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Scientists have long researched to understand the environment and man’s place 
in it. The search for this knowledge grows in importance as rapid increases in 
population and economic development intensify humans’ stresses on ecosystems. 
Fortunately, rapid increases in multiple scientific areas are advancing our un-
derstanding of environmental sciences. Breakthroughs in computing, molecular 
biology, ecology, and sustainability science are enhancing our ability to utilize 
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The four topics of this book series - Pollution; Environmental Resilience and Man-
agement; Ecosystems and Biodiversity; and Water Science - will address important 
areas of advancement in the environmental sciences. They will represent an excel-
lent initial grouping of published works on these critical topics.
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Preface

Air pollution is a global environmental challenge that poses significant threats to human 
health and the well-being of ecosystems. Air Pollution – Latest Status and Current 
Developments is a comprehensive collection of chapters that delve into various aspects 
of air pollution, including its causes, effects, and potential solutions. This book provides 
readers with a multidimensional understanding of air pollution by exploring the latest 
trends and advancements in this field. Chapter 1 serves as an introductory chapter, laying 
the foundation for the subsequent discussions. It offers a comprehensive overview of air 
pollution, helping readers grasp its complex nature and understand the underlying causes 
that contribute to its occurrence. Furthermore, this chapter explores the wide-ranging 
effects of air pollution on both human health and the environment, emphasizing the 
urgent need for effective solutions. Chapter 2 focuses on the relationship between air 
pollution and clean energy. It provides valuable insights into the latest trends and future 
perspectives in utilizing clean energy sources to mitigate air pollution. The chapter 
explores innovative technologies and strategies that hold promise in reducing pollutant 
emissions and creating a sustainable future. Chapter 3 explores the concept of phytore-
mediation to combat air pollutants. The chapter highlights the latest advancements in this 
field, shedding light on the potential of plants to remove contaminants from the air. The 
discussions encompass various phytoremediation techniques, their effectiveness, and 
their applicability in different contexts. Chapter 4 delves into the intricate relationship 
between fine particles in the ambient air and their potential implications as a risk factor 
for bronchial asthma in adults, offering a deeper understanding of the complex interplay 
between air quality and public health.

The following chapters continue to unveil intriguing aspects of air pollution. Chapter 5 
introduces a novel development in three-dimensional analytical solutions for air pollution 
dispersion modeling, presenting advanced methodologies to improve our understanding 
of pollutant dispersion and its spatial distribution. Chapter 6 provides a comprehensive 
review of particle removal through thermophoretic deposition, shedding light on this 
intriguing phenomenon and its implications for air quality control. Indoor air pollution, 
a critical yet often overlooked issue, takes center stage in Chapter 7. The chapter explores 
the sources, effects, and control measures related to indoor air pollutants, emphasizing 
the importance of ensuring clean and healthy indoor environments. Chapter 8 focuses on 
measures to control airborne pollutants specifically in broiler housing. It presents a thor-
ough review of various strategies and technologies aimed at mitigating the adverse effects 
of air pollution on poultry farms, highlighting the significance of maintaining optimal 
air quality in these settings. Chapter 9 takes a closer look at the air quality in Mexico City 
following public policy interventions. It examines the effectiveness of these interventions 
in improving air quality and analyzes the associated challenges and opportunities. Chapter 
10 introduces the use of stable isotopes as a tool to identify carbon and nitrogen sources in 
Mexico City’s PM2.5 during the dry season. This chapter presents innovative techniques for 
source apportionment, facilitating a better understanding of pollution origins and aiding in 
the development of targeted mitigation strategies. Lastly, Chapter 11 investigates the impact 
of air quality on children’s health, specifically in Barreiro. By analyzing temporal lag, this 
chapter offers insights into the delayed effects of air pollution exposure on the well-being of 
children, highlighting the importance of proactive measures to safeguard their health.



IV

Air Pollution – Latest Status and Current Developments provides a comprehensive exploration 
of various dimensions of air pollution. Each chapter offers valuable insights into the causes, 
effects, and potential solutions, presenting the latest advancements in the field. We hope 
that this book will serve as a valuable resource for researchers, policymakers, and anyone 
interested in understanding and addressing the complex issue of air pollution. The diverse 
range of topics covered in this book displays the interdisciplinary nature of air pollution 
research, highlighting the need for collaborative efforts across various scientific disciplines. 
By bringing together experts from different fields, this book aims to foster a holistic under-
standing of air pollution and promote the development of effective strategies to mitigate its 
adverse effects. It is important to acknowledge that the fight against air pollution requires 
a collective effort. Governments, policymakers, industry stakeholders, and individuals all 
have a crucial role to play in implementing sustainable practices and policies that reduce 
pollutant emissions and promote cleaner air. This book serves as a platform for knowledge 
sharing, providing evidence-based insights that can inform decision-making processes and 
inspire action. While this book captures the latest status and current developments in air 
pollution research, it is essential to recognize that the field is ever-evolving. New challenges 
and opportunities will continue to arise as our understanding of air pollution deepens and 
new technologies and strategies emerge. Therefore, we hope that this book will inspire 
further research, innovation, and collaboration in the pursuit of cleaner and healthier 
air for all.

We would like to express our sincere gratitude to the authors who have contributed their 
valuable insights and expertise to this book. Their dedication and commitment to advanc-
ing the field of air pollution research have made this publication possible. We would also 
like to extend our thanks to the reviewers and editorial team who have worked diligently to 
ensure the quality and integrity of the content. Finally, we would like to thank the readers 
for their interest in this book. We hope that the chapters presented within these pages will 
serve as a catalyst for meaningful discussions and inspire future endeavors to combat air 
pollution. Together, let us strive towards a cleaner and more sustainable future, where the 
air we breathe is free from harmful pollutants.

Murat Eyvaz
Associate Professor,

Department of Environmental Engineering,
Gebze Technical University,

Kocaeli, Turkey

Dr. Ahmed Albahnasawi
Department of Environmental Engineering,

Gebze Technical University,
Kocaeli, Turkey

Motasem Y.D. Alazaiza
Department of Civil and Environmental Engineering,

A’Sharqiyah University,
Ibra, Oman
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Chapter 1

Introductory Chapter: Air  
Pollution – Understanding Its 
Causes, Effects, and Solutions
Murat Eyvaz, Ahmed Albahnasawi and Motasem Y.D. Alazaiza

1. Introduction

Air pollution is a significant environmental and public health issue that affects 
millions of people worldwide. It is caused by a variety of human activities, includ-
ing industrial processes, transportation, and energy production, among others. The 
problem is particularly severe in urban areas, where population density and economic 
activity contribute to high levels of pollution. Air pollution can have significant 
health impacts, including respiratory diseases, cardiovascular diseases, and cancer, 
among others. In addition to its impact on human health, air pollution can also 
have adverse effects on the environment, including on plant and animal species and 
ecosystems.

Air pollution levels vary greatly between regions and countries and are influenced 
by a range of factors such as climate, topography, and population density. In urban 
areas, air pollution is often higher due to the concentration of anthropogenic sources, 
such as traffic, industry, and power generation. For example, a study conducted in 
Beijing, China, found that the city’s air pollution was primarily caused by the burning 
of fossil fuels, including coal, oil, and natural gas [1].

Air pollution is also a major environmental concern in developing countries, where 
industrial activities and transportation infrastructure are expanding rapidly. In India, 
for instance, air pollution is estimated to cause over one million premature deaths 
each year [2]. The country has implemented several measures to address air pollution, 
including the National Clean Air Program, which aims to reduce particulate matter 
concentrations by 20–30% by 2024 [3].

This book aims to provide an overview of the current state of air pollution and the 
latest developments in this field. It covers a range of topics, including the sources and 
types of air pollutants, their effects on human health and the environment, and the 
policies and technologies aimed at reducing emissions and improving air quality. It 
is intended for students, researchers, policymakers, and anyone interested in under-
standing and addressing this critical environmental issue.

2. Sources of air pollution

There are many sources of air pollution, including both human-made and 
natural sources. Human-made sources of air pollution include industrial activities, 



Air Pollution – Latest Status and Current Developments

2

transportation, energy production, and agricultural practices. These sources release a 
range of pollutants, including particulate matter (PM), nitrogen oxides (NOx), sulfur 
dioxide (SO2), volatile organic compounds (VOCs), and carbon monoxide (CO), 
among others. Natural sources of air pollution include wildfires, dust storms, and 
volcanic eruptions, among others.

3. Health impacts of air pollution

Air pollution can have significant health impacts, particularly for vulnerable 
populations such as children, the elderly, and individuals with pre-existing health 
conditions. The World Health Organization (WHO) estimates that air pollution is 
responsible for approximately seven million premature deaths annually worldwide 
[4]. Exposure to air pollution can lead to a range of health problems, including respi-
ratory diseases such as asthma and chronic obstructive pulmonary disease (COPD), 
cardiovascular diseases, and cancer, among others. Long-term exposure to air pollu-
tion has also been linked to cognitive decline and neurological disorders [5].

Recent research has highlighted the health impacts of air pollution, particularly the 
impact of PM. A study published in The Lancet Planetary Health found that exposure 
to PM2.5 (fine particulate matter with a diameter of less than 2.5 micrometers) is 
responsible for approximately 500,000 premature deaths annually in Europe [6]. 
Another study published in Environmental Research estimated that long-term expo-
sure to PM2.5 is responsible for 6.7 million premature deaths annually worldwide [7]. 
Another studies have highlighted the impact of air pollution on cognitive function, 
with exposure to high levels of air pollution linked to decreased cognitive performance 
and an increased risk of dementia [8, 9]. Other studies have focused on the impact 
of air pollution on plant and animal life, with findings showing that air pollution can 
have significant negative effects on ecosystems and biodiversity [10].

4. Environmental impacts of air pollution

Air pollution can also have adverse effects on the environment, including on plant 
and animal species and ecosystems. Acid rain, for example, is a type of air pollution 
that can have significant impacts on forests, lakes, and rivers. Acid rain occurs when 
sulfur dioxide and nitrogen oxides are released into the atmosphere and react with 
water, oxygen, and other chemicals to form acidic compounds. These compounds can 
then fall to the ground as acid rain, damaging forests, lakes, and rivers and harming 
plant and animal species.

5. Climate change and air pollution

Air pollution is also a significant contributor to climate change. Greenhouse gases, 
such as carbon dioxide (CO2), trap heat in the atmosphere, causing global tempera-
tures to rise. Human activities, including the burning of fossil fuels, transportation, 
and industrial processes, contribute to the release of greenhouse gases and the 
warming of the planet. Climate change can have significant environmental and social 
impacts, including rising sea levels, increased frequency and intensity of natural 
disasters, and food and water scarcity, among others.
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6. Current developments in air pollution control

Governments, businesses, and individuals can all play a role in reducing air 
pollution through policies, investments, and behavior change. Many countries have 
implemented policies to reduce air pollution, including regulations on industrial 
emissions, cleaner energy standards, and the promotion of public transportation and 
active transportation options. One such initiative is the Paris Agreement, which aims 
to limit global warming to below 2°C above pre-industrial levels by reducing green-
house gas emissions [11]. Another initiative is the World Health Organization’s Global 
Ambient Air Quality Database, which provides information on air quality levels in 
cities and countries worldwide [4].

Technological developments and innovations are also contributing to the fight 
against air pollution. For example, electric vehicles and renewable energy sources are 
becoming increasingly popular and affordable, reducing the need for fossil fuels and 
decreasing emissions. Advances in monitoring technology, such as air quality sen-
sors and satellite imagery, are also providing more accurate and real-time data on air 
pollution levels.

7. Challenges and future directions

Despite these promising developments, there are still significant challenges to 
addressing air pollution. In many parts of the world, particularly in developing 
countries, air pollution levels are still high, and policies and regulations may not be 
adequately enforced. The problem of air pollution is also complex, and solutions may 
require significant changes in infrastructure, behavior, and policy.

There is a growing recognition of the need for a coordinated, global effort to 
address air pollution. The United Nations Sustainable Development Goals include a 
target to substantially reduce the number of deaths and illnesses from air pollution by 
2030. Achieving this target will require a range of strategies, including investments 
in clean energy, improvements in public transportation, and more effective regula-
tion of industrial activities. Moreover, cleaner technologies, such as electric vehicles 
and renewable energy sources, as well as the adoption of policies aimed at reducing 
emissions from existing sources [12] were proposed. In addition, there is a growing 
interest in the use of green infrastructure, such as urban forests and green roofs, to 
improve air quality in urban areas [13].

8. Conclusion

Air pollution is a significant environmental and public health issue that affects 
millions of people worldwide. It is caused by a variety of human activities, including 
industrial processes, transportation, and energy production. Air pollution can have 
significant health impacts, particularly for vulnerable populations such as children, the 
elderly, and individuals with pre-existing health conditions. In addition to its impact 
on human health, air pollution can also have adverse effects on the environment, 
including on plant and animal species and ecosystems. Technological developments 
and innovations are contributing to the fight against air pollution, but more work is 
needed to address the problem. Governments, businesses, and individuals can all play a 
role in reducing air pollution through policies, investments, and behavior change.
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Abstract

Energy and the environment are among the top global issues of this era. 
Environmental degradation specifically due to consumption of fossil fuels in conven-
tional energy generation systems has become a critical challenge for the whole world. 
With the introduction of advance industrial processes and operations, the air quality 
deterioration has also become very complex. There is a dire need to replace the con-
ventional energy systems with alternative energy resources for reducing air pollutants. 
Renewable energy systems generate clean energy with less environmental footprints. 
This chapter will highlight the latest trends and future strategies in clean and renew-
able energy supply systems to mitigate air pollution for environmental sustainability.

Keywords: air quality, clean energy, fossil fuels, energy and environment, Air 
pollution: Sources types and classification

1. Introduction

Air pollution has become a major health hazard to the millions of people around 
the globe. It has been linked to asthma, heart disease, and other serious health 
problems. Air pollution triggers asthma, which is a long-term disease of the lungs that 
affects the airways and makes it hard to breathe. Tiny particles in the air get deep into 
the lungs and cause inflammation, which can lead to an asthma attack. Cardiovascular 
diseases such as heart attacks and strokes have also been linked to air pollution. 
Nitrogen oxides and sulfur dioxide are also causes of oxidative stress, which can lead 
to heart problems. Various studies have shown that the exposure to air pollution 
increases the probability of early decay and death among the living organisms. This 
is especially true for the elderly and people who already have health problems. Adult’s 
lung function is adversely correlated with PM10, nitrogen dioxide, and sulfur dioxide, 
all of which have been linked to bronchitis symptoms in studies encompassing eight 
different communities. Research into the effects of air pollution has also revealed a 
decline in human lifespan [1].
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Air pollution not only harm people’s health, but also affects the environment in 
various ways (Figure 1). Here are some primary ways that pollution in the air can 
affect nature. Air pollutants in form of acid rain have detrimental effects on crops and 
forests growth [2]. Furthermore, the damage of leaves hinders crop yields [3]. This 
issue contributes to food insecurity and disturbs plant ecosystems. For instance, acid 
rain makes lakes and streams more acidic, and it is hard for certain species to survive. 
Similarly, carbon dioxide, methane, and other greenhouse gases are examples of air 
pollutants that contribute significantly to global warming and climate change [4]. This 
results in glaciers melting, rising sea levels, and stronger weather events. The poor 
air quality causes smog and haze, which makes it difficult for the people to enjoy the 
outdoor activities [5]. Moreover, air pollution can also have a significant negative effect 
on various businesses, tourism industry, and ultimately the economy of the region [6].

In order to mitigate air pollution, it is very important to understand the origin, 
sources, and classification of air pollutants. Moreover, the life cycle of the air pollut-
ant can provide a better insight to manage the potential sources causing air pollution 
in a system. The major contributor in deterioration of air quality is the energy sec-
tor; hence, it is also important to study air pollution in connection with the energy 
generation systems for sustainability of environment as well as communities. Keeping 
in view such factors, this chapter summarizes a thorough overview of air pollu-
tion, including its causes, types, and classification as well as the use of clean energy 
resources for minimizing the discharge of pollutants and contaminants in the air. 
Different factors associated with air pollution such as its effects on health, environ-
ment, climate, and the most recent trends in air pollution are also discussed.

1.1 Overview of air pollution

Pollution is addition of any foreign matter, which changes the purity of any 
 system. Hence, air pollution can be defined as “it is the addition of any foreign and 
undesirable matter generated from physical, chemical, or biological sources which 
alters the natural quality of ambient air.” Having complex mechanisms composed of 
both primary and secondary pollutants formulations, it is very difficult to exactly 
determine the air pollution. It might be argued that the use of fossil fuels and pri-
mary/finite energy resources is one of the main causes of air pollution. All anthro-
pogenic effluents and emissions into the air are considered as air pollution due to 
their impact on atmospheric chemistry. Using this definition, the rise in atmospheric 
levels of greenhouse gases CO2, CH4, and N2O can be considered as air pollution, even 

Figure 1. 
Effects of air pollution on various sectors.



9

Air Pollution and Clean Energy: Latest Trends and Future Perspectives
DOI: http://dx.doi.org/10.5772/intechopen.112226

though these levels are not yet known to be harmful to humans or ecosystems. Air 
pollution can narrowly be defined as harmful chemicals released into the atmosphere 
by humans. The term “harmful” can refer to a variety of negative outcomes, that is, 
damage to manmade or naturally occurring inanimate structures, and a decrease in 
visibility. A chemical may have no immediate negative effects before being released 
into the environment [7, 8]. Hence, it is important to classify the discrete sources of 
air pollution for its proper mitigation and minimization.

1.2 Sources of air pollution

Pollutants in the air are divided into groups based on their origin. Based on such 
classification system, it becomes easy for the environmentalists to make policy deci-
sions for specifying the release and control of air pollutant in the air.

The sources of air pollution are classified into following three major groups 
(Table 1):

1.2.1 Natural sources of air pollution

This category includes the addition of undesirable elements in the ambient air 
particularly, due to natural incidents occurring in the earth’s atmosphere. Such ele-
ments that pollute the air include sand or dust particles, forest fires, pollen, volcanic 
eruptions, SMOG, release of gases from organic matters, etc. These pollutants are 
liberated as by-products from the cycles or incidents occurring naturally.

Sandstorms are one of the most common sources, which deteriorate the air quality. 
The immediate effect of sandstorm is to worsen the clarity of air and reducing the 
visibility and ultimately causing road accidents and difficulties in transportation. 
Dust particles are more likely to absorb toxic gases, which can cause severe reactions 
to form secondary pollutants. This also becomes a source of toxic organic compounds 

Sources of air pollution Natural sources • Sand/dust storms

• Forest fires

• Volcanic eruptions

• Pollen

• Break down of OM

Industrial sources • Emissions from fossil fuels

• Melting process

• Processing and treatment plants

• Crushing and grinding of stones

• Oil and gas refineries

• Fertilizers and pesticides

Municipal sources • Landfill gas

• Sewerage

• Street cleanings/dust removal

• Household cooking

Table 1. 
Sources of air pollution [9–19].
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that make aerosols in the urban environment more toxic and biologically reactive. 
Dust particles act as media to transport bacteria. Studies have shown that microbe-
rich dust particles can make allergic inflammation worst [20].

Another source for air pollution is forest fires, which occur as a result of natural 
accidents like lightning or temperature increase in the certain region that has suf-
ficient biomass to burn up. Open fire at a massive scale in the forest releases a lot of 
smoke and small particles into the air. Pollutants such as oxides of carbon, that is, 
carbon dioxide (CO2) and carbon monoxide (CO), oxides of nitrogen and sulfur in 
the form of NOx and SOx, volatile organic compounds (VOCs), as well as fine ash and 
particulate matter are produced from forest fire. These pollutants can lead to health 
problems like asthma and lung diseases [21].

Volcanic eruptions are one of the most natural and powerful sources of air pol-
lution. Volcano eruption produces aerosol clouds that can travel thousands of miles, 
blocking the sun and causing health problems, crop damage, and other types of 
environmental damage. Volcanic eruptions can have far-reaching and terrible effects 
on the environment in the long run [22].

Similarly, breaking down of organic matter naturally is a major source of air pollu-
tion. As organic matter is destructed by the microorganisms in an uncontrolled manner, 
it gives off gases called volatile organic compounds (VOCs) and other air pollutants. 
These pollutants can be harmful and can contribute in the formation of smog and 
ozone, both of which are hazardous to health. Furthermore, such process of organic 
matter decomposition can also release methane (a strong greenhouse gas), which 
significantly contributes to climate change and global warming around the world [23].

1.2.2 Industrial or manmade sources of air pollution

Industrial sources of air pollution include all kinds of particulates and gases, 
which are generated by industrial activities. Stack emissions, that is, release of carbon 
monoxide, oxides of sulfur dioxide, and oxides of nitrogen due to the burning of fossil 
fuels, are the most significant elements under this category. Uncontrolled burning of 
fossil fuels in the energy generation systems at the industrial power units results in 
complete burning, which liberates toxic pollutants. These pollutants can cause a wide 
range of health problems, such as cancer and lung diseases. Moreover, such elements 
are also responsible for the acid rain that damages the local environment and the 
ecosystem [9].

Metal melting, preparing chemicals, treatment of fluids, and production 
of cement are all examples of industrial processes that release pollutants into 
the air [10]. Similarly, farming activities, that is, the use of chemicals in the form 
of pesticides, fertilizers as well as transportation activities are also the sources of 
air pollution. Loose and uncontrolled burning of agricultural residues and leftovers 
has also a major share in air pollution by adding combustion gases directly to the envi-
ronment leading to the formation of smog and other secondary pollutants [11, 12].

The extraction of minerals and oil and gas refineries are the sources to add sulfur 
dioxide, VOCs, oxides of nitrogen, and heavy metals into the air [13, 14].

1.2.3 Municipal and domestic sources of air pollution

The municipal and domestic sources of air pollution include methane and other 
toxic gases produced in the landfills, which contribute to deterioration of air quality 
in the habitat [15]. Uncontrolled sewage gas is released in the municipal sewerage 
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systems, which may cause addition of potential pollutants and toxic fumes in the 
air [16]. Household activities such as cooking are also a source of pollutants such as 
particulate matter and volatile organic compounds as shown in Figure 2 [17–19].

The above sources generically include the major contributors in the deteriora-
tion of air quality. However, air pollution dates back to the industrial revolu-
tion in the nineteenth century. At that time, people burned coal for energy and 
transportation, which made the air in cities much polluted. The Great Smog of 
1952 in London, England, was one of the first documented cases of air pollution. 
Thousands of people were affected, which led to the formulation of the Clean Air 
Act in 1956 [24]. In the 1960s and 1970s, after being more aware about the possible 
effects of poor air quality and contaminants on health and ecosystem, further 
strict rules were also structured such as the Clean Air Act Amendment, which 
was passed in 1963. The formulation of Environmental Protection Agency (EPA) 
in the United States in 1970 also played an important role to control air pollution 
(Environmental Protection Agency, 2023). In the last few decades, air pollution 
has become a global issue. The rapid growth of industry and transportation has 
affected the air quality badly.

2. Potential air pollutants

As described earlier, the air pollutants are generated from the various sources and 
undergo a series of complex mechanisms that ultimately affect the natural environ-
ment. However, the major identified pollutants generated from the above sources are 
discussed as below:

Figure 2. 
Sources of air pollution.
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2.1 Particulate matter (PM)

Particulate matter (PM) is one of the basic air pollutants, which is formed 
when different pollutants react chemically. The particulate matter has different 
 particle sizes ranging from 10 μm to very fine particles having particle size of 
0.5 μm or less. Such particles are made up of tiny drops of liquid or solid that can be 
breathed in by human and cause serious health issues such as lung infections and 
contamination of even bloodstream [25–28]. Both short-term and long-term effects 
are caused by PMs. Several epidemiological studies have been conducted to inves-
tigate such effects. Such effects include asthma, pneumonia, respiratory, and heart 
diseases [29, 30].

2.2 Ozone (O3)

Ozone or ground-level ozone is formed due to reaction of flue gases (particularly 
VOCs and other hydrocarbon) released during the incomplete combustion of fossil 
fuels. This is a highly reactive gas that can cause coughing, wheezing as well as dif-
ficulty on enough air. This is considered as 52% more stronger oxidant as compared to 
chlorine [31–35].

2.3 Oxides of nitrogen (NOx) and sulfur (sox)

Oxides of nitrogen and sulfur are formed during uncontrolled and incomplete 
combustion of fossil fuels. Oxides of nitrogen include NO (nitrogen monoxide), 
NO2 (nitrogen dioxide), and N2O (di-nitrogen oxide). These gases through different 
chemical reactions are responsible for smog formation as well as acid rain. Similarly, 
oxides of sulfur are formed due to the impurities found in fuel being burnt in the 
firing system. It is very important to prevent these gases before they enter in the 
environment [36–38].

3. Air pollution and climate change

Air pollution is directly linked to the climate change and global warming. Some of 
the effects include rising sea levels, heatwaves that happen more often, droughts, and 
extreme weather events such as hurricanes, floods, and wildfires. The loss of biodi-
versity and changes in agricultural production are also the negative outcomes of the 
climate change. Almost all kinds of air pollutants are directly or indirectly involved 
in global warming resulting in uncertain climatic conditions. For instance, emissions 
from vehicles, industries, and domestic activities including combustion by-products 
comprising of carbon mono oxide, carbon dioxide, nitrogen oxides as well as char 
particles (in the form of particulate matter). Such particulate matters absorb or 
scatter radiation with greater capacity as compared to air and hence impart a direct 
impact on climate change, which may harm human, animal as well as plant health. 
Similarly, methane is another pollutant that contributes to climate change as its global 
warming potential is much higher than carbon dioxide. Possible options to cope with 
climatic issues and ambient air quality include an improvement in the environmen-
tally efficient energy generation systems, less thermal losses, and use of clean energy 
resources to reduce emission levels around the globe [39–42]. Controlling air pollutant 
can have a direct and positive impact on the climate change and improves quality of 
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environment. For this, it is very important to revise the policies for energy generation, 
which can minimize the consumption of fossil fuels.

4. Clean energy: introduction and overview

Energy is one of the main sectors, which contributes a major share in the 
 environmental degradation, particularly in air phase of the environment. 
Conventionally, fossil fuels are used for meeting the environment requirements of 
industrial, commercial, transportation, domestic as well as agricultural operations 
and activities. Fossil fuels are excavated from the earth and after going through a 
series of refining processes are consumed in the energy generation systems. Burning 
of such fuels in the firing system acts as a baseline in the formation of primary air 
pollutants. Hence, technical aspects of the fossil fuel burning in the firing system are 
extremely important to minimize the environmental impacts. Such measures include 
use of refined fuels, design of combustion systems, firing methods, air to fuel ratios, 
filtration and scrubbing systems for smoke in the stacks as well as quality of fuel. 
Despite several measures, there is still likely chance of release of harmful gases from 
the burning of fossil fuels, which may seriously affect the air environment. Moreover, 
rapid depletion of fossil fuels results in high energy prices around the world. In this 
case, this causes both high economic costs and environmental costs. It is dire need of 
the time to introduce alternative energy generation ways, which can replace the need 
of fossil fuels (Figure 3) [43].

The economic, social as well as environmental constraints caused by the use 
of fossil fuels in energy generations system have pushed the community to use 
the renewable energy resources for meeting the energy requirements. Having no 
emissions and effluents, renewable energy resources are considered clean energy 
resources. The renewable energy resources, that is, clean energy resources are catego-
rized in different groups such as Solar Energy (SE), Wind Energy (WE), Geothermal 
Energy (GTE), Bioenergy (BE), and Hydro Energy (HE) as shown in Figure 4.

Having a natural cycle in the earth’s atmosphere, all kinds of clean energy 
resources (Figure 4) have zero or minimal impacts on the environment and hence 

Figure 3. 
Sources of emissions from fossil fuels into the atmosphere.
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contribute to mitigate the air pollution as well as greenhouse gases. This creates more 
balance in the earth’s environment contrary to the fossil fuels that disturb the natural 
balance and cause natural hazards. Further, there are several benefits to invest in 
such alternative energy generation techniques including lowering the energy costs, 
fulfillment of energy gaps due to rapid population growth, minimal environmental 
impacts, improved public health sustainable, creation of employment and business 
opportunities, and hence, development of societies and communities [44]. The 
modern technological advancements and innovations have made such resources 
more efficient and cost-effective and easier to use in place of conventional fuels and 
primary energy systems [45].

Different incentives and subsidies are being provided around the world for the 
promotion and adoption of clean energy resources in domestic, commercial as well as 
industrial applications around the world. However, there is a need of more friendly 
policies for the encouragement of such technologies so that social implications can be 
avoided for the successful adoption of clean energy [46].

It is important to study and understand the basis and technical aspects of clean 
energy resources for successful adoption. The major clean energy resources and their 
systematic flow of energy generation in line with its connection to mitigate air pollu-
tion are discussed as below.

4.1 Solar energy as clean energy resource

Sun is the most prominent and basic source of energy for the Earth. This is also 
considered to be the first-stage energy source for all kinds of clean energy resources 
as the energy flows in the form of solar radiation from the sun’s surface toward earth’s 
environment and is absorbed or captured by various ways. This is considered as 
renewable resource as a continuous flux of solar energy (solar rays) rays is received 
by the earth. A portion of these rays is absorbed by the clouds, dust particles, or 
moisture/gas molecules, another portion is reflected back to the environment, and 
a significant part is absorbed by the earth surface [47, 48]. If a device is placed in 
the path of solar rays, the energy possessed in the solar radiation can be captured to 
process further to the desired form of energy (Figure 5).

The energy flux coming from the solar source can be captured for two purposes, 
that is, 1—Solar Photovoltaic (PV) generation and 2—Solar Thermal Energy (Figure 5).  
The former is based on a simple P-N junction diode cell to capture photons present 
in the sunlight to produce a flow of electrons, which is used as an electrical energy 
input for various applications. Another application of solar energy is to capture and 
concentrate the solar radiation to produce a high-density flux of radiation resulting 

Figure 4. 
Types of clean energy.
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in a significant temperature output, which can be used in various thermal energy 
applications such as water heating, drying of agricultural products, cooking, and 
processing of chemicals and solutions. The device used for such purpose is termed as 
Solar Collector and Contractors. In solar collectors, the solar radiation is captured and 
absorbed by the black body present in the solar collector, while in case of solar con-
centrators the solar radiation is contracted with the help of mirrors and focused lenses 
to produce a high temperature. By using both techniques, the energy requirement in 
both forms, that is, electricity and thermal energy can be fulfilled, which is conven-
tionally provided by the burning of fossil fuels and other primary energy resources. 
A multiscale installation of such system can provide sufficient energy for town. There 
are certain technical challenges such as solar fluctuations, day of the time, and climate 
and weather conditions, which hinder the proper availability of solar rays. However, 
these aspects can be managed by using storage systems as well as installation of 
auxiliary energy system, which can be used during the time of no or less solar energy. 
The use of solar energy is helpful to reduce dependence on fossil fuels to meet both 
electricity and thermal energy for industrial and domestic applications [49].

Adoption of solar energy also provides a promising solution for the transport sec-
tor, which is one of the significant contributors for air pollution and environmental 
degradation. Electric vehicles (EVs) powered with solar energy are one of the alterna-
tive solutions to the conventional transportation vehicles being run by firing the fossil 
fuels like gasoline, diesel. The use of EVs does not release any harmful pollutants into 
the air. This is particularly important for the big and populated cities where trans-
portation is major cause of respiratory and heart diseases. Availability of solar PV 
powered recharging stations can further help to further disseminate this environmen-
tally friendly technology [50].

Solar energy could be combined with other clean energy sources, like wind, bio-
energy, and hydroelectric power, to make a more reliable and efficient energy system. 
There are still certain challenges and barriers that make it hard for solar energy to be 
used at a large scale. However, this also highlights a lot of opportunities and future 
directions for introduction of modern tools and systems, which can eliminate the 
technical problems and promote further sustainability. In this regard, life cycle assess-
ment, energy balances as well as energy routing of solar PV cells and collectors are 
also needed for the technological advancement of this environmental technology.

Figure 5. 
Outputs of solar energy [49].
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4.2 Bioenergy as clean energy resource

Bioenergy is another type of clean energy resources, which is also considered to 
be an alternative to many fossil fuels and conventional energy resources. Bioenergy 
is based on the energy extraction from biomass materials, i.e., organic matter gener-
ated from living bodies such as plants and animals. Use of biomass materials for the 
production of energy is considered as net zero emission technique on the basis of 
natural cycle of plants and organic matter. Under this concept, the same amount of 
carbon dioxide as well as temperature is returned to the natural environment, which 
was taken during the growth of biomass matter such as plants (Figure 6). This makes 
it clean source of energy as compared to the fossil fuels that are taken up from the 
earth or mines and after burning an additional volume of greenhouses gases is added 
in the atmosphere [51–53].

Biomass materials are generated as by-products during the decay of forest trees, 
crop production as well as raring of livestock animals. Such materials consist of sig-
nificant energy contents in the form of calorific value or heating value (MJ/k), which 
can be recovered to meet the energy requirements. This recovery can be executed in 
various ways (Table 2).

In simple and basic energy recovery techniques, the raw biomass material is cut, 
chopped, and physically processed to produce a more refined form of organic mat-
ter, which can be used in other processing techniques with higher efficiency. For 
example, biomass materials are crushed and ground into fine particles, which are 
then densified with high pressure and are allowed to pass through the dyes of known 
size resulting in small fuel structures in the form of pellets or briquettes termed as 
Refused Derived Fuel. In case of oily biomass and seeds, the oil extraction technique 
is used. Similarly, in Thermo-Chemical Processing, biomass materials are treated and 
destructed under controlled temperature conditions to produce high temperature, 
pyrolysis oil, or more refined gaseous fuels, which can be used in place of conven-
tional fuels. In Biological Processing, the breakdown of biomass materials occurs 
biologically, that is, by the microorganisms to produce secondary fuels like biogas, 
biodiesel (Table 2). Being the part of natural cycle, biomass can be used to replace 

Figure 6. 
Closed biomass cycle (zero net emissions) [51].
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the fossil fuel to minimize environmental impacts and air pollution, in particular. 
However, attention must be given to use the suitable energy conversion technique for 
better outcomes [52, 53].

4.3 Wind energy as clean energy resource

A very high energy potential is possessed by winds blowing at high velocities. 
This is because of the natural convective loops caused by the temperature difference 
in different regions. Due to this factor, this is considered as a by-product of solar 
energy. The high speed and impact of wind is converted into mechanical energy 
and then to electricity by using wind turbines. Various designs of wind turbines and 
mills are used for this purpose, depending on the available potential of winds in a 
particular region. Primarily, wind turbines are classified into 1—Horizontal Axis 
Wind Turbines and 2—Vertical Axis Wind Turbines. In the first category, the wind 
turbine rotates in the horizontal plane and it is governed by lift force of the winds. 
On the other hand, Vertical Axis Wind Turbines rotate in the vertical plane by drag 
force of winds. There are certain drawbacks and benefits for both the categories. 
However, it is important to check the feasibility of both designs for the desired 
location. The speed of the wind can change a lot over time, which can make it hard 
to rely on wind energy alone to meet energy needs. Therefore, a stable and reliable 
energy supply requires energy storage systems or backup power sources [54, 55]. 
The feasibility of optimum design of wind turbine can be achieved by using dif-
ferent simulation tools such as CFD, which can provide a true insight of thrust and 
impact of winds on solid body of the turbines. Based on such simulation results, the 
turbine height can also be adjusted for maximum output. Many countries have set 
high goals for generating renewable energy. Wind energy is expected to continue to 
play a big role in reducing air pollution and slowing climate change in the future. 
Modern energy generation systems particularly at seashore are equipped with such 
technologies for harvesting of maximum energy from winds. As per an estimate, 
this technology is expected to meet around 18% of the world’s electricity demand by 
2025 [56, 57].

Sr. No. Processing Technique used Output

1 Physical 
processing

• Cutting and chopping

• Densification

• Pelleting

• Oil extraction

• Refused derived fuel (RDF)

• Biofuel pellets

• Oil

2 Thermo-chemical 
processing

• Combustion/incineration

• Pyrolysis/electrolysis

• Gasification

• Transesterification

• Thermal energy

• Pyrolysis oil

• Gaseous fuel (Syngas)

3 Bio-chemical 
processing

• Anaerobic digestion

• Fermentation

• Landfilling and bioreactors

• Gaseous fuel (Biogas)

• Biodiesel

• Biofuel

Table 2. 
Energy recovery of biomass [51–53].
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4.4 Geothermal energy as clean energy resource

Geothermal energy refers to the energy extracted from earth core. The major 
benefit of this technique is the continuous and persistent potential of energy as 
compared to the other renewable energy resources. The high temperature in the 
earth core is extracted with the help of drilled pipelines filled with thermal fluid, the 
most commonly water. Sometimes, earth is taken as heat sink to increase or decrease 
ambient temperature. This is based on the concept that earth’s temperature beneath 
the earth’s surface remains constant throughout the year. Depending upon the local 
climatic condition, if a fluid is allowed to be injected in the earth surface with the help 
of heat conductor material (i.e., copper pipe), this will help to maintain the tempera-
ture as per earth’s temperature. However, optimum depth, length, and orientation of 
pipe and the ambient weather conditions are the important factors influencing this 
technique. Buildings equipped with such technique will reduce the energy consump-
tion for both cold and hot climatic conditions [58–61].

4.5 Hydro energy as clean energy resource

Hydro energy also sometimes termed as hydropower refers to the energy extrac-
tion from the kinetic energy possessed in the water. This is most suitable for hilly 
areas or natural water retaining locations where water has sufficient potential energy. 
In other words, a large volume of water is captured at a high altitude from where it is 
allowed to pass through a narrow path resulting in a very high speed of water stream. 
The hydro turbine is placed in this path, which converts the kinetic energy of water 
to electrical energy [62]. It is a source of energy that has been used for centuries, 
but in recent decades, it has been increasingly popular to reduce the emissions of 
greenhouse gases and ultimately mitigate air pollution. According to the International 
Hydropower Association, adoption of this technology, that is, hydropower contrib-
utes to prevent around 4 billion tons of CO2 emissions every year across the globe 
[63, 64]. This is correlated with removing more than 1 billion cars from the road. 
There is a wide range of sizes and configurations available for hydropower plants, 
and they can be constructed on rivers, streams, or other bodies of water. Small-scale 
hydropower plants are only capable of producing a few kilowatts of electricity, 
whereas large-scale hydropower plants can produce thousands of megawatts [65].

5. Conclusions

Energy sector needs particular attention to mitigate environmental pollution, 
particularly for the case of air segment. Environmental degradation, because of 
consumption of fossil fuels and other primary energy resources in energy sector, has 
become critical challenge for the today’s world. The cost of affordable energy is also 
growing drastically, which ultimately affects the overall per capita income. The air 
quality deterioration has also become very complex due to introduction of various 
new industrial processes and operations. Use of renewable and clean energy resources 
provides sustainable solution to both problems, i.e., fulfilling the energy requirements 
as well as mitigation of environmental pollution. Having natural cycle and occurring 
in the form of natural flux, such techniques have either zero or minimal impacts on 
the environment.
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The future trends for the mitigation of air pollution in line with energy needs are 
summarized as below:

• Promotion of friendly policies and subsidies for the successful adoption of clean 
energy resources.

• Use of electric cars and vehicles powered by clean energy resources in the 
transport sector.

• Use of catalytic converters and filtration mechanism in the existing vehicles to 
avoid toxic emissions in the air.

• Utilization of modern IOT and AI tools for monitoring and predicting air quality 
so that real-time data can be collected, which could help researchers and policy-
makers to make appropriate solutions for sustainable environment.

• Implementation of environmental laws and effluent standards particularly in 
energy sector.

• Awareness among the community about short-term as well as long-term effects 
of air pollutants to make and adopt community scale preventive measures.

• Precision farming and proper management of agricultural residues to avoid open 
burning of residues, wastes, and organic matters.
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Abstract

In recent years, air pollution has become one of the major environmental concerns 
that threaten health of the living organisms and its surroundings. Increasing urbaniza-
tion, industrialization, and other anthropogenic activities impaired the air quality 
of indoor and outdoor environment. However, global organizations are focusing on 
ecological and biological means of solutions to reduce or eliminate dangerous con-
taminants from ecosystems in a sustainable manner. In this fact, plants are capable of 
improving or cleansing air quality and reduce the concentration of harmful pollutants 
from the environment through various remediation processes. Plants interact with air 
pollutants and fix them through various biological mechanisms in both associated and 
non-associated forms of microbes. In association forms, the mutualistic interaction of 
plant and microbes leads to higher growth efficiency of plants and results in enhanced 
pollutant degradation in rhizosphere as well as phyllosphere. In this background, 
the book chapter provides a comprehensive discussion of the existing literature and 
recent advances in phytoremediation process for the mitigation of harmful air pol-
lutants. The role of indoor plants and aids for the enhancement of phytoremediation 
process towards air pollutants are also discussed.

Keywords: air pollution, phytoremediation, microbes, indoor gardens, 
biotechnological advancement

1. Introduction

Air pollution is one of the major threat to ecosystem services and imposes negative 
impacts on all living organisms [1]. The composition and type of air pollutants in a 
particular region majorly depends upon its sources, emission rate, and climate condi-
tions. The pollutants that contribute to air pollution are as follows: carbon monoxide 
(CO), lead (Pb), nitrogen oxides (NOx), ground-level ozone (O3), sulfur oxides (SOx), 
particulate matter (PM), volatile organic compounds (VOCs), poly-aromatic hydro-
carbons (PAHs), and polychlorinated biphenyls (PCBs) [2–4]. Ground-level ozone is a 
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colorless secondary pollutant and is produced when NOx and VOCs react in sunlight and 
stagnant air [5]. On the other hand, particulate matter (PM) is comprised of carbona-
ceous particles with accompanying adsorbed organic substances and reactive metals [6]. 
Gaseous pollutants such as SOx and NOx also aid particle formation through complex 
atmospheric photochemical reactions involving ammonia released from agricultural 
fields [5]. Road traffic is a significant source of NO2, particularly from diesel automo-
biles that contribute to the global air pollutants emission in large cities. However, the 
main sources of SO2 are industrial emissions and maritime transportation.

Global organizations are concerned about the increasingly deteriorating air 
quality because it is believed to be one of the leading causes of approximately 3.1 
million fatalities each year [7–10]. The average life expectancy of urban populations 
is decreasing as exposure to high levels of air pollutants over a longer period of time. 
Pollutants like fine particulate matter (PM2.5) and ground-level ozone are unquestion-
ably linked to an increase in mortality rate [11]. Particulate matter alone causes23% 
of total damage to human health despite representing only 6% of the total air pollut-
ants [12]. Pollution-related illness has been estimated to cause as many as 9 million 
premature deaths during 2015, which was three times greater than the number of 
deaths from other illnesses such as malaria, AIDS, and tuberculosis altogether [13]. 
Alongside, the air quality of the indoor environment has become a global issue as 
people in urban areas spend more than 90 percent of their day in office spaces or resi-
dential areas [14]. Poor indoor microclimate adversely affects the health, happiness, 
and productivity of occupants [15]. Major indoor air pollutants such as PMs, VOCs, 
PAHs, PCBs, NH3, SO2, H2O2, HNO3, HNCO, CO, and H2S upon inhalation are linked 
to a range of health problems including asthma, heart disease, reproductive problems, 
neurological issues, irritate the eyes, and respiratory disorder [13].

Remediation of these pollutants for sustaining ecosystem and human health using 
either physical, chemical, or biological approaches is applicable but limited due to 
the cost, labor requirements, and safety hazards [16]. Here, phytoremediation can be 
effectively used as an alternative technique, and it is gaining popularity, acceptance, 
and implementation due to ease and an array of benefits. Phytoremediation is the 
use of plants and associated microorganisms to reduce or degrade the concentrations 
or toxicity of pollutants. Phyto-stabilization, rhizo-degradation, phyto-extraction, 
phyto-degradation, phyto-volatilization, and phyto-filtration are the fundamental 
mechanisms of the phytoremediation process. The efficiency of these processes can 
be improved by using synthetic and natural additives, suitable microbes and host, 
and genetic engineering/editing. Various modes of biological remediation include 
microbes-related remediation, enzyme-assisted remediation, vermi-remediation, 
phyto-remediation, and zoo-remediation exists in nature. However, microbial-
assisted phytoremediation including plants and microbes is one the most effective, 
sustainable, and economical approach to reduce harmful pollutants from the environ-
ment [17, 18]. The bioremediation of air pollutants by the phyllosphere or microbes 
associated with the leaves, not just the microbes themselves, is known as phyllo-reme-
diation. While rhizo-remediation is the process of degrading organic contaminants 
in the soil region around plant roots (the rhizosphere), typically as a consequence of 
enhanced catalytic activities of root associated microbes [19–21].

Various ornamental plant species have been used for the enhancement of air qual-
ity. Previously, Chamaedorea elegans and Opuntia microdasys plants have been shown 
to reduce the concentrations of formaldehyde and BTEX. Also, Chlorophytum como-
sum L. plants are able to accumulate indoor particulate matter pollutant (PM10, PM2.5, 
and PM0.2). The rhizospheric microbes associated with the Aloe vera, Tradescantia 
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zebrina, and Vigna radiata plant species have improved or enhanced the formaldehyde 
neutralization efficiency by 2–3 times [22]. The vertical gardens growing in soil-less 
system, the nutrient-enriched solution with activated carbon have reduced the level 
of VOCs in indoor environments [23]. Considering this, the book chapter discusses 
the existing literature and recent advances in the phytoremediation process and its 
potential against air pollutants.

2. Air pollutants: types, sources, and health issues

Gaseous pollutants and particulate matter are the two primary types of pollutants 
that are found in the atmosphere (Figure 1). There is a substantial difference between 
the levels of these pollutants found in outdoor and indoor environments which is 
primarily allocated to the sources from which they are derived.

2.1 Carbon dioxide (CO2)

Carbon dioxide (CO2) is a colorless and odorless gas, and it constitutes about 
0.03% (300 parts per million) of the total atmospheric gases. It is heavier than other 

Figure 1. 
Different sources of outdoor and indoor air pollutants.
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non-combustible gas and can accumulate in the lower phase of the environment, 
resulting in an oxygen deficiency [24]. Carbon dioxide is majorly a by-product of 
biological respiration or fossil fuel combustion [25, 26]. Fossil fuel-fired power plants 
contribute about 33–40% of the total CO2 emission globally, with coal-fired power 
plants being the key contributor [27]. Whereas, anthropogenic CO2 emission is due 
to activities like forestry, deforestation, land clearing for agriculture [28]. Rising 
atmospheric CO2 levels result in the greenhouse effect and speed up the global warm-
ing process [29]. The average ambient CO2 concentration has been steadily rising and 
has reaches up to 410 ppm. A CO2 level of 600 ppm is considered acceptable, but a 
CO2 level above 1000 ppm is detrimental and leads to CO2 toxicity-related side effects 
[30]. Excessive CO2 concentration in the blood (hypercapnia) give rise to acidosis, 
which is characterized by a low blood pH (increased acidity). The respiratory, cardio-
vascular, and central nervous systems are all affected by the lower blood and tissue 
pH. Other commonly reported symptoms of CO2 toxicity are headaches, lethargy, 
moodiness, mental slowness, emotional irritation, and sleep disruption [31].

2.2 Carbon monoxide (CO)

Carbon monoxide is colorless, combustible, and extremely deadly gas [32]. It is 
emitted from both natural and man-made sources. It is produced when carbonaceous 
materials are burned in an incomplete manner [33]. The two most common sources of 
emission of carbon monoxide in ambient air are smoke from fires and exhaust fumes 
from automobile engines (in the absence of a catalytic converter) [34]. Additionally, 
the combustion of charcoal and wood can also release carbon monoxide. The 
minimum exposure limit of carbon monoxide is around 100 mg/m3 for 15 minutes, 
60 mg/m3 for 30 minutes, 30 mg/m3 for 1 hour, and around 10 mg/m3 for 8 hours 
[35]. In most cases, carbon monoxide poisoning causes from inhalation of gases 
coming out from common household areas such as garages, kitchens, basements, or 
workrooms and fuel burning. Carbon monoxide toxicity leads to dizziness, headache, 
weakness, nausea, vomiting, and loss of consciousness [36]. Further, the inability of a 
cell to use oxygen (e.g., effective oxygen deprivation) leads to chemical asphyxiation 
and hypoxia, which is the most significant harmful effect of carbon monoxide.

2.3 Volatile organic compounds (VOCs)

VOCs are categorized as harmful air pollutants because of their relation with 
carcinogenic, impairing blood production and weakening nervous system in 
humans [34]. Commonly found VOCs in atmosphere are aromatic hydrocarbons 
BTEX (benzene, toluene, ethyl benzene, and xylene) and halogenated hydrocarbon 
like chloroethylene and trichloroethylene [37]. The major sources of BTEX are 
vehicle/aircraft, processing of petroleum products, paints, thinner, ink, cosmet-
ics, and pharmacy. Benzene/toluene ratio is used more often to know the source of 
emission. If the ratio is >0.5 shows that the source is other than transport and if the 
ratio is <0.5, vehicular emission is the major source. Among the six compounds of 
BTEX, toluene is the one that is most easily degraded due to the presence of a side 
chain that provides different attack routes for the microbial enzymes to act upon. 
Isoprene, a naturally occurring biological component, is one of the most significant 
contributors to emissions of VOC [38]. Anthropologically, VOCs are generated 
from both domestic and industrial processes including textile cleaning, fertilizers 
and pesticide application, septic system, traffic, fumigation, building materials, 
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and pharmaceutical industries [39]. In indoor environments, VOCs are released by 
combustion, newly constructed or refurbished structures and building materials 
such as paints, carpets, solvents, various plastics, and wooden furniture [40]. The 
acceptable level of VOCs concentration in an indoor environment is ranged from 0 
to 400 ppb [41, 42]. Short-term exposure of VOCs may induce like nausea, vomit-
ing, and fatigue. However, long-term exposure may cause lung cancer, leukemia, 
and other forms of malignancy [43, 44].

2.4 Particulate matters (PMs)

Carbon-containing particles along with reactive metals and adsorbed organic 
compounds belong to the particulate matter components of air pollution [7]. It is a 
mixture of solid and liquid particles in the air that can be breathed in and may cause 
serious health problems. According to particle size, PM is further divided into three 
groups: coarse particles (PM10, diameter less than 10 μm), fine particles (PM2.5, 
diameter less than 2.5 μm), and ultra-fine particles (PM0.1, diameter less than 0.1 μm) 
[7]. It can be originating either from natural or anthropogenic activities. Eruptions 
of volcanoes, dust and wind storms, forest fires, salt spray, rock debris, chemical 
reactions between gaseous emissions, and soil erosion are some examples of natural 
sources. PM is also produced by human activities such as burning fuel, making steel, 
processing petroleum, making cement, making glass, mining, smelting, power plant 
emissions, burning coal, and disposing of agricultural waste [45]. There is a clear 
relationship between PM concentrations and seasonal variations [46, 47]. According 
to the recent air quality guidelines 2021 by WHO, exposure to PM2.5 and PM10 concen-
tration up to 65 μg/m3 for the 24-hour is safe. Black carbon is a carbonaceous compo-
nent released because of incomplete combustion of fossil fuels (particularly diesel, 
wood, and coal) (PM 2.5) [10, 48]. Higher exposure to black carbon is a major health 
issue that can induce heart attacks and strokes. The regulations governing air pollu-
tion focus on PM 2.5 as the primary concern. PM10 mostly affects the upper respiratory 
system, whereas ultra-fine particles detrimental to the lower respiratory tract, lungs, 
and alveoli.

2.5 Polycyclic aromatic hydrocarbons (PAHs)

These are the vast categories of chemical compounds that include two or more 
bound benzene rings as diverse arrangements [49]. PAHs are a type of pollutant that 
can be found almost everywhere in the environment including soil, water, and air. 
PAHs are the by-product of the incomplete burning of organic substances such as 
wood, coal, petrol, and oil [44]. Forest fires, garbage incineration, volcanic eruptions, 
and hydrothermal processes are natural sources of PAHs. Whereas, combustion of 
timber, waste, and fossil fuels are some examples of anthropogenic activities which 
are responsible for the emission of PAHs [45, 48]. PAHs have cancer causing and 
mutation inducing properties in living organisms [47, 50]. The most common ways for 
people to be exposed to PAHs are through smoking cigarettes or cigars and breath-
ing smoke from open fires or other sources of combustion [46]. Health issues such 
as skin-related diseases, lungs and gastrointestinal malignancies, and damages in 
liver and loss of immunity have been resulting in long-term exposure. The National 
Institute for Occupational Safety and Health (NIOSH) recommends that exposure to 
PAHs in the workplace should be limited at or below the minimum reliable detectable 
concentration of 1 μg/m3.
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2.6 Ozone (O3)

Ground-level ozone is produced by a chemical interaction between oxides of nitro-
gen and originating from natural sources and/or as a result of human activities. Ozone 
damages the uppermost skin layers and tear ducts. Short-term exposure is resulted in 
malondialdehyde production in the epidermis as well as vitamin C and E depletion in 
mice model [1]. Due of ozone’s limited solubility in water, it can enter deep into the 
lungs when inhaled. During the warm season, an increase in ozone concentration was 
related to an increase in the daily number of fatalities (0.33%), respiratory deaths 
(1.13%), and cardiovascular deaths (0.45%). During the winter, no such effect was 
noticed [51].

2.7 Nitrogen and sulfur oxides

Nitrogen oxides (NOx) are the gases that are released by natural sources, auto-
mobiles, and other fuel-burning actions [1]. NO2 is an odorous, acidic, and extremely 
corrosive gas that have negative impact on human health and the environment. 
They are responsible for the yellowish-brown hue of the smog. It causes pulmonary 
disorders such as obstructive lung disease, asthma, chronic obstructive pulmonary 
disease, and in rare circumstances acute aggravation of COPD as well as fatalities 
[52]. High concentrations of NO2 are also detrimental to vegetation causing dam-
age to leaves, stunting growth and diminishing crop yields. The suggested NO2 air 
quality criteria are 0.12 ppm for a 1-hour exposure duration and 0.03 ppm for a yearly 
exposure period. These regulations are intended to safeguard vulnerable individuals 
such as children and asthmatics [53, 54]. Sulfur oxides (SOx) composed of molecules 
of sulfur and oxygen is an odorless gas detectable by taste and smell at concentra-
tions between 1000 and 3000 micrograms per cubic meter [55, 56]. The majority of 
SO2 is produced by the combustion of sulfur-containing fuels and metal sulfide ores. 
Volcanoes are natural sources of SO2 (35–65%) among others. After industrial boilers 
and nonferrous metal smelters thermal power plants that burn high-sulfur coal or 
heating oil are generally the largest producers of anthropogenic SO2 emissions on a 
global scale. The accumulation of SO2 and smoke which reached 1500 mg/m3 resulted 
in increased number of fatalities [55, 57].

3. Absorption of air pollutants in plants

3.1 Stomata

The primary entry site for air pollutants in the plants is likely to be stomatal 
pores, either through exchange of gases or penetration of a liquid layers into the 
sub-stomatal cavity. By altering the aperture between the guard cells, plants regulates 
absorption of air pollutants with a diverse range of molecular masses. The move-
ment of guard cells is regulated by the K+ concentration in the cell sap. However, the 
mechanism of stomatal response to external environmental stimuli involves cellular 
sodium potassium pump and calcium homeostasis of guard cells as well as K+ ion and 
its counter-ions, malate, chloride, and nitrate [49, 58]. Several environmental factors 
(temperature, light, and relative humidity) and cell internal factors (partial pressure 
of CO2, sucrose concentration, turgidity of guard cells and the presence or absence 
growth inhibitors) also affect stomatal opening. Absorption of oxides of sulfur (SOx) 
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and nitrogen (NOx) is regulated by light intensity and heavy metals with airborne 
particulates will directly enter through the stomatal pores, while lipophilic substance 
enters through cuticular wax [59].

3.2 Cuticle

When stomata are closed, the cuticle acts as the entry point for the pollutants. 
Lipophilic substances enter through cuticles of the plants, whereas hydrophilic 
compounds such as gaseous and liquid contaminants can be absorbed by cuticle to 
some extent. The morphology and composition of cuticles vary with species age, and 
location of the cuticle in plant as well as some climatic factors such as temperature 
and relative humidity. Organic compounds such as PAHs, PCBs, dioxins, and charged 
particulates may alter chemical constituent of cuticle that increase permeability of the 
cuticle. Once these pollutants enter through cuticle, they infiltrate slowly by diffusion 
process or get deposited on cell wall or the vacuoles [60].

4. Phytoremediation and its mechanism

In phytoremediation, plants absorb contaminants from the surrounding atmosphere 
and then degrade or detoxify them using a variety of mechanisms [61, 62]. It is currently 
unclear how specific air pollutants are captured by plants for subsequent degradation, 
metabolization, or sequestration. Additionally, phytoremediation has been studied for 
plant propensity to filter ambient air and exchange gases with their surroundings [63]. 
The large biologically active surface areas of plants have added advantage in capturing 
different air pollutants through absorption, transport, and deposition of organic pollut-
ants in the rhizosphere and phyllosphere [64]. For the elimination of air pollutants, the 
photosynthetic systems of C3, C4, crassulacean acid metabolism (CAM), and facultative 
CAM plants have been studied under various circumstances [65]. C4 plants posses high 
intensity in exchange of gases as compared to C3 plants and may exchange more CO2, 
especially during the day. CAM plants exchanges the gases during the night which makes 
them highly efficient in phytoremediation specially when they are placed in indoors [66]. 
Microorganisms that make up a phyllo-microbiome colonize on leaf surfaces and have 
potential to degrade a variety of organic contaminants [67]. Even soil microorganisms 
have ability to eliminate gaseous air pollutants when they are associated with plants [68]. 
Various mechanisms in phytoremediation are discussed below (Figure 2).

Phytoextraction refers to the process of taking up of pollutants from soil and 
transporting them to above ground plant parts for further degradation. Thus, in 
phytoextraction both phyllosphere and rhizosphere are involved [69]. Efficacy 
of phytoextraction process is dependent upon mobility and availability of heavy 
metals in the root zone [70–72]. Phytovolatilization is transport of contaminants 
into the phyllosphere of plants through the epidermis by diffusion across the cuticle 
and also through open stomata. These contaminants are further degraded into 
volatile components which are further released in the atmosphere through tran-
spiration from the stomata [73]. Transpired volatile components either stay in the 
atmosphere as an air pollutant or they may break down by the action of hydroxyl 
radicals [74]. Phytovolatilization process is observed for number of contaminants 
both inorganic and organic forms. In phytovolatilization, pollutants are absorbed by 
plants through phyllosphere and transformed into volatile compounds. Eventually, 
these degraded volatile substances transpired into the atmosphere via stomata [75]. 
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In phytodegradation, organic contaminants including polycyclic aromatic hydro-
carbons (PAHs), total petroleum hydrocarbons (TPHs), polychlorinated biphenyls 
(PCBs), and inorganic contaminants like atmospheric nitrogen oxides and sulfur 
oxides are taken up and transformed by plants into simpler less toxic forms [9]. The 
obtained products of phytotransformation are incorporated into phyllosphere and 
rhizosphere. Specific plant enzymes such as nitroreductases, dehalogenases, laccases, 
and peroxidase play vital role in the phytotransformation process [73]. The immo-
bilization of contaminants takes place in the rhizosphere during phytostabilization 
and is known as phytoimmobilization. Lignin, which is found in the cell wall of plant 
roots, is able to adsorb pollutants which then precipitates into insoluble compounds 
and stores them in the root zone [71]. Rhizodegradation refers to the biodegradation 
of contaminants in the soil by edaphic microbes enhanced by the inherent character 
of the rhizosphere itself. The roots of plants offer an additional surface area which 
allows for the transmission of oxygen and the growth of microorganisms. Plants 
emit biodegradable enzymes and metabolites into the rhizosphere, where microbes 
can use them to develop and break down contaminants [76]. Root exudates have 
many potential uses such as enhancing plant defense mechanism, boosting nutrient 
availability in the root zone, and even phytoextraction of heavy metals. The ability of 
bacteria to degrade pollutants is Bacillus, Acinetobacter, Arthrobacter, Diaphorobacter, 
Enterobacter, Flavobacterium, Phanerochaete chrysosporium, Polysporus, 
Pseudomonas, Pseudoxanthomonas, Rhodococcus wratislaviensis, Sphingomonas, and 
Stenotrophomonas.

5. Phytoremediation of major pollutants

5.1 Airborne particulates

By adsorbing particles leaf surface or fixing them in waxes, plants effectively 
remove substantial amounts of airborne particulates from the atmosphere, particu-
larly in metropolitan areas [77]. Urban areas with trees can significantly reduce PM10 
level [73]. In order to decrease the spread of air pollution from industrial areas, an 

Figure 2. 
Mechanisms of phytoremediation.
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8 m wide green belt may be installed which could able to minimize dust fall over two 
to three times [78]. The trees such as Ficus spp., Mangifera spp., and Azadirachta spp. 
in urban roadsides can effectively control particulate matter emitted from vehicles. 
C3 and C4 plants intake several gaseous pollutants at larger quantity during daytime 
and CAM plants intake gases at night time through stomatal openings [79]. PCBs 
enter into plants through the cuticle and metabolized through cytochrome P-450 in 
some of the plant species such as pine and eucalyptus [80]. Generally, metals such as 
Cr, V, Ni, Pb, and Fe accumulated in plants from soil, but they are not translocated to 
aerial plant parts. Therefore, accumulation of such metals in aerial parts of the plants 
is majorly absorbed from atmospheric air [81]. High density organic compounds 
and metals can penetrate wax layer and enter into epidermis of the cell through the 
process of diffusion and sequestered in vacuoles or cell wall [82]. The ability of some 
bacteria to convert reactive oxygen species into less harmful forms through their anti-
oxidant properties. This ability of bacteria in turn contributes to the bio-remediation 
of PM by plants as PM have shown to develop ROS which is harmful to plants [83–86].

5.2 Volatile organic compounds

Phytoremediation can effectively remove VOCs like formaldehyde, xylene, 
toluene, benzene, and ethylbenzene from the environment [87]. In order to protect 
from pathogens, animals and other environmental stresses plants used low molecu-
lar weight VOCs [84]. Generally, plant uptake VOCs via leaf stomata, while few 
plants uptake VOCs through cuticle [88], and their further translocation is done by 
phloem to designated plant organs [89]. In plants system, VOCs are degraded, stored 
or removed through various process, and get volatilized into atmosphere through 
diffusion from trunks, stems, roots, and leaves of plants [90, 91]. Phytoremediation 
efficiency of plants is determined by properties of VOCs, as lipophilic VOCs are 
absorbed through cuticle, whereas hydrophilic VOCs are absorbed through leaf 
stomata [13]. VOCs also get deposited in soil and plant rhizosphere due to leaf fall and 
runoff. Microbes present in plants aid metabolization of these organic compounds 
into less toxic forms such as carbon dioxide, water, and cellular biomass [13]. Spider 
plant (Chlorophytum comosum L.) detoxifies low concentrations of formaldehyde into 
amino acid, sugars lipids, and cell wall components. Soybean plant (Glycine max L.) 
converts formaldehyde into serine and phosphatidylcholine. Additionally, microbes 
can modify plant VOC emissions by activate an immunological response [92]. An 
experiment was conducted using the green wall system for degradation of VOCs 
and showed proteobacteria as the dominant species. Nevskiaceae and Patuli bacte-
raceae were VOC utilizing bacteria in the irrigation water of the green wall system. 
Burkholderiales were part of bio-wall root bacterial communities where VOC degrada-
tion was also reported [93]. Bacteria associated with the rhizosphere of the plants also 
play a crucial role in the degradation of these air pollutants, and one such bacteria 
Rhodococcus erhythopolis U23A isolated from the roots of Arabidopsis thaliana was able 
to break down polychlorinated biphenyls [94]. The flavanones were found to be the 
inducers of the polychlorinated biphenyls pathway. According to Barac et al. [94], the 
introduction of a plasmid expressing a toluene-degrading enzyme reduced phytotox-
icity and toluene evapotranspiration by 50–70% through the leaves. Sandhu et al. [95] 
provided direct evidence that endophytic bacteria in the phyllosphere degrade volatile 
organic compounds. De Kempeneer et al. [96] proved that phyllosphere micro-biota 
undertakes toluene cleanup via toluene-degrading bacteria. Kempeneer et al. [96] 
demonstrated that phyllosphere micro-biota significantly degrades the toluene 
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compound. As per the reports, formaldehyde has varied from 0.14 to 0.61 mg/m3 in 
remodeled residences; however, benzene, toluene, and xylenes were found in 124, 
258, and 189.7 g/m3 concentrations, respectively [97]. Sriprapat et al. [98] highlighted 
that Helianthus annuus associated with EnL3 strain significantly removed benzene 
from the environment. The study also reported that a total of sixty-two proteins was 
up and down-regulated in leaves, while thirty-five proteins were up or down-regulated 
in roots of H. annuus. Additionally, toluene has been removed by the association of 
F. verschaffeltii and H. carnosa indoor foliage plants with rhizospheric bacteria [99, 100]. 
To summarize these, it is clear that the above ground and below ground plant-associ-
ated microorganisms play a crucial role in the mineralization of VOCs through their 
degradation potential.

5.3 Gaseous pollutants

Gaseous air pollutants include oxides of sulfur, carbon, and nitrogen as well as 
ozone [101]. Plants metabolize CO by oxidation into CO2 or get reduced into amino 
acids. The tendency of plant canopy to act as NO2 sinks and assimilation of NO2 has also 
been demonstrated. Plants can assimilate ammonia (NH4) from the air and soil [102]. 
Abatement of pollutants such as carbon dioxide (CO2), sulfur dioxide (SO2), nitrogen 
dioxide (NO2), and ozone (O3) can be accomplished by the implementation of phy-
toremediation. Through the process of photosynthesis, plants remove carbon dioxide 
from the atmosphere and store it for any given period of time or convert it to humus 
[13]. This process of storing carbon dioxide in plants for an extended period of time 
is known as carbon sequestration [103]. The “reductive sulfur cycle” is the process by 
which sulfur dioxide is broken down after it is diffused through the stomata of plants. 
Plant’s root uptake by-products of the sulfur cycle including sulfur containing amino 
acids necessary for their growth. The adsorption of nitrogen dioxide through stomata, 
leaf, and root surfaces is the first step in the nitrogen toxicity abatement process. 
Nitrogen dioxide has the potential to be used as an alternative fertilizer and to supply 
essential nutrients to plants but, prolonged exposure to high concentrations of nitrogen 
within the plants could be toxic [13]. Ozone reacts with the waxes of cuticle, ions, salts, 
and biogenic and anthropogenic volatile organic compounds. Stomata are the means 
through which plants take in ozone into their systems. In another study, plant and 
microbially-assisted bio-remediation systems accrued the air pollutant by 0.24 to 9.53 
folds than individual plant systems [104]. Moreover, ozone was efficaciously reduced 
or removed in an uninterrupted system of Z. zamiifolia combined with B. cereus ERBP. 
This endophytic bacterium has the potential to protect the plant against ozone stress 
[105] and has been developed an effective microbially-assisted bio-remediation strategy 
against formaldehyde pollutants by adhering rhizosphere microbes with T. zebrina, A. 
vera, and V. radiata. As per the report [49], the phenolic pollutant has been eliminated 
by vetiver grass by using A. xylosoxidans. The association of F3B has the potential to 
endure plants against toluene stress and enhanced the chlorophyll content of leaves. 
As per the report [106], chloromethane (volatile halo-carbon pollutant) was removed/
degraded by Hyphomicrobium sp. (isolated from the leaf of A. thaliana). NO2 may also 
be accumulated in plants in the form of nitrate and nitrite. Later, it can be reduced by 
nitrate and nitrite reductase enzyme for the generation of ammonia, which is further 
assimilated to glutamate through the ammonium assimilation pathway (GS- GOGAT) 
[107, 108]. As per the recent report by Lee et al. [16], the absorbed pollutants are stored 
in the inter-cellular spaces of leaves. Further, it can react with the inner-leaf membranes 
or water film and after that it can be degraded or excreted into the environment [16].
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5.4 Removal of polyaromatic hydrocarbons (PAHs)

Various bacterial groups like Haemophilus spp., Paenibacillus spp., Pseudomonas 
spp., Mycobacterium spp., and Rhodococcus spp. are reported to degrade and utilize 
PAHs as a sole source of energy and carbon [109]. Yutthammo et al. [110] reported 
that about 1–10% of phyllosphere bacteria have potential to degrade PAHs (ace-
naphthylene, acenaphthene, phenanthrene, and fluorine) from the environment. 
However, the removal of PAH was achieved by the mutualistic association between 
microbes and Epipremnum aureum plant [111]. A lot of changes take place in the soil 
around the roots which leads to more aeration that supports the growth of autochtho-
nous PAH degrading microbial communities, which allows the efficient mineraliza-
tion of the PAH present in the rhizosphere soil [112]. Thus, even deeper layers support 
the process of aerobic degradation [113]. Myco-augmentation, phytoremediation and 
natural attenuation can be used individually for the bioremediation process. However, 
using these techniques in combination can increase bioremediation efficiency to 
several folds. Thus, the synergism between the microbes and plants can be exploited 
for the bioremediation not only for PAH but also other compounds as it is more effec-
tive than simple phytoremediation [114]. There have been few studies that has used 
the combination of bacteria and plants for the bioremediation of PAH [49], but rarely 
there has been a combination of plant and white-rot fungi used for the process of PAH 
bioremediation. The maize plant was associated with Crucibulumleave (fungi) in a 
comparative study where phytoremediation process was enhanced. This combination 
was highly effective in PAH degradation to 5–6 folds compared to phytoremediation 
alone. This could be possible due to the increased surface area of fungal hyphae which 
could assist bacterial transport through the soil and alteration of root exudates pos-
sibly increasing the bioavailability of the compounds and increasing the degradation 
of the PAH [115]. For the removal of hydrocarbons from soils, the most researched 
plants are prairie grasses because of their vast fibrous root systems [116].

5.5 Indoor air pollution

Green houseplants can act as a biological filter to purify the indoor air [76]. Plants 
considerably deplete CO2, VOCs, PMs, organic carbon, nitrate, sulphate, ammonia, and 
carbonate levels in indoor environments [117]. It was reported that Dracaena deremen-
sis, Dracaena marginata, and Spathiphyllum spp. efficiently remove benzene, toluene, 
ethylbenzene, and xylenes in indoor environment [118]. Eight ornamental indoor plants 
namely Chlorophytum comosum, Clitoria ternatea, Dracaena sanderiana, Euphorbia milli, 
Epipremnum aureum, Hedera helix, Syngonium podophyllum and Sansevieria trifasciata 
were studied for the removal efficiency of benzene in indoor air pollutants. It was 
found that C. Comosum was most efficient in removing benzene from air and water 
pollutants. Green walls are recent innovation, formed of a pre-vegetated frame that are 
attached to a wall or other interior structure [87, 117]. An updated version called active 
living wall integrates the building heating, cooling, and ventilation systems [119]. A 
green wall system regulates temperature and also filters the air inside buildings [120]. 
The plants remove CO and CO2 and assist in removing particulate matter from air [121, 
122]. Using urban indoor vegetation is one strategies for accomplishing this since it can 
be drastically reducing air pollution. Green walls are either partially or entirely covered 
with greenery, incorporating a growing medium. It is well-known that the incorpora-
tion of green walls and other forms of living infrastructure into an indoor environment 
has the potential to contribute to an improvement in air quality, through the reduction 
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in amount of volatile organic compounds (VOC), inorganic gaseous compounds, and 
carbon dioxide (CO2), as well as the retention of particulate matter (PM) [123]. Study 
revealed that potted plants are capable of removing significant levels of gaseous VOCs 
in sealed chambers, lowering VOCs by 10–90% in 24 hours [124]. It was demonstrated 
that the removal of organic contaminants is accomplished more effectively in areas of 
the root soil that are in contact with air [125]. The Chamaedorea elegans and Opuntia 
microdasys plants have significantly reduced the concentrations of formaldehyde 
and BTEX in controlled environmental chambers, respectively. In another study, the 
Chlorophytum comosum L. plants have significantly accumulated indoor PM10, PM2.5, 
and PM0.2. The researchers also observed that the plant wax is helpful in the accumula-
tion or attachment of PM on their leaf’s surfaces [126]. As per the literature, associated 
microorganisms can significantly enhance the remediation properties of plants. In 
one experiment, the rhizosphere microbes associated with the Aloe vera, Tradescantia 
zebrine, and Vigna radiata plant species have improved or enhanced the indoor formal-
dehyde neutralization efficiency by 2–3 times. In addition, the combined system of the 
Ophiopogon japonicus plant associated with Staphylococcus epidermidis and Pseudomonas 
spp., bacterium has been degrading the phenol pollutants with 1000 g/L per day capac-
ity [118]. In commercial buildings and urban areas, vertical gardens are gaining more 
attention because vertical alignment can offer a space-efficient method of exposing 
more plant biomass to contaminated air [127]. In these gardens, the significance of plant 
selection on the green walls demonstrated the varying capacity of pollutant degrada-
tion. As per the report, the especially fern species have high removal efficiency toward 
the particulate matter of size range PM0.3–0.5; 45.78% and PM5–10; 92.46%. Whereas, the 
plant species with fibrous roots have greater degradation efficacy toward air pollutants 
compared to plants with tap root systems. Moreover, for vertical gardens and green 
walls, the growing medium, vermicompost, perlite, coco-peat, and so forth signifi-
cantly influence the plant microbe’s associations and pollutant degradation mechanism. 
In Apteniacordifoli, the addition of granular activated carbon into coconut husk-based 
substrates could increase the VOC removal ability of the green walls [128]. Mikkonen 
et al. [129] investigated the filtration efficiencies for seven volatile organic chemicals as 
well as the microbial dynamics in simulated green wall systems. The results highlighted 
that Golden pothos plants had a minor effect on VOCs filtration and bacterial diversity. 
In another report by Gonzalez-Martin [92], indoor green walls contributed significantly 
to the ambient fungal load, but concentrations remained well below WHO safety 
standards. In this sense, the botanical air filtration approach is a promising way for 
reducing indoor air pollution, but a greater knowledge of the underlying mechanics is 
still required.

6. Biotechnological advances

Generally, biotechnological tools provide researchers the ability to change the 
gene expression regulation at certain specified sites which speeds up the discovery 
of new information regarding the functional genomics of plants [128]. In Noccaeac 
aerulescens, Arabidopsis spp. (hyperaccumulator of Cd and Zn), Hirschfeld spp. (toler-
ant to Pb toxicity), Pterisvittata, and Brassicaspp have genomes sequenced for model 
phytoremediators [129]. These phytoremediators have been found to be effective at 
removing heavy metals from the environment. Similarly expressing the MerC gene in 
Arabidopsis and Tobacco plants led to an increase in the accumulation of the Hg metal, 
but it also rendered the plant hypersensitive to the effects of mercury (Hg). Several 
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additional types of organic contaminants such as polycyclic aromatic hydrocarbons 
and polychlorinated biphenyls are also include in this method [92]. Editing the genes 
in rice and Arabidopsis for the production of naphthalene dioxygenase resulted in the 
recent development of genes that express tolerance against naphthalene and phenan-
threne [130]. Some of the genetically modified plants for phytoremediation of organic 
pollutants include tobacco (gene hCYP2E1) for benzene, Atropa belladonna (gene 
rCYP2E1), and Poplar (gene rCYP2E1) for TCE [131]. An experiment was carried out 
on the tou cluster, which encodes for the enzyme Tolueneo-Xylene Monooxygenase 
(ToMO) which can degrade the aromatic hydrocarbons from Pseudomonas stutzeri. 
It was cloned and expressed in Antarctic Pseudoalteromonas algae [88]. Genetically 
modified plants like P. angustifolia, N. tabacum, and S. cucubalis have been shown 
to accumulate more heavy metals pollutants than their wild counterparts by over 
expressing-glutamylcysteine-synthetase [132]. The γ-ECS B. juncea transgenic 
seedlings (E. coli gshl gene insertion) showed greater tolerance toward cadmium, 
phytochelatins, glutathione, and non-protein thiols than wild type [132]. The expres-
sion of genes including AtNramps, AtPcrs, CAD1 (A. thaliana), gshI, gshII (D. innoxia), 
CAX-2, NtCBP4 (N. tabacum; A. thaliana), Ferretin (soybean), merA (bacteria), and 
PCS cDNA clone (B. juncea) has been shown enhanced heavy metal tolerance and 
accumulation [133, 134]. However, in transgenic A. thaliana, the combined expres-
sion of SRSIp/ArsC and ACT 2p/γ-ECS presented increased tolerance to arsenic 
(Ar). Additionally, plants accrued 4 to 17-fold shoot biomass and accumulated 2 to 
3-fold more AR compared to wild plants [135, 136]. For enhanced phytoremedia-
tion, metabolic pathways have been expressed by introducing MerA, MerB, ars C, 
and γ-ECS genes in Arabidopsis plants and resulted in enhanced accumulation of 
mercury, arsenate, and arsenite pollutants [137]. The over-expression of 1- amino 
cyclopropane-1-carboxylic acid deaminase in plants resulted in a higher accumulation 
of pollutants [75, 137]. Presently, the researchers aim to work on the genetic modi-
fication of common ornamental and houseplants for the improvement of indoor air 
quality. In this context, pothos ivy or devil’s ivy has been modified by genetic engi-
neering approach for the removal of chloroform and benzene by the expression of the 
Mammalian Cytochrome P450 2e1 gene [138].

7. Conclusions

The removal or degradation of harmful pollutants from the air is far more chal-
lenging than water and soil pollution. As per the literature, phytoremediation has way 
more potential for eradication of harmful pollutants from the indoor and outdoor 
air environment in a sustainable manner. This way of phytoremediation is more 
sustainable, green, cost-effective, and easy to handle. In phytoremediation, the plants 
and microbes eradicate the pollutants through the following mechanisms, such as 
phyto-extraction, phyto-stabilization, rhizo-filtration, phyto-volatilization, phyto-
degradation, and phyto-desalination. However, the selection of plant species and 
microbe’s assistance for particular pollutant, their site, and condition are very crucial. 
As per the literature surveyed, in sustainability, the phytoremediation methods are 
5–13 times more economical, higher success rate, good acceptance, and indeed an eco-
logical way than the other remediation strategies. In the urban context, indoor plants 
serve as solution for phytoremediation against harmful air pollutants and also add 
esthetic value to the indoor space. Furthermore, the utilization of biotechnology will 
revolutionize and enhance the phytoremediation process against variety of pollutants.
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Abstract

Air pollution with suspended particles and gaseous substances is assumed to be a 
possible risk factor for bronchial asthma. Bronchial asthma (BA) is one of the most 
common chronic non-communicable diseases in children and adults, characterized 
by variable respiratory symptoms and airflow limitation. Asthma is a heterogeneous 
disease with different underlying disease processes. The most common asthma 
phenotypes are allergic and non-allergic asthma, differing in the presence of atopy, 
the type of airway inflammation, responses to inhaled corticosteroid treatment. 
Meta-analyses, including cohort studies, support the role of fine particles in asthma in 
children. The question of whether the incidence of asthma in adults is associated with 
exposure to ambient particulate matter remains open. The chapter describes the effect 
of fine particles in the ambient air on the formation, course, and underlying mecha-
nisms of different phenotype of bronchial asthma in adults. The role of ambient fine 
particles in the development of the eosinophilic non-allergic phenotype of bronchial 
asthma in adults (18–65 years old) has been proven. The hypothesis about different 
underlying mechanisms in response to exposure to particulate matter for various 
phenotypes of bronchial asthma was confirmed.

Keywords: bronchial asthma, asthma phenotypes, T2-endotype, fine particles, 
ambient air, epidemiological studies, adults

1. Introduction

Epidemiological studies from around the world indicate that particulate mat-
ter poses a serious health threat to public health [1]. Air pollution with suspended 
particles and gaseous substances is assumed to be a possible risk factor for bronchial 
asthma [2–4]. Bronchial asthma (BA) is one of the most common chronic non-
communicable diseases in children and adults, characterized by variable respiratory 
symptoms and airflow limitation [5]. The global prevalence of physician-diagnosed 
asthma in adults is 4.3% (95% CI: 4.2%, 4.4%), with large differences between 



Air Pollution – Latest Status and Current Developments

50

countries [6]. Asthma is a heterogeneous disease with different underlying disease 
processes. Recognizable clusters of demographic, clinical, and/or pathophysiological 
characteristics are often called as asthma phenotypes [4]. Some of the most common 
are allergic and non-allergic asthma, differing in the presence of atopy, the type of 
airway inflammation, responses to inhaled corticosteroid treatment. Later, the term 
“endotype” was introduced as a conceptual basis for new ideas about the molecular 
heterogeneity of bronchial asthma [7], and T2- and non-T2-endotypes have now 
been described. Meta-analyses, including cohort studies, support the role of fine par-
ticles in asthma in children [8–11]. The question of whether the incidence of asthma 
in adults is associated with exposure to ambient particulate matter (PM) remains 
open: there are not enough studies, and the available data are contradictory—the 
relative risks were about 1.0 and, in most studies, did not reach a critical level of 
statistical significance [12–17]. Besides, adult asthma, unlike asthma in children, 
is associated with other risk factors and is known for its female predominance, 
uncommon remission, and unusual mortality [18]. The chapter describes the current 
literature data, as well as our study on the effect of fine particles in the ambient air 
on the formation, course, and possible underlying mechanisms of atopic allergic 
and eosinophilic non-allergic phenotypes of the T2-endotype of bronchial asthma in 
adults (18–65 years old).

Bronchial asthma is a heterogeneous disease characterized by the chronic inflam-
mation of the airways [6]. The known variants of the combination of demographic, 
clinical, and/or pathophysiological characteristics are often called “bronchial asthma 
phenotypes” [6]. Several studies have shown that air pollution with PM increases the 
risk of bronchial asthma exacerbations and frequency of hospitalizations [2, 3, 19, 20] 
and worsens the quality of life of patients with asthma [21]. Meanwhile, the role of 
PM in the onset of bronchial asthma in adults is still open [22].

The earliest study reporting an association between long-term exposure to air 
pollution and the incidence of bronchial asthma described a cohort of non-smoking 
Seventh-day Adventists in California, USA [12]. Considering gender, age, educa-
tion, smoking, and gaseous pollutants (ozone and sulfur dioxide) as confounders, 
no association was found between new cases of bronchial asthma and PM10 in the 
ambient air.

A Swiss cohort study with an 11-year follow-up showed that the incidence of 
bronchial asthma among non-smokers was associated with an increase in PM10 
concentrations: hazard ratio 1.30 (95% CI: 1.05, 1.61) per 1 μg/m3 of PM10, not being 
changed when adjusted by education, occupational exposure, secondhand smoking, 
asthma or allergies in parents, exposure to other pollutants, proximity to roads with 
heavy traffic, and functional state of the lungs [13].

A meta-analysis of the incidence of bronchial asthma among the adult population 
in six prospective cohorts followed up within the ESCAPE study revealed a positive 
but insignificant relationship between new cases of bronchial asthma and average 
annual concentrations of PM10 and PM2.5: odds ratio 1.04 (95% CI: 0.88, 1.23) and 
1.04 (95% CI: 0.88, 1.23) by 10 μg/m3 PM10 and 5 μg/m3 PM2.5, respectively. The 
models included PM concentrations, as well as such confounders as gender, age, edu-
cation, body mass index, smoking, and clinical aspects of BA [14]. Similar results were 
obtained in a cohort of women living in the USA (follow-up period 2008–2012), where 
the odds ratio for new cases of bronchial asthma, adjusted by age, education, body mass 
index, consumption of dietary fiber, smoking, and occupational hazards, was 1.20 (95% 
CI: 0.99, 1.46) for an increase in PM2.5 concentrations by 3.6 μg/m3 (interquartile 
range) [15].
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In older age groups, a 2-year increase in PM2.5 by 10 μg/m3 was associated with 
an increased risk of bronchial asthma by 2.24% (95% CI: 0.93%, 5.38%) in people 
aged >44 years [16], a 3-year increase in the average annual concentration of PM2.5 
by 10 μg/m3 led to an increase in the bronchial asthma incidence by 9% (95% CI: 
4%, 14%) among elderly people (65+) [17]. Similar results were reported by [23] for 
low- and middle-income countries (China, India, Ghana, Mexico, Russia, and South 
Africa): 5.12% of the asthma cases in the study population over 50 years of age (95% 
CI: 1.44%, 9.23%) could be attributed to long-term exposure to PM2.5.

The phenotypic heterogeneity of bronchial asthma was investigated by a cluster 
analysis of well-characterized patients, grouping them into 4–5 phenotypic clusters, 
considering age, gender, lung function, medical aid need, and body mass index [24, 
25]. To date, the T2 and non-T2 asthma endotypes, defined as “a disease subtype that 
is determined by a separate functional or pathological biological mechanism” [7], 
have been described. T2-endotype is characterized by a high level of type 2 inflam-
matory response in the airways [3, 7] and more severe course [6]. The molecular 
mechanisms of the non-T2-endotype are under investigation [3, 7, 26]. Considering 
different asthma phenotypes and endotypes when studying health effects of ambient 
particles was not regarded in previous epidemiological studies, but several authors 
hypothesized that the bronchial asthma linked to PM might be described as a separate 
phenotype, and its initial mechanisms could include damage to the airway epithe-
lium, T2- as well as T17-mediated responses [27, 28].

The issue of the relationship between bronchial asthma and separate fractions of 
PM in the ambient air is insufficiently studied [2, 3]. There are also no convincing 
data on the effects of ambient particles with different chemical composition or origin. 
There is some information about the role of the oxidizing potential, which depends on 
the chemical composition of suspended particles. As discussed above, reactive oxygen 
species induced by particulate matter are regarded as an important mediator of their 
toxicity. The oxidation potential of PM2.5 taken from the atmospheric air of Paris 
was increased in the presence of metals such as copper and zinc, as well as polycyclic 
aromatic hydrocarbons and soluble organic compounds in PM [29]. The effects of 
fine particulate matter were enhanced by concomitant exposure to particulate matter 
and bacterial endotoxins in residential air: for emergency medical visits due to asthma 
exacerbations in the last 12 months, the odds ratio for comparing the subgroup with 
high exposures to PM2.5 and endotoxin and the subgroup with low levels of both 
pollutants was 5.01 (95% CI: 2.54, 9.87) [30]. Similar findings were shown in a recent 
Japanese study [31]. Combined exposure to PM10 and bacterial endotoxin near 
livestock farms was associated with the higher prevalence of bronchial asthma [32]. 
Thus, this line of research also deserves attention.

2. Material and methods

The research aim was to study the effect of fine particles in the ambient air on 
the formation, course, and underlying mechanisms of atopic allergic and eosino-
philic non-allergic phenotypes of the T2-endotype of bronchial asthma in adults 
(18–65 years old).

The study included the following parts: (1) a case-control study, (2) a biomarker 
study as a part of the case-control study, (3) an epidemiological study of ecologi-
cal type based on geoinformatics approach with a retrospective analysis of data on 
environmental pollution and population health.
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For the case-control study, patients with bronchial asthma were selected while 
seeking medical help (“cases”), and the comparison group was selected from 
among those who did not suffer from bronchial asthma (“controls”). The groups 
were formed based on inclusion/exclusion criteria and comparison criteria, supple-
mented by the collection of information about potential confounders. The probable 
T2-endotype of bronchial asthma was determined by the absolute number of eosino-
phils in the blood (≥150 cells/μl). A total of 156 patients with bronchial asthma were 
examined, of which 82 patients were selected in the “cases” group (40 patients with 
an allergic phenotype, 42 patients with an eosinophilic non-allergic phenotype of 
bronchial asthma). The inclusion criteria for the “cases” group were: (1) age from 18 
to 65 years; (2) an established clinical diagnosis of an allergic or non-allergic pheno-
type of the T2-endotype of bronchial asthma; (3) informed consent to participate in 
the study. The exclusion criterion for the group of “cases” was the allergen-specific 
immunotherapy or biological therapy at the time of examination, or information in 
the medical records about the use of such therapy earlier. The comparison group (48 
people) was selected according to the following comparison criteria: (1) compliance 
of the distribution of “controls” with the distribution of “cases” by sex, age (in the 
range up to 10 years), body mass index (up to 23.9; 24–29.9; 30 and more kg/m2), level 
of education (secondary; college; high); (2) exclusion of the diagnosis of bronchial 
asthma and other chronic respiratory diseases; (3) informed consent to participate 
in the study. For individuals included in the study, the average and maximal annual 
concentrations of PM2.5 and PM10 fractions averaged over the period 2014–2020 
were determined, considering measurements at monitoring points closest to the areas 
of residence. For measurements, the DustTrak™ II Aerosol Monitor 8530 (TSI Inc., 
USA) was used. Additionally, in the areas of residence, ambient air sampling was 
carried out by the 8-stage impactor MOUDI 100NR (TSI, USA) to study the elemental 
composition of the aerosol (SEM, energy dispersive spectroscopy) and the contami-
nation by bacterial endotoxin (kinetic LAL test). Besides, air samples were taken for 
microbiological examination by classical cultural methods and using MALDI-TOF 
spectrometry. Using the multiple logistic regression, adjusted odds ratios were calcu-
lated with 95% confidence intervals for allergic and eosinophilic non-allergic pheno-
types of bronchial asthma in comparison with the comparison group, depending on 
the levels of exposure variables characterizing air pollution with particulate matter.

For the biomarker study, as a part of the case-control study, 61 patients with 
T2-endotype of BA were examined (34 patients with an allergic phenotype, 27 
patients with a non-allergic phenotype of the disease). The comparison group con-
sisted of 30 people without symptoms of asthma and other allergic diseases who were 
matched by gender, age, body mass index (BMI), profession (position). All patients 
with BA and persons from the comparison group underwent blood sampling to deter-
mine biological markers of various types of inflammation: alarmins (TSLP, IL-33, 
IL-25), T2-cytokines (IL-4, IL-5, IL-13), DPP4, and also—in order to clarify the 
involvement of non-T2-mechanisms—IL-6, TGF-beta1, IL-17A, IL-1beta; multiplex 
analysis using xMAP Luminex technology was applied. The blood serum level of peri-
ostin was determined by ELISA. The study design was supplemented by whole blood 
sampling from the same study participants and subsequent analysis of the expression 
of genes encoding certain cytokines: IL-4, IL-5, IL-6, TGF-beta1, IL-17A, IL-1beta, 
IL-25, IL-33. In the biomarker study, the calculated masses of aerosol particles depos-
ited in different parts of the lungs were used as additional exposure characteristics. 
To estimate the masses of aerosol particles deposited in the lungs, an original method 
to reconstruct the aerosol particle size distribution function using actual PM2.5 and 
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PM10 concentrations under the assumption of a lognormal distribution characteristic 
of atmospheric aerosols was developed. To assess the relationship between serum 
levels of cytokines and concentrations of PM2.5 and PM10 fractions, multiple linear 
regression was used, gender, age, body mass index (BMI) being included as con-
founders in the regression models. In addition, a data aggregation method based on 
the principal component analysis was applied.

To study the relationship between ambient air pollution with particulate mat-
ter and bronchial asthma in adults (18–65 years old), a retrospective analysis of the 
incidence of bronchial asthma (ICD-10 codes J45.0, J45.1, J45.8) for 2014–2020 was 
carried out. BA incidence was determined for the population of Kazan in and for 
persons living in the areas at up to 1 km from the monitoring points as well. The 
database of social and hygienic monitoring and the regional medical information 
system “Electronic Health of the Republic of Tatarstan” were used. The absolute risks 
of bronchial asthma in adults (18–65 years old), as well as the absolute risks of BA 
phenotypes, were calculated. Using linear mixed models based on the Poisson or the 
negative binomial distribution, the dependences of the absolute risks of BA pheno-
types on the PM fraction concentrations were studied.

3. Results and discussions

3.1  Case-control and biomarker studies on the effect of fine particles in the 
ambient air on atopic allergic and eosinophilic non-allergic phenotypes of the 
T2-endotype of bronchial asthma in adults

The results of the “case-control” study [33] indicate the role of fine particulate 
matter in the ambient air in the development of bronchial asthma in adults (18–
65 years old), and also suggest the involvement of various underlying mechanisms in 
the formation of the clinical picture of eosinophilic non-allergic and allergic pheno-
types of bronchial asthma: in non-allergic asthma —the reaction of the epithelium to 
the deposition of particles in the respiratory tract, and in allergic asthma—a reaction 
to the composition of the aerosol. An increased risk of the eosinophilic non-allergic 
phenotype of bronchial asthma and its more severe course were noted at higher 
average annual concentrations of the PM2.5 fraction averaged over 2014–2020. The 
concentration of bacterial endotoxin had a statistically significant effect on the odds 
of developing an BA allergic phenotype and was associated with a more severe course 
of the disease; the odds of an allergic phenotype also increased with an increase of 
carbon in the composition of the aerosol.

The medians of the average and maximal annual concentrations of PM2.5 frac-
tion averaged over the period 2014–2020 in the areas of residence of patients with 
bronchial asthma exceeded the maximum allowable levels applied in the Russian 
Federation (25 and 160 μg/m3) by 1.2 and 1.1 times, respectively. For the PM10 frac-
tion, the average annual concentration exceeded the maximum allowable level (40 μg/
m3) by 2.3 times, and the maximal annual concentration exceeded the maximum 
allowable level (300 μg/m3) by 1.2 times. In the comparison group, the levels of fine 
PM fractions did not exceed exposure limits, except for the maximum annual concen-
trations. The chemical composition of the fine PM fractions was represented mainly 
by carbon (from 36.9–100%) with minor metallic impurities. Contamination with 
bacterial lipopolysaccharides ranged from 0.0139 to 0.0694 EU/m3. Microbiological 
examination of ambient air samples (in the areas of residence of 45 patients with 
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bronchial asthma and 45 persons from the comparison group) showed the growth of 
bacteria and fungi. Differences in pollution levels between both groups of patients 
and the comparison group were statistically significant, indicating a higher level of 
pollution by fine particles, as well as a higher content of carbon and bacterial endo-
toxin in the areas of residence of patients with bronchial asthma; no differences were 
found in the total number of microbes.

The study showed the important role of the PM2.5 fraction for patients with eosino-
philic non-allergic phenotype of bronchial asthma (Table 1): the risk of this bronchial 
phenotype in adults statistically significantly increases with an increment of the average 
annual concentration averaged over the period 2014–2020 by 10 μg/m3—the odds ratio 
adjusted by confounders (heredity for asthma, age, concentration of bacterial endotoxin 

Exposure parameter Adjusted odds ratios (95% confidence intervals)

Non-allergic bronchial 
asthma

Allergic bronchial asthma

PM2.5 average annual concentration 
averaged over 2014–2020 years. 
(monitoring data for residential 
address); increment – 1 μg/m3.

4.76 (95% CI: 1.67, 24.40)1 OR 4.52 (95% CI 0.91, 55.68)3

PM2.5 maximal annual concentration 
averaged over 2014–2020 yrs. 
(monitoring data for residential 
address), increment – 10 μg/m3.

1.17 (95% CI: 1.00, 1.42)2 1.13 (95% CI: 0.88, 1.58)3

PM10 average annual concentration 
averaged over 2014–2020 years. 
(monitoring data for residential 
address), increment – 1 μg/m3.

1.71 (95% CI: 1.23, 2.92)1 1.84 (95% CI: 0.95, 5.27)3

PM10 maximal annual concentration 
averaged over 2014–2020 years. 
(monitoring data for residential 
address), increment – 10 μg/m3.

1.12 (95% CI: 1.02, 1.25)2 1.11 (95% CI: 0.95, 1.35)3

Fraction of carbon in the aerosol 
composition. Size fraction <3.2 μm 
(impactor. Measured at the address of 
residence), increment – 1%.

1.16 (95% CI: 0.98, 1.47)2 1.45 (95% CI: 1.02, 2.52)3

Bacterial endotoxin in the size fraction 
<3.2 μm (impactor. Measured at the 
address of residence), increment – 0.01 
EU/m3.

2.03 (95% CI: 0.81, 6.47)2 1.12 (95% CI: 0.94, 1.42)3

Bacterial endotoxin in the size fraction 
3.2–18 μm (impactor, measured at the 
address of residence), increment – 0.01 
EU/m3.

3.19 (95% CI: 1.61, 8.51)2 1.32 (95% CI: 1.08, 2.00)3

Passive smoking, increment – 1 hour/
week.

1.90 (95% CI: 0.69, 8.68)2 3.24 (95% CI: 1.28, 14.79)2

1Confounders: age, heredity for BA, the concentration of bacterial endotoxin in the size fraction <3.2 μm.
2Confounders: age, heredity for BA.
3Confounders: heredity for BA, passive smoking.

Table 1. 
Effect of air pollution with particulate matter on the risk of non-allergic and allergic phenotypes of bronchial 
asthma (case–control study).
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in the fraction with a particle size of less than 3.2 μg) was 4.76 (95% CI: 1.67, 24.40); 
odds ratios characterizing the effect of the PM10 fraction were below 2.0. No statistically 
significant relationship was found for the allergic phenotype of bronchial asthma and 
mass concentrations of fine particles in the ambient air. At the same time, the role of 
bacterial and chemical air pollution in allergic asthma formation was shown: the adjusted 
odds ratio for an increment of passive smoking duration by 1 hour was 3.24 (95% CI: 
1.28, 14.79); for an increment of bacterial endotoxin found in the fraction with deposi-
tion in the tracheobronchial region of the respiratory system (3.2–18 μm) by 0.01 EU/
m3–1.32 (95% CI: 1.08, 2.00); for an increment of carbon in the chemical composition of 
the aerosol by 1%—1.45 (95% CI: 1.02, 2.52).

Eosinophilic non-allergic bronchial asthma was better controlled at lower average 
annual concentrations of the PM2.5 fraction (Figure 1), while in the case of allergic 
asthma, bacterial contamination of the aerosol mattered (Figure 2), which may 

Figure 1. 
PM2.5 average annual concentration (monitoring data for residential zones averaged over the period 2014–2020 
in the city of Kazan) for patients with non-allergic and allergic bronchial asthma, depending on the degree of 
bronchial asthma control. Model 1: PM2.5Avr (mg/m3) ~ b1i * Degree of control of non-allergic asthma (1 – 
controlled, 2 – partially controlled, 3 – uncontrolled, Asthma Control Test) + b2 * Age (years) + b3 * Heredity for 
asthma (no/yes) + b4 * BMI (kg/m2); b1,1–2 = 0.012, p = 0.09, b1,1–3 = 0.013, p = 0.02. Model 2: PM2.5Avr (mg/
m3) ~ b1i * Degree of control of allergic asthma (1 – controlled, 2 – partially controlled, 3 – uncontrolled) + b2 * 
Age (number of years) + b3 * Heredity for asthma (no/yes) + b4 * BMI (kg/m2) + b5 * Passive smoking (hours/
week); p > 0.1 for coefficients b1(1–2) and b1(1–3).
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indicate the importance of various physicochemical characteristics of the suspended 
solids aerosol in pathogenesis and influence on the clinical course of different pheno-
types of the T2-endotype of bronchial asthma.

The data obtained indicate the presence of eosinophilic inflammation in patients 
of both groups (allergic and eosinophilic non-allergic bronchial asthma) [34]. For 
patients with eosinophilic non-allergic asthma, an increase in the production of 
epithelial cytokines IL-33 and IL-25 (alarmins), as well as IL-13 and DPP4, being 
depended on average annual concentrations of PM2.5 and PM10 averaged over the 
period 2014–2020. For patients with allergic asthma, similar dependencies were not 
found. Despite the presence of common signs of T2-type eosinophilic inflammation, 
the immune patterns of atopic allergic and eosinophilic non-allergic phenotypes of 
bronchial asthma differed significantly: with a comparable high level of the absolute 
number of eosinophils in the blood, patients with an allergic phenotype showed 
pronounced features of the T2-endotype, while with a non-allergic phenotype, there 

Figure 2. 
Bacterial endotoxin (BE) in the 3.2–18 μm size fraction of ambient particles at the residential zones of 
patients with non-allergic and allergic bronchial asthma, depending on the degree of disease control. Model 
1: BE (EU/m3) ~ b1i * degree of control of non-allergic asthma (1 – controlled, 2 – partially controlled, 3 – 
uncontrolled) + b2 * age (years) + b3 * heredity for asthma (no/yes) + b4 * BMI (kg/m2); p > 0.1 for coefficients 
b1,1–2 and b1,1–3. Model 2: BE (EU/m3) ~ b1i * degree of control of allergic asthma (1 – controlled, 2 – partially 
controlled, 3 – uncontrolled) + b2 * age (years) + b3 * heredity for asthma (no/yes) + b4 * BMI (kg/m2); 
b1(1–2) = 0.020, p = 0.04, b1(1–3) = 0.027, p = 0.01.
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was a lower intensity of T2-type inflammation (IL-4) and an increased expression 
of genes of cytokines associated with a T17-type response (IL-6, TGF-beta1), being 
related to the mass of the deposited aerosol. These findings are important for the 
choice of therapy in different phenotypes of bronchial asthma.

3.2  Ambient particulate matter and bronchial asthma: Results of the 
epidemiological study based on a geospatial approach

In the epidemiological study based on a geospatial approach [35], a statistically 
significant increase in the incidence of bronchial asthma was revealed with an 
increase of 0.09 per 100 annually (growth rate of 17.6% per year). The increase in the 
incidence of bronchial asthma was observed mainly due to the non-allergic pheno-
type—by 0.011 per 100 population annually, and the mixed phenotype—by 0.034 per 
100 population annually; the increase in the incidence of allergic asthma (by 0.028 
per 100 population annually) did not reach statistical significance. An increase in the 
maximal annual concentrations of PM2.5 by 10 μg/m3 increased the absolute risk of 
non-allergic bronchial asthma by 0.066 per 100 people aged 18–65 years (p < 0.05). 
For other phenotypes of bronchial asthma (allergic asthma, mixed asthma), no 
statistically significant relationships with mass concentrations and deposited doses 
were found.

4. Conclusions

As a result of the described studies, the role of ambient fine particles in the 
development of the eosinophilic non-allergic phenotype of bronchial asthma in 
adults (18–65 years old) has been proven. The hypothesis about different underlying 
mechanisms in response to exposure to particulate matter for various phenotypes of 
bronchial asthma was confirmed. Differences in the immune patterns of the allergic 
and eosinophilic non-allergic phenotypes of bronchial asthma were established. 
With a comparable high level of the absolute number of eosinophils in the blood, 
pronounced features of the T2-endotype were observed in patients with an allergic 
phenotype. With a non-allergic phenotype, there was a lesser intensity of T2-type 
inflammation, as well as increased expression of genes of T17-type cytokines, being 
related to the mass of the deposited aerosol. It has been shown that the estimation 
of bacterial endotoxin concentrations could be recommended as the most preferable 
method to characterize the microbiological contamination of atmospheric aerosol 
in epidemiological studies. Approaches to decision-making in the development of 
population programs for the prevention of bronchial asthma and in the selection of 
personalized recommendations for patients with different phenotypes of bronchial 
asthma were determined. Currently, the treatment of bronchial asthma is based on 
the use of drugs that can suppress the activity of certain cytokines. The data obtained 
in the study might become a starting point for the development of new personalized 
approaches to the treatment and secondary prevention of bronchial asthma associated 
with air pollution by fine aerosols.
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Chapter 5

A Novel Development in
Three-Dimensional Analytical
Solutions for Air Pollution
Dispersion Modeling
Mehdi Farhane and Otmane Souhar

Abstract

A novel analytical solution has been developed for the three-dimensional
dispersion of atmospheric pollutants, providing a new approach to understanding and
addressing this important environmental issue. The central concept of the study is to
divide the planetary boundary layer into multiple vertical sub-layers, each character-
ized by its own average wind speed and eddy diffusivity. This allows for a more
comprehensive and nuanced examination of atmospheric processes within the
boundary layer. The validity of the model is thoroughly evaluated through a compar-
ison of its predictions with data collected from the Copenhagen Diffusion and Prairie
Grass experiments. This approach ensures that the model accurately reflects the
complexities of atmospheric dispersion in real-world scenarios. The results of the
study demonstrate a strong correlation between the predicted and measured
crosswind-integrated concentrations. Furthermore, the statistical indices computed
for the model fall within an acceptable range, indicating a high level of accuracy in the
model’s predictions. These findings reinforce the validity of the analytical solution for
modeling atmospheric pollutant dispersion.

Keywords: analytical solution, atmospheric dispersion, atmospheric boundary layer
sub-layers, Fourier transform, Sturm-Liouville eigenvalue problem

1. Introduction

The scientific community has been driven to act urgently due to the increase in
ecological disasters worldwide. A key approach to addressing this issue is the
development of reliable models that enable quantitative prediction of pollution-
related phenomena, either through analytical descriptions or simulations using
powerful and operational tools. These models, which can be based on simulations
or analytical descriptions, have strong quantitative predictive power for understand-
ing pollution-related phenomena. The atmosphere is considered the primary
means of dispersing pollutants in the environment, which can come from
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industrial sources or accidental events, leading to progressive contamination of the
ecosystem, fauna, flora, and all populations. Therefore, accurately evaluating how
pollutants move through the atmosphere in the boundary layer is vital to
preserve, protect, and restore the integrity of ecosystems. To accomplish this, it is
essential to create atmospheric dispersion models tailored to the parameters
and weather conditions specific to the region being studied, using parameters,
weather conditions, and local topographic information. These models should
produce realistic outcomes on environmental consequences, helping to minimize
the negative impact of potential disasters like forest fires. Furthermore,
implementing simulations of models based on specific cases can be beneficial in
establishing particular emission limits for industrial sites, limiting the release of
pollutants into the air.

The aim of our work is to propose a closed-form analytical solution for three-
dimensional advection-dispersion transport problems in finite, multilayered media
using rigorous mathematical tools. We ensure that wind velocity profiles and vertical
diffusivity coefficients take average values in each sub-layer. We have made innova-
tive contributions by using a governing function to generate the eigenvalues associ-
ated with our problem and overcoming the common difficulty of missing some of the
eigenvalues when they are calculated by developing a transcendental equation for
each layer. Finally, our approach has enabled us to obtain a closed-form analytical
solution that differs from previous solutions that required the determination of inte-
gral coefficients. This method could have important implications in many scientific
and technical fields for solving complex advection-dispersion transport problems in
finite, multilayered media.

In recent years, there has been an increasing emphasis on creating new analytical
approaches that can be used for a range of wind speeds and turbulent diffusivity
coefficients. For the most part, these approaches involve the projection of the solution
onto a basis of orthogonal polynomials, such as the GILTT technique [1–8]. However,
an important drawback of this method is that it requires a large number of eigenvalues
to ensure convergence, which can reach up to 250 eigenvalues. In contrast, our new
solution is able to provide better results by using a much smaller number of eigen-
values, specifically between 10 and 15, to ensure convergence. This is a significant
improvement over existing approaches, making our method more efficient and prac-
tical for analytical applications.

Our model was developed using the Fourier transform and separation of
variables technique, which resulted in the Sturm-Liouville problem. In order to
understand the factors influencing pollutant dispersion, we considered the following
parameters: (i) the wind speed profile of Deaves and Harris [9], (ii) the vertical
turbulent diffusivity coefficient, which is considered as an explicit function of the
downwind distance and vertical height under convective conditions, as described by
Mooney and Wilson [10] and Degrazia et al. [11], and (iii) the lateral eddy diffusivity
coefficient, which also depends on the downwind distance and vertical height, as
described in the work of Huang [12] and Brown et al. [13]. We first proceed to the
exposition of the general formulation of the equation that governs the dispersion of
pollutants in the atmospheric boundary layer, with a comprehensive presentation in
Section 2. We then turn to the explicit solution in Section 3, while exploring the model
parameterizations in Section 4. We provide an in-depth discussion of our numerical
results in Section 5. Finally, the last section proposes our conclusion, a synthesis of our
investigation.
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2. Presentation of the general problem

The movement of pollutants within the planetary boundary layer (PBL) is charac-
terized by turbulent dispersion, which is governed by a mathematical equation known
as the advection-diffusion equation. This equation considers the combined influence
of two primary mechanisms, advection and diffusion, which respectively refer to the
transport of pollutants by wind and the spreading of pollutants due to turbulence.

By applying the advection-diffusion equation, researchers can gain a more com-
prehensive understanding of the intricate and dynamic behavior of pollutants within
the PBL. This equation serves as a mathematical framework that accounts for various
factors that affect pollutant dispersion, such as wind direction and speed, Eddy diffu-
sivities, and atmospheric stability, and pollutant concentration, presented in the fol-
lowing form:

∂C
∂t

þ ∇: Uw Cð Þ ¼ ∇: D ∇Cð Þ þ S, (1)

where Uw ¼ U,V,Wð ÞT is the wind speed vector (m/s) representing the compo-
nents U, V, and W in the east-west, north-south and vertical directions, respectively;
D is the molecular diffusion coefficient; S is the source term; and ∇ is the gradient
operator.

By use of the time average and fluctuation values, U ¼ uþ u0, V ¼ vþ v0,
W ¼ wþ w0 and C ¼ cþ c0, the wind speed vector Uw is expressed as:

Uw ¼ Uw þ Uw
0, with Uw ¼ u, v,wð ÞT and Uw

0 ¼ u0, v0,w0ð ÞT (2)

Applying the Reynolds averaging rules [14] to the vertical mass flow term, denoted
as Uw C, results in the following expression: It turns out that turbulent diffusion can
be described with Fick’s laws of diffusion as follows [15].

u0c0 ¼ �Kx
∂c
∂x

; v0c0 ¼ �Ky
∂c
∂y

; w0c0 ¼ �Kz
∂c
∂z

: (3)

where Kx, Ky, and Kz are the eddy diffusivities components along x, y, and z
directions, respectively.

It should be noted that in a turbulent boundary layer where advection is occurring,
K will be larger than D and eddy diffusion will dominate solute transport. In this case,
the molecular diffusion coefficient ∇: D ∇Cð Þ is then to be replaced by an eddy or
turbulent diffusivity. The source term could be eliminated from Eq. (1) and should be
added to the boundary conditions as a delta function: At the point 0, 0,Hsð Þ, there is a
source rejecting the pollutant with a continuous flow Q:

u c 0, y, zð Þ ¼ Q δ yð Þ⊗ δ z�Hsð Þ, (4)

where ⊗ is the tensor product of two distributions and Hs is the source height. By
application of the Reynolds averaging and the divergence operator to Eq. (3), Eq. (1)
may be written as follows.

∂c
∂t

¼ � ∂

∂x
u0c0 � ∂

∂y
v0c0 � ∂

∂z
w0c0 � Uw:∇c: (5)
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In the remainder of this paper, the following assumptions are considered:

a. the steady state condition (i.e., ∂c
∂t ¼ 0);

b. the two terms v ∂c
∂y and w ∂c

∂z are neglected since the x-axis coincides with the wind
flow average, therefore the w and v wind velocity components are less
important; and

c. the turbulent diffusion in the direction of the mean wind is neglected compared
to the advection transport mechanism (i.e., u ∂c

∂x > > ∂

∂x Kx
∂c
∂x

� �
).

These assumptions lead to the steady-state advection-diffusion equation
defined as:

u zð Þ ∂c
∂x

¼ ∂

∂y
Ky

∂c
∂ y

� �
þ ∂

∂z
Kz

∂c
∂z

� �
; x, y, zð Þ∈ �0,Lx �½ � � Ly,Ly �½ �0,Hmix½,

subject to the boundary conditions :

u zð Þ c x, y, zð Þ ¼ Q � δ yð Þ⊗ δ z�Hsð Þ; x ¼ 0 ,

Ky x, zð Þ ∂c x, y, zð Þ
∂ y

! 0; ∣y∣ ! Ly ,

Kz x, zð Þ ∂c x, y, zð Þ
∂z

¼ 0; z ∈ 0,Hmixf g :

8>>>>><
>>>>>:

8>>>>>>>>>>><
>>>>>>>>>>>:

(6)

where z0 is the surface roughness length and Hmix is the PBL height.
We consider that the eddy diffusivities have the following separable formulations:

Ky x, zð Þ ¼ ζy xð Þ u zð Þ, (7)

Kz x, zð Þ ¼ ξ xð Þ φz zð Þ: (8)

We vertically divide the PBL into H intervals such that for each one the eddy
diffusivity and wind speed assume average values. For h ¼ 1,⋯,H,

uh ¼ 1
zh � zh�1

ðzh
zh�1

u sð Þds, (9)

φzh ¼
1

zh � zh�1

ðzh
zh�1

φz sð Þds: (10)

By use of the formulations of Ky and Kz given by Eqs. (7) and (8), Eq. (5) is written
as:

uh
∂ch
∂x

¼ ζy xð Þ uh
∂
2ch
∂y2

þ ξ xð Þ φzh
∂
2ch
∂z2

, (11)

with uh and φzh (given by Eqs. (9) and (10)) are constants.
This later Eq. (11) is subject to the first boundary conditions Eq. (6) on the one

hand, and on the other hand, the continuity of both the concentration and the flux at
the interface level is applied.
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φz1
∂c1 x, y, z0ð Þ

∂z
¼ 0,

ch�1 x, y, zh�1ð Þ ¼ ch x, y, zh�1ð Þ
, ∀h∈ 2,⋯,Hf g,

φzh�1

∂ch�1 x, y, zh�1ð Þ
∂z

¼ φzh
∂ch x, y, zh�1ð Þ

∂z

8>>><
>>>:

φzH
∂cH x, y, zHð Þ

∂z
¼ 0

8>>>>>>>>>>>>>><
>>>>>>>>>>>>>>:

3. A mathematical approach to solving the pollutant dispersion
equation: analytical solution

We start this section by applying Fourier transform to Eq. (11). Let ĉωh x, zð Þ denote
the Fourier transformation of ch with respect to y.

ĉωh x, zð Þ ¼
ðþ∞

�∞
ch x, y, zð Þ e�2iπωydy, h∈ 1,⋯,Hf g

which gives

uh
∂ĉωh
∂x

þ 2πð Þ2ω2ζy xð Þĉωh
� �

¼ ξ xð Þ φzh
∂
2ĉωh
∂z2

, z∈ zh�1, zh½ �: (12)

Let

χωh x, zð Þ ¼ ĉωh x, zð Þ: exp 2πð Þ2 ω2
ðx
0
ζy sð Þds

� �
(13)

then

∂χωh
∂x

¼ ∂ĉωh
∂x

þ 2πð Þ2ω2ζy xð Þ̂cωh
� �

exp 2πð Þ2 ω2
ðx
0
ζy sð Þds

� �
:

By multiplying both sides of Eq. (12) by exp 2πð Þ2 ω2
Ð x
0 ζy sð Þds

� �
and since uh and

φzh are constants for each interval, we show easily that, for all h∈ 1,⋯,Hf g:

uh
∂χωh
∂x

¼ ξ xð Þ φzh

∂
2χωh
∂z2

, z∈ zh�1, zh½ � (14)

We proceed in the same way with the boundary conditions, and find

φz1
∂χω1 x, z0ð Þ

∂z
¼ 0

χωh�1 x, zh�1ð Þ ¼ χωh x, zh�1ð Þ

φzh�1

∂χωh�1 x, zh�1ð Þ
∂z

¼ φzh

∂χωh x, zh�1ð Þ
∂z

, h∈ 2,⋯,Hf g

8><
>:

φzH
∂χωH x, zHð Þ

∂z
¼ 0

8>>>>>>>>>><
>>>>>>>>>>:
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The solution of Eq. (14) is assumed to be in the form:

χωh x, zð Þ ¼
X∞
n¼0

Gω
h,n xð Þ Ph,n zð Þ, h∈ 1,⋯,Hf g

This separated form gives two ordinary differential equations to be solved:

d Gω
h,n

dx
þ γ2n ξ xð Þ Gω

h,n ¼ 0 (15)

and

φzh
d2 Ph,n

dz2
þ γ2n uh Ph,n ¼ 0, (16)

where γn is a separation constant.
The first-order ordinary differential Eq. (15) has the solution

Gω
h,n xð Þ ¼ μn ωð Þ : exp �γ2n

ðx
0
ξ sð Þds

� �
,

where μn is an arbitrary function depending on ω.
Eq. (16) represents a Sturm-Liouville problem. Solutions of such problem form an

eigenfunction basis of the form:

Ph,n zð Þ ¼ αh,n cos λh,nzð Þ þ βh,n sin λh,nzð Þ, (17)

where, λh,n ¼ γn
ffiffiffiffiffi
uh
φzh

q
.

The Eq. (17) satisfies the following boundary conditions:

φz1
dP1,n z0ð Þ

dz
¼ 0 að Þ

Ph�1,n zh�1ð Þ ¼ Ph,n zh�1ð Þ

φzh�1

dPh�1,n zh�1ð Þ
dz

¼ φzh
dPh,n zh�1ð Þ

dz
, h∈ 2,⋯,Hf g bð Þ

8><
>:

φzH
dPH,n zHð Þ

dz
¼ 0 cð Þ

8>>>>>>>>>><
>>>>>>>>>>:

(18)

To calculate the expression of Ph,n, it comes down to calculate the values of αh,n and
βh,n, on each of the sub-layer zh�1, zh½ �, h∈ 1,⋯,Hf g.

By solving the recursive system resulting from substitution of Eq. (17) in Eq. (18),
we obtain respectively the formulations of αh,n and βh,n. More specifically,

For the first sub-layer, α1,n and β1,n satisfy the equation:

α1,n sin λ1,nz0ð Þ � β1,n cos λ1,nz0ð Þ ¼ 0 (19)

from which, we can take β1,n ¼ sin λ1,nz0ð Þ, so that α1,n ¼ cos λ1,nz0ð Þ, which means:

P1,n zð Þ ¼ cos λ1,n z� z0ð Þð Þ:
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For the last sub-layer (Hth sub-layer):

αH,n ¼ cot λH,nzHð Þ βH,n: (20)

And for the intermediate sub-layers:

αh,n ¼
φzhλh,n � φzh�1

λh�1,n

2φzhλh,n
cos λh,n þ λh�1,nð Þzh�1ð Þ þ φzhλh,n þ φzh�1

λh�1,n

φzhλh,n � φzh�1
λh�1,n

:

��

cos λh,n � λh�1,nð Þzh�1ð ÞÞαh�1,n þ ðsin λh,n þ λh�1,nð Þzh�1ð Þ�
φzhλh,n þ φzh�1

λh�1,n

φzhλh,n � φzh�1
λh�1,n

sin λh,n � λh�1,nð Þzh�1ð Þ
�
βh�1,n

�
,

(21)

and

βh,n ¼
φzhλh,n � φzh�1

λh�1,n

2φzhλh,n
sin λh,n þ λh�1,nð Þzh�1ð Þ þ φzhλh,n þ φzh�1

λh�1,n

φzhλh,n � φzh�1
λh�1,n

:

��

sin λh,n � λh�1,nð Þzh�1ð ÞÞαh�1,n � ðcos λh,n þ λh�1,nð Þzh�1ð Þ�
φzhλh,n þ φzh�1

λh�1,n

φzhλh,n � φzh�1
λh�1,n

cos λh,n � λh�1,nð Þzh�1ð Þ
�
βh�1,n

�
:

(22)

The eigenvalues γn, n∈ℕ ∗ of this problem are real and discrete and the
eigenfunctions are mutually orthogonal. The orthogonality relation developed by [16]
for this class of (self-adjoint) problems with respect to the density uh on each interval
zh�1, zh½ �, h∈ 1,⋯,Hf g leads to

XH

h¼1

ðzh
zh�1

uh Ph,m sð ÞPh,n sð Þ ds ¼ ∥Ph,m∥: ∥Ph,n∥: δm,n,

where δm,n is the Kronecker symbol. Then, ∥Ph,n∥2 is written as follows.

PH,nk k2 ¼
XH

h¼1

ðzh
zh�1

uh Ph,n sð Þð Þ2ds

¼

XH

h¼1

uh zh � zh�1ð Þ, when γn ¼ 0

XH

h¼1

uh
2 λh,n

½sin λh,n zh � zh�1ð Þð Þð α2h,n � β2h,n
� �

cos λh,n zh þ zh�1ð Þð Þþ

2αh,nβh,n sin λh,n zh þ zh�1ð Þð ÞÞ þ λh,n α2h,n þ β2h,n
� �

zh � zh�1ð Þ�, when γn 6¼ 0:

8>>>>>>>><
>>>>>>>>:

The eigenvalues of each sub-layer can be obtained by integrating Eq. (17) on each
of the intervals zh�1, zh½ �, h∈ 1,⋯,Hf g taking into account the boundary conditions
Eqs. (19)–(21). Whereas the eigenfunctions PH,n form a complete set, so χωH can be
developed as:

χωH x, zð Þ ¼
X∞
n¼0

an exp �γ2n

ðx
0
ξ sð Þds

� �
PH,n zð Þ:
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Then, the coefficients an are given by:

an ¼ 1
∥Ph,n∥2

XH
ℓ¼1

ðzℓ
zℓ�1

uℓ χωℓ 0, zð ÞPℓ,n zð Þdz

¼

QPH
h¼1 uh zh � zh�1ð Þ , when γn ¼ 0

Q
∥Ph,n∥2

XH

ℓ¼1
Pℓ,n Hsð Þ, when γn 6¼ 0

8>>><
>>>:

The inverse Fourier transform of exp 2πð Þ2 ω2
Ð x
0 ζy sð Þds

� �
is:

1

2
ffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffi
π

ðx
0
ζy sð Þds

r exp � y2

4
ðx
0
ζy sð Þds

0
BB@

1
CCA

Consequently,

cH x, y, zð Þ ¼ Q

2
ffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffi
π

ðx
0
ζy sð Þds

r exp � y2

4
ðx
0
ζy sð Þds

0
BB@

1
CCA:

X∞
n¼0

exp �γ2n

ðx
0
ξ sð Þds

� �
PH,n zð Þ
PH,nk k2

XH

h¼1

Ph,n Hsð Þ
 !

:

(23)

The Crosswind-Integrated Concentration (CIC) model is a valuable tool for ana-
lyzing the behavior of pollutants in the atmosphere. It takes into account the horizon-
tal wind component, which is a significant factor in pollutant transport.
Mathematically, the crosswind-integrated concentration cyH x, zð Þ is obtained by inte-
grating cH x, y, zð Þ in Eq. (20) to y from �∞ to þ∞:

cyH x, zð Þ ¼
ðþ∞

�∞
cH x, y, zð Þdy

The (CIC) model considers the dispersion of pollutants in the crosswind direction
due to the horizontal wind component and produces a two-dimensional concentration
map that can be used to assess the impact of pollutants in both the downwind (x-axis)
and crosswind (z-axis) directions by integrating the concentration of pollutants over
the crosswind direction (y), it gives

cyH x, zð Þ ¼ Q
X∞
n¼0

exp �γ2n

ðx
0
ξ sð Þds

� �
PH,n zð Þ
∥PH,n∥2

XH

h¼1

Ph,n Hsð Þ: (24)

4. Parameterizing pollutant dispersion: Exploring model inputs

The wind speed profile u(z) is determined using the Deaves and Harris model [9],
which is based on experimental measurements of wind speed profiles. This model is
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advantageous because it provides a more accurate representation of the logarithmic
law at low heights, and improves the accuracy of both the logarithmic and power law
models at moderate heights. The profile is given by the equation

u zð Þ ¼ u ∗

k
ln

zþ z0
z0

� �
þ 5:75

z
Hmix

� �
� 1:88

z
Hmix

� �2

� 1:33
z

Hmix

� �3

þ 0:25
z

Hmix

� �4
" #

,

(25)

where u ∗ is the friction velocity, k is the von Karman constant, z0 is the roughness
length, and Hmix is the height of the planetary boundary layer (PBL). The Deaves and
Harris model includes terms that account for the effects of turbulence and thermal
stratification on the wind profile. By using this model, we can better understand and
predict the behavior of the wind at different heights within the PBL.

The modified form of the vertical eddy diffusivity coefficient Kz, given in Eq.(8),
is adopted from [11], where the functional φz zð Þ is expressed as:

φz zð Þ ¼ 0:22Hmixw ∗
z

Hmix
1� z

Hmix

� �� �1=3

1� exp � 4z
Hmix

� �
� 0:0003 exp

8z
Hmix

� �� �
,

(26)

where w ∗ is the convective velocity. The integrable correction dimensionless
function in Eq. (8) is defined in terms of the along-wind length scale L1 as
follows [10]:

ξ xð Þ ¼ 1� exp � x
L1

� �
: (27)

The length L1 is given in terms of u, φz and σw as [10]:

L1 ¼ 1
σ2w Hsð Þ u Hsð Þφz Hsð Þ,

where σw is the vertical turbulent intensity. Note that, there exist many expres-
sions of σw, we adopt here the expression given by [17]:

σw ¼ 0:96w ∗
3z
Hmix

þ ∣L∣
Hmix

� �1=3

,

The Monin-Obukhov length (L) is a commonly parameter used in atmospheric
dispersion modeling [18]. It plays a crucial role in characterizing the stability of the
atmospheric boundary layer, which is essential for understanding and predicting the
dispersion of pollutants or particles in the atmosphere. Specifically, the sign of L
indicates the atmospheric stability state. A negative value of L indicates an unstable
atmosphere, where turbulence is generated due to buoyancy forces. A positive value
of L indicates a stable atmosphere, where turbulence is suppressed due to stratifica-
tion. A large absolute value of L (i.e., ∣L∣≫ 1) indicates a neutral atmosphere, where
turbulence is neither generated nor suppressed due to buoyancy effects [18].

It should be noted that when L1 ! 0, the term exp � x
L1

� �
becomes negligible in

(27), and Kz will dependent only on z (i.e., Kz � φz in Eq. (8)).
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The lateral eddy diffusivity is given by [12]:

Ky x, zð Þ ¼ 1
2

u zð Þ dσ
2
y xð Þ
dx

, (28)

where σy is the standard deviation in the crosswind direction (depends only on x).
By identifying Eqs. (7) and (28), we obtain

ζy xð Þ ¼ 1
2

dσ2y xð Þ
dx

5. Validating analytical solutions for air pollution dispersion modeling:
analyzing experimental data

This section offers a comprehensive analysis of the data generated by our model,
which is founded on the Deaves and Harris wind velocity profile. The model is
constructed using two different formulations of vertical turbulent diffusivity. The
first formulation, with L1 >0, factors in both the downwind distance and the vertical
height, while the second formulation, with L1 ! 0, considers only the vertical height.
The performance of the model, as presented in Eq. (24), is assessed and confirmed
through the use of datasets from the Copenhagen diffusion experiments in Denmark
and the Prairie Grass experiments in the USA.

Atmospheric dispersion experiments were conducted in Copenhagen, Denmark,
from June 27 to November 9, 1978, to study air pollutant transport in the lower
atmosphere. The tracer gas used in these experiments was sulfur hexafluoride (SF6),
which was released from a tower located at a height of 115 meters (Hs), with a
roughness length of 0.6 meters (z0). Additional details of the parameters used in these
experiments can be found in the publications of Gryning and Lyck [19] and Gryning
et al. [20].

The Prairie Grass experiments, carried out near O’Neil, Nebraska, between March
and August 1956, were a groundbreaking series of studies on atmospheric pollution
behavior and transport. These experiments measured the dispersion of sulfur dioxide
(SO2) released from a 1.5 meter tower at five downwind distances from the source: 50,
100, 200, 400, and 800 meters. The roughness length of the area was 0.006 meters,
which is critical in determining the spread of air pollutants. The experiments were
extensively documented by Barad et al. [21] and Nieuwstadt et al. [22], providing
essential initial insights into atmospheric dispersion processes.

Overall, the Copenhagen and Prairie Grass experiments provided essential knowl-
edge on the transport and dispersion of air pollutants in the lower atmosphere. The
Copenhagen experiments used an inert tracer gas to examine general dispersion pat-
terns, while the Prairie Grass experiments focused on the downwind transport of SO2,
providing dispersion data across a range of distances. Both experiments relied on the
roughness length of the terrain, a crucial parameter in determining how pollutants
spread near the ground. The findings of these landmark experiments made significant
contributions to scientists’ understanding of atmospheric pollution behavior, particu-
larly in the PBL near the Earth’s surface.

It should be noted that the computations were carried out using two distinct
programming environments, namely MATLAB and Wolfram Mathematica. Specifi-
cally, the function fzero, which utilizes a combination of the bisection, secant, and
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inverse quadratic interpolation methods, was defined and executed in the MATLAB
environment. Conversely, the FindRoot function, which combines Brent’s and New-
ton’s methods along with a method that approximates the Jacobian, was defined and
executed in the Wolfram Mathematica environment.

To implement the analytical solution in a practical sense, we have employed a
discretization technique for the atmospheric boundary layer. Specifically, we have
discretized the layer into two and four sublayers, respectively. In the case of two sub-
layers, the boundary layer height is discretized using the following approach: For the
two sub-layers case, the boundary layer height is divided into two sub-layers, and the
discretization is taken as follows: dz1 ¼ 7

13 Hmix � z0ð Þ and dz2 ¼ 6
13 Hmix � z0ð Þ. On

the other hand, for the four sub-layers case, the boundary layer height is divided into
four sub-layers, and the discretization is taken as follows: dz1 ¼ 3

15 Hmix � z0ð Þ,
dz2 ¼ 3

15 Hmix � z0ð Þ, dz3 ¼ 7
15 Hmix � z0ð Þ, and dz4 ¼ 2

15 Hmix � z0ð Þ. These formulas
are used to accurately model the behavior of the boundary layer height in numerical
simulations.

In this work, the results of the numerical convergence for concentration predic-
tions of atmospheric dispersion models are indicated as a function of the number of
eigenvalues used in the model for different downwind distances from the source.
Reference is made to experiments conducted in Copenhagen (experiments 1 to 3) and
Prairie Grass (experiments 1, 5, and 7).

For the Copenhagen experiments, the models used four sub-layers in the vertical
and tested two different formulations for calculating the vertical eddy diffusivity, a
parameter that represents turbulence and mixing in the vertical direction. Figure 1
shows the numerical convergence of normalized crosswind-integrated concentration
as a function of the number of eigenvalues used in the model. The convergence is
shown for four different downwind distances (200, 500, 1000, and 1500 m) from
the source. The sentence indicates that for Prairie Grass, only one formulation of
vertical diffusivity was used because the mixing height (Hmix) was much
greater than the surface layer height (Hs), so the two formulations gave the same
result.

Figure 2 shows the numerical convergence of ground-level crosswind-integrated
concentration for Prairie Grass experiments as a function of the number of eigen-
values at four downwind distances (50, 100, 200, and 800 m).

Numerical simulations were conducted to investigate the influence of the vertical
eddy diffusivity formulation on the normalized crosswind-integrated concentration of
air pollution near a point source. Specifically, the simulations were performed for
Copenhagen experiments numbered 1, 2, and 3, and the results are presented in
Figure 3.

The figure depicts the normalized crosswind-integrated concentration cyH x, z0ð Þ
Q at

ground level as a function of downwind distance, using two different vertical turbu-
lence formulations. The results indicate that the choice of vertical eddy diffusivity
formulation has a significant impact on the concentration near the point source.
Notably, the figure shows that the concentration is higher when using the first for-
mulation of the vertical eddy diffusivity, compared to the second one. Furthermore,
the figure illustrates the expected decrease in crosswind-integrated concentration
with increasing downwind distance due to the dispersion of air pollutants caused by
turbulent mixing in the atmosphere. In conclusion, these simulations provide valuable
insights into air pollution dispersion behavior and can inform future experiments and
modeling efforts.

73

A Novel Development in Three-Dimensional Analytical Solutions for Air Pollution…
DOI: http://dx.doi.org/10.5772/intechopen.112225



The quality and performance of models are typically evaluated by comparing their
predictions to observed (or measured) values. When observations are available, a
common approach to evaluating model performance is to plot the predicted values
against the observed values in a scatter diagram.

In this study, the performance of the models for the Copenhagen and Prairie
Grass experiments was evaluated using scatter diagrams, which are shown in
Figures 4 and 5, respectively. Figure 4 compares the predicted and observed
crosswind-integrated concentrations for two different formulations of the vertical
diffusivity parameter and two different numbers of sub-layers used to represent
the atmospheric boundary layer (with H ¼ 2 and H ¼ 4), while Figure 5 compares
the predicted and observed ground-level crosswind integrated concentrations for
two different numbers of sub-layers in the atmospheric boundary layer (again with
H ¼ 2 and H ¼ 4).

The scatter diagrams show good agreement between the predicted and observed
values, indicating that the models are well-parameterized. However, a visual inspec-
tion of the figures also reveals that the observed concentrations tended to be slightly
higher than the predicted concentrations.

While scatter diagrams provide a useful visual evaluation, a more rigorous evalua-
tion of model performance is achieved through statistical metrics. In this study, the
statistical indices used to evaluate the models’ performance are defined in the refer-
ence [23]. These statistical metrics provide a more detailed and quantitative

Figure 1.
Copenhagen experiments number 1, 2, and 3: Numerical convergence of the proposed solution for two vertical
turbulence formulations as a function of the number of eigenvalues at four distances using four sub-layers.
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assessment of the models’ performance, which can be used to identify any areas of
weakness or sources of error in the models. We defined the statistical indices used in
our study as:

• Normalized Mean Square Error (NMSE): A measure of the accuracy of a model or
prediction, calculated as the mean square error divided by the variance of the
observed data:

NMSE ¼ co � cp
� �2
co � cp

,

• Mean Relative Square Error (MRSE): A measure of the accuracy of a model or
prediction, calculated as the mean square error divided by the mean of the
observed data squared:

MRSE ¼ 4 co � cp
� �

= co þ cp
� �� �2

,

• Correlation Coefficient (COR): A measure of the linear relationship between two
variables, usually the predicted and observed values of a model or prediction. It

Figure 2.
Prairie grass experiment numbers 1, 5, and 7: Numerical convergence of the proposed solution as a function of the
number of eigenvalues at four distances using four sub-layers.
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Figure 3.
Normalized concentration Eq. (24) as a function of distance using four sub-layers for Copenhagen experiment
numbers 1, 2, and 3.
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ranges from �1 to 1, with 1 indicating a perfect positive correlation and � 1
indicating a perfect negative correlation:

COR ¼ cp � cp
� �

co � coð Þ
σoσp
� � ,

• Fractional Bias (FB): A measure of the systematic bias in a model or prediction,
calculated as the difference between the mean predicted and observed values
divided by the mean observed value:

FB ¼ 2
co � cp
� �

co þ cp
� � ,

Figure 4.
Comparison of observed and predicted crosswind-integrated concentrations in Copenhagen (top panel) and prairie
grass (bottom panel) experiments using scatter plots. The one-to-one line (y ¼ x) and factor-of-two lines
(y ¼ 0:5� x and y ¼ 2� x) are shown.
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Figure 5.
Isolines of non-dimensional predicted crosswind-integrated concentration as a function of non-dimensional
distance w ∗ x

umeanHmix
and non-dimensional depth z

Hmix
are presented for Copenhagen experiment number 2 (top panel)

and prairie grass experiment number 7 (bottom panel) at different source heights: (a) Hs
Hmix

¼ 0:1, (b) Hs
Hmix

¼ 0:25,
(c) Hs

Hmix
¼ 0:5, and (d) Hs

Hmix
¼ 0:75, using four sub-layers.
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• Fractional Standard Deviation (FS): A measure of the variability in a model or
prediction, calculated as the standard deviation of the predicted values divided
by the mean observed value:

FS ¼ 2
σo � σp
� �

σo þ σp
� � ,

• Mean Geometric Ratio (MG): A measure of the logarithmic bias in a model or
prediction, calculated as the exponential of the mean of the differences between
the logarithms of the predicted and observed values:

MG ¼ exp log coð Þ � log cp
� �� �

,

• Variance of Geometric Ratio (VG): A measure of the variability in the logarithmic
bias of a model or prediction, calculated as the variance of the differences
between the logarithms of the predicted and observed values:

VG ¼ exp ln coð Þ � ln cp
� �� �2h i

,

• Factor of Two (FAC2): A measure of the accuracy of a numerical weather
prediction model, defined as the distance between the observed and predicted
position of a weather system divided by the radius of the weather system. If the
distance is less than or equal to twice the radius, the forecast is considered
accurate and has a FAC2 score of 1. If the distance is greater than twice the radius,
the forecast is considered inaccurate and has a FAC2 score of less than 1:

0:5≤ cp=co
� �

≤ 2 :

The satisfactory numerical results presented in Figure 4 are supported by the values
obtained from the statistical performance measures. Upon examining these values, it is
observed that they mostly fall within the range of acceptable performance for the two
proposed formulations for vertical turbulent diffusivity. However, it should be noted
that the simulated concentrations for experiments conducted with Prairie Grass tend to
slightly overestimate the measured quantities. Specifically, when considering the tur-
bulent diffusivity that depends on both x and z, the model produces results that are
relatively more promising than those obtained with other methods.

Figure 5 depicts the spatial distribution of pollutants for two different experiments
—Copenhagen experiment number 2 and Prairie Grass experiment number 7, using
contour lines that represent the adimensional transverse integrated concentration
predicted based on the adimensional distance for experiment 2 and adimensional
depth for experiment 7, where the adimensional distance for experiment 2 is defined
as w ∗ x= umeanHmixð Þ.

6. Conclusions

A solution has been developed for the 3-dimensional stationary state atmospheric
diffusion equation, which incorporates more realistic formulations of wind velocity
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profiles and two formulations of vertical turbulent diffusivity. This solution was
achieved through a combination of an appropriate auxiliary eigenvalue problem with
mathematical induction, while a transcendental equation was developed to determine
the eigenvalues for any number of subdomains. The advection-diffusion equation was
solved by dividing the planetary boundary layer into discrete layers and assuming
average values of turbulent diffusivity and wind velocity in each subdomain. The
solution was evaluated using the Copenhagen and Prairie Grass experiments for two
and four layers, and the numerical convergence of the solution was verified based on
the number of eigenvalues. The results indicated good agreement between predicted
and observed values, and most of the calculated statistical indices were within an
acceptable range for model performance. This current model could be a promising
approach for accurately predicting atmospheric pollutant dispersion and may also be
applicable to other continuous flows (Table 1).

Copenhagen experiments

Models NMSE MRSE COR FB FS MG VG FAC2

Kz ¼ ξ xð Þφz zð Þ H ¼ 2ð Þ 0.0533 0.0533 0.8657 �0.0135 0.0018 0.9660 1.0885 1.096

Kz ¼ φz zð Þ H ¼ 2ð Þ 0.0660 0.0660 0.8498 0.0432 0.03897 1.0235 1.1007 1.055

Kz ¼ ξ xð Þφz zð Þ H ¼ 4ð Þ 0.0768 0.0768 0.8308 0.0543 0.1686 1.0273 1.1022 0.9235

Kz ¼ φz zð Þ H ¼ 4ð Þ 0.0892 0.0890 0.8274 0.0973 0.2065 1.0726 1.1124 0.8882

[24] (H ¼ 2) 0.08 — 0.86 �0.02 0.05 — — 1.0

[24] (H ¼ 4) 0.1 — 0.82 0.1 0.04 — — 0.92

[25] 0.069 — — �0.009 0.051 0.996 1.055 1.009

Prairie Grass experiments

Kz ¼ ξ xð Þφz zð Þ H ¼ 2ð Þ 0.0210 0.0209 0.9809 �0.0503 �0.0108 0.9018 1.0645 0.9807

Kz ¼ ξ xð Þφz zð Þ H ¼ 4ð Þ 0.0613 0.0608 0.9763 �0.1809 – 0.0514 0.8616 1.3228 0.9373

[26] 0.25 — 0.92 0.03 0.20 — — 0.68

[27] 0.04 — 0.96 �0.09 0.13 — — 0.79

Table 1.
Statistical measures for the Copenhagen and Prairie grass experiments.
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Chapter 6

A Review of Particle Removal
Due to Thermophoretic Deposition
Yonggang Zhou, Mingzhou Yu and Zhandong Shi

Abstract

Thermophoretic deposition is an important technique for particle removal. The
thermophoretic force of the particles under an appropriate temperature gradient can
achieve a good particle removal effect. At present, there have been many studies on
the deposition mechanism of ultrafine particles under the action of thermophoresis. In
this chapter, the development history and current research status of the research on
the thermophoretic deposition effect of ultrafine particles are summarized, and the
future direction of thermophoretic deposition is proposed.

Keywords: ultrafine particle, deposition, thermophoresis, mathematical model,
environmental gas pollution

1. Introduction

Fine particles play an important role in environmental gas pollution, which are
smaller than coarse particles. These particles are main driver of urban haze formation,
and also the main component of tobacco aerosol and kitchen fumes. They have an
aerodynamic diameter of 2.5μm or less (PM2.5). The fine particles which are smaller
than 0.1μm are referred to as ultrafine particles (PM0.1). These particles can often be
suspended in the air and enter the respiratory tract of the human body along with the
human body’s respiration. Since the surface of fine particle is usually attached to harm-
ful substances such as bacteria and heavy metals, it is easy to cause respiratory diseases
and endanger human health after entering the human body [1]. Ebenstein et al. [2]
found that combined atmospheric pollution has a significant impact on life expectancy
and mortality from cardiopulmonary diseases. For evey 100μg=m3 increase in the con-
centration of air pollutants, the life expectancy of people under 5 years old is reduced by
1.5 years, and the life expectancy of people over 5 years old is reduced by 2.3 years.
Cardiopulmonary diseases cause an increase of 79 deaths per 100,000 people. In 2016, a
Polish cohort study of healthy school-age children aged 13–14 years found that for every
quartile unit increase in PM1 concentration, forced vital capacity (FVC) and peak
expiratory flow (PEF) decreased by 1.0 and 4.4%respectively [3].With the continuous
development of manufacturing technology, in some electronic equipment and indus-
trial products, the pollution caused by particle deposition affects both the yield and the
use process. Some fine particles, after absorbing moisture in the air, will deposit on the
surface of the equipment and form an electrolytic layer, which can have a corrosive
effect on many metals. If the electrolyte penetrates into the protective layer of the wire
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to form corrosion points, an arc may be generated between the wire and the conductor
to burn out the components.

The thermophoretic effect plays a very important role in the deposition of fine
particles, so it is necessary to study the thermophoretic deposition of fine particles. In
2012, Ström and Sasic [4] studied the improvement of particle deposition efficiency in
diesel or gasoline aftertreatment systems by thermophoresis. Their results show that
for a standard monolithic channel with a gas-to-wall temperature difference of 200 K,
deposition efficiencies of around 15% may be possible for all particle sizes. Some
scholars have also applied it to the utilization of water resources. Dhanraj and Harishb
et al. [5] designed a device to extract water from the air by thermophoresis and
condensation. In the microgravity environment, thermophoresis plays a more critical
role, and thermophoresis may be an important way of fine particle transfer. In the
microgravity environment in space, it is of great significance to consider the influence
of the thermophoresis mechanism in the aerospace field.

Although thermophoresis was discovered as early as the eighteenth century, its
fundamental physical process was not proposed by Maxwell until 1879. In an area with
a certain temperature difference, the gas molecules in the hot and cold areas continue
to hit the particles. Since the gas molecules in the hot area have a large momentum,
after hitting the particles, the macroscopically shows that the particles are subjected to
force from the hot area to the particle. The phenomenon of movement of the cold
zone, this force is the thermophoretic force [6]. Based on the formula of
thermophoretic force, scientists derived formulas of thermophoretic deposition rate.
In this chapter, the studies on both thermophoretic force and deposition rate due to
thermophoresis are reviewed (Figure 1).

2. Thermophoretic deposition

In the temperature field with a certain temperature difference, the gas molecules
and particles in the hot zone move to the hot zone again due to the reaction force after
colliding with the particles. This phenomenon is called thermal glide. Maxwell (1879)
and Reynolds (1880) analyzed the relationship between the flow field and the tem-
perature field theoretically and experimentally [7] and determined the phenomenon
of thermal slip. Maxwell proposed that the slip velocity of the gas is [8]:

Figure 1.
Basic schematic diagram of thermophoresis.
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v!c ¼ � 3
4
ν∇lnT (1)

where is the gas kinematic viscosity, T is the gas temperature.

2.1 Models of thermophoretic force

According to Maxwell’s description and slip boundary conditions, Epstein selected
spherical particles in the gas as the object, and the he solved the Navier-Stokes
equation with the boundary conditions of the temperature gradient field considering
the heat transfer heat balance.Finally,he first obtained the formula of thermophoretic
force on the particles in the continuum region [9]:

FT ¼ 9πμνdp∇T
�!

2To

kg
kp þ 2kg

� �
(2)

here is fluid viscosity, is particle diameter, is fluid thermal conductivity coefficient,
is particle thermal conductivity coefficient, is the average temperature of fluid near
particle. Epstein’s conclusion is in good agreement with the experimental results when
and the thermal conductivity coefficient of the particles is low, but the theoretical value
of this result is far from the experimental results when the thermal conductivity coeffi-
cient of the particles is high (L. [10]). Derjaguin and Storozhilova et al. [11]. pointed out
that if high thermal conductivity particles such as sodium chloride are used, the actual
thermophoretic force is two orders of magnitude higher than the theoretical [11].

In 1958, Waldmann [12] deduced the expression of the thermophoretic force of
particles in the free molecular region in a single atomic gas based on the principle of
molecular dynamics and the rigid body collision model between gas molecules and
particles:

Fth ¼ � 16
ffiffiffi
π

p
15

R2kgffiffiffiffiffiffiffiffiffiffiffi
2kBT
mg

s ∇T
(3)

is Boltzmann constant, is gas molecular mass, is particle radius.
In 1962, based on Epstein’s theory, Brock deduced the expressions of particle

thermophoretic velocity and thermophoretic force applicable to the continuum region
to the free-molecular region by applying the first-order slip-flow boundary conditions
[13, 14]:

UT ¼ �
2vCs

kg
kp

þ 2Ct
λ

dp

� �
∇Tð Þx
T0

1þ 4Cm
λ

dp

� �
1þ 2

kg
kp

þ 4Ct
λ

dp

� � (4)

FT ¼ �
12πμvRCs

kg
kp

þ Ct
λ

R

� �
∇Tð Þx
T0

1þ 3Cm
λ

R

� �
1þ 2

kg
kp

þ 2Ct
λ

R

� � (5)
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where is the mean free path of gas molecules, Cs 0:75ð Þ, Cm 1:14ð Þ, and are dimen-
sionless constants, which are thermal slip coefficient, viscous slip coefficient, and
temperature jump coefficient, respectively. Although the result of brock still differs
from the experimental value when the particles have a high thermal conductivity
coefficient, it is already much smaller than Epstein’s error.

Derjaguin [15] pointed out that Brock’s assumption that the gas molecules always
have the same velocity distribution before hitting the particle interface is inaccurate
whose velocity distributions in the Knudsen layer vary with distance from the wall in
the presence of a tangential temperature gradient. Through experiments, it is pointed
out that its velocity formula (Eq. 4) does not conform to the experimental results at
medium and large particle sizes (0.3–0.6 μm).

In 1980, Talbot [10] used laser-Doppler velocimeter (LDV) to measure the thickness
of the particle void region produced by the particle velocity distribution in the laminar
boundary layer at the heated wall under the action of thermophoretic force. According
to the experimental results and the BGK model in the particles, it is found that the
reason for the large error of the Brock thermophoretic force formula (Eq. 4) is the
problem of the thermal slip coefficient Cs, and the value of is corrected to 1.17. Talbot
also proposed the expression of the thermophoresis coefficient kth. Although the revised
thermophoretic force expression is still not perfect, it has been widely used.

Cha, McCoy [16] andWood [17] deduced a thermophoretic calculation model with
good applicability in a wide range of Knudsen numbers. Although the theoretical
calculation results and the experimental data reported by other scholars at that time
have small numerical errors, they are in good agreement with the overall trend. After
correcting the correlation coefficient, the calculated result is in good agreement with
the result of Talbot’s formula when kn < 3. The corrected expression is:

Fth ¼ 1:15
Kn

4
ffiffiffi
2

p
α 1þ π1

2
Kn

� � � 1� exp � α

Kn

� �h i
� 4

3π
ϕπ1Kn

� �0:5 kB
d2m

∇Td2p (6)

α ¼ 0:22
π
6ϕ

1þ π1
2 Kn

� �
" #1

2

(7)

π1 ¼
0:18

36
π

� �

2� Sn þ Stð Þ4
π

þ Sn

� � (8)

where is the equivalent diameter of the channel, Cv is the constant volume-specific
heat capacity, is the conventional momentum adjustment coefficient, and is the tan-
gential momentum adjustment coefficient.

In 2003, Li and Wang [18, 19] deduced the theoretical calculation formula of the
thermophoretic force on nanoparticles in the free molecular region based on the non-
rigid collision model:

FT,Li ¼ � 8
3

ffiffiffiffiffiffiffiffiffiffiffi
2πmr

kBT

r
κR2∇T

6
5
Ω 1,2ð Þ ∗ �Ω 1,1ð Þ ∗

� �
(9)

In the formula, is the mass of particles, is thermal conductivity of gases,
mr ¼ mgmp= mg þmp

� �
, is the reduced mass of gas molecules and particles; Ω 1,1ð Þ ∗ and

Ω 1,2ð Þ ∗ are the dimensionless collision integral, for rigid body collision,
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Ω 1,1ð Þ ∗ ¼ Ω 1,2ð Þ ∗ ¼ 1. Eq. (3) is a special case of Eq. (9). But Li and Wang’s theoretical
model has not been experimentally demonstrated. Due to the insufficiency of nano-
scale particle measurement technology, it is often difficult to study the corresponding
thermophoresis phenomenon in experiments. Cui et al. [20] used molecular dynamics
simulation to verify the theoretical calculation model of Waldmann [12] and Li [18, 19]
found that when the particle size was reduced to the nanometer scale, Waldmann’s
calculation model is no longer applicable due to the enhancement of the non-rigid
collision effect, and the theoretical model established by Li and Wang after considering
the non-rigid collision effect is closer to the molecular dynamics simulation results. At
high gas-solid bonding strength, gas molecules are easily adsorbed on nanoparticles,
which changes the true particle size of the particles (Figure 2), resulting in a certain
error in the correction formulas of Li and Wang [18, 19]. Cui et al. [20] corrected the
particle size error and the results were basically consistent with the simulated values.

In terms of thermophoresis measurement technology, it is mainly divided into
particle group measurement and single particle measurement. In the measurement
using the particle group, the gas stream with particles enters a vacuum chamber with a
temperature gradient in the vertical direction. Calculations are often inaccurate. Par-
ticle size can be determined when individual particles are measured, so it tends to be
more precise. Li and Davis [21] used electrodynamic balance (EDB) to measure
individual particles and compared with previous theories and obtained better data
result (Figure 3).

2.2 Models of thermophoretic deposition efficiency

In the calculation of the deposition efficiency of thermophoresis, many scholars
have established their expressions. Since the theoretical calculation models of various
scholars under laminar flow conditions can be well in line with the experimental or
simulated values, the calculation model of thermophoretic deposition efficiency under
turbulent flow conditions is mainly introduced here.

In 1969 Byers and Calver [22] measured the influence of flow parameters and
particle collector size on deposition efficiency and established the thermophoretic
deposition efficiency expression:

ηL ¼ 1� exp � ρCpf Re D

4Dh
Kthv Te � Twð Þ

T
1� exp

�4hL
umρCpD

� �� �� �
(10)

Figure 2.
The potential energy Ep, kinetic energy Ek and density functiong on the surface of nanoparticles Cui et al. [20].
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where is the specific heat capacity of the gas at constant pressure, Te and are the
fluid inlet and tube wall temperatures respectively, Kth is thermophoretic coefficient,
is the average temperature, his the convective heat transfer coefficient, is the tube
length, is the tube diameter, is the gas density, f is the coefficient of friction, is the
average radial velocity.

In 1974, Nishio experimentally determined the deposition of aerosols on the tem-
perature gradient along the length of the heat exchanger tube wall,

ηL ¼ 1� exp � ρCpKthv Te � Twð Þ
kgT

1� exp
�4hL

umρCpD

� �� � !
(11)

Batchelor and Shen [23] used the similarity method to analyze the deposition rate
as the pipe length by thermophoretic effects in flow over plates, cylinders, and rotat-
ing bodies,

ηL ¼ PrKth
Te � Tw

Te

� �
1þ 1� PrKthð Þ Te � Tw

Te

� �� �
(12)

Where is Prandtl number of air.

Figure 3.
A cross-section of the electrodynamic balance and vacuum chamber used by Li and Davis for thermophoretic force
measurements [21].
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In 1998, Romay et al. [24] conducted experiments in turbulent pipelines, respec-
tively measured the influence of inlet flow velocity, flow rate, particle size, and inlet
fluid temperature on the deposition efficiency of the pipeline, and compared them
with the existing theoretical model Eqs. (10) and (11) of deposition efficiency at that
time. For comparison, an expression for the deposition efficiency of thermophoresis
in a turbulent tube is derived:

ηL ¼ 1�
Tw þ Te � Twð Þ exp � πDhL

ρQCp

� �

Te

2
4

3
5
PrKth

(13)

Q is the volume flow (Figure 4).
The above one-dimensional expressions are all derived under specific assumptions,

and cannot be well applied to general engineering specifications. In 2005, Housiadas
and Drossinos [25] developed a two-dimensional model including radial section
effects after establishing the one-dimensional long-tube deposition efficiency expres-
sion suitable for laminar and turbulent flow and carried out extensive verification. Its
one-dimensional expression is:

ηL ¼ 1� θ ∗

1þ θ ∗

� �PrKth

¼ 1� Tw

Te

� �PrKth

(14)

There are many studies on the calculation of key parameters under the
thermophoretic effect. Because the preconditions selected by each scholar are differ-
ent, the establishment of the final expression is also different. Early studies on
thermophoretic deposition effects mostly focused on the mechanism. In recent years,

Figure 4.
Schematic diagram of the experimental apparatus by Romay et al. [24].
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with the maturity of numerical simulation and particle detection technologies, more
scholars have begun to consider the performance of thermophoretic deposition in
different scenarios. The development direction is gradually diversified.

3. Current status of particle thermophoretic deposition

At present, there are three main ways to study the thermophoretic effect: theoret-
ical research, numerical simulation, and experimental research. Researchers deduce
new empirical expressions based on existing theories through numerical simulations
or experiments under selected specific experimental conditions. The force character-
istics and motion trajectory of the particles are analyzed, and the particle motion
model of the thermophoresis effect under different conditions is established. The
main work is divided into three categories. One is the influence of particle shape on
thermophoretic effect, the other is the study of thermophoretic deposition effect of
particles in pipes or small spaces, and the changes in particle concentration distribu-
tion or deposition law caused by thermophoretic effect in indoor and outdoor tem-
perature fields. The following is an overview of the results of the main research groups
currently working on both types of work.

3.1 Research on thermophoretic deposition in pipes and tiny spaces

Thermophoretic effects in pipes or tiny spaces are a hot topic in current
thermophoretic research. The researchers selected specific flow field conditions and
pipeline structures and established corresponding particle motion models based on
existing theories through experiments and numerical simulations. The research team
of Lin and Tsai of National Chiao Tung University used the critical trajectory method
to study the effect of developing flow in a circular tube on the deposition efficiency of
thermophoretic particles [26]. Through theoretical and numerical analysis, a dimen-
sionless equation for calculating thermophoretic deposition efficiency under laminar
flow conditions is established. The research results show that the inlet section where
the velocity and temperature are both developing is more conducive to the formation
of thermophoretic sedimentation of particles due to the existence of a relatively large
temperature gradient, resulting in higher thermophoretic deposition efficiency. They
determined the effect of particle diffusion and particle electrostatic charge induced
deposition on thermophoretic deposition efficiency in laminar and turbulent tubes
[27] (Figure 5). It is found that the deposition efficiency caused by the electrostatic
charge of particles is comparable to the thermophoretic deposition efficiency
when the thermophoretic efficiency is usually lower than 10% in their experiments
(Figure 6), so this effect should be excluded when calculating the thermophoretic
deposition efficiency to obtain accurate experimental data. Even for particles in
Boltzmann charge balance, the deposition efficiency of the particle electrostatic
charge has a considerable effect compared to the thermophoretic deposition effi-
ciency. In addition, Tsai et al. also studied the inhibition process of particle
thermophoretic deposition through the tube wall when the tube wall temperature
exceeds the gas temperature in a circular tube [28]. The particle transport equations of
convection, diffusion, and thermophoresis were numerically solved, and the particle
concentration distribution and deposition laws were obtained. The results show that
for all particle sizes, the particle deposition rate decreases with increasing tube wall
temperature and gas flow rate. When the tube wall is heated to a certain temperature
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slightly above the gas temperature, particle deposition is completely suppressed. And
given dimensionless deposition parameters, an empirical expression is established to
predict the dimensionless temperature difference required for zero deposition in
laminar flow tubes (Figures 5 and 6).

The Lee’s team studied the effect of thermophoresis on the deposition rate of
particles above the wafer in a clean room environment [29, 30]. Using the statistical

Figure 5.
Schematic diagram of the experimental apparatus by Lin and Tsai [27].

Figure 6.
Comparison of experimental deposition efficiencies (nonthermophoretic) and theoretical predictions of diffusional
and electrostatic deposition under laminar flow conditions (Re = 1340).
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Lagrangian particle tracking (SLPT) model, under the condition of parallel airflow,
particle deposition rates above individual wafers were measured. The law of particle
deposition velocity as a function of temperature difference (temperature difference
between plane and ambient air), particle density, and parallel airflow velocity is
summarized. With and without thermophoresis, some numerical simulation results
are as follows.The results show that with the increase of particle density, the particle
deposition velocity decreases sharply with the increase of particle size, and the
increase of airflow velocity also leads to the increase of particle deposition velocity
(Figures 7 and 8).

Research on the deposition effect of particles in pipes or tiny spaces is a very
popular direction in thermophoretic research both at home and abroad. Many
scholars choose different parameters or channel and space conditions to establish
corresponding particle motion models under thermophoretic effects. Yu et al. [31]
carried out numerical simulation and analysis on the influence of thermophoretic
force in MOCVD horizontal reactor on the concentration distribution of reaction
precursors during deposition. For the TMGa molecules in the MOCVD reactor, the
calculation formulas of the thermophoretic force, thermophoretic velocity, and
diffusion velocity were deduced; Ho et al. [32] studied the effect of thermophoresis on
particle deposition rate in mixed convection on vertically corrugated plates, using a
cubic spline method, combining dimensionless variables, Prandtl transforms, and par-
abolic transform to obtain the final result.The results show that the smaller the particle
size, the greater the influence of electrophoresis and thermal swimming, the greater
the influence of temperature gradient and electric field on the deposition rate of
particles.

Figure 7.
Effect of particle density.
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3.2 Research on thermophoretic deposition under indoor and outdoor
temperature fields

Compared with the first type of work, there are few international studies on
particle thermophoretic deposition in indoor temperature fields, and the experimental
conditions chosen by various scholars are quite different.

The team of Xu and Chen [33, 34] proposed a zero-equation model to simulate the
three-dimensional distribution of indoor air velocity, temperature, and pollutant con-
centration. This method assumes that turbulent viscosity is a function of length scale
and local average velocity. This new computational model is much faster than the
standard model. A two-layer model was then used to predict the flow. The model
adopts the single equation model for the near-wall region and the standard model for
the outer wall region, which improves the calculation efficiency again. Some scholars
have also applied it to the utilization of water resources.

Lai [35] used two chambers to simulate indoor and outdoor conditions and the
crack module to simulate wall cracks to study the effect of thermophoresis on particle
penetration cracks. By simulating summer and winter conditions in temperate climate
regions, it is found that the penetration ratio of particles from indoor to outdoor in
winter conditions is significantly higher than that in summer and isothermal condi-
tions when the particle size is less than 100 μm. And the effect of temperature on the
particle penetration ratio decreases with the increase of particle size.

3.3 Study on the influence of thermophoresis effect on particle deposition
between rotating disks

Due to the geometry of the disk, the fluid flow under the action of the rotating disk
is widely used in many engineering fields. In the past decade, with the development of

Figure 8.
Effect of airflow velocity.
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mechanical technology, the effect of thermophoretic deposition on the fluid flow on
the rotating disk has gradually become a hot topic.

Khan and Mahmood [36] investigated the effect of thermophoretic deposition on
MHD flow of Oldroyd-B nanofluids between radiatively stretched disks. They used
the homotopy analysis method to solve the transformed ordinary differential equa-
tions, and analyzed the convergence of the obtained series solutions. Through the
analysis of the obtained results, it was found that the fluid temperature and the
nanoparticle concentration decreased with the increase of the thermophoretic velocity
parameter value. But it will increase with the increase of thermophoretic diffusion
parameters. Hafeez et al. [37] also studied the thermophoretic deposition of particles
in Oldroyd-B fluid between rotating disks, using von Karman similarity variables to
convert partial differential equations into dimensionless ordinary differential equa-
tions, and with the help of Maple Numerical format (BVP-Midrich technique) to
obtain numerical solutions. The results show that the axial thermophoretic velocity of
the particles between the discs increases with the increase of the relative
thermophoretic coefficient; the slope of the particle concentration growth curve
decreases with the increase of the thermophoretic coefficient; the inward axial
thermophoretic deposition velocity (Local Stanton number) increases with the
increase of the thermophoresis coefficient (Figure 9).

Since the transformed ordinary differential equations are coupled and nonlinear, it
is difficult to obtain closed-form solutions. Therefore, in recent years, many scholars
have adopted the shooting technique and used the Runge-Kutta integral scheme to
solve the ordinary differential equations obtained after similarity transformation. M.S.
Alam et al. [38] used this method to study the deposition mechanism of micron-sized
particles caused by thermophoresis during transient forced convection heat and mass
transfer on an impermeable rotating disk with a surface temperature lower than that
of the surrounding fluid. Doh and Muthtamilselvan [39] studied the effect of a rotat-
ing disk in a uniform electromagnetic field on the deposition of thermophoretic
particles during unsteady heat and mass transfer in forced convection in a micropolar
fluid. Gowda et al. [40] investigated the deposition of thermophoretic particles in a
mixed nanofluidic flow suspended by ferrite nanoparticles. For different fluid or
particle objects, most scholars have obtained relatively consistent results on the
changing trends of related thermophoretic parameters in the thermophoretic deposi-
tion between rotating discs.

Figure 9.
A physical sketch of the problem by Khan and Mahmood [36].
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3.4 Research on thermophoretic deposition technology in other works

In addition to the above main types of work, thermophoretic deposition technol-
ogy is also widely used in other aspects. Shi and Zhao [41] considered the deposition
velocity of particles on the human body surface under Brownian and turbulent diffu-
sion, gravitational settling and thermophoresis. The results show that for particles
below 1 μm, thermophoresis is the main deposition mechanism. Brugière and
Gensdarmes et al. [42] designed a radial flow thermophoretic velocity analyzer device.
By developing the transfer function of the device they designed, the instrument can
directly measure the particle velocity in the temperature field with high resolution.
Effective thermophoretic velocity, eliminating the need to build a model to calculate
the thermophoretic behavior of particles. De Falco et al. [43] achieved a highly con-
trollable and tunable technique for the production of nanostructured TiO₂ coating
films on aluminum substrates by combining aerosol flame synthesis and direct
thermophoretic deposition. Self-cleaning and self-disinfecting coating materials with
near superhydrophilicity and high antibacterial activity can be prepared. As shown,
the number of Staphylococcus aureus was significantly reduced on the substrate with
the titanium dioxide layer (Figure 10).

4. Conclusion and outlook

Nowadays, the international research on the thermophoretic deposition effect has
been very extensive, and a lot of achievements have been achieved. However, there
are still many deficiencies and limitations in both the theoretical understanding of the
thermophoretic mechanism and the application of the thermophoretic deposition
effect in practical work.

Figure 10.
SEM microphotographs of Staphylococcus aureus biofilm on uncoated aluminum substrates and TiO2 coated
aluminum substrates for the three different flame conditions.
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Regarding the understanding of the thermophoretic mechanism, there have been
relatively mature research results in the thermophoretic particle motion model in the
continuum region and free molecular region, but some scholars have extended their
theory to the transition region but found that the results are not ideal; Most of the
studies are carried out under the condition that the thermal conductivity of particles is
similar to the thermal conductivity of gas. When the thermal conductivity of particles
is higher, the experimental results have a large deviation from the theoretical calcula-
tion values; In terms of particle shape, there are many studies on spherical particles,
and the theoretical and experimental data are in good agreement. However, there are
few studies on non-spherical particles, and most of the particles are non-spherical in
reality. Errors introduced by thermophoretic force measurements on non-spherical
particles may affect the data accuracy of the entire experiment.

In terms of experiments, the experimental conditions selected by various scholars
are quite different, and it is difficult to make horizontal comparisons; Thermophoretic
force is a short-range force. To obtain higher particle deposition efficiency in practical
engineering applications, it is necessary to design an effective removal device struc-
ture; In the process of particle deposition, there is often the problem of particle
resuspension, so the subsequent treatment of the deposited particles is also very
important. At present, many studies have not considered the effects of particle
agglomeration and fragmentation. In practical engineering applications, the charac-
teristics of the flow field where the particles are located are usually much more
complicated than the conditions selected in the experiment, so there are still many
problems to be explored to widely apply thermophoresis technology to practical work.
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Nomenclature

T gas temperature
FT thermophoretic force
dp particle diameter
kg fluid thermal conductivity coefficient
kp particle thermal conductivity coefficient
To average temperature of fluid near particle
Kn Knudsen numberv
kB Boltzmann constant
mg gas molecular mass
R particle radius
dm equivalent diameter of the channel
Cv constant volume-specific heat capacity
Sn conventional momentum adjustment coefficient
St tangential momentum adjustment coefficient
mp mass of particles
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mr reduced mass of gas molecules and particles
Ω 1,1ð Þ ∗ ,Ω 1,2ð Þ ∗ dimensionless collision integral, for rigid body collision
Cp specific heat capacity of gas
Te fluid inlet temperatures
Tw tube wall temperatures
T average temperature
h convective heat transfer coefficient
L tube length
D tube diameter
f coefficient of friction
um average radial velocity
Pr Prandtl number of air
Kth thermophoretic coefficient
Q volume flow

Greek letters

v!c slip velocity of gas
ν gas kinematic viscosity
μ fluid viscosity
λ mean free path of gas molecules
κ thermal conductivity of gases
ρ gas density
ηL thermophoretic deposition efficiency

Abbreviations

FVC forced vital capacity
PEF peak expiratory flow
LDV laser-Doppler velocimeter
SLPT statistical Lagrangian particle tracking
EDB electrodynamic balance
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Chapter 7

Indoor Air Pollution
Abebaw Addisu

Abstract

Indoor air pollution becomes a public health hazard across the world. It originates 
from different sources such as the use of unclean fuel in developing countries for 
cooking, heating, and lighting purposes. Their use results in incomplete combustion. 
Carbon monoxide and other toxic gases are the primary result of incomplete combus-
tion and can cause respiratory tract problems. Children and women who spent a large 
portion of their time indoors are the most vulnerable subpopulation.

Keywords: indoor pollutants, particulate matter, carbon monoxide, unclean fuel, 
respiratory tract infections

1. Introduction

Indoor air pollution, also known as household air pollution is a state of increased 
concentration of air pollutants within and around a building or structure at a degree 
high enough to harm human beings and the ecosystem at large.

Air pollutants can arise from indoor activities like cooking, heating, and lighting 
using unclear fuels such as firewood, charcoal, animal dung, and kerosene [1]. The 
incomplete combustion of those fuels results in the production of carbon monoxide, 
nitrogen oxides, and sulfur oxides [2]. Other indoor activities like the application of 
insecticides, pesticides, air conditioners, and tobacco smoke can also contribute a 
large share of indoor particulate matter concentration [3]. Particulate matter is the 
complex mixture of dust, soot, smoke, and liquid droplet that suspends in the air in a 
small amount that can be inhalable.

Exposure to indoor air pollutants makes susceptible individuals breathe in those 
pollutants and activate as much as 15 sensory nerve receptors in the respiratory tract 
system that leads to reflex mechanism [4]. Pollutants that have a diameter of less than 
5 micro-meter are candidates to reach alveoli by passing against physiological and 
mechanical barriers of the respiratory tract system [5]. After inhalation and avail-
ability in distal respiratory receptors, the pollutants cause acute respiratory infection 
most commonly pneumonia among young children and exacerbate asthma, chronic 
lung disease, and cancer among adults [6].

Although air pollution becomes a global concern that affects the population of the 
world in all spheres, indoor air pollution is a particular health risk for low-income 
countries [7]. Groups of sub-population such as infants, women, elderly, person 
with chronic disease, and urban residents who spent a large proportion of their time 
indoors, are at higher risk when compared to the general population [8].
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Special locations including schools, homes, and workplaces (wood processing 
industries and cement factories) are sites with greater concerns. Ventilation and 
meteorological parameters such as temperature and humidity play a crucial role in the 
concentration of indoor air pollutants.

Indoor air pollution becomes a public health concern that results in a broad array 
of health problems ranging from reversible to irreversible damage to the body system. 
So, it is important to discover the source from which pollutants arise and develop 
skills on how to measure and monitor indoor pollutants to combat against its adverse 
health effect.

2. Sources of indoor air pollution

Sources of indoor air pollution can be broadly classified into two as:

1. Anthropogenic (Man-made)

2. Natural

Anthropogenic sources of indoor air pollution are sources that originate from 
human activities for different purposes.

2.1 Environmental Tobacco Smoke (ETS)

It is also known as secondhand smoke exhaled by smokers. ETS contains a mixture 
of more than 7357 compounds, of which at least 40 of them are carcinogenic [9]. 
The only source of ETS is the combustion of tobacco products at home, vehicles, 
and office [10]. The combustion of tobacco products emits chemicals in the form of 
particulate matter (PM2.5 and PM10) and vapor form.

2.1.1 Combustion of products

Human beings throughout the world utilize biomass fuels to various degrees with 
the greatest proportion belonging to developing and economically disadvantageous 
nations. Solid fuels such as firewood, animal dung, and charcoal are the primary 
source of energy that accounts for 90% of consumption in sub-Saharan Africa for the 
purpose of cooking, heating, and lightening [11]. Other sources like gas water heater, 
gas cloth dryer, kerosene/gas space heaters are combustible products.

The combustion of those products can release gaseous pollutants most importantly 
carbon oxides (CO, CO2), nitrogen dioxide, and sulfur dioxide.

Carbon monoxide is asphyxiant gas that has a greater affinity to hemoglobin (oxy-
gen transporter for tissue) than oxygen does [2]. This affinity results in the formation 
of carboxyhemoglobin and disrupts oxygen transport.

2.1.2 Volatile organic compounds (VOCs)

VOCs are compounds that emit gas at room temperature from certain solids or 
liquids [12]. Nowadays, pesticides are largely used in agriculture and food processing; 
emit small particles that can easily pollute indoor air quality. Moreover, air condition-
ers, hair spray building materials constitute a greater proportion of VOCs. Stationary 
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materials such as copy machines and printers, adhesives, and permanent markers can 
also contribute to VOCs.

Natural sources of indoor air pollution occur without human intervention.

2.1.3 Biological contaminants

Animal dander, molds, and dust mites are the common sources of biological 
contamination that give rise to particulate concentration and resultant indoor air 
pollution [4].

There are conditions that encourage the growth of those biological contaminants 
and their presence in the air:

• High relative humidity: that encourages dust mite population and hastens fungal 
growth on the damp surface.

• Inadequate exhaust for bathroom/kitchen generated moisture.

• Appliances such as humidifiers, dehumidifiers, and drip pans under cooling 
coins (refrigerator) support bacterial and fungal growth.

2.1.4 Heavy metals (airborne lead and mercury vapor)

Although nowadays items become lead-free, older housing and furniture are 
coated with lead. Additionally, art and craft materials, automobile radiators, and 
solders are the main sources of lead that lead to pollutant concentration.

Mercury vapor: nowadays new paints have emerged as a concern to contain a high 
level of mercury in water-based paints in the form of phenyl mercuric acetate (PMA). 
The sprinkling of mercury by some ethnic or religious groups for ritual activities. 
Moreover, it is used for herbal medicine and botanic shops [12].

2.1.5 Asbestosis and radon

Both are known carcinogenic agents that arise from structural fireproofing and 
acoustic installation in floor and ceiling tiles. With the advancement of age, asbestos-
containing materials become damaged and disintegrate which gives rise to micro-
scopic fiber into the air which increases the concentration of indoor air pollutants.

Radon: naturally occurring colorless, odorless, and tasteless radioactive gas that 
arises from the decay of radium or uranium. Earth-derived building materials and 
underground water especially, well water from private supplies are the major sources 
of radon pollution in households [8].

2.2 Measurements of indoor air pollutants

2.2.1 Particulate matter

Particulate matter (PM) is a term used to describe extremely small particles and 
liquid droplets in the atmosphere suspended in a gaseous medium. It is a complex 
mixture of particles including dust, soot, smoke, and liquid droplets which are gener-
ally small enough to be inhaled [13].



Air Pollution – Latest Status and Current Developments

108

Based on aerodynamic diameters, particulate matter can be broadly classified 
into two

1. Coarse particulate matter (PM10): particle matters having a diameter of greater 
than 2.5 micrometers and less than 10 micrometers.

2. Fine particulate matter (PM2.5): particle matters of 2.5 micrometers and less.

The concentration of particulate matter confined in the indoor environment can 
be expressed in two ways as:

• Particle number concentrations (count per cm3, L, m3)

• Particle mass concentrations (μg/m3 or mg/m3)

Different instruments can measure the concentrations of particulate matter and 
provide either an average concentration for the sampling period or real-time monitor-
ing concentrations [3].

Four major techniques can be employed to measure the concentration of PM.

2.2.2 Gravimetric principle (filter-based samplers)

The basic principle is collecting target particles on a filter. Air is allowed to 
be drawn with a certain flow rate with the help of a pump. Filters are going to be 
measured before (unloaded) and after (loaded) sampling keeping temperature and 
relative humidity to the standard condition. Simply, the difference between the two 
measurements gives us the mass of captured particulate matter. The mass concentra-
tion is then determined by dividing the collected mass by the known volume of air 
drawn through the filter by the pump. Accurate time-average mass concentration 
could be obtained for the period of sampling.

Impaction or centrifugal force is crucial for removing particles larger than the 
target aerodynamic diameter from the air stream.

2.2.3 Microbalance principle (tapered element oscillating microbalance or TEOM)

The principle behind this method is just putting a filter on the hollow element 
which is oscillating with its pattern when air passes through the filter. This oscillating 
frequency varies over time and the change of frequency is the measure of PM concen-
tration build-up. It produces continuous data.

2.2.4 Beta-ray attenuation principle

After collecting the target particles on the filter, the mass of PM is determined by 
directing beta-rays from radioactive sources through the filter and the particles on it. 
The measure of PM mass is determined by the beam crossing the filter.

2.2.5 Light-scattering principle (photometry)

Usually, portable devices suck sample air through a chamber. Inside the chamber, 
sample air is provided with a narrow beam of artificial light. A photodetector measures 
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the amount of light scattering via sampled air-containing particles. These devices are 
factory calibrated, contain own pump and storage. It can provide continuous data.

Generally, particulate matter (PM) has to be measured at the different locations 
inside the living house such as the kitchen, where most of the emission comes from 
fuels, living room, and outdoors for comparison. Measurement of PM should be:

• Approximately 1 meter away from the edge of the combustion zone (from the 
stove approximates the edge of the active cooking area.

• At the height of the sitting position (1 meter) above the floor which is a breathing 
zone for sitting women while cooking and children.

• At least 1.5 meters horizontally away from windows and doors, where possible [14].

The outdoor particulate matter has to be measured at the sampling location of 
height about 2 meters from the ground level, a minimum of 2 meters away from 
obstructions like the wall of the house, 10 meters from trees, 5 meters from the 
chimney, and 5 meters from the edge of the nearest traffic lane.

WHO set a standard for air quality monitoring for different pollutants, among 
which PM is the most significant. According to the organization, the standard 
provides the maximum and interim target values. Interim targets are proposed as 
incremental steps in the reduction of air pollution and are intended for use in areas 
where pollution is high 1] (Table 1).

2.3 Carbon monoxide (CO)

It is a colorless, odorless, and tasteless gas that is poorly soluble in water. Relatively 
high carbon monoxide levels have been measured inside homes with faulty or 
unvented combustion appliances, particularly if the appliances have been used in 
poorly ventilated rooms.

2.3.1 Analytical method

The reference method for the measurement of carbon monoxide concentration 
is based on the absorption of infrared radiation (IR) by the gas in a non-dispersive 
photometer [15]. CO absorbs IR radiation maximally at a wavelength of 4.7 microm-
eters (μm), which is in a spectral range where few other atmospheric species absorb to 
interfere with accurate quantification.

Pollutants Measurement Averaging 
time

Interim Target AQG level

1 2 3 4

PM2.5 μg/m3 Annual 35 25 15 10 5

24-hour 75 50 37.5 25 15

PM10 μg/m3 Annual 70 50 30 20 15

24-hour 150 100 75 50 45

Table 1. 
WHO standard concentration of particulate matter at different stages of measurement.
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Carbon dioxide and water vapor can make major interference with the measure-
ment of carbon monoxide. Removal of water vapor from the sample air is necessary to 
avoid positive interferences in the determination of CO concentration and is achieved 
by a permeation tube or drier that selectively removes water vapor from the sample 
gas without removing CO.

The concentration of CO can be determined using the Beer–Lambert law which 
relates the concentration of an absorbing species to the degree of light attenuation. The 
analytical method is suitable for stable installations at fixed-site monitoring stations.

Currently, potable carbon monoxide individual-level exposure measurements 
become familiar. Measurements of personal exposures are based on the electrochemi-
cal reactions between carbon monoxide and deionized water, which are detected by 
specially designed sensors.

The following guideline values (ppm values rounded) and periods of time-
weighted average exposures have been determined in such a way that the COHb level 
of 2.5% is not exceeded, even when a normal subject engages in light or moderate 
exercise:

• 100 mg/m3 (90 ppm) for 15 minutes

• 60 mg/m3 (50 ppm) for 30 minutes

• 30 mg/m3 (25 ppm) for 1 hour

• 10 mg/m3 (10 ppm) for 8 hours

2.4 Estimation and measurement of VOC emissions

VOC can be measured at stationary level and individual concentration (personal 
level) [16].

2.4.1 Total VOC concentration measurement techniques

• Flame ionization detectors (FID)

• Catalytic oxidation and non-dispersive infrared absorption

• Photoionization detection (PID)

2.4.2 Individual VOC substance concentration measurement techniques

• Gas Chromatography (GC)

• Non-Dispersive Infrared Spectrometry (NDIR)

• Fourier Transform Infrared absorption (FTIR)

2.5 Health effects of indoor air pollutants

Indoor air pollutants that are emitted from different sources occupy the 
living and get entrance to our internal body systems usually through inhalation. 
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Although the target organs may vary from one pollutant to another, the most 
common are the lungs, eyes, and nervous system. It is important to understand the 
kinetics and metabolism of pollutants for better knowledge of their effects on the 
human body system.

2.6 Health effect of carbon monoxide

Kinetics of carbon monoxide starts with inhalation of the pollutant and diffuses to 
the alveolar membrane of the lung. During a gas exchange that takes place in capillar-
ies, the CO gas can be exchanged in the same way oxygen does. After its bioavailability 
in plasma, quickly binds with hemoglobin (Hb) at rate 200–300 times more than oxy-
gen [15]. It can equivocally compete for hemoglobin binding sites with oxygen. Unlike 
oxygen, the bond is stronger and lasts longer. The formation of carboxyhemoglobin 
(COHb) makes the transport of oxygen difficult for the body system and results in a 
state of hypoxia. The primarily affected body organs with reduced oxygen delivery are 
the myocardium (muscle of the heart), brain, skeletal muscles that employ exercise, 
and developing fetus. At low levels, symptoms of CO exposure include fatigue, head-
aches, and dizziness, but in higher concentrations, it can lead to impaired vision, dis-
turbed coordination, nausea, and eventually death.

2.7 Health effects of biological agents at particular level

It is important to broadly classify the health effects into three categories as follows:

1. Infection: direct invasion of tissues and organs by particulate-level biological 
agents like dust mites, molds, and animal dander causes pathogenic infections.

2. Hypersensitivity disease: inhalation and absorption of certain pollutants can 
evoke and activate the specific immune system.

3. Toxicosis: biologically produced toxins such as mycotoxins (fungal metabolites) 
can cause direct toxic effects.

2.8 Health effect of pesticides

Nowadays, pesticides become input for effective agricultural practice and are 
widely used across the urban and rural communities. Inhalation, ingestion, and 
skin absorption are the common exposure routes of particles in pesticides. Pesticide 
exposure is associated with adverse health risks, including short-term skin and eye 
irritation, dizziness, headaches, and nausea; and long-term chronic impacts, such as 
cancer, asthma, and diabetes.

A case–control study has shown the association of breast cancer with exposure to 
certain pesticides in agricultural sectors [1].

2.9 Health effect of heavy metals

Heavy metals like mercury vapor, lead, chromium, and cadmium residue are 
known for their bioaccumulation and biomagnification properties. Bioaccumulation 
is the kinetic property of the chemicals in which metabolism and excretion of certain 
elements are difficult and result in accumulation in specific tissues and organs of the 
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human body system. An increase in the concentration of those heavy metals when 
they came across the complex food chain is termed as biomagnification.

Studies have proved that Mutagenic and carcinogenic effects are common health 
effects related to heavy metals [4]. Moreover, brain damage, respiratory illnesses, 
cardiovascular disease, and deaths can be attributed as a result of it.

2.10 Health effect of particulate matter (PM)

Exposure to particulate matter is considered as a public health hazard. It 
can  primarily attack the lung followed by the heart and eye. It has acute and chronic 
effects.

Acute exposure to those particles can cause:

• Persistent cough

• Shortness of breath

• Chest tightness

• Eye irritation

• Irregular heartbeat

• Nonfatal heart attacks

Chronic exposure to the particles can cause:

• Decreased lung function

• Recurrent respiratory infections among children

• Premature death in people with heart or lung disease

• Aggravated asthma

A cross-sectional study has shown the association of acute respiratory infections 
with particulate matter concentration (PM2.5 and PM10) from biomass fuel exposure 
in an indoor environment [14].

Strategic approaches to reduce indoor air pollution.
Indoor air pollution become a public health issues that need urgent interven-

tions to save the life of millions of people and keep the environment from damage. 
Different approaches have been presented at international, regional, and national 
levels. Implementing those approaches is vital to coping the existing situation.

2.11 Energy sources development

It is impossible to achieve indoor air quality without the provision of clean energy. 
A large proportion of the world relies on unclean fuel that results in incomplete 
combustion. Energy preference largely depends on the economic power of the nation. 
Policies and strategies that enable a nation to use natural resources like water for 
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hydroelectric power, which is environmentally friendly and helps transform energy to 
clean have to be implemented in developing countries.

2.12 Pollution prevention principles

As a human being we can prevent the occurrence of pollution before it happens 
and reduce consecutively its impact if it occurs. Pollution can be prevented at the 
source, path, and receiver (usually individuals). Prevention at source means avoiding 
pollution occurrence in the first place by either eliminating, banning, or restricting 
the usage of hazardous chemicals at commercial levels. Pollution prevention at the 
path includes proper ventilation of living rooms which is expressed in terms of win-
dow floor ratio. Finally, prevention at the receiver can be using personal protective 
equipment like wearing masks where the concentration of pollutants is higher.

2.13 Taxation

Selective taxations are crucial for tobacco products in order to minimize environ-
mental tobacco smoke at household level. Additionally, environmental taxation on 
leaded petrol has brought great influence and was successful [17].

2.14 Information dissemination, education and training

Adequate information has to be disseminated for policymakers to design 
appropriate strategies to address the issue. Moreover, designers, building, and 
construction professionals have to be informed about the raw materials they use as 
construction input.

3. Conclusion

As a result of human activity for the sake of earning a living and urbanization, 
humans exploit nature and use different raw materials that can end up in the genera-
tion of pollutants that affect the health of human beings. The effect is significant 
among occupants of the household that spend a large portion of time indoors usually 
younger children and women. Regular monitoring of pollutants using real-time 
monitors is crucial to understand the degree of risk and designing appropriate 
prevention strategies.
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Chapter 8

Review of Measures to Control 
Airborne Pollutants in Broiler 
Housing
José L.S. Pereira, Carla Garcia and Henrique Trindade

Abstract

Broiler housing is a significant source of airborne pollutants from animal 
 production, which lead to degradation of indoor air quality and outdoor emissions, 
particularly ammonia, nitrous oxide, carbon dioxide, methane, hydrogen sulphide, 
odours and particulate matter. In this chapter, we first analyse the current state of the 
art on the consequences of these pollutants on broiler farming, farm workers, and the 
environment. This includes the factors affecting pollutants generation, quantifica-
tion, and mitigation measures suppressing airborne pollutants. Next, we describe 
different best available techniques for environmental protection and sustainability 
of broiler production, namely feeds and feeding management, feed supplements, 
bedding management and treatment of exhaust air. Thus, broiler farms should select 
mitigation strategies based on several considerations, such as location, climate condi-
tions, environmental policies and financial resources.

Keywords: ammonia, broiler, greenhouse gases, mitigation measure, odours, 
particulate matter

1. Introduction

Broiler meat is one of the main sources of protein for humans in the Mediterranean 
region and its consumption is expected to continue to increase until 2050. Globally, 
337 million tons of meat were produced in 2019, 44% more than in 2000, with 
chicken meat representing more than half the increase [1]. In 2021, almost 121.5 mil-
lion tons of broiler meat were produced in the World, from 74 × 109 broiler heads; in 
the same year, Europe produced ca. 19.5 million tons of broiler meat (11.3 × 109 heads) 
with Southern European countries being responsible by 17% of Europe production 
[2]. It has been estimated that around 10% of the carbon (C) footprint, land use and 
acidification potential caused by the European food basket is directly attributable to 
broiler meat consumption [3].

Broiler chickens have strict requirements in terms of thermal conditions and 
require high tech housing and management, equipped with automatic systems for 
feeding, drinking, heating, cooling, air conditioning and various sensors for data 
acquisition [4]. As can be observed in Figure 1, the broiler production includes 
farms of breeding hens for fertile eggs and of broilers for meat [5, 6]. From chicks to 
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20 weeks of age, breeding hens are housed in buildings with a solid floor and litter 
material (pine shavings or rice hulls). Between 20 and 60 weeks of age, hens are 
moved to housing with deep litter/slatted floor and the manure is removed once per 
year. The broilers are housed in similar buildings with a rearing cycle between 30 and 
42 days (1.4–2.4 kg liveweight) [4, 7].

The broiler production is a major pollution source of reactive nitrogen (N) losses, 
and the emissions intensity of chicken meat is 0.6 kg CO2eq kg−1 [1]. This sector is 

Figure 1. 
Commercial broiler houses of breeding hens for fertile eggs (above) and broilers for meat (below).
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a significant source of ammonia (NH3), nitrous oxide (N2O) and methane (CH4) 
emissions [8].

This sector is linked to NH3, N2O and CH4 emissions, and have an impact on 
global greenhouse gas (GHG) emissions, as well as bird and human health. Litter and 
manure can contain pesticide residues, microorganisms, pathogens, pharmaceuticals 
(antibiotics), hormones, heavy-metals, macronutrients (at improper ratios) and 
other pollutants which can lead to air, soil and water contamination as well as forma-
tion of antimicrobial/multidrug resistant strains of pathogens. Particulate matter 
(PM) emitted from intensive broiler production operations contain feather and skin 
fragments, faeces, feed particles, microorganisms and other pollutants, which can 
adversely impact poultry health as well as the health of farm workers and nearby 
inhabitants. Odours are another problem that can have an adverse impact on health 
and quality of life of workers and surrounding population [9].

Farms are required to comply with environmental legislation to be managed in a 
sustainable and environmentally friendly way, namely: (i) the Integrated Pollution 
Prevention and Control (IPPC) Directive (96/61/EC), which requires large livestock 
production facilities to implement best available techniques (BAT) for environmental 
protection; (ii) the National Emissions Ceiling (NEC) Directive (2016/2284/EU), 
which sets emission reduction commitments relative to 2005 levels for N oxides 
(NOx), non-methane volatile organic compounds (NMVOC), sulphur oxides (SOx), 
NH3 and PM2.5 by 2030; (iii) the Energy and Climate Action Directive (2018/1999/
EU) for carbon neutrality, which targets reducing greenhouse gas (GHG) emissions 
by 45–55%, based on emissions recorded in 2005 EU Commission’s Joint Research 
Centre reference document (BREF) was introduced in 2017 and provides the BAT 
guidelines for intensive poultry rearing operations [10].

The aim of this review was to provide a comprehensive overview of current 
knowledge about the impact of airborne pollutants (NH3, N2O, CO2, CH4, hydrogen 
sulphide (H2S), odours and PM) from broiler houses, including analysis and discus-
sion of best available techniques for environmental protection and sustainability of 
broiler production.

2. Gases

2.1 Ammonia

Broilers excrete most of the not metabolised N in the forms of uric acid (ca. 80%), 
NH3 (ca. 10%) and urea (ca. 5%). The excretions are rich in uric acid (C5H4N4O3), 
being hydrolysed into urea (CO(NH2)2) through aerobic decomposition and followed 
by conversion to NH4

+ by the urease enzyme found in manure Eq. (1). Then, NH3 is 
prone to be released into the air as a gas that can affect both birds and farmworkers 
and escape to the atmosphere by building ventilation [11, 12].

  ( ) [ ] +⇒ ⇒ + ⇒5 4 4 3 2 2 4 32Uricase Urease Volatilisation
C H N O CO NH CO NH NH  (1)

In terms of environmental impacts, the emission of NH3 reacts with ammonium 
(NH4

+) sulphate and nitrate (NO3
−) and chloride particles, being transported over 

wide areas, adversely impacting air quality and visibility [13, 14]. Also, the wet 
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deposition of NH4
+ salt formed after NH3 volatilisation led to toxicity of vegetation in 

the surrounding farm area (<1 km), whereas the wet deposition can induce soil acid-
ity, severely damaged biodiversity and eutrophication of water bodies [13, 14].

Ammonia volatilisation is a result of complex biological, physical and chemi-
cal processes and depends on several factors (Figure 2) [11]. Thus, the factors that 
influence how NH3 is formed and released into the broiler house environment are 
litter type, animal activity, bird age and density, manure handling, frequency of 
manure removal, ventilation rate and air velocity, while the factors that influence how 
manure bacteria and enzymes break down N to form NH3 are N content, temperature, 
moisture/humidity and pH (Figure 2) [4, 15]. The litter’s pH is a major factor regulat-
ing the volatilisation of NH3 since it specifies the volatile NH4

+/NH3 ratio between 
their ionic and non-volatile forms (Figure 2) [16]. Among all factors affecting NH3 
volatilisation in broiler house litter, humidity is one of the most important influencing 
parameters [17]. Therefore, the increase of indoor air humidity and temperature will 
increase the moisture and temperature of the litter material and consequently will 
enhance the NH3 volatilisation [4, 18]. The water trough should be placed carefully 
and checked regularly to prevent water leakage on the litter and the litter humidity in 
broiler houses should be 15–25% [16].

Ammonia, a colourless and highly water-soluble gas, is primarily an irritant and 
has been known to create health problems for animals in confinement building [19]. 
Ammonia concentrations in broiler houses should not exceed 25 ppm because birds’ 
productivity is adversely affected above this limit (Table 1). Higher NH3 levels also 
decrease the body weight gain, calorie conversion, general living conditions, carcass 
condemnation, and birds’ immune system (Table 1) [12, 16, 21]. Furthermore, the 
NH3 gas has a common pungent odour that humans can detect at concentrations of 
20–30 ppm and irritates the conjunctiva, cornea, and mucous membranes of birds’ 

Figure 2. 
Factors that influence the emission of airborne pollutants from the litter of broiler housing (from Méda et al. 
[15]).



121

Review of Measures to Control Airborne Pollutants in Broiler Housing
DOI: http://dx.doi.org/10.5772/intechopen.110582

respiratory tract at high concentrations (Table 1) [12, 16, 21]. High NH3 levels can 
damage birds’ respiratory systems’ mucous membranes, increasing their susceptibil-
ity to respiratory infections, particularly to Escherichia Coli [12, 16, 21]. Also, high 
NH3 levels increase susceptibility to Newcastle disease virus, increase the incidence 
of air sacculitis and keratoconjunctivitis and increase the prevalence of Mycoplasma 
gallisepticum [12, 16].

Previous studies [12, 18] recommend a limit of 10 ppm of NH3 to maintain a good 
indoor air quality on broiler houses, but the threshold values of 20 ppm are recom-
mended as limit for a short period exposure. Note that long-term NH3 toxicity in the 
poultry house may increase the susceptibility of birds to the adverse effects of NH3 
even at 20 ppm (Table 1) [16]. However, the NH3 gas significantly affects bird health 
and wellbeing, but the severity of damage depends on the concentration of NH3 and 
duration of exposure (Table 1) [22]. Indoor NH3 levels are also affected by housing 
and management factors, such as housing type, bird age and density, manure or litter 
conditions and handling schemes and building ventilation rate [15].

Season of the year, diurnal cycles, bird health and management practices can 
influence NH3 volatilisation variability from broiler houses due to indoor and outdoor 
temperature and humidity differences associated to ventilation, bird activity and 
manure management conditions [20, 23]. Previous studies [4, 5, 7, 23, 24] observed 
that the lowest concentrations of NH3 were recorded in summer period, although 
NH3 emissions tended to be higher just in summer months because of a higher 
ventilation rate. The elevated levels of NH3 in winter were attributed to the lower 
ventilation rate during cold weather. However, the average annual NH3 emission rates 
from broiler houses using new litter material in each production cycle varied greatly 
among European countries, from 0.06 to 0.13 g day−1 broiler−1 in Portugal [4, 5, 7], 
0.17–0.19 g day−1 broiler−1 in UK and France [25, 26] and 0.35–0.45 g day−1 broiler−1 in 
Ireland and Spain [24, 27].

Previous studies [12, 16, 20, 28] compiled a comprehensive overview of the most 
promising NH3 mitigation strategies from broiler housing such as oil and water 
spraying; aeration and ventilation system; filtration and biofiltration; acid scrub-
ber; dietary manipulation; temperature and litter moisture control; immunisation; 
bedding materials; light intensity; manure managements; and solid additive and 

Concentration Effect

5 ppm Lowest detectable level

6 ppm Irritation of the eyes and the respiratory tract

11 ppm Reduced animal performance

25 ppm Maximum exposure level allowed for a period of one hour

35 ppm Maximum exposure level allowed for a period of 10 minutes

40 ppm Headache, nausea and loss of appetite in humans

50 ppm Severe reduction in performance and animal health; increased possibility of pneumonia

100 ppm Sneezing, salivation and irritation of mucus membranes in animals

≥300 ppm An immediate threat to human life and health

Table 1. 
Harmful effects of NH3 concentrations in broilers and farm workers (from Birst et al. [20]).
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litter amendment. However, some of these mitigation technologies are expensive 
and/or needed more research to be implemented in commercial farms. Thus, Table 2 
resumes the best available techniques proposed to reduce NH3 production in poultry 
houses. For Portugal, the Directive 2016/2284/EU sets a 20% NH3 reduction from 
2030 relative to 2005 levels.

2.2 Nitrous oxide

Nitrous oxide (and NO) can be released through nitrification and denitrification 
processes from litter Eq. (2). Nitrification is the bacterial oxidation from ammonium 
(NH4

+) to NO3
− under aerobic conditions, whereas denitrification is the reduction of 

NO2
−/NO3

− to N2 under anaerobic conditions. The main influencing factors of nitrifi-
cation and denitrification are oxygen pressure, presence off N-substrates, tempera-
ture and humidity. Consequently, litter type, stoking density and management affect 
the gas concentration and emission from broiler houses [15].

  [ ] [ ] [ ] [ ]+ −⇒ + + ⇒ + +4 2 3 2 2Nitrification Denitrification
NH N O NO NO N O NO N  (2)

Nitrous oxide is a colourless and non-flammable gas, with a slightly sweet odour. 
Known as “laughing gas” due to the euphoric effects of inhaling it, being anaesthetic 
and the maximum recommended indoor concentration is 3 ppm [19]. In terms of 
environmental impacts, N2O in the atmosphere has a long life and contributes sig-
nificantly to global warming and greenhouse effect [13, 14]. Also, contributes to the 
depletion of the ozone layer in the stratosphere through the photochemical decompo-
sition of N2O to NO [13, 14].

The rate of formation and emission of N2O varies through time with changes 
in manure porosity, pH, temperature, moisture, amount of solids, N and protein 
content of the manure substrate (Figure 2) [32]. However, N2O emission rates might 
be mostly related with the litter management (i.e., the interphase aerobic/anaerobic 
conditions of the litter), but litter temperature and protein content in the diet could 
enhance the N2O loss (Figure 2) [4–6]. Moreover, previous studies reported low N2O 
concentrations close to the detection limit levels and tended to be higher in winter 
than in summer, being negatively affected by the ventilation rate [4–6, 32]. The 
average annual N2O emission rates from broiler houses with new litter material in 
each production cycle varied among European countries, ranging from 0 mg day−1 
broiler−1 in France [25] to 2 to 6 mg day−1 broiler−1 in Portugal [4, 5] and 46 mg day−1 
broiler−1 in Spain [5].

There are various options to reduce N2O emissions, but the key approach is to 
improve overall N efficiency of broilers production [10, 32]. Therefore, improving 
animal feed conversion efficiency (dry matter, fibre, protein and mineral nutrition 
intake) becomes a major strategy for mitigating N2O emissions from these animal 
species [10, 32]. The relationship between manure NH3 volatilisation and N2O emission 
is also complex because emissions of both may be reduced by diet manipulation or 
manure management, and if a mitigation technology reduces NH3 losses, the preserved 
NH4

+ may later increase storage N2O emissions [13, 33]. On the other hand, gaseous 
losses of N will reduce the availability of N for nitrification and denitrification pro-
cesses and, consequently, N2O formation [34]. Nevertheless, it is crucial to consider 
potential pollution swapping when planning and implementing mitigation measures.
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2.3 Carbon dioxide

Carbon dioxide emission originates from the breathing of broilers, uric acid/urea 
hydrolysis of excretions and aerobic/anaerobic decomposition of litter material, the 
first source being the main source of this emission (Figure 2) [4–6, 15, 18]. Carbon 
dioxide production by broilers is proportional to their metabolic heat production, 
and thus to the metabolic body weight of the broilers, which in turn is affected by the 
temperature and broiler activity [21, 23].

Carbon dioxide is an odourless gas and the threshold limit is set to 3000 ppm, 
being asphyxiant at this level, increasing breathing, drowsiness, and headaches as 
concentration increases [19]. Under normal conditions, the concentration of CO2 in 
broiler houses ranges from 500 to 3000 ppm, with a limit of 2500 ppm of CO2 being 
recommended to maintain good indoor air quality [21]. There is no health risk for 
birds and humans at this level. Although CO2 is rarely life threatening, some effects 
are reported for longer exposure to 3000–10,000 ppm, with negative effects on blood 
parameters (alkaline phosphatase) and immune system in broilers and respiratory 

Mitigation measure Technique NH3 Reference

Feeding Multiphase feeding [13]

Low protein feeding, with or without 
supplementation of specific synthetic amino acids

[13]

Increasing the non-starch polysaccharide content of 
the feed

[13]

Supplementation of pH-lowering substances, such as 
benzoic acid

[13]

Decrease of the protein content in the feed by 1% may 
decrease the NH3 emissions by 10%

10% [13]

Clinoptilolite as feed additive 30% [29]

Yucca extract as feed additive 50% [29]

Housing New and largely rebuilt broiler housing 20–90% [13]

Naturally ventilated house or insulated fan-ventilated 
house with a fully littered floor and equipped with 

non-leaking drinking system

20–30% [13]

Litter with forced manure drying using internal air 40–60% [13]

Tiered floor and forced air drying 90% [13]

Tiered removable sides; forced air drying 90% [13]

Combideck system 40 [13]

Magnesium sulfate as litter additive 45% [5]

Aluminium sulphate as litter additive 50–70% [13, 30]

Clinoptilolite as litter additive 28% [6]

Scrubbing of exhaust air 70–90% [13]

Biofiltration of exhaust air 50% [31]

Table 2. 
Best available techniques (relative to the reference technique: Deep litter; fan-ventilated house) proposed to reduce 
NH3 losses in broiler houses.
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and cardiovascular diseases in humans [21]. In terms of environmental impacts, CO2 
in the atmosphere contributes significantly to global warming, but does not contrib-
ute to the greenhouse effect because it is part of the so-called short C cycle, with CO2 
originated by animal production not being accounted in national inventories [14, 35].

The CO2 concentrations observed in broiler houses are related with NH3, with 
elevated levels in winter due the lower ventilation rate during cold weather [5]. Previous 
studies [4, 5, 7, 21, 24] reported an average CO2 emission rate from 55.2 to 98.4 g day−1 
broiler−1 in South of Europe for broiler using new litter material in each production cycle.

2.4 Methane

Methane is produced by the anaerobic microbial degradation of soluble lipids, car-
bohydrates, organic acids, proteins and other organic components Eq. (3). Methane 
emission originates from the anaerobic decomposition of litter material inside the 
building, depending on temperature and humidity, ventilation rate, excretion rate 
and litter management (Figure 2) [15, 24, 32].

 2 4 2Anaerobic decomposition
OrganicC CO CH H S+ +⇒  (3)

Methane is not considered to be toxic and the threshold limit is set to 5000 ppm, 
being odourless and concentrations from 5000 to 15,000 ppm are explosive, with sev-
eral explosions have occurred due to ignition of methane rich air in poorly ventilated 
animal buildings [19, 21]. In terms of environmental impacts, CH4 in the atmosphere 
has a strong radiative power and contributes significantly to global warming and 
greenhouse effect [13, 14].

Previous studies reported low CH4 concentrations in broiler houses and the 
variability may be caused by differences in litter reactions within the broiler house 
during the growing period [24]. The annual average CH4 emissions ranged from 0 to 
18 mg day−1 broiler−1 in South of Europe [4, 5, 24, 25] for commercial broiler houses 
using new litter material in each production cycle, showing lower values than the 
IPCC emission factor (50 mg day−1 broiler−1) [14].

2.5 Hydrogen sulphide

Hydrogen sulphide is formed by bacterial sulphate reduction and the decomposi-
tion of sulphur containing organic compounds in litter under anaerobic conditions 
(Figure 2) [36].

The H2S as low odour thresholds (10 ppb) and when managed improperly, higher 
concentrations negatively affect humans, birds, and the environment. At low con-
centrations (<10 ppm), this gas is highly toxic, poisonous, deadly, odorous (odour of 
rotten eggs/low concentrations contributed significantly to odour), colourless, and 
heavier than air. The H2S could cause dizziness, headaches, and irritation to the eyes 
and the respiratory tract. In addition to causing adverse effects to human and bird 
health, H2S might be oxidised in the air forming sulphuric acid (H2SO4) resulting in 
acid rain that could cause ecological damage [19, 21].

Saksrithai and King [36] summarised a comprehensive overview of the most 
promising H2S mitigation strategies from broiler, including feed supplementation 
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(additives, prebiotics, and probiotics); manure manipulation (pH, moisture, and its 
microbial population); housing types; ventilation rates; and biofilters. In addition, 
the most promising singular methods to reduce 100% H2S emissions are probiotic 
supplementation in feed, sawdust in manure, or a biofiltration system. Where cost 
and equipment availability may be prohibitive, combined methods (assuming addi-
tive effects) of fibrous by-products and manure moisture control via microorganisms 
or oil addition can reduce 100% emissions as well.

3. Odours

The odours are a significant source of gaseous pollution in broiler housing, derived 
from anaerobic and aerobic microbial activity during litter decomposition. The litter 
is considered the primary source of odour in broiler housing. The malodorous com-
pounds are originated by organic particulate matter, volatile fatty acids, sulphurous 
(H2S, mercaptans) and NH3 (Figure 2) [37]. The main odorous compounds emitted 
on broiler farms are dimethyl sulphide, dimethyl disulphide, dimethyl trisulfide, 
nhexane, acetic acid, 2,3-butanedione, methanol, ethanol, 1-butanol, 2- butanol, 
1-octen-3-ol, 3-methyl-1-butanol, 3-methyl-1-butanal, acetone, 2- butanone and 
3-hydroxy-2-butanone [38].

Odour emissions from litter are complex due to the existence of multiple odor-
ant sources within litter (i.e., fresh excreta, friable litter and cake), formation and 
emission of numerous odorants, and significant spatial and temporal variability of 
moisture content, porosity, pH, ventilation airflow, temperature, humidity and bird 
activity (Figure 2) [9, 38].

There has been limited studies of management strategies that reduce the forma-
tion and emission of odorants from broiler litter, mostly focussed on the perspective 
of reducing NH3 emissions by air scrubbing, misting, filtering, ionising, oxidising 
and dispersing technologies [28, 38, 39]. In addition, strategies are focused on the 
perspective of reducing odours in the air through fogging technologies combined 
with the use of masking agents, counteractants, neutralizers and surface-enhanced 
absorption agents (Table 3) [28, 38, 39]. Dunlop et al. [40] selected management 
strategies with expected effectiveness to reduce odour emissions from broiler litter, 
being maintaining dry and friable litter; in situ aeration of litter; in shed windrow-
ing/pasteurising of litter reuse; litter acidifying additives; litter adsorbent addition 
(activated carbon, silica gel or zeolite); and enzyme addition combined with heated 
incubation.

4. Particulate matter

In broiler housing, the PM consists of a complex mixture of solid and liquid 
 materials such as litter materials, feathers, feeds, skin, excreta, dander and microor-
ganism, whit about 90% organic content [41]. The classification of PM is based on 
particle size (aerodynamic diameter), considering PM1.0 (≤1.0 μm), PM2.5 (≤2.5 μm), 
PM4.0 (≤4.0 μm), PM10.0 (≤10.0 μm) and total suspended particle (TSP) (≤100.0 μm) 
[42]. The PM emissions from broiler housing are affected by various factors and 
change according to housing system or types, litter materials, diurnal and seasonal 
variation, ventilation system and velocity, temperature and relative humidity, birds 
age and type, activity and stocking density and manure management (Figure 2) [41].
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The primary air emissions include PM with a high potential risk to air quality, 
public and bird health, and climate change. Cambra-López et al. [43] reported 
that the concentrations of TSP (inhalable PM) in broiler houses ranged from 1 to 
14 mg m−3 in European countries. The World Health Organisation has recently (in 
2021) amended the ambient air quality standards and proposed the maximum of 
PM10.0 to be 15 μg m−3 for the annual average and 45 μg m−3 for the 24 h mean, while 
for PM2.5 to be 5 μg m−3 for the annual average and 15 μg m−3 for the 24 h mean [41]. In 
Portugal, the Directive 2016/2284/EU establishes a 53% reduction of PM2.5 from 2030 
compared to 2005 levels. The levels of PM in broiler houses affect birds’ health and 
welfare, including eye irritation, throat irritation, cough, phlegm, chest tightness, 
sneezing, headache, fever, nasal congestion, and wheezing, especially in cold periods 
when the house will have limited ventilation. Furthermore, long term exposure to 
PM in humans increases obstructive pulmonary disorder, chronic bronchitis, chronic 
obstructive pulmonary disease, pneumonia lesions, cardiovascular disease, asthma 
like symptoms, lung cancer, or even mortality. Similarly, a higher level of PM with 
endotoxin in birds causes impaired lung function, chronic bronchitis, pneumonia 
lesions, cardiovascular illness, and cardiotoxicity in chicken embryos and hatchling 
chickens and might increase the risk of mortality rates [21, 41, 43].

Principle Technique Pollutant

Microbiological Aeration Gases, odour

Anaerobic digestion Gases, odour

Biofiltration Gases, odour, PM

Composting Gases, odour

Biochemical Enzyme additives Gases, odour

Chemical Acidification NH3

Ozonation Odour

Managerial Best management practices Gases, odour, PM

Physical Absorption Gases, odour

Cooling NH3

Covering Gases, odour

Drying Gases, odour, PM

Electrostatic precipitation PM

Fan plum deflector Gases, odour, PM

Filtering PM

Oil spraying Gases, odour, PM

Shelterbelt Gases, odour, PM

Solid separation Gases, odour, PM

Wet scrubbing Gases, odour, PM

Physiological Dietary manipulation NH3, odour

Odour masking Odour

Table 3. 
Best available technologies for mitigation of airborne pollutants in broiler houses (from Ni [28]).
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Table 3 show effective mitigation strategies to reduce PM in broiler houses 
using biochemical, chemical, managerial, physical, and physiological practices. The 
techniques to control PM will also reduce NH3 and odours, which can be managing 
housing system and cleaning, light intensity, oil and water spraying, litter materials, 
electrostatic ionisation, filtration and biofiltration, acid scrubber, windbreaks and 
vegetative shelterbelts [28, 41, 43, 44].

5. Conclusions

In this review study, were summarised the primary reasons that affect the emis-
sion of NH3, N2O, CO2, CH4, H2S, odours and PM in housing, then analysed the conse-
quences of these pollutants on birds, workers and environment, and finally discussed 
different best available techniques for environmental protection and sustainability of 
broiler production, particularly feeds and feeding management, feed supplements, 
litter management and treatment of exhaust air. Thus, broiler farms should select 
mitigation strategies based on several considerations, such as location, climate condi-
tions, environmental policies and financial resources.
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Abstract

Air pollution can be produced from anthropogenic or natural sources. Most of 
the policies enacted to improve air quality focus on reducing anthropogenic sources 
of pollution, but if natural sources increase, then air quality does not improve with 
these policies. In this chapter, we first define the diurnal and monthly cycle of par-
ticulate matter and ozone concentration, depending on the weather, using data from 
air quality monitoring stations from Greater Mexico City. We then look at a mayor 
public policy intervention during the COVID-19 pandemic that drastically reduced 
anthropogenic sources of PM but did not reduce natural sources by doing robust 
trend analysis on air quality station data. We evaluate the effect of these interventions 
by looking at national air quality standards and the number of days air pollutants have 
been within recommended levels. The results show that during lockdown, air quality 
improved because less anthropogenic sources of PM were active. However, natural 
sources contributed to air pollution during that time.

Keywords: particulate matter, ozone, policy intervention, Mann-Kendall trend 
analysis, air quality

1. Introduction

Greater Mexico City (GMC) is one of the largest cities in the world, with more 
than 22 million inhabitants [1]. The population density in the capital of the country is 
6163.3 inhabitants per square kilometer. Municipalities located to the east and north 
of GMC (e.g., Iztapalapa and Gustavo A. Madero) are more populated than those in 
the south (e.g., Milpa Alta). The combined activity of vehicles and industries con-
sumes more than 45 million liters of petroleum fuel per day, generating thousands of 
tons of pollutants.

The labor dynamics of the Mexico City metropolitan area include long daily 
commutes in search of better salaries and working conditions. The cause of the 
mobility toward the central metropolis is explained by the diversity and special-
ization of the labor market, as well as the better salaries offered there. Mobility 
requires the use of public or private transport, whose emissions are difficult to con-
trol. Emissions from industry or vehicular traffic, when combined with the climatic 
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and topographic characteristics of the region, lead to the production of pollutants 
[2]. Ozone (O3) and particulate matter (PM10 and PM2.5) are two criteria pollutants 
whose concentrations have remained elevated over time, creating environmental 
contingencies in GMC.

The formation of O3 from pollutants has been studied, based on physics, chem-
istry, and statistics [3–5]. Ozone is formed by the photochemical reaction of volatile 
organic compounds (VOCs) and nitrogen oxides (NOx). Previous studies have 
reported that the formation of O3 is sensitive to VOCs in the GMC, explaining the 
decrease in the rate of titration of O3 by NO and the decrease in NOx in a VOC-limited 
environment. Control strategies to reduce VOC emissions will decrease ozone con-
centrations in VOC-limited regimes but increase their formation and concentration in 
NOx-limited areas [6].

Velasco et al. [7] found that in GMC, the release of heat stored in the urban surface 
forms a shallow stable layer (~200 m) near the ground, which favors the stagnation of 
nocturnal emissions. Strong inversion layers occur in the atmosphere of GMC during 
the night and early morning hours. After sunrise, surface heating favors convection 
and layer mixing, then the O3 balance depends on the photochemical production of 
the pollutant, the entrainment from the upper residual layer, and the destruction by 
titration with nitric oxide.

No reduction in ozone concentrations above GMC is observed on weekends when 
the number of cars on the roads is lower than during the week. Enforcement of traffic 
rules that restrict car circulation (with the goal of NOx reduction) during environ-
mental contingencies does not necessarily reduce ozone production [8]. Improving air 
quality in the GMC requires the implementation of comprehensive measurements at 
the regional scale.

Lei et al. [5] explain that the O3 formation characteristics and sensitivity to emis-
sion changes were found to be weakly dependent on the meteorological conditions for 
GMC. The O3 formation is sensitive to NOx and VOC levels and to the photochemical 
plume transport pathway.

During the COVID-19 pandemic shutdown, emissions of primary criteria pollut-
ants at GMC were significantly reduced; however, the daily mean ozone concentration 
profile was similar to that of previous non-pandemic years. The reductions in NOx 
were so drastic that ozone formation quickly shifted from a VOC-sensitive regime to 
a NOx-sensitive regime. A VOC-sensitive regime means that an increase in VOC leads 
to an increase in O3, while an increase in NOx leads to a decrease of O3; this regime is 
typical of densely populated urban atmospheres such as GMC [9].

Dust particles contribute to PM10 concentrations in GMC, particularly in the 
northeastern part of the city, where geologic material from the dry Lake of Texcoco 
is a dust source [10, 11]. This source alone generated about 80% of the total coarse 
particles measured in the northeastern GMC during exceptional dust events [12]. 
Another source of dust is the agricultural areas of Tenango del Aire and Chalco. 
These regions affected the central, southern, and southeastern parts of the city and 
contributed about 75% of the total coarse particles [12]. PM2.5 and PM10 affect the air 
quality during the rainy season when rain removes pollutants from the air. Bare soil 
and traffic-related conditions from February to May also contribute to the increasing 
concentration of PM2.5 and PM10 [13].

In this chapter, we evaluate the impact of policy interventions on anthropogenic 
pollution sources in the air quality of Mexico City. First, ground-based particulate 
matter (PM10, PM2.5) and ozone (O3) concentration data are used to define the diurnal 
and annual cycle of air pollution concentrations in Mexico City. Then, the effect of 
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the mobility restrictions enacted in March 2020 to stop the spread of the COVID-19 
pandemic is evaluated through trend analysis of the time series of the pollutants from 
2012 to 2022. Finally, the number of days exceeding the National Air Quality Standard 
is presented to evaluate the effect of reducing anthropogenic sources of pollution 
during March-April 2020.

2. Study area and data

2.1 Study area

According to the latest census in 2020, Mexico City (19.43°N, 99.13°W) is home to 
9,210,000 inhabitants [1]. Greater Mexico City (GMC) includes some municipalities 
of the State of Mexico that are attached to Mexico City, with a total population of 
about 22 million inhabitants in 2020 [1]. In terms of weather, the GMC experiences 
middle-latitude systems during the dry season and is exposed to tropical interactions 
during the rainy season. The wet season lasts from June to November and the dry 
season is defined from December to May [13].

In terms of urbanization, the layout of the GMC is heterogeneous, meaning that 
areas depending on land use or land cover are not well defined and they are rather 
mixed. In this study, we defined urban areas as areas with many built structures such 
as buildings and roads, rural areas are those with a few built structures and mostly 
vegetation cover, and semi-urban areas are defined as large green areas within an 
urban area, such as a large park near the city center [13].

In terms of mobility, in the morning at around 08:00 h local time (LT), most 
people travel from the municipalities further away from the city to the city center and 
the eastern business district. Moreover, from 17:00 h LT the flow population is in the 
opposite direction, from downtown and business district to the outskirts of Mexico 
City, as reported in the official 2019 mobility report [14].

Figure 1 shows a satellite image of the GMC and the location of the air quality 
monitoring stations used in this study.

2.2 Ground-based data

The Government of Mexico City, through the Secretary of the Environment, 
operates the Meteorology and Solar Radiation Monitoring Network (REDMET) [15] 
and the Automatic Ambient Monitoring Network (RAMA) [16], which are used to 
monitor the weather and air pollution concentrations, respectively.

2.2.1 Air temperature data

The REDMET measures surface temperature (2 m), relative humidity (2 m), 
wind direction, and wind speed (10 m) every hour at 26 locations in GMC [15]. 
REDMET has been in operation since 1986; in 2015, some stations were decommis-
sioned, while new stations were commissioned to cover the entire metropolitan 
area. To evaluate the effect of meteorological conditions on PM concentrations, 
5 REDMET weather stations that report meteorological and pollution concentra-
tion data at the same location were selected. The study period was 2012–2022. In 
some cases, the selected stations report only one type of pollutant, such as PM10, 
PM2.5, or O3.
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2.2.2 PM and O3 concentration data

The RAMA network includes 44 air quality monitoring stations covering the 
entire Mexico City metropolitan area. It reports hourly concentrations of O3, NO2, 
NOx, NO, SO2, CO, PM10, and PM2.5 [16]. We selected eight stations (Figure 1) with 
data for the period 2012–2022. Two stations (MER and HGM) are in urban areas and 
report PM10, PM2.5, and O3 concentrations. We selected two stations located in rural 
areas (ACO and UAX), which report PM10 and O3 and PM2.5 and O3 concentrations, 
respectively. Stations CHO, CUA, CCA, and SFE are in semi-urban areas, and the 
first two report PM10 and O3 concentrations, while the other two reports PM2.5 and O3 
concentrations.

2.3 Methodology

Hourly and monthly averages of PM (10 and 2.5) and ozone concentrations in 
urban, rural, and semi-urban areas were obtained to define the diurnal and monthly 
cycles of these pollutants. Similarly, hourly and monthly averages of meteorological 
data from REDMET were obtained to study the effect of meteorological conditions on 
PM and ozone concentrations.

The effect of mobility restrictions in 2020 on PM and O3 concentrations, which 
can be considered as a major public policy intervention, was evaluated using the 
Mann-Kendall trend analysis with Sen’s slope [17]. In addition, the Chow [18] test, 
which is used to test whether a break occurs at a given time in a time series, was 

Figure 1. 
Location of stations used in this study.
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used to assess the effect of the 2020 mobility restrictions. Statistical significance 
of PM concentration differences was assessed using the nonparametric Mann-
Whitney U test, which is commonly used in air quality studies to compare dif-
ferences in pollutant levels [19, 20]. A 95% significance level (p < 0.05) was used 
for all tests. Finally, the number of days exceeding the national air quality standard 
is used to determine the effect of public policy intervention on PM concentrations 
in GMC.

3. Results

3.1  Effect of meteorological variables on particulate matter and ozone 
concentrations

Multiple linear regression between meteorological variables (temperature, relative 
humidity RH, wind speed, and wind direction) and PM (10 and 2.5) and ozone was 
performed to assess the effect of meteorological variables on PM and O3 concentra-
tions. In 90% of the linear regression models, wind speed and wind direction were 
statistically significant variables, whereas temperature and RH were not always 
statistically significant. The effect of meteorological variables on PM and on ozone 
concentrations was analyzed using the quantile regression at 75% between wind 
speed and pollutant concentration [21].

Table 1 indicates that there is a negative relation between PM10 in urban areas and 
wind speed. Similarly, a negative relation was found between PM2.5 in urban areas 
and wind speed. In semi-urban areas, a positive relation between PM2.5 and wind 
speed was found. Moreover, in rural and semi-urban areas, O3 was positively related 
to wind speed. Higher wind speeds in urban areas cause a higher dilution of pollut-
ants in the Planetary Boundary Layer (PBL) decreasing PM concentrations. However, 
higher winds in rural and semi-urban areas enhance soil erosion, producing dust and 
increasing PM concentrations.

Station Coefficient p-value

PM10 Urban Neg p < 2e-6

Rural NS p = 0.861

Semi-urban NS p = 0.412

PM2.5 Urban Neg p < 2e-6

Rural NS p = 0.426

Semi-urban Pos p = 0.01

O3 Urban NS p = 0.91

Rural Pos p < 2e-6

Semi-urban Pos p < 2e-6

Neg: negative coefficient, Pos: positive coefficient, NS: not statistically significant (p < 0.05).

Table 1. 
Results of quartile regression between pollutants (PM10, PM2.5, and O3) and wind speed.
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3.2 Pollutant concentration patterns

3.2.1 Hourly averages

Hourly mean pollution concentrations for stations in urban, semi-urban, and 
rural stations are shown in Figure 2 for June to January and Figure 3 for February 
to May.

During the first hours of the day (0:00 to 7:00 LT), the median PM10 concentra-
tion in the semi-urban area is lower than that recorded in the rural and urban areas. 
Between 9:00 h and 15:00 LT, the median PM10 concentration in the urban area 
increases and exceeds that of PM10 in other regions. At night (18:00–22:00 h LT), the 
PM10 concentration in the city becomes homogenous. This variability occurs during 
the dry and wet seasons and is more pronounced during the dry season (Figure 2). 
The hourly behavior of PM2.5 is similar to that of PM10. However, the difference in 
PM2.5 concentration between the urban area and the semi-urban and rural areas is 
more pronounced from 9:00 to 12:00 LT (Figure 3).

The diurnal variation of ozone is mainly due to photochemical reactions due 
to solar radiation. Therefore, the ozone concentration increases from 9:00 local 
time to a maximum of around 15:00 local time. At night (20:00 to 7:00 LT), the 
ozone concentration is the lowest in the urban area compared to other regions 
(Figures 2 and 3).

Figure 2. 
Diurnal cycle of PM10, PM2.5, and O3 concentrations in urban, semi-urban, and rural areas in GMC during the 
dry season (February-May). Data from 2012 to 2022. O3 concentrations in ppb and PM (10 and 2.5) in μg/m3.
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3.2.2 Monthly averages of pollution concentrations in GMC

Figure 4 shows the monthly average concentrations of pollutants in urban, semi-
urban, and rural areas of the GMC.

Monthly ozone concentrations increased during the dry season (February-May) 
in urban, semi-urban, and rural areas during 2012–2022. The rainy season begins 
in late May in central and southern Mexico. The rain removes pollutants from the 
atmosphere, resulting in a decrease in tropospheric ozone concentration beginning 
in June. Monthly ozone concentrations are higher in rural and semi-urban areas than 
in urban areas (Figure 4). This urban-rural gradient has also been observed in other 
cities around the world and originates from the ratio of NOx to VOCs [22, 23].

Similarly, PM10 concentrations increase during the dry season. However, during 
this period, PM10 concentrations are higher in semi-urban areas than in rural areas. 
Furthermore, during winter (October-January), PM10 concentrations do not differ 
significantly between rural, urban, and semi-urban areas. The seasonal behavior of 
PM2.5 is similar to that of PM10. The median PM2.5 concentration is 25 μg/m3 from 
November to May.

3.3 Trend analysis

The trend analysis shows that O3 in urban areas in the wet season has no trend 
change in the period 2012–2022. Also, PM2.5 concentrations in the dry season in rural 

Figure 3. 
Diurnal cycle of PM10, PM2.5, and O3 concentrations in urban, semi-urban, and rural areas in GMC during the 
wet season (June-January) for the period 2012–2022. O3 concentrations in ppb and PM (10 and 2.5) in μg/m3.
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and semi-urban areas have the same trend in the period 2012–2022. In contrast, PM2.5 
concentrations in urban areas in dry and wet seasons changed six and four times in 
the period 2012–2022, respectively. O3 concentrations in rural areas in dry and wet 
seasons changed five times in the period 2012–2022.

In 2020, there are significant (p < 0.05) trend changes in PM2.5 concentrations 
in urban areas during the dry season and O3 concentrations in rural and semi-urban 
areas during the wet season.

3.4 Concentration difference

According to the boxplots shown in Figure 5, the concentration of PM10 is 
decreasing in urban, semi-urban, and rural areas compared to previous years. 
However, the largest decrease was found in rural areas in 2020. A decrease of 
38.87% (U = 17,156; p < 5.02e-68) was found in 2020 compared to 2019. PM2.5 
concentrations in urban areas decreased on average by 9.7% compared to 2019. 
PM2.5 in rural and semi-urban areas decreased on average by 11.68% and 14.84%, 
respectively (U = 17,156; p > 5.02e-68 and U = 58,648; p = 0.002). In contrast, ozone 
concentrations increased on average by 3% in urban, 14% in rural, and 16% in semi-
urban stations in 2020 compared to 2019, due to the chemical reaction explained in 
detail by Peralta et al. [9].

Average increases or changes of PM (10 and 2.5) and O3 were calculated using data 
from the whole year 2020. In order to assess the immediate effect of a major interven-
tion on PM and ozone concentrations in urban, rural, and semi-urban areas of the 

Figure 4. 
Monthly ozone (O3), PM10, and PM2.5 concentrations in urban, semi-urban, and rural areas of Mexico City for 
the period 2012—2022. O3 concentrations in ppb and PM (10 and 2.5) in μg/m3.
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GMC, the Chow test is performed. This test allows us to detect a structural change at a 
given time. In this case, the mobility restrictions started on March 23rd, 2020, or day 
of the year (DOY) 83. Therefore, the test is performed for this day. The results of the 
Chow test for DOY 83 are shown in Table 2. The PM2.5 diurnal cycle is also influenced 
by working hours since many PM2.5 anthropogenic sources are related to transporta-
tion and industrial activities. Finally, the ozone diurnal cycle is also influenced by the 
diurnal cycle of solar radiation.

Figure 5. 
Daily PM10 and PM2.5 concentrations and hourly O3 concentrations in urban, rural, and semi-urban areas of 
Mexico City.

At day of the year (DOY) 83, March 23rd, 2020

PM10 PM2.5 O3

Urban F = 2.5954, p-value = 0.076 F = 1.3796, p-value = 0.253 F = 151.42, p-value 
<2.2e-16

Rural F = 0.7036, 
p-value = 0.4955

F = 2.3805, p-value = 0.09396 F = 93.78, p-value 
<2.2e-16

Semi-urban F = 1.7961, p-value = 0.1675 F = 4.3136, p-value = 0.01407 F = 115.11, p-value 
<2.2e-16

Table 2. 
Results of Chow test (p < 0.05).
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At the 95% confidence level, a significant change in PM2.5 concentrations was 
found in the semi-urban areas. Ozone concentrations also changed significantly in the 
three areas on that day.

3.5 National standard exceedances

The final part of the assessment of the effect of lockdown on air quality is done by 
looking at the number of exceedances of the National Standard (NOM) for air quality 
(NOM-025-SSA1-2014 until 2022 and NOM-025-SSA1-2021 after 2022). The NOM-
025-SSA1-2014 stipulates that daily PM2.5 concentrations should not exceed 45 μg/m3 
and PM10 concentrations should not exceed 75 μg/m3. In addition, the hourly average 
of O3 should not be greater than 0.090 parts per million (ppm) in order to be consid-
ered “good” air quality.

The number of exceedances of the NOM for PM and ozone concentrations during 
the wet and dry seasons from 2012 to 2022 at urban, rural, and semi-urban stations in 
Mexico City is shown in Figure 6.

In the 2020 dry season (when the mobility restrictions were enacted), the recom-
mended PM10 concentration levels were exceeded five times in urban areas and once 
in rural areas. Fewer NOM exceedances were reported that year than in previous 
years. The recommended levels of PM2.5 concentration were exceeded only once in 
semi-urban areas during the dry season. In terms of PM2.5 concentrations during 
the dry season, air quality improved in urban and rural areas due to major policy 

Figure 6. 
(a) Number of exceedances of NOM for PM10, (b) number of exceedances of NOM’s limits for PM2.5, and (c) 
number of exceedances of NOM for O3. In all cases, the wet and dry seasons are shown for urban, rural, and 
semi-urban areas in GMC.
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intervention. In contrast, the recommended levels of ozone were exceeded more often 
than in previous years, especially in semi-urban areas.

4. Discussion

The results of the analysis show that wind is the main environmental variable 
affecting PM and O3 concentrations; therefore, long-range transport of pollutants can 
be a limitation of policies reducing anthropogenic sources of pollutants. A refinery 
complex is located around 80 km to the northeast of the city center in Tula, Hidalgo. 
It contributes to air pollution in GMC via long-range transport of pollutants, mainly 
PM10 [13, 24]. Also, high winds cause erosion of dry soils, especially in rural areas 
during the dry season [12]. Therefore, there is a positive significant relation between 
PM concentrations and wind speed in rural areas.

The diurnal cycles of PM10 concentration show that in the early morning, 
concentrations in semi-urban areas are higher than in rural and urban areas. As 
the working hours begin, PM10 concentrations increase in urban and rural areas. 
This has to do with transportation, industrial production, long-range transport of 
pollutants, soil erosion during the morning hours, and the boundary layer height 
cycle [25].

The ozone diurnal cycle is affected by solar radiation and economic activity since 
ozone precursors are related to vehicle emissions and solar radiation contributes to the 
formation of surface ozone [26].

The monthly averages show that the rainy season washes out pollutants, thus caus-
ing an improvement in air quality. Also, wet soils are less likely to be affected by wind 
erosion. Thus, some natural sources of PM and O3 are reduced.

The trend analysis shows that in the long run, there was an effect of mobility 
restrictions (and halting or reduction of nonessential businesses and industries) in 
PM concentrations. However, ozone increased during this period as previous studies 
in the same region have shown [9]. The short-term analysis done with the Chow test 
showed that at the start of the restrictions, there was a decrease in PM2.5 concentra-
tions in semi-urban areas and ozone in the whole GMC. The effect on the other areas 
was not statistically significant. Finally, in 2020, the NOM of air quality was exceeded 
a few times in PM2.5 and PM10 during the lockdown; however, the limits of ozone were 
exceeded more times than in the 10 previous years.

5. Conclusion

To analyze the effect of the reduction of anthropogenic sources on PM and O3 
concentrations, it is also necessary to analyze the effect of winds and other meteo-
rological variables. Furthermore, long-range transport of pollutants and natural 
sources of pollutants such as wildfires or dry soils caused by drought need to be 
taken into account to assess the effect of policy interventions aimed at reducing 
anthropogenic sources of air pollutants in Greater Mexico City. According to the 
results of this study, during the 2020 dry season in Mexico City, there was a sta-
tistically significant reduction of PM2.5 and PM10 concentrations, but there was an 
increase in ozone.
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Chapter 10

The Use of Stable Isotopes to 
Identify Carbon and Nitrogen 
Sources in Mexico City PM2.5 
during the Dry Season
Diego López-Veneroni and Elizabeth Vega

Abstract

Stable nitrogen and carbon isotopes were used to trace the interaction between 
atmospheric particles < 2.5 mm in diameter (PM2.5) with atmospheric physical 
variables and atmospheric chemical species in an urban environment. PM2.5 were 
collected daily at two sites in Mexico City during three dry seasons during two-week 
periods. PM2.5 varied between 10 and 70 μg/m3, with the highest concentrations 
occurring during low-speed southerly winds and the lowest during high-speed 
easterly winds. Stable carbon isotope composition (δ13C) showed that the main 
carbon source of PM2.5 included emissions from fossil fuel combustion, along with 
low-molecular-weight carbon emissions and suspended dust. Stable nitrogen isotope 
values (δ15N) in PM varied between −9.9 and 21.6‰. The most 15N-enriched particles 
generally occurred during low wind speeds and correlated significantly with hourly 
averaged ambient NOx and NO2 concentrations. Simultaneous samples from MER 
(commercial site) and XAL (industrial site) showed that PM2.5 mass concentration 
was generally lighter and the carbon and nitrogen isotopic compositions were heavier 
at the commercial site relative to the industrial site. The δ15N of PM2.5 increased with 
the %N in PM2.5 concordant with an isotopic fractionation during gas-to-particle 
condensation. Results suggest that wind speed, along with the nitrogen emission 
source, determines the nitrogen isotopic composition of PM2.5.

Keywords: PM2.5, δ13C, δ15N, Mexico City, ambient air

1. Introduction

Two major atmospheric contaminants are airborne particulate matter (PM) and 
nitrogen oxides (NOx). PM from both natural and anthropogenic sources affect 
human health and air quality and, although they are size-regulated by national and 
international environmental standards, its control remains a challenge. PM has 
been associated with cardiovascular and respiratory diseases and life-expectancy 
reduction [1]. Because of its small size, PM2.5 (PM < 2.5 mm in diameter) enter deep 
into the lungs and produce short- and long-time effects on the respiratory system, 
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generating oxidative stress, systemic inflammation, and neuroinflammation, among 
other ailments [1, 2]. In contrast to PM10 (PM < 10 mm in diameter), which is usually 
composed of resuspended dust from unpaved roads, industrial emissions, agricul-
tural activity, pollen, and bacteria, PM2.5 is formed by combustion processes and the 
accretion of very small particles and/or condensation of gases on the surfaces of small 
particles [3]. PM2.5 and PM10 contain numerous chemical compounds, such as carbon, 
sulfates, nitrates, and ammonium, among others, depending on the emission loca-
tion. Primary particles are emitted directly from sources and can be formed through 
gas-to-particle conversion known as secondary particles. The secondary inorganic 
PM fraction is mainly composed of ammonium nitrate and ammonium sulfate whose 
precursors are emitted as NOx, SO2, and NH3 and then converted to solids through 
chemical reactions (e.g., [4]).

In turn, nitrogen oxides (NOx), especially nitrogen dioxide (NO2), are strong 
atmospheric oxidants that enhance low atmospheric visibility, play a role in climate 
change, and are precursors of secondary contaminants [3]. As a result of anthro-
pogenic activities, atmospheric nitrogen species and fluxes in urban environments 
far outweigh biogenic sources. For example, over 80% of nitrogen oxides (NOx) are 
originated by the combustion of fossil fuels for transportation, electricity generation, 
and industrial activities. This contrasts with the 4% emissions by agricultural and 
biogenic sources [5]. Other nitrogen species also occur as gases or in particles in the 
atmosphere. NH4

+ salts contribute to the long-range transport of acidic pollutants due 
to day-scale atmospheric lifetime and after deposition, they can contribute to forest 
decline and soil acidification. Ammonia and nitric acid are the main precursors of 
nitrate aerosols. Nitric acid is produced in the atmosphere as an additional reaction 
product of NO2, from fossil fuel combustion, biomass burning, or from soil. NO2 can 
oxidize and also react to form HNO3 by pathways relied on the formation of NO3

−.
Mexico City Metropolitan Area is characterized by being one of the largest mega-

cities in the world. In addition to its more than 20 million inhabitants and a fleet 
of over 6 million vehicles, the air quality of the metropolitan area (which includes 
Mexico City and adjacent municipalities of the States of Hidalgo and Mexico) is 
affected by industrial and vehicular activity in the north and northeast sectors of 
the city and by biomass burning from a nearby agricultural activity, which is then 
transported into the urban area (e.g., [6]). The city lies on a high-altitude plateau 
(2240 m above sea level) and, except for the NE and SE sectors, is surrounded by 
mountain chains, which preclude an efficient pollutant dispersion (Figure 1). As 
such, in 2010, the PM2.5 annual average concentration of 25 μg/m3 was over two times 
higher than the recommended annual average of 10 μg/m3 established by the World 
Health Organization (WHO), which clearly underscores the difficulty to reach the 
PM regulations [7]. Likewise, in 2010, the NO2 annual average of 55 μg/m3 was clearly 
greater than WHO’s 40 μg/m3. As a result of control enforcement policies during 
2004–2008, PM2.5 average concentration decreased by 27% [7], and in 2014, there was 
a decrease in PM of 11% with respect to 2013. Control measures, such as banning lead 
from gasoline, the use of natural gas, and mandatory vehicle emission inspection, 
have consistently decreased PM emissions.

Some studies on Mexico City’s atmosphere have reported that PM2.5 is mainly com-
posed of 50% carbonaceous aerosol, suggesting an origin from incomplete combus-
tion of fossil fuels and biomass burning, followed by sulfates, nitrates, ammonium, 
and geological material among others [8, 9]. The main secondary inorganic aerosol 
components in PM2.5 mainly occurred as ammonium sulfate [(NH4)2SO4] and ammo-
nium nitrate [NH4NO3] due to the neutralization of atmospheric acids with gaseous 
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ammonia from agriculture, landfills, industries, biomass burning, and motor vehicles. 
In Mexico City, measurements made inside roadway tunnels showed a contribution of 
8% of NH4

+ emissions from on-road vehicles [10].
Stable nitrogen (15N and 14N) isotopes are valuable tools to trace the sources and 

transformations of airborne PM. Examples include tracing the sources of primary and 
secondary nitrogen in PM10 [11], nitrate accumulation in PM2.5 [12], and NOx contri-
bution in nitrogen dry deposition [13]. On the other hand, stable carbon isotopes (13C 
and 12C) have been used in urban atmospheres to trace diesel and gasoline combustion, 
dust, soil and industrial emissions since these have distinct isotopic signatures [14–16]. 
Here, we use stable carbon isotopes and stable nitrogen isotopes of PM2.5 from a data 
set to elucidate sources and chemical processes between the nitrogen in particles and 
several species of atmospheric nitrogen at two contrasting sites during three dry season 
periods in Mexico City. The sources of PM2.5 are further studied using stable carbon 
isotopes. This chapter provides a baseline for δ15N in Mexico City atmospheric particles 
as no previous data on N isotopes have been previously published.

2. Methodology

2.1 Sampling

During three two-week sampling campaigns (November 2003 and 2004, and March 
2004), PM2.5 samples were collected at two sites with different land use. Figure 1 shows 
the two sampling sites, along with the orographic characteristics of the Mexico City 
Metropolitan Area. La Merced (MER) is an important commercial site with a major food 
market, located approximately 0.2 km west of downtown; the site is near to moderately 
traveled paved streets. Xalostoc (XAL) is located in the northeast of the city, adjacent to 
heavily traveled paved and unpaved roads where old and new gasoline and diesel vehicles 
transit in an industrialized area; this site is 5 km west of the dry Lake Texcoco, thus resus-
pended dust from the dry lake bed may affect this site.

Particle samples were collected with battery-powered MiniVol portable PM2.5 sam-
plers (Airmetrics) operating with a volume intake of air of 5 L/min for 24 h. Before 
sampling, the filtration volume of the samplers was previously calibrated at standard 
conditions of temperature and pressure. Teflon membranes were used to measure 

Figure 1. 
Study zone where depicting XAL and MER sampling sites in Mexico City Metropolitan Area.



Air Pollution – Latest Status and Current Developments

148

mass by gravimetry. Details of the equipment and sampling procedures can be found 
elsewhere [9].

2.2 PM2.5 concentration and composition measurements

PM2.5 mass was determined by duplicate samples collected on 47 mm Teflon filters, 
which were weighted in a microbalance prior to and after sampling.

Ions were collected on quartz filters and extracted in deionized water by sonica-
tion. Ions were analyzed by high-performance liquid chromatography. Nitrate, 
sulfate, and ammonium were analyzed by ion exchange chromatography. Organic 
carbon and elemental carbon were analyzed by thermal–optical reflectance.

2.3 Stable nitrogen and carbon isotopes measurements

Stable carbon and nitrogen isotopes of PM2.5 were collected in pre-combusted 
GF/F filters, which were placed in the MiniVol samplers. After sampling, filters were 
freeze-dried to remove any water or humidity in the sample, placed in aluminum 
vials, and inserted into a combustion column. Generated gases (CO2 and N2) were 
analyzed in a MAT-Finnigan 252 stable isotope mass spectrometer to quantify the 
13C/12C and 15N/14N isotopes in each sample. Standards used for instrument calibra-
tion were acetanilide, methionine, and urea, all with a known isotopic value. An 
acetanilide substandard was run for every 10 samples. Carbon and nitrogen isotopes 
are referred to as VPDB and Vienna air nitrogen standards, respectively.

2.4 Meteorological and ambient air data

Ancillary ambient data were obtained from the RAMA and REDMET data sets. 
RAMA (Spanish acronym for automatic ambient monitoring network; [17]) mea-
sures criteria atmospheric pollutants (PM10, CO, CO2, NOx, NO2, SO2, and O3) at 15 
locations within Mexico City on an hourly basis. At MER, PM2.5 hourly data are also 
measured by RAMA. Wind velocity and direction, relative humidity, and temperature 
measured on an hourly basis were obtained from the REDMET (meteorological net-
work) database [17]. For each sampling period, the hourly data were averaged, except 
for wind direction where the hourly mode was used.

3. Results and discussion

3.1 Meteorological characterization

Table 1 gives the basic statistics of meteorological variables during the three peri-
ods of study. On average, November 2003 was colder than the other sampling periods. 
In turn, March 2004 was drier and had the highest wind speeds. November 2004 was 
characterized by low wind speeds. During the first two sampling periods, the most 
frequent wind direction was from the NW-NE sectors. In November 2004, both XAL 
and MER sites were affected by E-SE winds

The diurnal variation of the meteorological parameters during the study is shown 
in Figure 2. The hourly data at each sampling period and site is an average of 14 days. 
In all three sampling periods and the two sites, early morning was characterized by 
low temperatures at 6 h, which increased consistently to a maximum at 16 h to then 
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decrease again. In turn, the most humid conditions were present at 6 h and decreased 
to a minimum of 30% at 16 h. Wind speeds were usually low during the morning 
hours and increased to a maximum around 18 h, which favors contaminant disper-
sion from the valley. At MER, low wind speeds were consistently slow until 14 h, in 
contrast to speeds at XAL where wind speed increased from 6 h to maximum speeds 
at 18 h. The lowest daily average wind speeds were significantly lower at XAL during 
November 2004. In general, westerly winds were present at MER between 22 h and 
the next day 2 h. On average, easterly winds were dominant throughout the rest of the 
day at both locations.

3.2 PM2.5 concentrations

Scatterplots of the daily PM2.5 concentrations collected with the MiniVol samplers 
were compared with the respective average daily PM10 concentrations from hourly 
measurements from the RAMA stations at XAL and MER (Figure 3). At MER, hourly 
measurements of the MiniVol PM2.5 data were also compared with RAMA PM2.5 data. 
The scatterplots show a high correlation (R2 > 0.9) between PM2.5 from our MiniVols 
and the RAMA data and show that our daily samples are representative of the average 
daily PM2.5 concentrations [18]. The high correlation between PM2.5 and PM10 fur-
ther suggests a common source or formation mechanism of these particles. López-
Veneroni [14] showed similar correlations in concentrations and carbon isotope 
compositions for simultaneous PM2.5 and PM10 samples in Mexico City.

The average diurnal variations of PM10 at XAL and MER, and of PM2.5 at MER 
from the RAMA stations during the period of study are shown in Figure 4. These 
data provide insight into the time of the major particle accumulation throughout the 
day. Morning PM2.5 concentrations were around 30 mg/m3 and peaked to 70 μg/m3 
at 10 h. Concentrations then decreased until 18 h and remained constant at 30 μg/m3 
throughout the night and early morning. In contrast, the diurnal variation of PM10 
showed two major peaks at 8 h and 18 h, which probably result in particle accumula-
tion during traffic rush hours. During the afternoon, the increase in wind speeds 
dispersed these pollutants.

Figure 2. 
Hourly average of temperature, relative humidity, wind speed, and wind direction at MER and XAL during 
November 2003 (blue squares), March 2004 (red dots), and November 2004 (black diamonds). Each symbol is the 
hourly average of 14 days at each sampling site from the Mexico City Meteorological Network (REDMET).
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Average PM2.5 concentrations for the two sites and three sampling periods are 
given in Table 2. In November 2003 and May 2004, concentrations were similar in 
both sites. In November 2004, PM2.5 concentrations were significantly lower at MER 
relative to XAL, in accordance with the industrial activity of this site [9, 10] and low 
wind speeds, which preclude pollutant dispersion. Average concentrations were below 
65 μg/m3 (the Mexican Health Standard Norm at the time of the study) at all sampling 
stations and dates (the current allowable maximum is 41 μg/m3, [7]). In the two sites, 
PM2.5 concentrations were highest during weekdays (Monday to Friday) relative to the 
weekends (t-test, p < 0.01).

Average concentrations of total carbon, nitrate, and ammonium for each sam-
pling period were also similar at MER and XAL. Figure 5 shows that wind speed is 

Figure 3. 
Scatterplots of (a): PM2.5 samples collected daily by MiniVol samplers vs. 24 h averaged PM2.5 samples from 
Mexico City atmospheric monitoring automatic network (RAMA) at MER. (b): PM2.5 samples collected daily 
by MiniVol samplers vs. 24 h averaged PM10 from RAMA at MER. (c): PM2.5 samples collected daily by MiniVol 
samplers vs. 24 h averaged PM10 from RAMA at XAL.

Figure 4. 
Average diurnal variations of PM10 concentrations and NOx concentrations at MER and XAL from Mexico City 
atmospheric monitoring automatic network (RAMA), and PM2.5 diurnal variations at MER from RAMA, 
during November 2003 (blue squares), March 2004 (red dots), and November 2004 (black diamonds).
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important in determining the PM2.5 concentration and carbon and nitrogen composi-
tion. As wind speeds decrease, particle concentrations increase and suggest that the 
emitted (primary) or coalesced (secondary) particles increase when no mechanism 
disperses them. Likewise, the percentage of N and NO3− concentration in PM2.5 also 
increased at low wind speeds, in accordance to the gas-to-particle conversion of nitro-
gen compounds [4]. By contrast, the percentage of the total carbon is increased along 
with an increase in wind speeds and a decrease in particle concentrations, and this 
suggests that at high wind speeds low particle concentrations appear to be primarily 
composed of direct carbon emissions.

3.3 Stable carbon and nitrogen isotopes of PM2.5

Figure 6 gives the frequency histograms of stable carbon and nitrogen isotopes in 
PM2.5 collected at MER and XAL during the three sampling campaigns. Averages and 
ranges are given in Table 2.

The majority of δ13C values fell in the −27 to −25‰ range, with an important 
number of data points skewed to more positive values (−24 to −15‰). A few samples 

Figure 5. 
Scatterplots of wind speed vs. PM2.5 concentrations, averaged NOx concentrations from Mexico City atmospheric 
monitoring automatic network (RAMA), % N in PM2.5, and % C in PM2.5, for samples collected at MER (closed 
symbols) and XAL (open symbols) during November 2003 (blue symbols), March 2004 (red symbols), and 
November 2004 (black symbols).
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at XAL were lighter than −28‰. In contrast, during November 2004 at MER, most 
δ13C values were heavier than −22‰. This range of isotopic compositions for bulk 
carbon contrasts with data from a previous study in Mexico City, where most δ13C in 
PM2.5 ranged between −26 and −24‰ [14]. According to the carbon isotope composi-
tion of the different potential sources in Mexico City, the predominant carbon source 
in PM2.5 is the emissions of fossil fuels [14]. The extreme isotopic values at XAL show 

Figure 7. 
Upper panel: scatterplots of δ13C-PM2.5 vs. wind direction, wind speed, total carbon, and organic carbon at 
MER. Lower panel: scatterplots of δ13C-PM2.5 vs. wind direction, wind speed, total carbon, and organic carbon at 
XAL. Blue symbols denote samples collected during November 2003 and March 2004. Red symbols denote samples 
collected during November 2004.

Figure 6. 
Upper panel: histograms of δ13C-PM2.5 (‰) at MER, XAL, and all data. Lower panel: histograms of δ15N-PM2.5 
(‰) at MER, XAL, and all data.
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that during March 2004, light hydrocarbons (such as methane and propane) were the 
predominant emissions. In contrast, the relatively enriched δ13 C values at MER during 
November 2004 reflect the emission of particles of geological origin.

Scatterplots of δ13C values vs. wind direction, wind speed, organic carbon, and 
total carbon are depicted in Figure 7. The enriched 13C values during November 2004 
are associated with low-speed E-SE winds and suggest organic-rich, soil-derived 
carbon. In contrast, the carbon content of PM2.5 in the other two sampling periods at 
MER is related to emissions from fuel combustion. At XAL, the heaviest δ13C values 
are associated with low-speed winds and organic carbon-enriched particles. The 
13C-depleted samples apparently originate from SE winds.

δ15N-PM2.5 values spanned between –9.9 and +21.6‰ (Table 2). Although the 
average δ15N composition between sites for a given sampling period was similar 
(except for March 2004), the frequency histogram of δ15N in PM2.5 shows a differ-
ent distribution. At XAL, most δ15N values fell in the 2‰ bin, with over 50% of the 

Figure 8. 
Time series of δ15N-PM2.5 values at MER (upper panel) and XAL (lower panel).
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data points between −2 and 6‰. In contrast, the δ15Ν-PM2.5 distribution at MER 
had a wider distribution, with most values between 2 and 10‰. The time series 
of δ15N-PM2.5 at the two sites shows that at XAL, values were always lower than at 

Location Particle 
size

Season Average 
+ std. 

deviation

Range Comments Reference

Paris, France PM10 winter 10.0 ± 3.4 5.3 to 
15.9

[15]

Paris, France PM10 summer 10.8 ± 3.4 5.9 
to16.1

[15]

Cienfuegos, 
Cuba

PM10 urban 9.2 ± 4.4 1.5 to 
19.1

[19]

Seoul Korea PM2.5 
NH4

warm 16.4 ± 2.8 [20]

Seoul Korea PM2.5 
NH4

cold 4.0 ± 6.1 [20]

Seoul Korea PM2.5 
NO3

summer −0.7 ± 3.3 [21]

Seoul Korea PM2.5 
NO3

winter 3.8 ± 3.7 [21]

Shijiazhuang, 
China

PM2.5 
NO3

warm 
months

−11.8 to 
13.8

No differences in 
δ15N-NO3 between 
polluted and non-

polluted days

[12]

Shijiazhuang, 
China

PM2.5 
NO3

cold 
months

−0.7 to 
22.6

[12]

Northeast 
cities, USA

PM2.5 
NO3

[13]

New Delhi, 
India

PM2.5 
bulk

Spring 
summer

12.3 ± 4.6 [22]

New Delhi, 
India

PM2.5 
bulk

Post-
monsoon

7.7 ± 4.1 [22]

New Delhi, 
India

PM2.5 
bulk

winter 7.3 ± 6.6 [22]

Beijing, China PM2.5 
bulk

winter 11.97 ± 1.79 8.68 to 
14.50

Sampling in haze 
and non-haze 

conditions

[23]

Chennai, India PM2.5 
bulk

summer 22.2 ± 4.3 19.3 to 
25.2

[24]

Chennai, India PM2.5 
bulk

winter 25.5 ± 2.4 18.0 to 
27.8

[24]

Mexico City, 
Mexico

PM2.5 
bulk

dry cold 4.6 ± 6.4 −7.5 to 
21.6

XAL-industrial 
site

This study

Mexico City, 
Mexico

PM2.5 
bulk

dry cold 7.2 ± 6.4 −9.9 to 
19.4

MER-residential/
commercial site

This study

Table 3. 
δ15N values in PM2.5 and PM10 in megacities.
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MER (Figure 8). Furthermore, δ15N for PM2.5 at XAL during the low wind speeds of 
November 2004, was nearly constant during the sampling period.

A comparison between δ15N for PM2.5 in Mexico City with those of other megaci-
ties is shown in Table 3. The average values for XAL and MER are similar to the 
averages of New Delhi [22] and several months in Shijiazhuang [12], but lighter than 
for Paris [11], Beijing [23], and the warm months of New Delhi [22] and Seoul [21]. 
These differences can be attributed to different sources of NOx emissions [13, 23].

Scatterplots of XAL and MER δ15N values of PM2.5 samples vs. wind speed and 
averaged air quality data are given in Figure 9. The figure shows that as windspeed 
increases, the nitrogen isotopic composition becomes 15N-depleted, while at low wind 
speeds, PM2.5 particles are isotopically enriched. In turn, δ15N values are positively 
correlated with average daily NOx ambient concentrations. At low wind speeds, 
particles are dispersed and the isotopic composition should reflect primary emissions. 
This is consistent with low δ15N values of fossil fuels. In turn, the NOx- δ15N-PM2.5 
positive correlation shows that the gas-to-particle condensation fractionates the 
condensed nitrogen, leaving isotopically enriched N in the particles.

Figure 9. 
Scatterplots of δ15N-PM2.5 values vs. NOx (upper panel) and wind speeds (lower panel) at MER and XAL.
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4. Conclusions

Potential N and C sources of PM2.5 in an industrial sector and a commercial/resi-
dential zone of Mexico City were evaluated during three dry season periods (March 
and November) using stable nitrogen and carbon isotopes. Daily PM2.5 concentrations 
ranged between 10 and 70 μg/m3 and were inversely correlated to wind speed. The 
percentage of N in PM2.5 also increased at low wind speeds and suggests gas-to-particle 
conversion of nitrogen compounds. In contrast, the % C increased with high wind 
speeds and low PM2.5 concentrations reflecting direct carbon emissions. Based on δ13C 
values, the principal carbon sources of PM2.5 are fossil fuel emissions, although geologi-
cal material is an important component when easterly winds resuspend dust from the 
nearby Texcoco dry lakebed. δ15N-PM2.5 values ranged between −9.9 and 21.6 ‰, similar 
to values from other megacities. δ15N values were consistently lower at the industrial 
site and suggest isotopic fractionation of NOx emissions during particle accretion. The 
δ15N-PM2.5 values presented here provide a nitrogen isotope baseline for Mexico City 
airborne fine particles as no previous data have been collected for this megacity.
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Chapter 11

Analysis of Temporal Lag in the
Impact of Air Quality on the Health
of Children, in Barreiro
João Garcia, Rita Cerdeira and Luís Coelho

Abstract

The aim of this work was to study the impact of temporal lag between the
exposition to air pollutants and the children admitted to the emergency room of
Hospital Nª Srª Rosário pediatric service, in Barreiro, Portugal, with symptoms of
respiratory problems. The two variables were recorded by the medical staff and by an
air quality monitoring station, in the same periods. From the results, a moderate
correlation between different symptoms of respiratory diseases (sdr, cough, and
asthma) and pollutants was found, reaching maximum values after temporal lags of
2 to 6 days. The strongest correlation for lag 0 (consequences on the same day) rises
for the symptomatology of asthma, reaching the highest values for COmax (ρ = 0.26)
and COpeak (ρ = 0.25). Also, an important correlation was found for NOx, NOx med
and peak NOx (ρ = 0, 21). The correlation with PM10 shows an unrepresentative value
(ρ = 0.09), being negative for O3max (ρ = �0.23) and O3peak (ρ = � 0.22), as well as
for SO2med (ρ = �0.12). Considering temporal lags of 1 to 8 and 15 days, overall, the
maximum correlations between symptoms and NO, NO2, NOx, CO, and PM10 occur
after temporal lags of 2 to 6 days, being constant or negative to SO2 and O3.

Keywords: air quality, children’s health, correlation, temporal lag, respiratory distress

1. Introduction

There are several air pollutants that can have a significant impact on human health
[1, 2], including particulate matter (PM) which can be inhaled into the lungs and cause
respiratory and cardiovascular problems, as well as increase the risk of lung cancer
[3–5]. Nitrogen oxides (NOx) can irritate the lungs and aggravate asthma and other
respiratory problems. It can also contribute to the formation of ground-level ozone,
which can cause respiratory and cardiovascular problems [6]. Sulfur dioxide (SO2) can
irritate the respiratory system and aggravate asthma and other respiratory problems [7].
Carbon monoxide (CO) can be deadly in high concentrations, but even at low concen-
trations, it can cause headaches, dizziness, and nausea. Also, Ozone (O3) can cause
respiratory and cardiovascular problems, especially in people with preexisting condi-
tions such as asthma [8, 9]. These health effects of these pollutants can vary depending
on factors such as the concentration and duration of exposure, age, and preexisting
health conditions [10]. It is known that children, the elderly, and the people with
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chronically ill, particularly respiratory patients, constitute populations that are very
sensitive to atmospheric pollution and are therefore usually chosen as a sample for
studies in this area [11, 12]. It is known that children, a sensitive population, are more
vulnerable to the effects of atmospheric pollution than adults, for several reasons, from
the time they spend outdoors to the anatomy and physiology of the respiratory system,
which is still under development. In addition, children have higher ventilation rates

Unit Variable description

Date Observation date

Total # Total number of children observed

0–2 # Number of children observed between 0 and 2 years old

3–5 # Number of children observed between 3 and 5 years old

6–10 # Number of children observed between 6 and 10 years old

11–15 # Number of children observed between 11 and 15 years old

Cough # Number of children observed with cough symptoms

sdr # Number of children observed with of respiratory distress syndrome
symptoms

Asthma # Number of children observed with asthma symptoms

Intern # Number of children admitted to hospital after observation

F # Number of female children observed

M # Number of male children observed

VEL (IM) (km/h) Average daily wind speed

DIREC Prevailing daily wind direction

TEMP (°C) Average daily temperature

TEMPMAX (°C) Maximum daily temperature

TEMPMIN (°C) Minimum daily temperature

HUM (%) Humidity at 9 am

HUMmax (%) Humidity at 6 am

Rad (watt/m2) Total daily radiation

SO2 med (μg/m3) Average daily value of the average of all stations

NO med (μg/m3) Average daily value of the average of all stations

NO2 med (μg/m3) Average daily value of the average of all stations

NOx med (μg/m3) Average daily value of the average of all stations

PM10 med (ug/m3) Average daily value of the average of all stations

CO (max) med (μg/m3) Maximum daily value of eight-hour average by eight-hour averages.

O3 (max) med (μg/m3) Maximum daily value of the eight-hour average

CO (peak) med (μg/m3) Maximum daily value, without considering eight-hour averages

O3 (peak) med (μg/m3) Maximum daily value, without considering eight-hour averages

NOx (peak) med (μg/m3) Maximum daily value

Table 1.
General description of the variables under study.
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than adults and the short stature of children further increases their exposure to traffic
emissions. All such factors contribute to the triggering of episodes of respiratory distress
more frequently, even in the present of lesser pollutant concentrations [13].

The objective of this work was to study the relation between the number of
children admitted to the emergency room (ER) of the pediatric service of Hospital Nª
Srª do Rosário in Barreiro, with symptoms of respiratory problems, and the levels of
atmospheric pollution, recorded by the air quality monitoring network, in the city of
Barreiro.

2. Materials and methods

A team of pediatricians of Hospital Nossa Sra. do Rosário, in Barreiro, recorded
daily, over a period of 20 months, the number and type of symptoms of children
under the age of 15 years who were admitted to the hospital’s pediatric emergency
service. The children observed who had respiratory complaints of noninfectious eti-
ology were classified according to their age, gender, area of residence, and type of
symptom. As for symptoms, only three types of symptoms were considered: cough;
respiratory distress (SDR), and asthma. Initially, the data collection by physicians was
carried out with a frequency of two or three times a week. In a later phase of the
project, collection became daily. As mentioned earlier, the tanking of symptoms by
the medical team considered three groups only: cough, asthma, and breathing diffi-
culty, although several international studies rank symptoms according to the List of
International Statistical Classification of Diseases (ICD-11) [14], limiting the subjec-
tivity inherent to the classification in these groups. In this case, a decision was made to
simplify the classification due to the lack of a supporting computer system.

In parallel and during the same period, the values of pollutant concentrations from
the Barreiro air quality network were used. The values of carbon monoxide (CO),
nitrogen dioxide (NO2), sulfur dioxide (SO2), particles (PM10), and ozone (O3) were
considered, as well as the meteorological variables of temperature and relative
humidity. Meteorological variables, namely temperature, relative humidity, wind
speed and direction, were provided by the Portuguese Institute of the Sea and the
Atmosphere and/or by the CPPE of Barreiro. Thus, and during this period, the fol-
lowing data were recorded regarding the variables described in Table 1, for all obser-
vation stations.

A summary of the descriptive statistics on the study variables is shown in Table 2.

3. Results and discussion

To analyze and process the data, the statistical treatment programs R, SPSS, and
Excel were used. The data analysis shows that during the period studied, 1101 children
were assisted at the HNSR emergency service, with a daily average of 2.78 children,
ranging from 0 to 12 children per day. One of the main challenges in understanding
the effect on health of each of the pollutants and meteorological variables is related to
the interdependence between these variables. Therefore, in a preliminary phase of this
study, and in an attempt to understand the main relation between the most relevant
variables, graphs representing two variables were generated, which allow verifying
the joint evolution of these very variables.
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In this way, Figure 1 represents the average daily temperature evolution as a
function of daily solar radiation. One can see that globally there is an increase of
temperature with the increase of radiation. A Pearson correlation with the value
ρ = 0.46 (95% CI: 0.33 to 0.58) is observed for these two variables.

Figure 2 represents the evolution of the daily maximum temperature as a function
of daily solar radiation. One can see that globally there is an increase of the maximum
temperature with the increase of radiation. A Pearson correlation is observed for these
two variables with the value ρ = 0.55 (CI at 95%: 0.42 to 0.64).

FS No. obs. Ave. Stand. devi. Min. value Max. value Int. Var. coef. Median

Total 399 2.78 2.05 0 12 12 0.73 2

0–2 280 1.85 1.29 1 9 8 0.70 1

3–5 184 1.45 0.68 1 5 4 0.47 1

6–10 152 1.39 0.73 1 4 3 0.52 1

11–15 89 1.27 0.73 1 5 4 0.58 1

Cough 197 1.64 0.95 1 5 4 0.58 1

sdr 245 1.75 1.14 1 9 8 0.65 1

Asthma 197 1.63 0.91 1 5 4 0.56 1

Intern 38 1.11 0.31 1 2 1 0.28 1

F 247 1.71 0.99 1 6 5 0.58 1

M 301 2.14 1.34 0 9 9 0.63 2

VEL (IM) 730 4.87 6.58 0 40.5 40.5 1.35 3.1

DIREC 717 4.81 2.74 1 8 7 0.57 6

TEMP 721 17.72 4.48 7.7 31.0 23.3 0.25 17.4

TEMPMAX 721 22.15 5.78 9.1 40.0 30.9 0.26 21.6

TEMPMIN 721 14.16 4.06 0.0 26.0 26.0 0.29 14.1

HUM 723 71.93 18.26 6.8 99.1 92.3 0.25 68.0

HUM max 711 84.71 12.58 39.3 99.1 59.8 0.15 87.6

Rad 153 5092.2 1778.02 697.0 7098.0 6401.0 0.35 5802.0

SO2 med 641 12.61 12.26 1.0 88.6 87.6 0.97 8.4

NO med 641 13.98 15.39 1.1 136.1 135.1 1.10 9.1

NO2 med 641 29.98 11.94 5.8 72.5 66.7 0.40 28.5

NOx med 641 48.94 27.92 9.1 188.9 179.8 0.57 42.8

PM10 med 617 38.04 21.88 3.5 152.5 148.9 0.58 31.7

CO (max) med 641 491.52 367.15 167.6 2684.1 2516.5 0.75 362.8

O3 (max) med 641 68.73 25.63 4.2 169.7 165.5 0.37 68.3

CO (peak) ad 641 668.09 505.69 195.0 3740.5 3545.5 0.76 503.5

O3 (peak) med 641 81.79 29.88 6.7 241.3 234.7 0.37 79.0

NOx (peak) med 641 88.78 54.91 9.0 452.8 443.8 0.62 79.4

Table 2.
Descriptive statistics of the variables collected.
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Figure 3 plots the evolution of the average daily value of PM10 concentration
(average of all seasons) as a function of average daily temperature. One can see that,
globally, there is an increase in the concentration of particles with the increase in
temperature. However, looking at the evolution of the curve that best fits, one
observes that for temperatures below 13°C there is a slight increase in particle con-
centration. This can be explained by the conditions of atmospheric stability that
hinder the dispersion of particles. There is a Pearson correlation for these two vari-
ables with the value ρ = 0.22 (95% CI: 0.15 to 0.30), even though the values of average,
maximum, and minimum daily temperatures show correlations above ρ = 0.9 between
them. The other graphs with these temperatures show similar evolutions, as displayed
in Figure 4, which presents the evolution of the average particle concentration with
the daily maximum temperature. In this case, a Pearson correlation with the value
ρ = 0.30 (95%CI 0.23 to 0.37) is seen for these two variables.

The detailed analysis of all data shows that the QA station that has the highest
correlation between the average daily temperature and the PM10 concentration values
(daily averages) is the QA station of Lavradio, so only the graph corresponding to this
station is displayed (Figure 5).

For this specific station, the Pearson correlation coefficient between these variables
has the value ρ = 0.44 (95% CI: 0.36 to 0.52).

Figure 1.
Average temperature vs. radiation.
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Figure 6 shows the evolution of the maximum ozone concentration (average of
stations) as a function of average daily temperature. It appears that there is a direct
relation between the concentration of ozone in the air and the average daily temperature,
with a visible increase in concentration values with increasing temperature. This relation
is indicated by the value of Pearson’s correlation coefficient with the value ρ = 0.53 (95%
CI: 0.47 to 0.58). This relation is even stronger for the QA station at the Hospital, where
the correlation between ozone concentration and mean temperature has a Pearson cor-
relation coefficient of ρ = 0.57 (95% CI: 0.52 to 0,63) as can be seen in Figure 7.

Figure 8 shows the values of the Pearson correlations (ρ) between the different
variables collected at the hospital regarding the medical component. The analysis of
Figure 8 highlights important correlations between some variables analyzed. It appears
that, for example, in the case of asthma, the correlation values increase with the
increasing age of age groups. The correlation starts with a value of ρ = 0.13 for the 0–
2 years age group, rising to ρ = 0.26 (3–5 years) and continuing to rise to ρ = 0.39 (6–
10 years) reaching ρ = 0.47 (11–15 years), thus trending toward an increase in asthma
symptoms, in visits to the hospital emergency room, with the increasing age of children.

Also noteworthy is the strong correlation between sdr symptoms and children aged
0 to 2 years (ρ = 0.72) and between cough symptoms and children aged 0 to 2 years
(ρ = 0.47). There is also a strong correlation between hospital admission and children
aged 6 to 10 years, indicating that older children only resort to the hospital emergency

Figure 2.
Maximum temperature vs. radiation.
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service in situations where seriousness justifies hospital admission, while younger
children resort to the hospital emergency for all types of cases, including those that do
not require hospital admission.

Figure 9 shows the values of the Pearson correlations (ρ) between the different
variables related to the concentration of pollutants considering the mean values of all
stations (global). Analyzing the values for Pearson’s correlation coefficient (ρ), one
can see that there are strong correlations between the average and peak values, for the
same pollutant. The Pearson correlation coefficient values ρ = 0.91 (CO), ρ = 0.95
(O3), and ρ = 0.85 (NOx) (mean and peak) which expresses that, in fact, the values are
very interdependent. This analysis allows concluding that the results obtained are not
very different, using mean values of pollutant concentrations or peak values.

Carrying out a global assessment of the relation between pollutants, one can see
that, in general, there are correlations between different pollutants, highlighting some
important correlation values. For example, between the CO and NOx families (NO,
NO2 and NOx), the values of ρ = 0.82 (COmax with NOmed), ρ = 0.80 (COmax with NOx

med), ρ = 0.84 stand out (COpeak with NOmed), and ρ = 0.77 (COpeak with NOx peak),
indicating a strong relation between CO concentrations and NOx families in an urban
environment.

As for SO2, it does not show strong correlations with any other pollutant, except
for the value of the correlation coefficient of ρ = 0.42 between SO2 and O3 peak

concentrations and ρ = 0.36 between SO2 and O3 max concentrations.

Figure 3.
Average concentration of particles vs. average temperature.
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Regarding PM10, the following important correlations are observed, ρ = 0.36 (PM10

with NOx med), ρ = 0.47 (PM10 with NO2 med), ρ = 0.46 (PM10 with NOx med), ρ =0.39
(PM10 with COmax), ρ = 0.38 (PM10 with COpeak), and ρ = 0.41 (PM10 with NOx peak),
indicating a relation between PM10 concentrations and CO concentrations and fami-
lies of NOx. As for the correlations with ozone, the values of ρ = 0.28 (PM10 with O3

peak) and ρ = 0.18 (PM10 with O3 max) suggest a lower correlation between these
pollutants. Also, with regard to SO2, the value of ρ = 0.29 (PM10 with SO2 med)
indicates a lower correlation between PM10 concentrations and SO2 concentrations.

One can thus see that PM10 concentrations are correlated with all pollutants, with
the highest correlation for NO2 and the lowest correlation for O3. It should also be
noted that ozone has negative correlations with NO med (�0.58) and NOx med

(�0.46), which can be explained by the fact that NOx are precursors of Ozone,
causing the formation of each molecule of O3 to lead to a consequent decrease in NOx.

Figure 10 shows the values of the Pearson correlations (ρ) between all variables ana-
lyzed in this study (medical and pollutant variables). Being an extensive figure, the strong
correlations between the average concentration values for the different pollutants and the
concentration values of said pollutants for the different air quality stations stand out.

Figure 11 shows the Pearson correlation values (ρ) between the medical variables
studied and the mean concentrations of pollutants measured at the stations. This
figure is important because it allows analyzing the possible relation between the
concentrations of pollutants and the symptoms studied. Analyzing the figure one can

Figure 4.
Average concentration of particles vs. maximum temperature.
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see, globally, that the more important values of correlation between the pollutants and
the symptoms are obtained for the symptomatology of asthma, with the highest values
for the correlation coefficient with COmax ρ = 0.26 and COpeak ρ = 0.25. There is also an
important correlation between asthma and NOx, ρ = 0.21 (with NOx med), ρ = 0.21
(with NOx med) ρ = 0.21 (with NOx peak). The correlation with PM10, however, has an
unrepresentative value of ρ = 0.09.

Negative correlation values are also seen between asthma symptoms and O3

ρ = �0.23 (asthma and O3 max) and ρ = �0.22 (asthma and O3 peak), as well as a
negative correlation between asthma and SO2 med (ρ = �,12).

Figure 12 shows the values of the Pearson correlations (ρ) between all variables
referring to the atmospheric concentrations of the pollutants studied. An analysis of
this figure reveals, as expected, the existence of important correlations between the
average values of the concentrations of the different pollutants and the values of the
concentrations of these same pollutants, in the different air quality stations.

With the aim of studying the evolution of the number of children observed in
hospital with the symptomatology of asthma, sdr, or cough, it was analyzed the
number of days elapsed, considering temporal lags of 0, 1, 2, 3, 4, 5, 6, 7, and 15 days
between the values of PM10 concentrations and the aforementioned medical variables.

Table 3 and Figure 13 show the evolution of the Pearson correlation coefficient (ρ)
between the asthma variables and the average concentrations of pollutants (O3, SO2,

Figure 5.
Particle concentration (Lavradio station) vs. temperature.
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NO, NO2, NOx PM10, and CO) for the temporal lags of 0, 1, 2, 3, 4, 5, 6, 7, and 15 days.
It appears that, overall, the maximum correlations between asthma symptoms and the
concentrations of pollutants NO, NO2, NOx, CO, and PM10 occur after lags of 2, 3, or
4 days (depending on the symptoms and the pollutant analyzed). The following
Pearson’s correlation coefficient values are also observed, ρmax = 0.35 (asthma and
CO, 2-day lag), ρmax = 0.32 (asthma and NO, 3-day lag), ρmax = 0.33 (asthma and
NOx, lag 3 days), ρmax = 0.22 (asthma and NO2, lag 2 days), and ρmax = 0.18 (asthma
and PM10, lag 4 days). There is, for these pollutants, an increase in Pearson’s correla-
tion coefficient values (ρ), over the days until it reaches its maximum after 2, 3, or
4 days. For PM10 and NO2 there is a slight decrease in the correlation coefficient from
lag 0 to lag 1, this coefficient increasing again from lag 2 onward.

For SO2 and O3 pollutants, it appears that Pearson’s correlation coefficient (ρ)
remains relatively constant and negative throughout the period analyzed, (ρ approx
�0.2; asthma and O3) and (ρ approx �0,1; asthma and SO2) for all lags analyzed,
suggesting lack of short-term correlations between observations with asthma symp-
toms and atmospheric concentrations of these two pollutants.

Table 4 and Figure 14 show the evolution of the Pearson correlation coefficient
(ρ) between the variable sdr and the mean concentrations of pollutants (O3, SO2, NO,
NO2, NOx, PM10, and CO) for the temporal lags of 0, 1, 2, 3, 4, 5, 6, 7, and 15 days.
One can see that, globally, the maximum correlations between the symptomatology of

Figure 6.
Maximum ozone concentration (average of stations) vs. average air temperature.
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sdr and the concentrations of pollutants NO, NO2, NOx, CO, and PM10 occur after
temporal lags of 4 days. Observing the following Pearson correlation coefficient
values, ρmax = 0.20 (sdr and NOx, 4 day lag), ρmax = 0.17 (sdr and NO2, 4 day lag),
ρmax = 0.15 (sdr and PM10, lag 4 days), ρmax = 0.14 (sdr and CO, lag 4 days),
ρmax = 0.13 (sdr and NO, lag 4 days). For these pollutants (NO, NO2, NOx, PM10, and
CO), there is a decrease in the correlation coefficient from lag 0 to lag 1, and this
coefficient increases again from lag 2 and up to lag 4.

For SO2 and O3 pollutants, one can see that Pearson’s correlation coefficient (ρ)
remains relatively constant and negative throughout the period analyzed, for all lags

Figure 7.
Maximum ozone concentration (hospital QA station) vs. average air temperature.

Figure 8.
Medical data correlations.
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considered, suggesting the inexistence of short-term correlations between observa-
tions with sdr symptoms and atmospheric concentrations of these two pollutants.

Table 5 and Figure 15 show the evolution of the Pearson correlation coefficient (ρ)
between the cough variable and the mean concentrations of pollutants (O3, SO2, NO,
NO2, NOx, PM10, and CO) for the temporal lags of 0, 1, 2, 3, 4, 5, 6, 7, and 15 days.

One can see that, globally, the maximum correlations between the symptoms of
cough and the concentrations of pollutants NO, NO2, NOx, CO, and PM10 occur after
temporal lags of 6 days, except for SO2, which has the maximum correlation with a
temporal lag of 5 days, albeit with a maximum correlation value of ρmax = 0.07
(cough and SO2, lag 5 days), which is not significant. In addition, the following
Pearson correlation coefficient values stand out, ρmax = 0.20 (cough and PM10, 6-day

Figure 9.
Correlations between pollutants.

Figure 10.
Correlations between all variables studied.
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lag), ρmax = 0.20 (cough and NOx, 6-day lag), ρmax = 0, 18 (cough and NO, lag
6 days), ρmax = 0.17 (cough and CO, lag 6 days), and ρmax = 0.09 (cough and NO2,
lag 6 days), representing nonsignificant values.

For O3, it appears that Pearson’s correlation coefficient (ρ) remains relatively
constant and negative throughout the period analyzed for all lags considered, indicat-
ing the inexistence of short-term correlations between observations with symptoms of
cough and atmospheric concentrations of this pollutant.

Figure 11.
Correlations of medical data with station averages.

Figure 12.
Correlations between seasons.

lag 0 lag 1 lag 2 lag 3 lag 4 lag 5 lag 6 lag 7 lag 15

O3 �0.23 �0.19 �0.26 �0.26 �0.26 �0.27 �0.26 �0.25 �0.06

SO2 �0.12 �0.09 �0.10 �0.08 �0.09 �0.05 �0.08 �0.14 �0.06

NO 0.21 0.23 0.30 0.32 0.26 0.25 0.31 0.20 �0.02

NO2 0.14 0.09 0.22 0.21 0.22 0.18 0.15 0.12 0.01

NOx 0.21 0.20 0.30 0.33 0.28 0.25 0.30 0.21 0.00

PM10 0.09 0.00 0.06 0.12 0.18 0.11 0.09 0.06 �0.07

CO 0.26 0.28 0.35 0.33 0.27 0.34 0.29 0.26 0.12

Table 3.
Pearson’s correlation coefficient (ρ) between the variable mean concentrations of pollutants (O3, SO2, NO, NO2,
NOx, PM10, and CO) and asthma for time lags of 0, 1, 2, 3, 4, 5, 6, 7, and 15 days.
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4. Conclusions

The results presented in this chapter allow concluding some important aspects for
the study and understanding the relation between the concentrations of atmospheric
pollutants, meteorological variables, such as air temperature and solar radiation, and
medical variables related to the different symptomatologies studied, in admissions of
children in the ER, at Hospital do Barreiro (sdr, cough, and asthma). From the
development and analysis of the results of this study, the following aspects stand out:

There is an increase of the ambient air temperature with the increase of solar
radiation. This fact is visible in the values of Pearson’s correlation coefficient ρ = 0.46
(mean daily air temperature with radiation) and ρ = 0.55 (maximum daily air tem-
perature with radiation).

There is an increase in the concentration of PM10 with the increase of the ambient
air temperature. This is more relevant for temperatures above 25°C - ρ = 0.22 (average

Figure 13.
Evolution of the correlation coefficient between concentrations of air pollutants and asthma symptoms (lag 0 to
15 days).

lag 0 lag 1 lag 2 lag 3 lag 4 lag 5 lag 6 lag 7 lag 15

O3 �0.08 �0.11 �0.11 �0.16 �0.15 �0.14 �0.14 �0.13 �0.17

SO2 �0.03 �0.04 �0.04 �0.11 0.01 �0.05 �0.17 �0.11 �0.09

NO 0.13 0.09 0.11 0.12 0.13 0.07 0.13 0.11 0.12

NO2 0.07 0.01 0.07 0.12 0.17 0.13 0.14 0.09 �0.02

NOx 0.15 0.09 0.13 0.16 0.20 0.14 0.19 0.15 0.10

PM10 0.13 0.00 0.07 0.14 0.15 0.12 0.05 0.08 �0.03

CO 0.16 0.08 0.14 0.11 0.14 0.09 0.12 0.10 0.15

Table 4.
Pearson’s correlation coefficient (ρ) between the variable mean concentrations of pollutants (O3, SO2, NO, NO2,
NOx, PM10, and CO) and sdr for temporal lags of 0, 1, 2, 3, 4, 5, 6, 7, and 15 days.
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concentration of PM10 with average daily air temperature) and ρ = 0.30 (average
concentration of PM10 with maximum daily air temperature). One can also see that for
air temperatures below 13°C there is a slight increase in the concentration of particles,
probably due to atmospheric conditions that hinder the dispersion of particles.

There is a strong correlation between the maximum concentration of ozone in the
air and the average daily air temperature ρ = 0.53, with an increase in the values of
ozone concentration with the increase in average air temperature.

There is a trend toward an increase in asthma symptoms, in visits to the hospital’s
emergency room, with increasing age of children (ρ = 0.13 0–2 years, ρ = 0.26 3–
5 years; ρ = 0.39 6–10 years; ρ = 0.47 11–15 years).

There are important correlations between the values of the concentrations of the
different atmospheric pollutants, correlated among themselves, there being a strong

Figure 14.
Evolution of the correlation coefficient between air pollutant concentrations and sdr symptomatology (lag 0 to
15 days).

lag 0 lag 1 lag 2 lag 3 lag 4 lag 5 lag 6 lag 7 lag 15

O3 �0.03 �0.09 �0.11 �0.15 �0.16 �0.19 �0.17 �0.12 �0.14

SO2 �0.15 �0.11 �0.05 �0.02 �0.07 0.07 0.01 �0.02 �0.07

NO �0.09 �0.02 0.03 0.03 0.06 0.15 0.18 0.06 0.10

NO2 �0.11 �0.01 0.02 0.02 0.05 0.02 0.09 �0.02 �0.05

NOx �0.08 0.01 0.04 0.06 0.10 0.15 0.20 0.08 0.07

PM10 �0.11 �0.07 0.03 �0.03 �0.04 0.11 0.20 0.11 0.02

CO �0.07 �0.03 �0.03 0.02 0.09 0.12 0.17 0.12 0.07

Table 5.
Pearson’s correlation coefficient (ρ) between the variable mean concentrations of pollutants (O3, SO2, NO, NO2,
NOx, PM10, and CO) and cough for temporal lags of 0, 1, 2, 3, 4, 5, 6, 7, and 15 days.
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relation between the concentrations of CO and the NOx families (ρ = 0.82 COmax

with NOmed, ρ = 0.80 COmax with NOx med, ρ = 0.84 COpeak with NOmed,
ρ = 0.77 COpeak with NOx peak). On the contrary, SO2 does not show strong
correlations with any other pollutant, except for an important correlation value
between peak SO2 and O3 concentrations (ρ = 0.42) and between SO2 and O3 max

concentrations (ρ = 0,36). PM10 concentrations are correlated with the
concentrations of all pollutants, with the highest correlation for NO2 (ρ = 0.47 PM10

with NO2 med) and the lowest correlation for O3 (ρ = 0.28 PM10 with O3 peak;
ρ = 0.18 PM10 with O3 max).

The strongest correlations between the variables of health symptoms (sdr, cough,
and asthma) and the concentrations of air pollutants for situations of lag 0 (conse-
quences on the same day) are observed for the symptoms of asthma, presenting the
highest values for the correlation coefficient with COmax (ρ = 0.26 asthma COmax) and
with COpeak (ρ = 0.25 asthma COpeak). There is also an important correlation between
asthma and NOx for situations of lag 0, ρ = 0.21 (asthma with NOx med), ρ = 0.21
(asthma with NOx med), and ρ = 0.21 (asthma with peak NOx). The correlation with
PM10, on the other hand, has an unrepresentative value ρ = 0.09 (asthma with PM10)
for the situation of lag 0 (same day);

For the situation of temporal lag 0 analyzed (consequences on the same day),
negative correlation values are observed between asthma symptoms and O3 ρ = �0.23
(asthma and O3 max) and ρ = �0.22 (asthma and peak O3), as well as a negative
correlation between asthma and SO2 med (ρ = �0.12);

Staggering the analysis among health symptoms (sdr, cough, and asthma) and the
concentrations of air pollutants (O3, SO2, NO, NO2, NOx, PM10, and CO) considering
temporal lags of 1, 2, 3, 4, 5, 6, 7, 8, and 15 days, overall, the maximum correlations
between these symptoms and the concentrations of pollutants NO, NO2, NOx, CO,
and PM10 occur after time lags ranging from 2 to 6 days depending on the pollutant
and the symptomatology considered;

Figure 15.
Evolution of the correlation coefficient between concentrations of air pollutants and cough symptomatology (lag 0
to 15 days).
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For SO2 and O3 pollutants, analyzing the evolution of the Pearson correlation
coefficient (ρ) between these pollutants and the symptoms analyzed, for temporal lags
of 1, 2, 3, 4, 5, 6, 7, 8, and 15 days, this correlation coefficient remains relatively
constant or negative throughout the period analyzed, indicating lack of short-term
correlations between observations with asthma symptoms and concentrations of
atmospheric emissions of these two pollutants.
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