involving the contemporary and synchronized use of:

e AlphaGUARD PQ2000 to measure indoor 22Rn concentrations, one value per hour;
e Tracerlab BWLM-PLUS-2S to measure PAEC, one value per hour;
e The “Radonino” detector to measure PAEC, one value per hour.

The three experimental campaigns differ in duration and boundary conditions (open or
closed windows, day—night cycle, build-up effect due to closed windows in the weekend,
weather, etc.). Those variations were intended to analyze the real spectrum of situations for

indoor conditions, as to include the dynamic evolution of radon at the building in dose
evaluations and results. In particular:

e Experimental Campaign #1: working week, 88 hours, normal use for the analyzed
room; weather: cloudy and rainy (low air pressure);

e Experimental Campaign #2: two working days, 45 hours, normal use for the
analyzed room; weather: sunny (high air pressure);

e Experimental Campaign #3: weekend, 33 hours, room and building unused;
weather: sunny (high air pressure).

As to discuss results, the dose approach in Fig. 2 (the “Risk to Health Framework™) has
been chosen to compare data. AlphaGUARD radon indoor concentrations measured values
were converted in effective dose rate assuming F=0.4 and 0.465 pSv cm® h'! MeV-!. The
same way, the 300 Bq m™ “Reference Level” from 2013/59/EURATOM has been converted
in the corresponding effective dose rate. The PAECs measured by Tracerlab and “Radonino”

were converted to effective dose through the coefficient 0.465 uSv cm?® h'! MeV-L. Figs 4, 5
and 6 shows the three sets of data.

= —E_Legal e—E_Ti lab —o—E_Radonil —o—E_Alph d

Effective Dose Rate [uSv/h]

Time [hour]

Figure 4:  Results of the first experimental survey: comparison between effective dose rate
computed from Radonino, Tracerlab BWLM-PLUS-2S, and AlphaGUARD
measurements. 2013/59/EURATOM “Reference Level” converted to effective
dose rate is provided as “E Legal”. This first set of measurements was
performed during a whole week in a room regularly occupied by workers. The
room is ventilated through windows manually operated according to occupants’
arbitrary choices. F=0.18+24.3%, {p=0.13%15.1%.
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Results of the second experimental survey: comparison between effective dose
rate computed from Radonino, Tracerlab BWLM-PLUS-2S, and AlphaGUARD
measurements. 2013/59/EURATOM “Reference Level” converted to effective
dose rate is provided as “E_Legal”. This second set of measurements was
performed in the same room as the first survey, but during the weekend. The
room was closed and unattended during the whole period. F=0.21+29.8%,
£,=0.11£33.0%.

— —E Legal —o—E_Trecerlab —e—E| i ——E_A

16 18
Time [hour]

Results of the third experimental campaign: comparison between effective dose
rate computed from Radonino, Tracerlab BWLM-PLUS-2S, and AlphaGUARD
measurements. 2013/59/EURATOM “Reference Level” converted to effective
dose rate is provided as “E Legal”. This third set of measurements was
performed in the same room as the first two surveys. The observed period
covered the transition from Sunday (weekend) to Monday (first day of working
week). Due to the usual occupancy patterns, these hours are generally
characterized by strong changes in all the climatic parameters (i.e., T, P, RH), as
well as in Rn concentration, F, and f,. F=0.104+43.8%, £,=0.29+22.0%.
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Some considerations follow:

e The calibrated “Radonino” is capable in determining PAEC values vs. time, as for
the professional detector Tracerlab BWLM-PLUS-2S. The matching in PAEC
means matching in effective dose rates values vs. time, as can be seen from Fig. 4.

e Indoor radon concentrations measured with AlphaGUARD PQ2000 (converted in
PAEC by F=0.4 and effective dose rate later as happen for previous instruments)
return overestimations of the effective dose rate due to the selected value F=0.4,
assumed for indoor environments conventionally.

e At the room analyzed, the equilibrium factor F has been measured with Tracerlab
BWLM-PLUS-2S vs. time. Experimental values show that F=0.4 can be assumed
as a conservative assumption in this case, being the true value measured lower.

e Evaluate radon exposure starting from PAEC determination, or indoor radon
concentration determination (Fig. 2), may lead to different results, as measurements
and following calculations in Fig. 4 demonstrate; e.g. the 1st and 2nd experimental
campaigns in Fig. 4 show that the exposure evaluation starting from radon
measurement overcomes the legal 2013/59/EURATOM *“threshold” (being F=0.4
an overestimation), while true values remain under such legal “threshold”.

4 CONCLUSIONS AND FUTURE PERSPECTIVES
The paper discussed the application of the Alphaino sensor developed by the authors in
Gugliermetti et al. [8] to radon measurements and the following effective dose evaluations.

The detector, named “Radonino” measured the Potential Alpha Energy Concentration in
air, PAEC [MeV cm™], vs. time. It has been calibrated by means of professional
instrumentation, Tracerlab BWLM-PLUS-2S and AlphaGUARD PQ2000.

Three experimental campaigns (variable in duration; boundary conditions, i.e., open or
closed windows, day—night cycle, build-up effect due to closed windows in the weekend,
weather; etc.) have been carried out with all instruments synchronized and with a 1-hour
time resolution. Results showed that the inexpensive “Radonino” is capable in measuring
PAEC vs. time as for the professional Tracerlab BWLM-PLUS-2S. PAEC values were
converted to the corresponding radon concentration [Bq m™] by means of the equilibrium
factor F, or to effective dose rate directly.

Experimental measurements here discussed demonstrate that “Radonino” could be
suitable for future developments in terms of an inexpensive radon monitor with professional
performances. Future works will include the coupling with inexpensive electronic board
targeted for project developing, such as Arduino, as to register alpha energy spectra, to
control the pump, to compute the detector response, and to start mitigating actions e.g. initiate
mechanical ventilation, or warn the user to open the window and dilute indoor concentrations
with external air.
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