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Abstract

Household air pollution (HAP) is one of the most important global environmental and public health issues. As a result
of changes in air composition due to rapid industrialization and urbanization, air quality is deteriorating and outdoor
pollution is increasing daily. Simultaneously, poor ventilation, microbial growth, tobacco smoke, solid fuel use, and dif-
ferent toxic chemicals are causing deterioration in household air quality, which contributes significantly to the global
burden of disease. This paper reviews the available literature to examine the impact of HAP on human health, com-
prehensively identifies the sources of HAP, and synthesize management approaches to reducing the severity of HAP.
The English language databases PubMed, Google Scholar, Web of Science, and Science Direct were searched using the
key terms: HAP, particulate matter, health risks, public health, pollutant sources, burden of diseases, and management
approach. Bibliographies of all relevant articles were also screened to find further useful articles. This review addresses
all possible sources of HAP that are categorized as biological or chemical (organic and inorganic) and are associated with
grave public health threats, such as lung function reduction, respiratory illness, asthma, pneumonia, tuberculosis, eye
diseases, pregnancy complications, cardiovascular diseases, and cancer. Suggested approaches, including compliance
with international guidelines and regulatory frameworks, pollutant source reduction methods, and fulfillment of inter-
national environmental laws, conventions, agreements, protocols, and treaties, can be effectively adopted to mitigate
household air pollutants, reduce the global burden of disease, and promote household environments that support better
human health. The sources of HAP and its health impacts should be considered in the development of future policies
concerning reduction in all household air pollutants worldwide. Therefore, this review establishes the groundwork for
future studies assessing the effectiveness of strategies aimed at creating sound household environments to promote
better human health.
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1 Introduction

Daily life has altered dramatically over the last four dec-
ades, especially in industrialized countries, and this trend
of changing lifestyles is only accelerating. Because of
increasing demands on their time, high rates of urbani-
zation, technological developments, and specific occu-
pational functions, people are spending long periods of
time households (i.e., in houses, offices, public transpor-
tation, schools, and shopping centers), and this is signifi-
cantly influencing human life [1]. Therefore, household
air pollution (HAP) is responsible for a variety of health
and atmospheric problems that have asymmetric effects
on public health, especially for women and children
around the world [2, 3]. As a result, household air quality
is an emerging issue of great public health concern, as
the prevalence of sick building syndrome (SBS), building-
related illness, and multiple chemical sensitivity (MCS)
has increased in recent decades [4, 5]. The World Health
Organization (WHO) has reported that in 2016, nearly
8% (3.8 million) of premature deaths around the world
were related to HAP [6]. Most of the deaths occurred
in low- and middle-income countries (LMIC), with 1.5
million deaths in the Southeast Asia, 1.2 million in the
Western Pacific region, 739,000 in the African region,
212,000 in the Eastern Mediterranean region, 82,000 in
the USA, and 52,000 in the Europe. Additionally, 9000
people in the high-income countries died because of
HAP. Although LMIC carries the major burden of death
because of HAP, such deaths are increasing day by day in
developed countries as well due to people’s tendency to
spend more time in the household environment expos-
ing them to household air pollutants [7]. Epidemiological
studies have found strong correlations between expo-
sure to HAP and low birth weight, preterm birth, and
stillbirth [8, 9], neonatal mortality [10], nutritional defi-
ciencies [11], asthma, chronic bronchitis and the most
common form of chronic obstructive pulmonary disease
[12, 13], tuberculosis [14], lung cancer, pharyngeal and
laryngeal cancer [15, 16], cardiovascular diseases [17,
18], cataracts [19, 20], and otitis media [21].

Sources of HAP are numerous and can be biological,
chemical or physical in nature. Solid fuels (e.g., coal, bio-
mass, and animal dung) are the leading sources of HAP;
these fuels are used by 41% of households and approxi-
mately half of the world’s population as their principal
household fuel for cooking, heating, and lighting [22,
23]. The use of these solid fuels has become a major
public health problem and is attracting great attention.
Indeed, household use of solid fuels was calculated to
be one of the top five major risk factors for global dis-
ease in 2010 (4.3% of global disability-adjusted life-years
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(DALYs), 95% confidence interval (Cl) =3.4-5.3%), after
tobacco smoking [24], causing 3.9 million premature
deaths [20]. If we focus on HAP caused by the use of
biomass fuels, we can identify a number of health threats
that are strongly responsible for respiratory tract infec-
tions, the potency of inflammatory lung conditions,
cardiac problems, stroke, eye disease, tuberculosis (TB),
and cancer. Moreover, when collecting firewood to use
as fuel, women and girls are threatened by numerous
indirect health effects, not only because they carry
large bundles of wood on their heads and necks but
also because they must travel far from home, which car-
ries risks such as assault, insects (which are disease vec-
tors), snake bites, absence from school or other learning
opportunities, and musculoskeletal injuries [25].

This paper reviews the types and sources of house-
hold air pollutants and their detrimental consequences
for human health. It aims to provide a firm foundation for
advancing knowledge of HAP as a global health concern.
Finally, we conducted an empirical viability study on man-
agement approaches to source reduction in household air
pollutants using different strategies.

2 Methodology

The main goals of this literature review were to document
the effects of household air pollutants on human health,
report the sources of HAP, and state the management
approaches to reducing it. For this review work, quite an
extensive range of literature was studied. The literature
included peer-reviewed journals, conference proceed-
ings, available books, and reports on Internet. The study
was led in a four-stage cycle of identification, accumula-
tion, categorization, and analyzation. The first step was the
identification of the main keywords. Main keywords were
household air pollution, particulate matter, health risks,
public health, pollutant sources, burden of diseases, and
management approach. The English language databases
PubMed, Google Scholar, Web of Science, and Science
Direct were used to search the literature. Bibliographies
of all relevant articles were also selected to find further
eligible articles. The third step of classification was based
on the year of publications. The literature presented in this
paper was published between 1980 and 2017. However,
major attention of the review is 2000 onwards in order to
depict the current state-of-the-art knowledge. Figure 1
shows the frequency of articles from different decades
since 1980s. The concluding step in the process was the
analysis of the papers that were downloaded. Based on
the analysis of these papers, they were divided into fol-
lowing categories by topic. The topics are: household air
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pollutants and their sources, major health burden, and key
management procedures.

3 Types and sources of household air
pollution

Generally, biological, chemical, and physical factors such
as building equipment, furnishings, heating, ventilation,
and air conditioning (HVAC) systems are major household
sources of air pollution. The origins, types, and concentra-
tions of household air pollutants vary significantly from
one microenvironment to another. Thus, identifying the
sources of pollutants and assessing their comparative
contributions can be an intricate process because of the
variety of pollution sources present in the household
environment; moreover, pollution sources can also vary
from house to house [26]. Many studies have attempted
to identify the associations between HAP and health com-
plications around the world. However, almost all studies
focus on the health impacts of only a single or a few pol-
lutants, and it is difficult to find an article that assesses
the impacts of all household air pollutants. Thus, our focus
is on filling this gap. Based on an analysis of the existing
literature, sources of HAP can be classified into two main
categories: (a) biological sources and (b) chemical sources.
Chemical sources can be further classified into two groups:
(b.1) inorganic chemical sources and (b.2) organic chemi-
cal sources. Table 1 presents a comprehensive summary of
the types and sources of HAP.

3.1 Biological sources of household air pollution

In our atmosphere, biological agents are present in the
form of bacteria, fungal spores, pollens, viruses, and any
remains of plants and animals [31]. Numerous studies have
identified health hazards linked to these agents in differ-
ent places and settings: schools [32], offices [33], child care

centers [34], senior care centers and nursing centers [35],
social welfare houses [36], bakeries and libraries [37], food
processing units [38], and markets [39]. Bacteria can easily
proliferate in a building if certain moisture and tempera-
ture conditions are present [40]. House dust mites, cats,
cockroaches, and fungi are considered to be the most
common sources of domestic aeroallergens [41, 42], and
these are influenced by location, climate, time, and the
extent of dust disturbance [43].

Domestic mites and their feces have medical conse-
quences because they release allergenic enzymes [44].
Multiple aeroallergens typically coexist in a dynamic mix-
ture of bioaerosols [45]. Bioaerosols are airborne particles
produced by living organisms [46]. Actinomycetes and
several molds are two microbial types that have been iso-
lated and identified in soil and household air [47]. They
are both associated with moisture- and mold-damaged
buildings.

3.2 Organic and inorganic chemical sources
of household air pollution

Environmental tobacco smoke (ETS), also known as sec-
ond-hand smoke or passive smoke, has been treated as a
major source of HAP around the world [48]. In developing
countries, the most prominent HAP problem is exposure
to contaminants emitted from the burning of solid fuels at
the time of cooking and heating [3]. Coal has low energy
efficiency, such that a huge portion of its fuel carbon is
transformed into incomplete combustion products, and
these incompletely burned products mainly result in car-
bon monoxide (CO) and particulate matter, including large
amount of semi-volatile organic compounds (SVOCs) and
volatile organic compounds (VOCs) [49-52]. Most pollut-
ants from solid fuels and biomass are gaseous in nature,
and they can be classified into primary and secondary
gaseous pollutants. VOCs (primary gaseous pollutants) are
the main form of chemical pollutants; chemical materials,
which are now widely used households, are able to release
many toxic contaminants at room temperature [53]. On the
other hand, secondary pollutants (free radicals, aldehydes,
ketones, alcohols, and fine particulate matter) result from
the transformation of mixtures of pollutants as an effect of
chemical reactions between ozone (0O3) and unsaturated
hydrocarbons [54].

Drinking water, house dust, and paint are the most
important sources of household lead pollution [55]. In
addition, lead can also be found in the soil, and it may
be transported into household settings [56]. Among the
types of ionizing radiation, radon is the most important
radioactive gas; it originates from rocks and soil and can
concentrate in enclosed spaces such as houses [57]. Radon
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Table 1 Comprehensive summary of the types and sources of household air pollution. Source: [26-30]

Category Pollutant/agent

Major household sources

Biological sources Allergens or animal dander
Bacteria, viruses
Fungal spores

Microbial VOCs, mold

Chemical—inorganic sources Arsenic and fluorine
Asbestos

Carbon monoxide (CO)
Fine particles

Lead?

Nitrogen oxides (NO,)

Ozone (O3)

Particulate matter (PM)

Radon

Sulfur oxides (SO,)
Aldehydes
Environmental tobacco smoke (ETS)

Chemical—organic sources

Endocrine disruptors (phthalates; DDT, chlordane,

heptachlor, o-phenylphenol)

Free radicals and other short-lived, highly reactive

compounds

Organic chemicals (benzene, chloroform, para-
dichlorobenzene, methylene chloride, perchloro-

ethylene, phthalates, styrene)
Pesticides

Polybrominated diphenyl ethers (PBDE)

Polycyclic aromatic hydrocarbons

Volatile and semi-volatile organic compounds

Domestic animals, house and floor dust, insects, pol-
lens

Animals, bedding, people, plants, waste bins, wet or
moist surfaces

Foodstuffs, internal surfaces, plants, soil

Poorly maintained air conditioners, humidifiers, and
dehumidifiers; waste bins; wet or moist structures;
ventilation systems

Coal combustion

Damaged/deteriorating insulation, fireproofing,
remodeling of construction and acoustical materials,
naturally occurring in some soils

Tobacco smoke, wood and gas stoves, kerosene
heaters, malfunctioning gas appliances, car or truck
exhaust from attached garages

Fuel/tobacco combustion, cleaning, cooking

Remodeling/demolition of painted surfaces, sanding
or open-flame burning of lead paint, house dust

Fuel combustion, kerosene and gas stoves, malfunc-
tioning gas appliances

Household air cleaners generating ozone, soldering-
or welding-related hobbies, photocopy machines

Cigarettes, wood stoves, kerosene, fireplaces, cooking,
vacuuming, burning candles and incense, products
generated from reactions of ozone with fragrances

Soil under buildings, some construction materials,
and groundwater

Coal combustion, kerosene

Furnishings, construction materials, cooking
Cigarettes, cigars, and pipes

Plastics, pesticides, flame retardants

Household chemistry

Solvents, glues, cleaning agents, pesticides, building
materials, paints, treated water, moth repellents,
dry-cleaned clothing, air fresheners

Consumer products, dust from outside

Flame retardants in foams found in furniture and
automobiles, electronic printed circuit boards, elec-
tronics casings, carpet backing, upholstery

Fuel/tobacco combustion, cooking

Air fresheners, dry-cleaned clothing, fuel/tobacco
combustion, consumer products, furnishings, con-
struction materials, cooking

2Pb-containing dust from flaking paint is an important household pollutant for occupants in many households, but the most critical expo-

sure pathways are not usually through air

gas from soil has gained recognition as the most impor-
tant source of household radon [58, 59]. Similarly, building
materials and groundwater are also treated as sources of
radon [57, 59].

Household organic compounds are emitted from dif-
ferent types of materials used for building, such as vinyl
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tiles and floor coverings. Almost every type of product
that is used by consumers can contribute to increas-
ing household levels of VOCs and SVOCs, including
paints (texanols, ethylene glycol, pinene, butoxyethox-
yethanol), paint thinners (C7-C12 alkanes), paint strip-
pers (methylene chloride), adhesives (benzene, alkyl
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benzenes), caulks (ketones, esters, glycols), and clean-
ers (2-butoxyethanol, limonene, 2-butanone). Moreover,
dry-cleaned clothing (tetrachloroethylene), frying foods
(acrolein, 1, 3-butadiene, PAHs), smoking (aldehydes,
benzene, nicotine, PAHs), molds (sesquiterpenes), pes-
ticides (chlorpyrifos, diazinon, dichlorvos), and shower-
ing (chloroform) all produce VOCs and SVOCs and are
thus major contributors to household pollution [60, 61].
The main sources of VOCs are considered to be build-
ing and decorating materials [62]. The concentrations
of chemical organic compounds are not identical in all
circumstances and may differ significantly across differ-
ent settings (Table 2).

4 Health impacts of household air pollution

HAP is considered an important environmental risk
factor for human diseases around the world, as it is
annually responsible for almost 5% of the global bur-
den of disease (expressed as disability-adjusted life-
years (DALYs) [20]. Commonly observed health effects
of HAP include chronic obstructive pulmonary disease
(COPD), lung cancer, reduced lung function, respiratory
ilinesses, and weakening of the immune system, which
are responsible for a significant global health burden
(Table 3). The World Health Organization has stated that
nearly 2.7% of the yearly global burden of disease is
caused by HAP from the combustion of biomass fuel,
and this form of HAP is a growing problem among the
top ten global threats to public health. Women and
children are the most vulnerable to HAP because they
spend most of their time at home [69]. Several studies
have found that exposure to HAP from cooking results
in approximately 4 million premature deaths yearly
[20, 24]. Figure 2 presents a systematic diagram for

understanding the effects of the household air environ-
ment on human health.

4.1 Respiratory illness

Respiratory illness is the most common and widely occur-
ring health problem resulting from HAP. Clinically diag-
nosed cases of acute respiratory illness showed that HAP
is highly responsible for acute lower respiratory infections
(ALRI) [102]. Almost all types of household air pollutants,
especially gaseous products, may cause respiratory illness.
Studies have also found some respiratory effects—espe-
cially ALRI—of ultra-fine and fine particles [103] among
children below 5 years of age [104-106]. ALRlI is a leading
cause of childhood morbidity and mortality in the world
[107, 108]. Potential household respiratory infections can
be transmitted to large numbers of people if populations
aggregate in numbers higher than usual [109]. In 2008,
influenza viruses were the most opportunistic agent
and were responsible for approximately 21 million ALRIs
among young children [110]. These viruses also caused
14-16% of febrile respiratory infections and were associ-
ated with 10% of pneumonia cases among children under
theage of 5years [111, 112].

4.2 Asthma

There is particular concern about the growing incidence
of asthma. Increased exposure to household air pol-
lutants is potentially associated with the development
of asthma [113]. The risk of asthma is increasing due to
exposures to acetaldehyde and toluene. This finding is
supported by a study conducted in town and village areas.
A long-term cohort study conducted on infants found
that exposure to HAP, as well as the symptom of wheez-
ing, may lead to being affected by asthma in the future
[114]. Population-based study from Sweden found that

Table 2 List of common organic compounds and their concentrations in different environments (ug/m?)

Environment TVOC Toluene Xylene Formaldehyde Benzene Ethylbenzene References
Living room 12.14-84.32 6.35-28.27 1.63-14.56 - 0.52-10.26 1.31-11.08 [63]
Apartment/house 199.69 31.81 9.64 - 3.09 3.59 [64]
Medical center 931.1 61.5 21.7 241 5.1 12.1 [65]
Children’s hospital - 5.5-8 3.6-3.9 15-10.9 1.4-2.1 13 [66]
Office - 5.7-58.0 4.6-37.0 11.0-66.0 4.7-12.0 - [67]
Library 1268.2 324 6.3 34.8 4.7 6.3 [65]
Large store 1954.4 83 42 98.1 6.8 4.8 [65]
Primary school 124-3028 9.3-34.8 <13.5 - 3.6-19.8 3.3-5.1 [68]
Household parking 1412.1 91.1 13.7 49.5 16.6 1.4 [65]
Underground station 1073.6 65.4 15.1 33 52 13.1 [65]
Aircraft - 4.7-86.5 2.0-12.5 1.7-9.5 0.0-7.3 - [67]
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Table 3 Top ten diseases and risks associated with household air pollution

Disease/illness Causative pollutants Number of studies including Pooled Statistic References
meta-analysis - —
Odds ratio  Limits of Cl (95%)
Respiratory illness Benzene, 1,3 butadiene, CO, 30 (10 case—control studies; 213 1.30-3.49 [13,70-72]
formaldehyde, NO,, polycyclic 19 cross-sectional studies, 1
aromatic hydrocarbons (PAHs), review)
PM, 5, PM,, SO,
Asthma Animal dander, aldehydes, CO, 21 (4 case-control studies; 14 1.81 0.79-3.27 [13,72-77]
dust, ETS, mono-aromatics, cross-sectional studies; 1 longi-
molds, NO,, O, phenols, PM, tudinal study; 2 reviews)
pollen
Pneumonia Asbestos, benzene, CO, formal- 27 (18 case—control studies; 2.50 1.51-4.3 [78-80]
dehyde, NO,, PAHs, PM, 5, PM,,, 3 cross-sectional studies; 5
SO, cohort studies; 1 randomized
control trial study)
Tuberculosis Bacterial microorganism, 16 (13 case—control studies; 3 1.44 0.82-2.62 [14,81-83]
kerosene, PM, pollens, tobacco cross-sectional studies)
smoke
Lung function reduction  Asbestos, CO, CO,, NO,, O, 26 (9 case—control studies; 17 1.92 0.92-4.83 [13,84]
radon, SO,, tobacco smoke, cross-sectional studies)
VOCs
Cancer Asbestos, benzene, 1,3 butadi- 36 (35 case—control studies; 1 232 1.46-3.97 [30, 85-88]
ene, CO, NO,, O;, PM, 5, PM,, cohort study)
radon and VOCs
Cardiovascular diseases  CO, CO,, NO,, O3, PM, 5, PM,,, 23 (13 case—control studies; 1 2.25 1.32-5.15 [89-93]
radon, SO,, tobacco smoke, cross-sectional study; 9 cohort
VOCs studies)
Eye diseases Asbestos, CO, CO,, kerosene, NO,, 19 (8 case-control studies; 10 2.03 1.07-5.10 [94]
0,;, SO, VOCs cross-sectional studies; 1 rand-
omized control trial study)
Pregnancy complications CO, CO,, ETS, NO,, O3, PM, Radon, 5 (4 cross-sectional studies; 1 1.65 1.27-2.22 [95-99]
S0,, VOCs cohort study)
Sick building syndrome  Allergens, asbestos, bacteria, CO, 2 (1 longitudinal study; 1 cross-  1.32 0.95-2.27 [100, 101]

CO,, fungal spores, NO,, O;, PM,
S0O,, VOCs

sectional study)

workplace ETS exposures were associated with sympto-
matic asthma [115]. From these results, we may conclude
that asthma—whether already developed or completely
new onset—may be worsened by HAP, though the initial
onset of wheezing is not directly related to HAP [116]. In
developed countries, many epidemiological studies sug-
gest that residential dampness and molds are associated
with asthma. The pooled odds ratio regarding mold expo-
sure and asthma was 1.35 (95% Cl 1.20-1.51); this result
was based on studies conducted in ten different states of
Eastern and Western Europe as well as Russia and North
America [73]. A study in Sweden found that concentrations
of VOCs (propylene glycol and glycol ethers) in residences
were 1.5 times more likely to be linked with asthma and
that there was a close association between these com-
pounds and asthma (95% Cl 1.0-2.3) [74].
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4.3 Pneumonia

In the case of children in developing countries, HAP is the
most acknowledged risk factor for pneumonia, whereas in
developed countries, the smoking of tobacco is the main
risk factor [117]. A study conducted in Guetemala showed
that there is a relationship between the occurrence of
pneumonia among children and HAP, which actually led
to reduced HAP exposure [118]. This study found that
children living in homes with chimneys, compared with
children living in homes with open wood fires, had sig-
nificantly attenuated exposure to CO, such that exposure
was reduced from 2.2 to 1.1 ppm CO, on average. Among
total retrenchment in cases of exposure, almost half had a
consentaneous drop in medically diagnosed pneumonia
(OR0.82, 95% Cl 0.70-0.98).
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Fig.2 Systematic diagram for
understanding the effects of
the household air environment
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4.4 Tuberculosis

Epidemiological studies have verified that tuberculosis
and HAP are closely related. In the 22 countries with the
highest estimated burden of tuberculosis, HAP is among
the most prominent risk factors, and 26.2% of tuberculo-
sis cases are attributable to HAP (95% Cl 12.4-61.0); this
was estimated in a population [81]. A nested case control
study conducted by Kolappan and Subramani [82] found
that tuberculosis was the consecutive effect of biomass
use, and the adjusted odds ratio was 1.7 (95% Cl 1.0-2.9).
In addition, cigarette smoking plays a significant role in

causing pulmonary tuberculosis. Studies have found that
ETS exposures have a positive association with pulmo-
nary tuberculosis [119, 120]. However, in the past, due to
the lack of epidemiological evidence, tuberculosis (TB)
was not included in the regularly cited burden of HAP
[12]. Though some previous systematic reviews did not
find any effect of HAP on TB and noted the limited qual-
ity of the obtainable evidence [121, 122], there is increas-
ingly prominent evidence of the relationship between
HAP and TB.
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4.5 Lung function reduction

The most common phenomenon resulting from HAP
is reduced lung function. Although this problem can
occur in all age groups, children are at higher risk than
others. Investigation among children in China showed
that exposure to household coal combustion signifi-
cantly reduced lung function [123]. Well-established
data suggest that chronic obstructive pulmonary dis-
ease (COPD) and chronic bronchitis can result from
long-term exposure to HAP [124]. A study showed that
solid fuel use caused the development of COPD (OR 2.80,
95% Cl 1.85-4.0) and chronic bronchitis (OR 2.32,95% Cl
1.92-2.80) [125].

4.6 Cancer

Cancer is a foremost cause of fatalities in the world,
accounting for 8.2 million deaths in 2012 [126]. HAP has an
impact on lung cancer, upper aero-digestive tract cancer,
stomach cancer, breast cancer, and cervical cancer. Among
these, lung cancer is the most common consequence of
HAP.The International Agency for Research on Cancer clas-
sified HAP from the burning of biomass fuel within Group
2A carcinogens, which are treated as human carcinogens
[127]. In the USA, every year approximately 3000 deaths
from lung cancer are attributed to second-hand smoke, as
are many cases of pediatric respiratory disease [128]. It is
estimated that almost 70% of global lung cancer deaths
and approximately 20% of all types of global cancer deaths
are attributable to tobacco use [129]. Epidemiological
studies suggest that respirable particulate matter (PM10),
polycyclic aromatic hydrocarbons, and formaldehyde
are largely associated with the increase in the incidence
of human lung cancer [130]. Experimental study among
women with human papillomavirus (HPV) in Colombia
stated that the probability of having cervical cancer was
5.3 times higher (95% Cl 1.9-14.7) among women exposed
to wood smoke from the kitchen for 16 years or more com-
pared to women who were not exposed to such smoke
[131]. HPV infection is a significant cause of cervical cancer,
where all other factors only modify the risk [132]. In a study
on urinary mutagenicity, researchers examined urinary
mutagenicity levels among the employees of a charcoal
plant and found that the level of exposure to wood smoke
was associated with genetic damage (i.e,, DNA adducts in
urothelial cells) [133].

4.7 Cardiovascular diseases

Long-term exposure to HAP has been associated with
numerous adverse health outcomes during adulthood
[134-136]. Cardiovascular dysfunction, chronic bronchitis,
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and even DNA damage can be attributed to these expo-
sures. One study suggests that reducing contact with
HAP can improve cardiovascular health [137]. This study
revealed that high-sensitivity, C-reactive protein (marker of
inflammation), 8-hydroxy-2'-deoxyguanosine (biomarker
of oxidative stress and carcinogenesis, and fibrinogens,
which exist in high volume during the inflammatory
response phases and reduction in heart rate variability
(HRV), have been demonstrated to be the precursors of
myocardial infarction (M) and are actively linked with
increased levels of household air pollutant fragments. A
different study showed that contact with wood smoke can
increase arterial rigor and also reduce HRV [138].

Environmental tobacco smoke, a component of HAP,
is one of the most dangerous factors leading to health
impairment. People who are exposed to it often suffer
from immunodeficiency [139], endothelial dysfunction
[140], lung dysfunction [141], hypertension [142], and
atherosclerosis [143]. A few studies have been conducted
within the animal population to identify the chronic effects
of ETS on human health. Prominent relationships among
tobacco smoke, high blood pressure, oxidative stress,
endothelial dysfunction, and cardiac remodeling were
found in mouse models [144]. Laboratory experiments
in rat models showed that ETS exposure was responsible
for changing the circadian rhythms of blood pressure and
heart rate, pulse waves, and inactivated NO concentrations
[145].

Human exposure to particulate matter (ultra-fine and
fine particles) has significant cardiovascular effects [103].
A study among 280 women in China showed that systolic
and diastolic blood pressure increased 2.2 mmHg (where
95% confidence interval was 0.8 to 3.7 and p value was
0.003) and 0.5 mmHg (where 95% confidence interval was
—0.4 to 1.3 and p value was 0.31), respectively, from the
normal state with 1—1log ug/m? increased exposure to
PM2.5 [146]. It is ascertained that HAP is associated with
hypertension, and hypertension can act as an antecedent
for multiple adverse cardiovascular effects.

4.8 Eye diseases

HAP—mainly from solid fuels and cigarette smoke—has
been identified as a risk factor for eye diseases such as
cataracts, glaucoma, corneal opacities, and trachoma,
which can lead to blindness [94]. According to the WHO,
285 million people are visually impaired—out of whom 39
million are blind—around the world [147]. Epidemiologi-
cal studies of problems associated with HAP have reported
‘ocular irritation” as a complaint, and the contribution of
HAP to this problem remains unchanged even when the
symptoms start to yield [148, 149].
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Epidemiological studies have also found a significant
association between cataracts and cigarette smoking [150,
151], and the United States Surgeon General has claimed
that there is sufficient evidence to consider smoking a
major causal factor for cataracts [152]. Naphthalene, which
is found in biomass fuels, is well known for its cataracto-
genic capability and is used to bring about cataracts in
animal models [153]. Studies suggest that contact with a
toxic metal ion (Pb, lead) is connected with protein accre-
tion diseases such as cataracts [154]. Age-related macular
degeneration (AMD), which is associated with smoking, is
also a chronic eye disease [155]. Household air pollutants
such as formaldehyde, acrolein, and particulate matter
may cause oxidative stress and deflect the cytokine con-
tent of tears away from the ocular surface, which may later
lead to the advancement of inflammatory dry eye disease,
which is related to robust ocular pain and discomfort and
may pave the way to visual disturbances [156, 157].

4.9 Pregnancy complications

Many studies have been performed around the world to
determine the adverse health effects of HAP on pregnancy.
Stillbirth, preterm birth, and low birth weight (LBW) were
commonly reported negative health outcomes of HAP.
A well-documented line of research has suggested that
there is a prominent relationship between in utero contact
with HAP and multiple negative health outcomes [158,
159]. One study showed that women who were exposed
to environmental tobacco smoke had greater chances of
LBW (adjusted OR 1.36, 95% Cl 0.85-2.18) and preterm
birth (adjusted OR 1.27,95% Cl 0.95-1.70) compared with
women who were not exposed to HAP (in cases of full-
term birth) [160]. A different meta-analysis revealed the
correlation between HAP exposure and the incidence of
stillbirth and LBW [8]. From that correlation, it was shown
that exposure to HAP was positively related to an increase
in LBW (OR 1.38,95% Cl 1.25-1.52) and stillbirth (OR 1.51,
95% Cl 1.23-1.85), both of which were related to solid fuel
combustion and household air pollutants generated from
other sources.

4.10 Sick building syndrome

Sick building syndrome (SBS) is a disease that is related to
the quality of household air, which stimulates the body’s
nervous system, dermis, and pulmonary system. SBS is
accompanied by coughing, sneezing, headaches, dizzi-
ness, nausea, swelling and itching of skin, and irritated
mucous membranes of the throat, nose, and eyes [161].
In medicine, it is defined as a group of phenomena, not
a syndrome, and its individual diagnosis is difficult [162].
In 1983, the WHO formally addressed the concept of SBS,

defining it as a set of medical symptoms reported by occu-
pants of buildings with polluted household environments
[163]. Room temperature, relative air humidity [164],
building dampness [165], ventilation flow [166], micro-
bial contact (e.g., molds and bacteria), microbial volatile
organic compounds (MVOC) [167], and volatile organic
compounds (VOC) [168] are the household environmental
issues related to sick building syndrome.

An estimation of office workers around the world who
worked in newly constructed or renovated buildings
found that 25-30% were affected by SBS [169]. Based on
the higher prevalence of sick building syndrome in older
buildings, one study stated that old office buildings were
more prone to SBS than new office buildings, where the
occurrence of SBS was related to the levels of carbon diox-
ide (CO,), total volatile organic compounds (TVOC), partic-
ulate matter (PM, 5 ;(), and ultra-fine particles (UFP) [170].

4.11 Legionnaires’ disease

Legionnaires’ disease is generally a respiratory infection
that causes substantial morbidity and mortality. It is often
a severe form of pneumonia that is acquired by susceptible
persons (e.g., elderly persons and smokers) through the
inhalation of aerosols and the aspiration of water that con-
tain legionella species [171, 172]. The most common agent
of this disease is Legionnella pneumonophila, a rod-shaped
bacterium that can be transmitted through any type of
device—such as cooling towers, whirlpool baths, show-
ers, and hospital equipment—that is involved in produc-
ing aerosol. The contamination of these devices has been
associated with large outbreaks of Legionnaires’ disease
[173, 174]. Other factors that can contribute to Legion-
naires’ disease are smoking, alcohol misuse, age (especially
being older), chronic cardiovascular diseases, chronic res-
piratory disease, diabetes, cancer (mainly intense mono-
cytopenia, a form of leukopenia that occurs in hairy cell
leukemia), and immunosuppression [175]. People older
than the age of 50 constitute 74 to 91% of Legionnaires'
disease patients, and male patients strongly predominate
(1.4-4.3 males per female patient) [176-178].

5 Management approach

Management approaches to the reduction in HAP, the con-
trol of polluting agents, the mitigation of the global health
burden of diseases, and the creation of a healthy house-
hold environment can be categorized into three groups:
approaches that comply with international guidelines and
regulatory frameworks; approaches that reduce household
air pollutants through different methods; and approaches
that fulfill international environmental laws, conventions,
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Table 4 Duration-based
standard limits of common
environmental pollutants.
Source: [179, 180]
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Pollutant ppm ug/m?3 Time frame for exposures
Air quality standards formulated by US EPA
Average concentration
SO, 0.03 80° 1 year (arithmetic mean)
0.14 365° 24 h¢
0.50 1300° 3h
PM - 150%0 24 hd
- 5020 1 year® (arithmetic mean)
co 9.0 10,000? 8h¢
35.0 40,000° 1h¢
0, 0.12 2352P 1h
NO, 0.053 100%P 1 year (arithmetic mean)
Pb - 1.5%b 3 months
WHO guideline values for organic and inorganic compounds in air
Organic compound
Carbon disulfide 0.1 100 24 h
1,2-dichloroethane 0.7 0.0007 24 h
Formaldehyde 0.1 100 30 min
Methylene chloride - 3000 24h
Styrene 0.8 800 24h
Tetrachloroethylene - 5000 24h
Toluene 8 8000 24h
Trichloroethylene 1 1000 24h
Inorganic compounds
Cadmium 0.001-0.005 0.001-0.005 1 year (rural areas)
0.01-0.02 0.01-0.02 1 year (rural areas)
Carbon monoxide 100 0.1f 15 min
60 0.06 30 min
30 0.03f Th
10 0.01 8h
Hydrogen sulfide 0.15 150 24 h
Lead 0.0005-0.001 0.5-1.0 1 year
Manganese 0.001 1 1h
Mercury 0.001 1€ 1h
Nitrogen dioxide 04 400 1h
0.15 150 24 h
Ozone 0.15-0.2 150-200 Th
0.01-0.12 10-120 8h
Sulfur dioxide 0.5 500 10 min
0.35 350 Th
Vanadium 0.0001 1 24h

2Primary standard
bSecondary standard

“Maximum value that should not be exceeded more than once per year

9Measured as particles of diameter <10 pm

¢Household air only

fExposure to this concentration should not exceed the time indicated and should not be repeated

within 8 h
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agreements, protocols, and treaties. They are described
below. Figure 1 depicts the management of HAP in a way
that promotes the sustainability of good health, economic
growth, and human productivity.

5.1 Approaches that comply with international
guidelines and regulatory frameworks

To protect the air, we must reduce the air pollutants
responsible for the deterioration of air composition and
quality. Guidelines for air pollutants are mandatory to
maintain better air quality as well as a healthy environ-
ment. Collaborative initiatives through international
bodies such as the World Health Organization (WHO),
International Council of Building Research (CIBC), private
organizations such as ASHRAE (American Society of Heat-
ing, Refrigerating, and Air Conditioning Engineers), and
countries such as the United States and Canada have for-
mulated air exposure guidelines and criteria to maintain
acceptable levels of air pollutants. The US Environmental
Protection Agency has set standards for circumfluent air
with the objective of creating a buffer to protect the health
of the population. Table 4 describes the maximum average
concentrations of air pollutants and the time frames that
they should persist in a particular environment.

Table 5 Overall control methods to reduce household air pollution

5.2 Reduction in household air pollutants
through different methods

Three main strategies can be applied to the reduction
in household pollution. Controlling the pollution source
through source reduction, occlusion or substitution may
be the first strategy and may help to draw attention to the
source [181]. Second, the condition of ventilation system
can be improved, increasing the volume of outdoor air to
reduce the concentration of household pollutants [182].
Next, we should properly implement technologies associ-
ated with air purification or treatment. In total, a trial set
of four simple recommendations to improve household
air quality has been proposed [183]: (1) reduce household
emissions; (2) maintain dry and clean surfaces; (3) ventilate
well; and (4) address the problem of outdoor pollution. If
emission sources cannot be eliminated or reduced due to
technical or financial obstacles, then air-cleaning appara-
tuses should be used. Air purification/treatment technolo-
gies are described briefly in Table 5.

Major control methods ~ Working techniques/methods Controlling/performance factors References
Mechanical filtration Air purification technique Type of filter material, air flow and velocity across [184]
the filter, types of contaminants
Electronic filtration Electrostatic precipitator Certain chemicals, aerosols or high relative [185]
humidity
Adsorption Retaining contaminants on the surface of an Temperature, high relative humidity, pollutant [186-188]
adsorbent material (activated carbon, zeolites, load variations
silica gel, activated alumina, mineral clay, etc.)
Ozonation Oxidizing agent produced in generators using Oxygen molecules (O,)
oxygen from the air
UV photolysis Decomposition of contaminants, such as viruses, Molar absorptivity of the target gas-phase pol- [189, 190]
bacteria, chemicals, dust mites, animal dander lutant at the wavelength used, the intensity of
and mold, through a process called photolysis the UV light source, the initial concentrations
oxidation of the different VOCs present in the waste gas,
relative humidity, and the concentration of
added oxidants
Photocatalytic oxidation Degradation and mineralization of contaminants Catalyst [191]
in the air using a semiconductor and an irradia-
tion source in the presence of oxygen
Biofiltration Packed bed bioreactor, bioscrubber, biotrickling  Pollutant transfer gas phase to biofilm [192,193]
filter (BTF), and membrane bioreactor
Botanical purification Complementary bio filtration system composed  Specific plant uptake capability, reactor design [194]
of a vegetable plant and a packing material
substrate
Membrane separation Semipermeable membrane allows diffusion Membrane module, membrane materials [1]
SN Applied Sciences
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Table 6 (continued)

Major issues/objectives

Year of

Law, convention, agreement, protocol or treaty

agree-
ment
1990

Comprehensive federal law that regulates air emissions from stationary and mobile

Clean Air Act (CAA)

sources. Among other things, this law authorizes EPA to establish National Ambient

Air Quality Standards (NAAQS) to protect public health and public welfare and to

regulate emissions of hazardous air pollutants

This table was adapted and modified from American University Washington College of law, USA

EPA Environmental Protection Agency

5.3 Comply with international environmental
laws, conventions, agreements, protocols,
and treaties

Air itself has no boundary, and pollutants disperse
throughout the world. Air pollution remains a significant
issue despite the many agreements, treaties, and conven-
tions that have been designed to control it. Different envi-
ronmental laws, conventions, and agreements have been
proposed to ensure a clean and safe environment, but HAP
management systems need to be incorporated into those
policies. In the past, major laws, conventions, agreements,
protocols, and treaties have been established to address
outdoor air pollution. Household air pollutants are likely
to be the same as outdoor air pollutants; thus, if we suc-
cessfully meet the major requirements of each of these
laws, conventions, agreements, protocols, and treaties, we
can indirectly manage the household environment. Table 6
describes the major laws, conventions, agreements, proto-
cols, and treaties—and their major air pollution targets—
from previous decades to the present.

Outdoor environment influences the indoor environ-
ment. Thus, transport sector is another bullet point in
contributing HAP. Emissions from transport sector can be
cut down by changing the transport system. Developing
countries can adopt new vehicle technology, alternative
fuel use, and land use policy. Furthermore, portable real-
time air quality monitoring systems should be developed
for different household microenvironments including
schools, homes, commercial buildings, shopping centers,
as well as inside various transport vehicles. To compare the
overall situation and finding a suitable HAP hot spot, this
could be an alternative approach. In addition, air quality
forecasting model for residential environment could be
a potential strategy to assess air pollution in household
levels, and it might help in effective control policy formula-
tion and decision-making [196, 197] for clarification.

The mass people or public can play an effective role
in air quality management plans or strategies through
their engagement in surveys or public opinions, and
thus, they can provide their expectations and needs. The
roles of mass people could be the ‘thumbs rule’in man-
agement strategy, especially in developing countries. To
sum up, public perspective will crucial in whole manage-
ment plan for any local or national government. ‘Bottom-
up approach’ of implementing an educational system in
every country could play a major role in raising awareness
about household air quality and its impacts on health and
in finding basic solutions for reducing HAP; well-known
guidelines should be incorporated into educational initia-
tives. Activities focused on prevention and control should
be accelerated, and policy and regulation systems should
be up-to-date.
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6 Conclusion

Globally, HAP is a major public health hazard for both
developing and developed nations, including large num-
bers of the world’s poorest, most vulnerable people. HAP
may even be responsible for the highest global burden
of disease. Health impacts—both mortality and morbid-
ity—will be acute in the near future as HAP and its conse-
guences increase daily, alongside outdoor air pollution.
The greatest contribution of HAP to the burden of disease
results from respiratory illness, asthma, pneumonia, lung
function reduction, tuberculosis, eye diseases, pregnancy
complications, cardiovascular diseases, and different
forms of cancer. Children, women and elderly people are
the most susceptible to this burden of disease because
they spend the most time indoors. To improve their health,
as well as the whole household environment, it is neces-
sary to reduce the sources of HAP while also alleviating
its adverse health effects. Although household pollutants
are quite complex and vary widely in their concentrations,
HAP is a modifiable risk factor with known management
strategies that can be used to lessen its effects on the envi-
ronment and human health. However, successful manage-
ment strategies require robust information pertaining to
the problem, and this information must be generated from
diverse settings. Compliance with international guidelines
and regulatory frameworks, pollutant source reduction
methods, and fulfilling the requirements of international
environmental laws, conventions, agreements, protocols,
and treaties can be effective management measures to
mitigate household air pollutants as well as reduce the
global burden of disease. In addition to raising aware-
ness at individual, community, national, international,
and global levels through the building of partnerships,
global political commitment can extenuate HAP. Based on
our evaluation of the current literature, the sources and
health impacts associated with HAP exposure should be
considered in the development of future policies concern-
ing reductions in all household air pollutants worldwide.
Finally, this review establishes the groundwork for future
studies assessing the effectiveness of strategies aimed at
creating sound household environments to promote bet-
ter human health.
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