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ARTICLE INFO ABSTRACT

Handling Editor: Xavier Querol Direct exposure to household fine particulate air pollution (HAP) associated with inefficient combustion of fuels
(wood, charcoal, coal, crop residues, kerosene, etc.) for cooking, space-heating, and lighting is estimated to result
in 2.3 (1.6-3.1) million premature yearly deaths globally. HAP emitted indoors escapes outdoors and is a leading
source of outdoor ambient fine particulate air pollution (AAP) in low- and middle-income countries, often being a
larger contributor than well-recognized sources including road transport, industry, coal-fired power plants, brick
kilns, and construction dust. We review published scientific studies that model the contribution of HAP to AAP at
global and major sub-regional scales. We describe strengths and limitations of the current state of knowledge on
HAP’s contribution to AAP and the related impact on public health and provide recommendations to improve
these estimates. We find that HAP is a dominant source of ambient fine particulate matter (PM2.5) globally —
regardless of variations in model types, configurations, and emission inventories used — that contributes
approximately 20 % of total global PM2.5 exposure. There are large regional variations: in South Asia, HAP
contributes ~ 30 % of ambient PM2.5, while in high-income North America the fraction is ~ 7 %. The median
estimate indicates that the household contribution to ambient air pollution results in a substantial premature
mortality burden globally of about 0.77(0.54-1) million excess deaths, in addition to the 2.3 (1.6-3.1) million
deaths from direct HAP exposure. Coordinated global action is required to avert this burden.

1. Introduction pollutants; how those emissions impact people and the environment;

and the health, environmental, and economic benefits and impacts of

In the twenty-first century, exposure to air pollution is ubiquitous;
the resulting impacts on health, the environment, and welfare are well-
described: 6.4 (95 % uncertainty bounds: 5.7-7.3) million premature
deaths and 209 (95 % UB: 185-235) million disability adjusted life years
(DALYs) globally (Murray et al., 2020). Most governments acknowledge
the health effects of air pollution exposure and have mitigation plans in
place, though they are implemented and enforced at varying scales and
efficacies. These mitigation plans must cope with many competing in-
terests: industrial and economic motivations, the need for inexpensive
energy, environmental concerns, and human welfare. And, fundamen-
tally, mitigation planners must understand what sources emit what

control measures deemed effective.

Despite our modern era of development, broad global industrializa-
tion, and increasing rates of electrification, one of the earliest anthro-
pogenic sources of air pollution - the use of solid fuels (like firewood) in
homes for cooking, heating, and other energy services — remains one of
the largest sources of air pollution globally (Chowdhury et al., 2022;
Lelieveld et al., 2015), with a significant footprint in low- and middle-
income countries (LMICs). Primary emissions, like soot and organic
carbon from solid fuel combustion, are so high that every 1 million
households using solid fuels release emissions approximately equivalent
to 2.3 million diesel trucks (meeting 2010 Euro 4 standards) (Smith and
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Pillarisetti, 2017). The resulting ‘household air pollution’ (HAP) con-
tributes to ~ 36 % of premature deaths and 44 % of DALYs of the total
burden from air pollution among the population who uses these primi-
tive fuels to meet basic energy needs (Murray et al., 2020). As of 2016,
approximately 3.8 billion people use solid fuels for cooking and other
household activities like heating and lighting, despite progress to
address global poverty and development in LMICs (HEL, 2018; Pillar-
isetti et al., 2022).

In households with limited ventilation (as is common in LMICs),
exposures to HAP, particularly those of women and young children,
have been measured to be many times higher than World Health Or-
ganization (WHO) guidelines and national air quality standards
(Balakrishnan et al., 2013; Pillarisetti et al., 2022; Smith, 1993; Smith
et al., 2014). Ambient air pollution (AAP) from a variety of sources,
including agricultural waste burning, industries, power generation,
vehicular emissions, and road and natural dust also infiltrates house-
holds and contributes to in-home exposure (Leung, 2015; Raunemaa
et al., 1989). Likewise, activities involving combustion in households
also impact ambient air quality (Chafe et al., 2014; Chowdhury et al.,
2019b). Until recently, the scale and magnitude of HAP’s contribution to
AAP was under-recognized and poorly characterized (Chowdhury et al.,
2019a; Pillarisetti et al., 2022; Smith et al., 2014). Basics of HAP and
AAP, their measurement methods and related health outcomes are dis-
cussed in Supplementary Information (SI Text 1) and elsewhere (Pil-
larisetti et al., 2022).

While common sense tells us that some fraction of what is emitted
indoors must go outdoors, estimates of the proportion of AAP attribut-
able to household sources vary widely (Chowdhury et al., 2019a). Take,
for example, three estimates spread over the past decade. An influential
early study described in Chafe et al., (2014) estimated that cooking-
related HAP contributes 12 % of the total, population- weighted
ambient PM2.5 exposure globally. A subsequent study for the year 2010,
(Lelieveld et al., 2015) modeled that 31 % of ambient PM2.5 may be
associated with household solid fuel use. Finally, a more recent study
(McDuffie et al., 2021) using updated emissions data found 19 % of
ambient PM2.5 attributable to HAP.

Though the contribution of HAP to AAP is expected to decline over
time in most LMICs as solid fuel use decreases, the total exposed pop-
ulation may increase due to population growth (HEIL, 2018; Pillarisetti
et al., 2022). Additionally, many current estimates do not account for
non-cooking activities, like heating, lighting, heating water, and animal
fodder preparation, and thus may underestimate the true contribution.
Finally, in Africa and South Asia, the contribution of HAP to AAP has
been estimated to be very high, (e.g., up to ~ 50 % in India) (Chowdhury
et al., 2022, 2019b; Conibear et al., 2018; Upadhyay et al., 2018). In
these regions, ambient air quality standards may not be attainable
without a transition to clean household fuels (e.g. LPG, ethanol, electric
cooking) (Chowdhury et al., 2022; McDulffie et al., 2021).

As energy demands increase in LMICs, the choice of cooking fuel may
have major implications for management of ambient air quality and
public health. To achieve improvements in ambient air quality and
facilitate mitigation efforts, countries need an understanding of HAP’s
contribution to AAP. The goal of this review is (i) to describe the current
state of knowledge on HAP’s contribution to AAP and its impact on
public health; (ii) to discuss the modeling and measurement techniques
used to generate these estimates and associated uncertainties; (iii) to
make recommendations to improve the estimates of HAP’s impact on
AAP and health; (iv) to discuss regional policies that may impact HAP
and its contribution to AAP; and (v) to discuss next steps for improving
these estimates.

2. Modeling contributions of HAP to ambient PM2.5
PM2.5 pollution varies in spatial distribution, composition, and

sources (Chowdhury et al., 2022; Hammer et al., 2020; Lelieveld et al.,
2015; McDuffie et al., 2021; Snider et al., 2016). In general, local
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sources, such as transportation, dominate in urban areas, while in the
background and rural areas, ‘imported’ pollution (transported pollu-
tion) dominates (Donnelly et al., 2015; Junker et al., 2009; National
Research Council, 2010). However, in regions where solid fuel use is
dominant, a significant portion of ambient PM2.5 pollution in rural and
background regions is associated with household emissions that escape
outdoors (Chowdhury et al., 2022; Conibear et al., 2018; HEI, 2019;
Herich et al., 2014; Puxbaum et al., 2007; Upadhyay et al., 2018).

Understanding the drivers of degraded ambient air quality requires
understanding sources of air pollution and the magnitude of their
emissions. Source apportionment refers to the practice of obtaining in-
formation about source sectors (e.g., transportation, power, industry,
residential, commercial, agricultural, construction, and natural) that
contribute emissions of the pollutant of interest (Liao et al., 2017; Mir-
cea et al., 2020; Thunis et al., 2018). Knowing what sector contributes
what fraction of a given contaminant enables control prioritization
strategies. Source apportionment methodologies are complex and thus
some uncertainty persists.

There are two methods for assessing sources of air pollutants, dis-
cussed below. Both approaches reconstruct the atmospheric concentra-
tion of pollutants associated with sector-specific emission sources. These
distinct methods when operated in tandem serve as an efficient tool for
identifying major sources of PM2.5 and supporting air quality
management.

2.1. Top-down approach

In a top-down approach, ambient samples are collected in locations
of interest, analyzed for their chemical composition (Abulude, 2017;
Guttikunda, 2009; Johnson et al., 2011), and then related to specific
emission sources from that location using models. Emission sources have
largely distinct chemical fingerprints, enabling this approach. For
example, universal markers of biomass burning in households are
anhydro-saccharides (mannosan, galactosan and levoglucosan),
methoxyphenols, and potassium. Similarly, iron and steel plants emit
aerosols rich in iron. More details can be found in (Banerjee et al., 2015;
Hopke, 2016; Hopke et al., 2020). Receptor modeling methodologies
like chemical mass balance (CMB) models or positive factorization
(PMF) models (Hopke, 2016; Hopke et al., 2020) are then used to esti-
mate the relative contributions of different sources to the total partic-
ulate matter measured in the first step, based on source-specific
chemical fingerprints.

2.2. Bottom-up approach

Bottom-up modeling approaches utilize sector-specific emissions
information, derived from emission inventories, fed into complex earth
system models, chemical general circulation models, or chemical
transport models (Brasseur and Jacob, 2017) that predict pollutant
concentrations for a given location and time (Bey et al., 2001; Clappier
et al., 2017; Joeckel et al., 2010; Johnson et al., 2011; Thunis et al.,
2019). These models use a set of numerical equations and incorporate
physical and chemical parameters such as precipitation microphysics,
longwave and shortwave radiation, land surface classification, convec-
tive parameterization, gas-phase chemistry, photolysis, aerosols, natural
dust, initial and boundary conditions for chemistry, and meteorology.

These complex atmospheric chemistry models can be characterized
as global, regional, or local based on their extent. It should be noted that
simulating chemical transport models is computationally expensive;
therefore, global models generally have coarse spatial resolution and are
often not able to account for changes in inputs like meteorology and
emissions at a local scale. Regional chemical transport models, however,
are simulated over a more specific geographic domain, often at very fine
spatial resolution (i.e. 1 km2). As an example, the contribution of
different sources to global population weighted PM2.5 from a recent
study (Chowdhury et al., 2022) is depicted in Fig. 1.
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Fig. 1. Contribution of major emission sources to ambient air pollution (PM2.5) globally. (Reproduced with data from Chowdhury et al.,(2022)).

Bottom-up approaches are not all identical. Many use different in-
puts, emissions inventories, model configurations, and meteorological
datasets, leading to varied results between studies. This is neither un-
usual nor surprising as these models are developed by distinct groups to
answer unique questions. Quantifying the magnitude of the change be-
tween estimates is challenging unless a detailed model intercomparison
study is carried out - for instance, evaluating different possible combi-
nations of meteorological datasets and emissions inventories. This
variability is distinct from model error due to propagation of internal
uncertainties in model equations, in the meteorological data, and in
formulation of emission inventories. Here, we focus on bottom-up
studies of the contribution of HAP to AAP and discuss the major fac-
tors that may influence estimates from such efforts. We discuss the major
factors (choice of emission inventories, model types and configurations
and health impact assessment methodology) that may influence a
bottom-up source contribution study with a focus on the contribution of
HAP to AAP and related health impacts in the SI Text 2.

3. Methodology

We conducted a literature search using PubMed (https://pubmed.
ncbi.nlm.nih.gov/). We limited our search to journal articles published
in English from January 2001 to January 2022 focusing on all studies
that report the contribution of specific sources to ambient air pollution
exposure and health impacts. We used the following search terms:
((((((((“ambient air pollution”[All Fields]) AND (household air pollu-
tion)) OR (indoor air pollution)) OR (residential)) AND (global)) AND
(global model)) AND (sources)) AND (health burden))” on PubMed. The
search terms returned 25 results, of which 20 were rejected based on
unavailability of full text and for not qualifying as bottom-up modeling
studies reporting contribution of HAP to ambient PM2.5. The relevant
studies underwent full text review. In addition, an independent search
was performed and the references of identified studies were checked to
find additional studies by subjective judging, which returned a further 4
studies. The studies were then tabularized (Table 1). A flowchart outline
the search strategies is depicted in Fig. S1. Similar searches were per-
formed for the following geographies: ‘Global’, ‘East Asia’, ‘South Asia’,
‘Europe’, ‘sub-Saharan Africa’, ‘Latin America’, and ‘High income North
America’ and are listed in (§1-S6) by their study extent. Fig. 2 depicts the
location of the regions and the respective number of regional and global
studies considered in this review.

4. A global perspective and recent regional advances

This section explains the similarities and differences between
modeled estimates of the contribution of HAP to AAP at global and
regional scales.

4.1. Global

We examined nine bottom-up modeling studies that conducted
global analyses of source attribution: Chafe 2014 (Chafe et al., 2014),
Lelieveld 2015 (Lelieveld et al., 2015), Butt2016 (Butt et al., 2016),
Silva 2016 (Silva et al., 2016), Karagulian 2017 (Karagulian et al.,
2017), Weagle 2018 (Weagle et al., 2018), Crippa 2019 (Crippa et al.,
2019), McDuffie 2021 (McDuffie et al., 2021) and Chowdhury 2022
(Chowdhury et al., 2022). The studies and their features are listed in
Table 1. Overall, results from these nine studies suggest that HAP
globally contributes 12-30 % of ambient PM2.5 concentrations (Fig. 1).

Comparing estimates from these studies is challenging, as each has
unique model configurations and inputs. The estimates presented by
each study would likely vary if the input data were changed relative to
the configuration used originally. These uncertainties are not presented
to undermine the utility or value of these models or their findings.
Rather, we emphasize the relative consistency of estimates given the
heterogeneity in emissions inventories, time scales, and geographic
resolutions evaluated.

Differences between the studies are substantial. The simulation year
(the base year for which the estimations were made) spans the last two
decades. Models vary widely in complexity (i.e. Chafe2014 used a
reduced complexity air pollution model, the TM5-FASST while Lelieveld
2015 used a detailed atmospheric chemistry model). Different emissions
inventories were also used, with different characterizations of what falls
into ‘residential’ emissions. Additionally, some studies included natural
and anthropogenic emissions. These include biogenic emissions from
vegetation and forests, and natural emissions like volcanic SO2, wind-
driven dust, and sea salt.

Across the studies reviewed here, 0.5-1.35 million deaths yearly are
associated with HAP’s contribution to AAP. Even the lowest estimate of
the contribution of HAP to AAP (i.e., Chafe2014) indicates that house-
hold sources contribute a significant portion of the large mortality
burden due to ambient PM2.5 exposure. However, attributing mortality
to HAP’s contribution to AAP depends on multiple factors, including the
exposure response function used, baseline mortality rates, and the
fraction population exposed for the simulation year. Chowdhury2022
performed a sensitivity study by adjusting PM by its toxicity and
assigned higher toxicity to anthropogenic secondary organic carbon,
primary organic carbon, and black carbon emissions and found that
HAP’s contribution to excess deaths from AAP exposure increased by 60
% as use of solid fuels for household activities is a major emitter of these
organic compounds. The latest GBD study (Murray et al., 2020) esti-
mated 3.83 (2.72-4.97) million deaths from exposure to ambient PM2.5.
Taking the median estimate of 20 % from the nine studies assessed here,
0.77(0.54-1) million premature deaths annually may be averted if HAP
is completely mitigated (Fig. 2).
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Table 1
Information about the global studies on contribution of HAP to ambient PM2.5 reviewed. Please see SI Text 2 to interpret how model configurations, choice of emission inventories and exposure response functions (ERFs)
may influence the variability between the studies reviewed here.

Study name Study Model Used Meteorology Horizontal Secondary Emission Anthropogenic Emission Residential Emission % of Associated ERF
year resolution particle Inventory Sources ambient premature used
formation PM2.5 from mortality (in
HAP million)
(Global)
Chafe 2014 ( 2010 TM5-FASST ECMWF,2010 TMS5-FASST regions Yes GAINS industry, land transport, Cooking 12 0.37 IER
Chafe et al., residential and commercial
2014) energy, power generation,
biomass burning,
agriculture
Lelieveld2015 ( 2010 ECHAMS5/ ECMWF, 2010 1.1°x1.1° Yes EDGAR,2010 industry, land transport, Space heating, cooking, 31 1 IER
Lelieveld et al., MESSy residential and commercial emission from local and
2015) energy, power generation, commercial energy use from
biomass burning, small combustion sources,
agriculture diesel generator sets
Butt 2016 (Butt 2000 GLOMAP ECMWF, 2000  2.8°x 2.8° Yes Various Energy sources and Space heating, cooking, ~15 0.3 log-
et al., 2016) sources distribution, industry, land emission from local and linear
transport, maritime commercial energy use from
transport, residential and small combustion sources
commercial, agricultural
waste burning
Silva 2016 (Silva 2005 MOZART-4 GEOS,2005 0.5° x 0.67° Yes RCP,2005 Residential and commercial, Space heating, cooking, 30 0.67 IER
et al., 2016) energy, industry, land emission from local and
transport, shipping and commercial energy use from
aviation small combustion sources
Karagulian 2017 2010 TM5-FASST TM5,2001 1°x1° Yes EDGAR- Agricultural, power Small scale supplemental ~20 NA NA
(Karagulian HTAP, 2010 generation, industrial non engines for residential,
et al., 2017) power, residential energy commercial, agricultural,
use and land transport. solid waste and wastewater
treatment plants, Cooking,
space heating water heating,
lighting
Weagle 2018 ( 2014 SPARTAN GEOS 2°%2.5° Yes EDGARv4.4, industry, land transport, Space heating, cooking, 21 NA NA
Weagle et al., observations + MERRA-2, 2010 residential and commercial emission from local and
2018) GEOSChem 2014 energy, power generation, commercial energy use from
biomass burning, small combustion sources,
agriculture diesel generator sets
Crippa 2019 ( 2010 TM5-FASST TM5,2001 1°x1° Yes EDGAR- Agricultural, power Small scale supplemental ~20 0.42 IER
Crippa et al., HTAP, 2010 generation, industrial non engines for residential,
2019) power, residential energy commercial, agricultural,
use and land transport. solid waste and wastewater
treatment plants, Cooking,
space heating water heating,
lighting
McDuffie2021 ( 2017 GEOSChem, GEOS,2017 2° x 2.5° globally, Yes CEDS,2017 Agricultural soils, residential heating and 19.2 0.74 MR-
McDuffie et al., satellite 0.5° x 0.625° over agricultural waste burning, cooking,commercial and BRT
2021) North America, residential, industry,power institutional combustion,
Europe and Asia. generation, ships, combustion from agriculture,
transportation forestry, and fishing
Chowdhury 2022 2015 ECHAMS5/ ERAS 1.1°x1.1° Yes CEDS,2014 Agricultural soils, residential heating and 20(32)" 0.84(1.35) MR-
(Chowdhury MESSy agricultural waste burning, cooking,commercial and BRT
et al., 2022) residential, industry,power institutional combustion,

generation, ships,
transportation

combustion from agriculture,
forestry, and fishing

! The number in parenthesis indicates the contribution of HAP emissions to AAP considering the anthropogenic organic aerosols to be twice more toxic compared to the other aerosols.

o 12 /Cmqpmoq[) y
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Fig. 2. The regions considered for the review. The digits in parenthesis indicate the number of regional studies in addition to information from 9 global studies

considered for each region.

4.2. Regions

Regional models and local emission inventories are often optimized
to suit local conditions better. Below, the impact of HAP on ambient
PM2.5 is discussed for six major regions: East Asia, South Asia, Europe,
Africa, Latin America, and North America. We compare global model
estimates with those from each respective region and discuss strengths
and weaknesses of both approaches.

4.2.1. East Asia

In China, fossil fuel combustion from industries and power genera-
tion is the largest source of PM2.5 exposure (Pui et al., 2014; Zhang
et al., 2019; Zheng et al., 2021). Although a series of effective actions
have been taken in China to mitigate air pollution since 2014 (Lu et al.,
2020; Silver et al., 2018; Zhang et al., 2019), mediating residential
emissions was not targeted until recently (Lu et al., 2020; Meng et al.,
2019). Over the last five years, many households in China have switched
from use of coal in households for cooking to cleaner fuels (e.g., natural
gas, liquified petroleum gas, biogas, and electricity). A recent study
found that the consumption of wood and crop residues in rural China
decreased by 63 % and 51 %, respectively from 1992 to 2012 but solid
fuels remain a dominant energy source for heating, especially in
Northern China (Tao et al., 2018).

We identified nine bottom-up global modeling studies (Table S1) and
eight (Aunan et al., 2018; GBD MAPS working group, 2016; Liu et al.,
2016; Reddington et al., 2019; Shen et al., 2019; Timmermans et al.,
2017; Yun et al., 2020; Zhao et al., 2018) regional modeling studies
(Table S1) that report the contribution of HAP to ambient PM2.5 over
China. Regional studies are mostly lacking over the rest of East Asia (e.
g., Japan, South Korea, and Taiwan). Due to the large volume of pol-
lutants transported from the Chinese mainland to these countries (Kim,
2019; Yim et al., 2019), it is challenging to separate signals from
transboundary pollution originating in China with those emitted
regionally within these countries. Global modeling studies (e.g.
Chowdhury2022) find that power generation and industrial emissions
contribute ~ 50 % of total PM2.5 in South Korea and Japan with rela-
tively low contribution from HAP (less than10 %). In South Korea and
China, residential emissions increased from 2005 to 2010 followed by
decreases after 2014, whereas in Japan there has been a continued
decrease in residential emissions since the early 2000 s (Li et al., 2017).

Among the eight regional studies, three studies (Aunan et al., 2018;
Yun et al., 2020; Zhao et al., 2018) reported the contribution of HAP to
total PM2.5 exposure with the formulation of integrated population-
weighted exposure (IPWE) to PM2.5 (Aunan et al., 2018). IPWE is
defined as the weighted sum of PM2.5 concentrations in all microenvi-
ronments where people spend time, including the living room, bedroom,
kitchen, and outdoors; it represents the total population-weighted
exposure to PM2.5 through both ambient PM2.5 and HAP.

Reasonably, the contribution of HAP to total IPWE was found to be
considerably higher (Table S1) than the contribution of HAP to ambient
PM2.5, though (Zhao et al., 2018) found that the contribution of HAP to
IPWE decreased by 50 % from 2005 to 2015, presumably because the
population-weighted HAP exposure decreased by ~ 56 % (56 % in urban
and 45 % in rural areas) during the same time period. Results from the
regional studies suggest a median contribution of 20.5 % (10-38 %),
while the results from the seven global studies suggest a median
contribution of 23 (13-32)% from HAP to ambient PM2.5 in East Asia
(Fig. 3). These findings overlap with results from the top-down studies
(Hopke et al., 2020; Lin et al., 2018). About 246 top-down studies on
average report a 10.3 % contribution from biomass burning (agricultural
and residential) to ambient PM2.5 in China, while 27 studies performed
in the rest of East Asia report an average contribution of 10 % (Hopke
et al., 2020).

The GBD (Murray et al., 2020) estimated 1.4 (1.1-1.7) and 0.36
(0.18-0.69) million premature deaths in East Asia from exposure to
ambient PM2.5 and HAP respectively. Household solid fuel combustion,
of both coal and biomass, is an important source of disease burden in
China. Yun et al., (2020) quantified that 7.5 % of energy use in the
residential sector is responsible for about 67 % of PM2.5 related pre-
mature deaths and approximately 80 % of these premature deaths occur
among rural residents (Zhao et al., 2018). Coal burning in industries,
power plants, and for domestic purposes contribute to more than 40 % of
the total PM2.5 in China (Ma et al., 2017). GBDMAPS China (GBD MAPS
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Fig. 3. The percentage of population-weighted exposure to ambient PM2.5 due
to solid fuel use in households. The bars indicate the median from the studies
reviewed here, the whiskers range across the highest and lowest estimates.
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working group, 2016) found that, in 2013, domestic biomass and coal
combustion were responsible for 0.17 million deaths in China, 15 %
larger than that of industrial coal, 30 % higher than transportation, and
double that from coal fired power plants. Although biomass fuels are
extensively used in the rural residential sector, adverse impacts on air
quality and health associated with biomass use have historically been
overlooked in comparison with coal (Meng et al., 2019; Yun et al., 2020)
due to its association with severe pollution episodes in northern China.
Shen et al., (2019) found that between 2005 and 2015, when biomass
consumption and urban coal consumption dropped by 58 % and coal
combustion decreased by 5 % overall, premature death from the resi-
dential sector’s contribution to ambient PM2.5 decreased by more than
60 %. Rapid urbanization and population migration, resulting in better
access to cleaner fuels, improved income, and which makes cleaner fuels
more affordable are the major reasons behind the decrease (Aunan and
Wang, 2014). Despite recent trends of decreasing solid fuel use in
households in China, the most recent study reviewed here, (McDuffie
2021), estimates 0.18 million premature deaths from the contribution of
HAP to ambient PM2.5 in China, a majority of which may be avoided by
an accelerated and complete transition to the use of cleaner fuels in
households.

4.2.2. South Asia

South Asian countries have some of the highest levels of ambient
PM2.5 exposure in the world; about 97 % of the South Asian population
is estimated to live in areas where the previous World Health Organi-
zation (WHO) Air Quality Guideline of 10 ug/m3 is exceeded (Chowd-
hury and Dey, 2016; David et al., 2019; Ravishankara et al., 2020). The
leading contributors to ambient PM2.5 exposure in South Asia are
sources associated with combustion of biomass and coal and other
human activities that generate dust (MAPS Working Group, 2018). In
addition, a large fraction of ambient PM2.5 in South Asia may be
attributed to natural and aeolian dust (Chowdhury et al., 2022; MAPS
Working Group, 2018). It should be noted that like in East Asia, there are
large spatial heterogeneities in sources of PM2.5 in South Asia; however,
residential use of solid fuel has been identified as the largest contributor
in the most populous stretches of South Asia (Chowdhury et al., 2019b;
Upadhyay et al., 2018). Though wood is the most prevalently used solid
fuel in South Asia, dung cakes, crop residues and charcoal are also used
(Abbas et al., 2020). The regional authorities have initiated policies to
replace these solid fuels in households with cleaner fuels (e.g. the Indian
government launched Pradhan Mantri Ujjwala Yojana (PMUY) to pro-
vide subsidized LPG connections to women in poor households). How-
ever as of 2019, in India, Pakistan, and Bangladesh, the three most
populous countries of South Asia, about 61 %, 53 % and 76 % of the
population still cook with solid fuels in spite of widespread efforts to
promote cleaner fuels (Jeuland et al., 2015; Kar et al., 2019; Mani et al.,
2020; Pillarisetti et al., 2022; Smith, 2018).

Several studies have established household use of solid fuels as the
largest source of ambient PM2.5 in South Asia. Nine of the global
bottom-up studies also reported the contribution of HAP to ambient
PM2.5 exposure in South Asia. We also found six (Chowdhury et al.,
2019b; Conibear et al., 2018; Guo et al., 2017; MAPS Working Group,
2018; Sharma et al., 2018; Upadhyay et al., 2018) regional modeling
studies for India (see Table S2 for a detailed overview). From the global
studies, we find that HAP causes at least 18 % and as much as 50 % of
ambient PM2.5 in South Asia (Table S2). The median contribution of
HAP emissions to AAP is 29.5 %. Our estimates coincide with a previous
study that reviewed seven global and regional modeling studies
(Chowdhury et al., 2019a). We find HAP’s contribution to ambient
PM2.5 exposure in South Asia to be about 60 % higher than emissions
from industries and coal-fed power plants, at least four times higher than
open burning, and over 10 times higher than from transportation. 46
top-down studies carried out in South Asian countries report an average
15 % contribution of biomass burning (agricultural and residential) to
ambient PM2.5 (Hopke et al., 2020).
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Unlike in high-income western countries, PM2.5 pollution is not only
an urban problem in India. Urban and nonurban areas have similar
PM2.5 levels and health impacts (Chowdhury et al., 2019b; Rav-
ishankara et al., 2020). Rather, the urban agglomerations may be
impacted by transport of PM2.5 pollution from surrounding rural areas.
It should be noted that the emissions in rural areas of northern India are
at least a factor of 2 higher than in other regions in India, which may be
attributed to the high prevalence of solid fuel use for household activ-
ities (Ravishankara et al., 2020; Venkataraman et al., 2020). Regional
studies are yet to be performed in other countries of South Asia; how-
ever, global modeling studies (Lelieveld2015, Chowdhury2022,
McDuffie2021) suggest that HAP may be responsible for 40-55 % and
25-31 % of ambient PM2.5 in Bangladesh and Pakistan, respectively.

The GBD (Murray et al., 2020) estimated 1.18 (0.91-1.43) and 0.84
(0.55-1.16) million premature deaths in South Asia from exposure to
ambient PM2.5 and HAP respectively. The large contribution from res-
idential solid fuel combustion to AAP exposure makes these fuels the
dominant contributor to all air pollution related premature mortality in
South Asia, except in mega-cities where emissions from fossil fuel
burning sources mostly dominate. Across studies, a median estimate of
0.25 million excess deaths may be averted in the region if cleaner al-
ternatives are used for household activities (Fig. 4). These findings
emphasize the urgency of formulating extensive policies to reduce HAP
in South Asia. Starting in 2016, the Government of India (Ministry of
Petroleum and Natural Gas Government of India, 2016; Ministry of
Power Government of India, 2014) embarked upon an ambitious pro-
gram to tackle HAP, promoting use of liquefied petroleum gas (LPG) for
cooking, but additional policies to ensure fuels are accessible and
affordable and to account for other household activities, like heating
needs, are also essential. In Nepal, where 69 % of the population still use
solid fuels, the government, local bodies and stakeholders are embarking
upon multiple efforts to help households transition to clean fuels with a
target to completely shift to clean energy by 2030 (Das et al., 2021;
Paudel et al., 2021). More than 90 % of households in most districts of
Bangladesh use solid fuels, except around Dhaka, where less than a
quarter of the households in three districts used solid fuel for cooking.
Though the Improved Cookstove Programme in Bangladesh has helped
to install 1.6 million modern, cleaner, and more efficient cookstoves,
tackling the HAP problem in Bangladesh demands further interventions
(Bangladesh Country Action Plan, 2013; Khan et al., 2017). Apart from
supplying improved stoves and clean fuels, additional effort is also
required in the South Asian countries to promote their sustained and
near-exclusive use.
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Fig. 4. Excess deaths from contribution of household air pollution to ambient
PM2.5 per 1000 excess deaths from ambient PM2.5 exposure, globally and in 6
major super regions.The bars indicate the median derived from the studies
reviewed here, the whiskers range across the highest and lowest estimates.
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4.2.3. Europe

Fossil fuel use in transport, power plants, and industries is often
perceived as the largest sources of ambient PM2.5 and greenhouse
gasses in European countries, especially in high-income Western Europe
(Lelieveld et al., 2019; Thunis et al., 2019, 2018). However, due to very
strict regulations, efficient end of the pipe controls, efficient combustion
technologies in vehicles, power plants, and industries are applied (“EU
Clean Air Policy, 2011,”; “Health aspects of air pollution and review of
EU policies,”; WHO Regional Office for Europe, 2013). About 65 % of
the total energy used by European households is required for space
heating; given the ambitious European Union targets for replacing coal
for heating, there has been a resurgence of wood as a heating fuel
(Capros et al., 2016, 2013; Clean Heat, 2016). More than 70 million
solid fuel appliances in Europe are technologically outdated, especially
stoves and other single-room appliances that use wood inefficiently and
contribute disproportionately to the overall emissions (Clean Heat,
2016). Despite the small share of total energy consumption, residential
biomass and coal burning caused 46 % of total primary emissions of
PM2.5 in Europe (biomass burning 36 % and coal burning 10 %), which
is about 2 times higher than emissions from the transportation sector
(Capros et al., 2016; Crippa et al., 2018; Denier van der Gon et al., 2015;
Hendriks et al., 2015; Kranenburg et al., 2013; Kuenen et al., 2014).

Multiple studies have established that burning of solid fuel in Euro-
pean households is a big source of ambient PM2.5; it is primarily used
for heating (Clean Heat, 2016; Denier van der Gon et al., 2015). As such,
there is strong seasonality and regional heterogeneity depending on fuel
used for heating and available economic resources to use cleaner fuels or
to combust biomass more cleanly. We identified eight global studies
(mentioned in Section 4.2) and five regional modeling studies (Hendriks
et al., 2015; Karamchandani et al., 2017; Kukkonen et al., 2020; Pir-
ovano et al., 2015; Thunis et al., 2018) that estimated the contribution of
HAP to ambient PM2.5 in Europe (see Table S3 for a detailed overview).

From the global studies, we find that HAP may contribute to at least
5 % (in Western Europe) and as much as 40 % (in Central and Eastern
Europe) of ambient PM2.5 (see Table S4). We estimated a median
contribution of 15 % to ambient PM2.5 from solid fuel use in Europe
(Fig. 3). Chafe2014 estimated zero contribution from cooking with solid
fuels to ambient PM2.5 in Europe. Of the five regional studies, two
(Karamchandani et al., 2017; Thunis et al., 2018) focused on major cities
in Europe. Studying 150 major urban areas in Europe, Thunis et al.,
(2018) found that the average contribution from the residential sector in
these urban areas to be 13 %. The largest contributions were estimated
in urban areas of Central and Eastern Europe (e.g., in the Polish cities of
Warsaw, Krakow and Katowice) where 48, 41 and 40 %, respectively, of
ambient PM2.5 was estimated to come from use of solid fuels in
households. In Western European cities (e.g., cities in Germany, UK,
Belgium, and Scandinavian countries), HAP is a minor (less than5%)
contributor. Karamchandani et al., (2017) studied 16 major cities from
different geographies in Europe and found that, in winter, biomass use is
the largest contributor to ambient PM2.5 in eleven of the sixteen cities.
In summer, the study found a minimal contribution (less than5%) from
biomass use to ambient PM2.5 in all cities except Oslo (11 %). (Pirovano
et al., 2015) also found that the winter time contribution of HAP to
ambient PM2.5 is at least 10 times higher than during summer in the
Lombardy region of Italy. Wood burning for household heating was also
found to be a large contributor to ambient PM2.5 in Scandinavia
(Kukkonen et al., 2020; Orru et al.,, 2022; Savolahti et al., 2019).
However, if annual averaged numbers are considered, residential solid
fuel use is the smallest source identified in Europe, the contribution to
ambient PM2.5 being lower by 43 %, 35 %, 32 % and 7 % compared to
agricultural emissions, industry, natural sources, and transportation
respectively. There have been 20, 8, 86 and 60 top-down studies which
reported on average a 17.8 %, 15.4 %, 10.7 % and 12 % contribution of
biomass burning (agricultural and residential) to overall particulate air
pollution in Eastern, Northern, Southern, and Western Europe respec-
tively (Hopke et al., 2020).
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The GBD (Murray et al., 2020) estimated 0.39 (0.3-0.48) and 0.02
(0.007-0.05) million premature deaths in Europe from exposure to
ambient PM2.5 and HAP respectively, out of which 56 % and 81 % of
deaths from ambient PM2.5 and HAP respectively occur in Eastern and
Central European countries. Across studies, a median estimate of 0.05
million premature deaths may be averted if cleaner alternatives are used
for household heating in Europe, which translates to 128 (103-167)
deaths per 1000 excess deaths from ambient air pollution (Fig. 4).
Multiple country governments have initiated policies to implement strict
emission standards for household combustion appliances. For example,
since October 2010, the Aachen fuel ordinance in Germany (Amann
et al., 2018) sets stringent emission limits for solid fuel space heaters
with a nominal heat output from 4 to 15 kW, with new stoves limited to
40 mg/m® PM and 1,250 mg/m® CO, while old existing stoves have a
limit of 75 mg/m® PM and 2,000 mg/m> CO. All existing stoves
exceeding the emission limits had to be replaced or retrofitted by 2014.
Some country governments also offer financial benefits, e.g. The Czech
Ministry of the Environment (Amann et al., 2018; Czech Ministry of
Environment, 2019) offers approximately 340 million euro to subsidize
households and encourage them to replace old solid fuel boilers with
environmentally friendly equipment. Austria also offers subsidies for
installation of energy-efficient, climate- and environmental-friendly
technology as well as energy-efficient buildings (Amann et al., 2018). In
Norway, certain municipalities have subsidized the replacement of old
stoves for new, clean-burning appliances (Lopez-Aparicio and Grythe,
2020). Restriction on solid fuel use has also been implemented in
Lombardy, Italy where during the winter months the use of wood-
burning fireplaces and stoves with less than 63 % approved efficiency
is prohibited and is under the vigilance of local police (Amann et al.,
2018). Ireland and Poland have also prohibited sale and use of low
quality bituminous coal for household heating (Amann et al., 2018;
Cofala and Klimont, 2012; Pietrzak et al., 2021). As stringent policies
that restrict the use of solid fuels for household heating are imperative,
current progress in Europe on tackling HAP with the development of
innovative and low-emission wood burning appliances and strict emis-
sion standards is exemplary and the contribution of HAP to ambient
PM2.5 is expected to decrease in next decades.

4.2.4. Africa

Air pollution is a growing challenge for Africa (Abera et al., 2021;
Makoni, 2020; Schwela, 2012). Economic advancement and increases in
population and consumption have potentially resulted in an increase of
anthropogenic pollution over sub-Saharan Africa (Abera et al., 2021;
Hammer et al., 2020; Shaddick et al., 2020, 2018). Further, Africa’s
population is expected to double by 2050; a large fraction of this in-
crease is expected in major cities, potentially resulting in more traffic,
expanded industry, and growth in other polluting sectors (KC and Lutz,
2014; Lutz et al., 2016). The rates of economic growth in some African
countries (e.g., Nigeria) is similar to that of China and India in the last
decade, when air pollution problems emerged in these two countries
(Rees et al., 2019). Major anthropogenic sources of PM2.5 in sub-
Saharan Africa include crop burning, road transportation, power pro-
duction (mostly gasoline and diesel generators, and others), industry,
waste burning, and road dust in addition to burning of solid fuels in
households (Chowdhury et al., 2022; HEI, 2019). Natural and wind-
blown dust dominates in Northern Africa, while biogenic secondary
organic aerosols (SOA) and forest fires are dominant in sub-Saharan
Africa. Within the African continent, meteorological factors also
significantly influence air quality: dust from the Sahara is transported
south during Harmattan (November end to mid-March) and heat waves
that result in forest fires during August and September impact sub-
Saharan Africa (De Longueville et al., 2010; Okeahialam, 2016).
Further compounding the problem is the high fraction of the population
using solid fuels for household activities in most of Africa (Bonjour et al.,
2013). More than 90 % of households in sub-Saharan countries depend
on solid fuels for cooking and other household activities. This activity is
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responsible for more than 70 % of the total primary anthropogenic
PM2.5 emissions in Africa (Crippa et al., 2018; McDuffie et al., 2020).

We did not find any bottom-up regional modeling studies over the
region beyond the nine global studies identified in Section 4.2 and
Table S4. The nine global studies report a median contribution of 15 %
from HAP to ambient PM2.5 (Fig. 3). All studies agree that HAP is the
largest contributor to anthropogenic ambient PM2.5 in Africa contrib-
uting at least twice as much as industry, power generation, and trans-
portation combined. Additionally, the production of charcoal, which is
widely used for household activities contributes substantially to AAP
(Bockarie et al., 2020). However, natural and wind-blown dust and
forest fires are the largest contributors to ambient PM2.5 in Africa. The
average contribution of biomass burning (agricultural, wildfire and
residential) to ambient PM2.5, from 10 top-down modeling studies
mostly carried out in Western sub-Saharan Africa, was estimated to be 3
%, which is considerably lower than the findings from the bottom-up
studies (Hopke et al., 2020).

The GBD (Murray et al., 2020) estimated 383 (288-419) and 696
(525-878) thousand premature deaths in Africa from exposure to
ambient PM2.5 and HAP, respectively. Across the nine global bottom-up
studies, a median estimate of 25,000 excess deaths, or 65 (50-86) deaths
per 1000 excess deaths from AAP were attributed to HAP (Fig. 4). While
most sub-Saharan African countries acknowledge air pollution related to
the unsustainable use of solid fuel in households, implementation of
approaches to address clean cooking vary.

While LPG has a big market share in North African countries (greater
than80 % of the population use LPG), in sub-Saharan Africa, its pene-
tration is typically low (less thanl0 %), with some exceptions. In
Senegal, subsidies on LPG and availability in small affordable units
enabled accessibility among lower and middle class households
(Ekouevi and Tuntivate, 2012). The LPG promotion program resulted in
500-fold growth in LPG consumption from 1974 to 2012, though the
subsidies were withdrawn in 2000 (Laan et al., 2010). The National LPG
Policy in Ghana of 2017 established a roadmap towards achieving at
least a 50 % penetration of LPG by 2030. As of November 2017, this led
to the dissemination of LPG cookstoves to 149,500 rural households
(HEI, 2019; Multiconsult, 2020).The Government of Tanzania also tar-
gets clean cooking solutions to rural households, with a goal of 75 % of
the population using either biogas, LPG, ethanol, natural gas, or char-
coal in improved cookstoves by 2030 (Multiconsult, 2020). This led to a
20 % increase of LPG imports in 2019 compared to the previous year
(Doggart et al., 2020). Likewise, the government of Cameroon in 2016
announced a Master Plan for an energy transition in the household
sector. The target is that by 2030, 58 % of the population will use LPG as
cooking fuel, compared with less than 20 % in 2014 (Kypridemos et al.,
2020).

Africa is projected to be home to at least 40 % of the global popu-
lation of children less than 5 years of age by 2050 (KC and Lutz, 2014;
Riahi et al., 2017). Currently 30 % of the total mortality in Africa
associated with PM2.5 occurs among children; the rate has been
increasing over the last decade(Murray et al., 2020). Extensive action is
needed to tackle solid fuel use in households.

4.2.5. Latin America

Exposure to AAP and HAP is one of the most persistent environ-
mental risk factors in Latin America (Goldemberg et al., 2004; Romieu
et al., 1990). Steady urbanization, growing industrialization, vehicular
emissions, and power plants are the primary sources of air pollution in
urban areas, where more than 80 % of the population resides (Molina
et al., 2015; Pauchard and Barbosa, 2013). Frequent forest fires during
the dry season of July-October also contribute largely to air pollution
problems in the region (Ballesteros-Gonzalez et al., 2020; Mendez-
Espinosa et al., 2019). In addition, about 80-160 million people in
Latin America are exposed to pollution from household solid fuel use. In
Central American countries like Nicaragua, Guatemala, and Haiti, be-
tween 50 and 90 % of the population use solid fuels for cooking. In
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Brazil, Argentina, Chile, Ecuador, and Guyana, there has been a notable
shift towards clean fuels over the last few decades - around 90 % of
households in these countries now have access to non-solid fuels (Coelho
et al., 2018; Goldemberg et al., 2018). Nonetheless, the problem of HAP
still persists in the region, with a significant contribution to ambient
PM2.5 exposure (Johnson et al., 2020, 2020; Pillarisetti et al., 2022,
2019).

Aside from the nine global modeling studies, we did not find any
bottom-up regional modeling studies for the region (see Table S5 for a
detailed overview). All nine studies agree that HAP is a moderate
contributor to ambient PM2.5 in Latin America, being at least 60 %, 40
% and 10 % lower than the contributions from forest fires, industries,
and traffic, respectively, but twice the contribution from power plants.
The average contribution of biomass burning (agricultural, wildfire and
residential) to ambient PM2.5, from 7 and 4 top-down modeling studies
carried out in Brazil and the rest of Latin America were estimated to be
22.4 and 12.2 % respectively (Hopke et al., 2020).

About 0.15 (0.11-0.19) and 0.06 (0.03-0.08) million annual pre-
mature deaths were attributed to exposure to ambient PM2.5 and HAP
respectively in 2019 (Murray et al., 2020). Across the nine global
bottom-up studies, a median estimate of 4500 excess deaths could be
attributed to the contribution of HAP to ambient PM2.5 in Latin America
(Fig. 4). Over the last 3 decades, solid fuel use has decreased signifi-
cantly in Latin America, resulting in a 56 % decrease in excess deaths
from HAP exposure, while the population increased by at least 50 %
during the same period. Multiple successful mitigation policies and
campaigns that introduced efficient woodfuel cookstoves and clean fuels
may be credited for the benefit. Several organizations designed and
distributed improved cookstoves in Latin America, some of which were
successfully adopted by targeted communities (Coelho et al., 2018;
Tagle et al., 2019). With much of the population migrating to live in
urban areas and governmental interventions to regulate price and use of
LPG, along with fuel subsidy provision, there has been an expansion in
LPG usage (more than 70 % of the Latin American population already
uses LPG for cooking). For example, in Brazil in the 1940 s, only a few
thousand households had access to clean fuels, while in 2019, ~90 % of
the population has access to clean fuels, which was possible due to
subsidies from the government (also note ~ 90 % of Brazilians live in
cities now compared to 25 % in the 1940 s, which led to increased access
to clean fuels (Goldemberg et al., 2004). However, it must be noted that
excess mortality from ambient PM2.5 exposure increased by 70 % from
1990 to 2019, indicating the need for implementation of mitigation
policies, including completely displacing solid fuel usage.

4.2.6. High-income North America

In the 1950 s and 1960 s, the United States of America (USA) expe-
rienced heavy pollution episodes originating from rapidly growing in-
dustries, unclean fuel used in vehicles, coal-fed power plants, and use of
coal and wood in households for heating (Fowler et al., 2020; Haagen-
Smit, 1952). Over the last few decades, several approaches were taken
to improve air quality. The Clean Air Act of 1970 resulted in compre-
hensive air quality management plans (Ross et al., 2012; US EPA, 2013),
leading to visible improvement of air quality across the country, with
pollution levels decreasing significantly over the last decades. The
government of Canada has also been taking action to reduce levels of air
pollution through the Canadian Environmental Protection Act of 1999,
which regulates the amount of pollutants released into the air each year
(Basu and Lanphear, 2019; Institute of Medicine (US) et al., 2007). As of
2019, less than 0.2 % of the households in North America use solid fuel
for cooking; however, ~5% and 1.9 % of households in Canada and USA,
respectively, depend on burning wood for indoor heating.

In addition to the eight global modeling studies (listed in Section 4.2
and Table S6), we did not find any bottom-up regional modeling studies
for North America. The median contribution of HAP to ambient PM2.5
from the global studies was estimated to be 6.9 % (Fig. 3). Chafe2014
found zero contribution from cooking with solid fuels to ambient PM2.5
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in high income North America, which corroborates the propensity of use
of solid fuels for heating in North America as compared to cooking,
though a majority of the population (greater than95 %) uses oil and
electricity for household heating. These studies agree that HAP is a
minor contributor to ambient PM2.5 in high-income North America,
being at least 70 %, 80 % and 85 % lower than the contributions from
land traffic, agriculture and power generation respectively. The 23 and
148 top-down modeling studies (Hopke et al., 2020) in Canada and the
United States of America found an average contribution of 13.8 % and
4.4 % respectively from biomass burning (agricultural, wildfire and
residential), of which a major fraction may be attributed to the frequent
wildfires (Aguilera et al., 2021; Chen et al., 2017).

The GBD (Murray et al.,, 2020) estimated 55 (27-77) and 0.2
(0.02-0.48) thousand annual premature deaths in high-income North
America from exposure to ambient PM2.5 and HAP, respectively. Across
the nine global bottom-up studies, a median estimate of 3,000 annual
excess deaths were attributed to the contribution of HAP to ambient
PM2.5. Nonetheless, there are ongoing efforts to curb emissions from
burning of wood and coal for household heating because in certain
areas, ambient air quality standards are exceeded mainly due to emis-
sions from heating stoves. In March 2020, the United States Environ-
mental Protection Agency (US EPA) issued final amendments to the New
Source Performance Standards (NSPS) for residential wood heaters,
residential hydronic heaters, and forced-air furnaces to further control
emissions (US EPA, 2020). This rule amends the 2015 NSPS by removing
certain minimum requirements for pellet fuels and clarifying a
requirement regarding the use of unseasoned wood in pellet fuel pro-
duction (US EPA, 2018). Considering the high prevalence of use of solid
fuels for heating (~15 % and 30 % of population in Canada and USA
respectively) in the 1950 s and 1960 s, the successful implementation of
the Clean Air Act in the USA and the Environmental Protection Act in
Canada might be an example to follow for some developing countries of
South Asia and Africa.

5. Uncertainties and limitations.

The wide range of estimates (indicated by the length of the whiskers
in Fig. 3) of the contribution of HAP to ambient PM2.5 both globally and
regionally may be attributed to three major factors that also contribute
to uncertainties in the studies discussed here: a) choice of emission in-
ventories, b) bottom-up model configuration and c) health impact
assessment methodology. We acknowledge that all the studies consid-
ered in this review have inherent uncertainties, which have been
explicitly discussed in the original studies.

The selection of an emissions inventory plays a major role in deter-
mining how accurately models simulate ambient pollutant concentra-
tions. The emission inventories used by the studies reviewed here are
tabularized in Table 1 and Tables S1-S6. Use of inventories which fail to
incorporate fine details (e.g. type and amount of solid fuel used in each
household by region and end use, for instance wood use in water heating
stoves among rural households in a state of India) results in uncertainty.
Potential uncertainties in emission factors, unexpected sources (such as
trash burning), inclusion of evolving emission standards, and knowledge
of task-specific fuel type, among others, makes formulating an accurate
emission inventory a daunting task. For a specific region of interest, it is
expected that emission inventories designed locally (Sadavarte and
Venkataraman, 2014; Tong et al., 2020; Venkataraman et al., 2020;
Zheng et al., 2021) incorporate finer detail than global emission in-
ventories. For example, recent Indian inventories (Sadavarte and Ven-
kataraman, 2014; Venkataraman et al., 2020) take into account space
and water heating behaviors observed in parts of India where it has been
assumed non-existent in other inventories (e.g., Emissions Database for
Global Atmospheric Research or EDGAR). A recent study (Saikawa et al.,
2017) found that large disagreements exist among the five inventories
used for China at disaggregated levels. The study found that for the
residential sector, estimates from local emission inventories were always

Environment International 173 (2023) 107835

higher than those from the global inventory. Different emission in-
ventories also have distinct sector classification. For example, EDGAR
and the Community Emissions Data System (CEDS) classify household
solid fuel use under the umbrella of the ‘residential and commercial
sector,” which includes emissions from households and the commercial
sector. These emission databases assume that such activities consume
similar fuels for similar purposes and use an Intergovernmental Panel on
Climate Change code (https://www.ipcc-nggip.iges.or.jp/public/gl/i
nvsl.html) for grouping the sectors. However, these inclusions may
add ~ 5 % more emissions on top of those actually from households,
more so in regions where diesel generator use is prevalent. Ideally,
disaggregated emission data (i.e. household cooking and heating, diesel
generators etc.) should be made available, though such is not the case
currently. In contrast, emissions inventories which include only house-
hold activities, like cooking, water heating, space heating, and lighting
are expected to provide a more accurate picture of the contribution of
HAP to AAP (Chowdhury et al., 2019b). A detailed inter-emission in-
ventory comparison may help better understand how inclusion of these
additional sources (besides the conventional household sources) impact
estimates of the contribution of household emissions to ambient air
pollution.

Choices made in bottom-up models about spatial and temporal res-
olution, initial and boundary conditions for chemistry and aerosols if
required (as in regional air pollution models), photo-chemical reactions
included in the chemical mechanism, both for the gas and the aerosols
phase, deposition processes; and reproduction of observed meteorology
also plays a significant role in contributing to the considerable range in
contribution of HAP to ambient PM2.5 among studies. Coarsely resolved
global models (with grid boxes representing large areas), underestimate
variability and concentrations of pollutants in the most polluted regions
of the globe, which are also regions with prevalent household solid fuel
use (Chowdhury et al., 2022; Lelieveld et al., 2015; McDulffie et al.,
2021; Silva et al., 2016). Regional models (like used in Chowdhury et al.,
(2019b); Karamchandani et al., (2017) and Thunis et al., (2019))
meanwhile, are often better-suited to local conditions not captured by
global models and thus provide more accurate estimates of exposures
and sources (Feser et al., 2011). A regional model inter-comparison
study for Europe (Prank et al., 2016) found notable differences be-
tween predictions of seasonal variations of particulate matter attribut-
able to different emission inventories and aerosol processes. Conversely,
global models capture long-range aerosol transport across regions better
than regional models by virtue of their broad geographic extent. Models
capable of performing simulations at finer resolutions in higher detail
are computationally intense. Global models generally used to simulate at
coarse resolutions are typically incapable of identifying local pollution
hotspots (Butt et al., 2016; Silva et al., 2016). However, some studies
(Chowdhury et al., 2022; Lelieveld et al., 2013) indicate that the choice
of model resolution may not necessarily be the leading cause of uncer-
tainty, especially in Europe and North America. Large model inter-
comparison initiatives are needed to detect the sensitivity of model
inputs as in Prank et al., (2016). An alternative approach is generation of
cumulative ensemble models leveraging the variability in estimated
model outputs (Meehl et al., 2000).

Additional uncertainties may be associated with estimating excess
deaths attributable to HAPs contribution to ambient PM2.5. Estimating
excess deaths from ambient PM2.5 requires four major inputs: (1) the
distribution of population-weighted exposures; (2) specification of a
level of exposure below which no increased risk of mortality is assumed
to exist (the counterfactual concentration); (3) estimates of the relative
risk, obtained through exposure-response functions (ERFs); (4) esti-
mates of baseline mortality rates and detailed demographic information
(Burnett and Cohen, 2020; Chowdhury and Dey, 2016; Murray et al.,
2020). Inherent uncertainties in each of these inputs may contribute to
the range in estimates of excess deaths among studies. Uncertainties that
may stem from the use of different inputs for estimating excess mortality
is described elsewhere (Pozzer et al., 2023) and in SI Text 2.
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It should be noted that we compiled data reported by studies per-
formed in specific countries to produce regional estimates of contribu-
tions of HAP to ambient PM2.5 (Fig. 3), which might result in
considerable bias for certain regions. However, considering that China
and India houses 82 % and 70 % of the population of East Asia and South
Asia respectively, using the contributions of HAP to ambient PM2.5 in
China and India to estimate the median contribution of HAP to ambient
PM2.5 in East and South Asia (Aunan et al., 2018; MAPS Working
Group, 2018; Upadhyay et al., 2018; Venkataraman et al., 2018; Zhao
et al., 2018) respectively may result in a lower bias than using the results
from studies executed in few European cities for estimating the median
contribution of HAP to ambient PM2.5 in Europe (Karamchandani et al.,
2017; Thunis et al., 2018). Though, we acknowledge that fuel use pat-
terns vary significantly also within South Asia and East Asia. For
example, 36 % of the households in China use solid fuels while less than
1 % of the population in South Korea and Japan depend on solid fuels.
However, a large fraction of air pollution over South Korea and Japan
are transported from mainland China (Kim, 2019; Xie and Liao, 2022).

6. Conclusions and future directions

Twenty-two years into the twenty-first century, the oldest source of
air pollution still prevails. In spite of the many policies implemented by
national governments and promoted by global bodies, solid fuel remains
by far the dominant fuel used for cooking in most LMICs of South Asia
and Africa, while solid fuel (both biomass and coal) is used for heating in
much of East and Central Europe and Northern China. Around 3 billion
people world-wide still lack access to clean fuels to meet their household
energy needs, and this group disproportionately suffers from ill health
due to direct exposure to both HAP and ambient PM2.5.

In this report, we review bottom-up modeling studies and find that
HAP is the dominant source of ambient PM2.5 globally regardless of
variations in model types, configurations, and emission inventories used
in the studies. All of them identify residential emissions as one of the
leading contributors to ambient PM2.5 globally, contributing to about
20 (12-31)% of global PM2.5 exposure (Fig. 3). We find that this frac-
tion is responsible for 0.77(0.54-1)million premature deaths from
exposure to ambient PM2.5, which is in addition to 2.3 (1.6-3.1) million
deaths from direct exposure to HAP (Murray et al., 2020).

Coordinated actions are required to avert this burden. One way is to
promote campaigns encouraging the use of cleaner biomass cookstoves;
however, solid biomass is a difficult fuel to burn efficiently. Reducing or
replacing household solid fuel use with cleaner energy sources, like
liquified petroleum gas (LPG), ethanol, or electricity, should be a high
priority. Some countries like Brazil and India have substantially
expanded access to LPG for cooking in their households. Expanding
access to LPG to wider geographies in Africa, Latin America, and across
South Asia should be coupled with efforts to identify other contributors
to HAP, including household activities like water and space heating,
kerosene lighting, and animal fodder preparation. In most of Europe,
where there is a rise in the use of wood for heating (https://unece.org/
climate-change/press/wood-energy-rise-europe),  stricter —measures
should be enforced to replace outdated heating appliances with efficient
and low emitting devices.

We suggest consistent and coordinated efforts in quantifying emis-
sions from multiple household activities and integrating modeling
techniques as a significant step towards building efficient mitigation
policies to reduce and replace solid fuel use in the households. Given the
heterogeneity in findings for the literature reviewed in this report, there
is a strong need for future work along a range of axes, each of which are
discussed in the section below.

(a) Improving and integrating emission inventories

The studies reviewed here used a variety of emissions inventories
with different classifications of the residential sector. Some inventories,
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like those used in Lelieveld2015, Butt2016, Silva2016, McDuffie2021,
use the term ‘residential and commercial sector,” which defines HAP
emissions to be originating both from households as well as from the
commercial sector (Crippa et al., 2018; Hoesly et al., 2018; McDuffie
et al., 2020). Such emission inventories consider that both of these types
of activities use similar fuels for similar purposes. These additional ac-
tivities may add up to 5 % on top of the emissions from household use of
solid fuels, depending on the geography (Chowdhury et al., 2019a). In
such instances, it is difficult to differentiate these sources from HAP
(Chowdhury et al., 2019a). This calls for dissemination of comprehen-
sive emissions data that separates household emissions from commercial
emissions, to the extent possible.

Global inventories are often not representative of regions for which
there is limited energy end-use activity data. In fact, many sources
dominant in LMICs (e.g., motorcycles, kerosene use, open waste
burning, ad hoc oil refining, animal fodder preparation (Gerber et al.,
2013)) are missing from the global emission inventories (Crippa et al.,
2018; HEI, 2019; Marais and Wiedinmyer, 2016; Saikawa et al., 2017;
Solazzo et al., 2021). There are also large disagreements between these
inventories. The emission factors used to translate the amount of fuel
burnt to pollution released are likely not representative of the inefficient
and vastly heterogeneous combustion conditions in developing
countries.

In Africa and South Asia, where currently there are large un-
certainties in emission factors and multiple missing sources, future work
should focus on utilizing satellite retrievals to build high temporal res-
olution emissions databases for gaseous species such as SO2, NO2 along
with quantifying the primary emissions from missing sources. Consid-
ering that accurate emission inventories encompassing detailed sources
are imperative for bottom-up modeling studies, we call for leveraging
regional efforts to formulate emission inventories in data-sparse regions
(in Africa and South America) and encourage a consortium of country
specific efforts like the REAS/MEIC emission inventory of China, the
National Emission Inventory for USA, Toegepast Natuurwetenschappe-
lijk Onderzoek -MAAC (TNO-MAAC) for Europe, and the Speciated
Multipollutant Generator (SMoG) for India. Constructing such emission
inventories would provide opportunities for more regional modeling
studies, particularly in regions where no regional bottom-up studies
have been carried out till date to understand the impact of HAP to AAP
in data-sparse regions. Efforts should be made to reconcile these regional
inventories so that they can be better integrated with global inventories.

Inventories may also be improved with use of better data on primary
and secondary fuel consumption, through the use of nationally repre-
sentative surveys. These activities are being promoted globally through
WHO?’s efforts to harmonize household energy surveys. These modifi-
cations and detailed emission characterizations are expected to aid
future bottom-up modeling studies to further classify the contributions
of emissions from different household activities (e.g., heating, cooking,
kerosene lighting, animal fodder preparation, other commercial activ-
ities) to ambient PM2.5 exposure and quantify their related health
impacts.

We also suggest a detailed inter-emission inventory comparison
study to understand the regional comparison (with observation and
satellite information) and applicability of different emission inventories
in different geographies, particularly in regions where there are no
regional emission inventories available. However, it should be noted
that emissions from simple household stoves are inherently more diverse
and difficult to estimate due to the importance of e.g. fuel and stove
characteristics, hence likely can not achieve as high a precision as
emission factors for other sources such as power plants and industries
(Shen et al., 2021).

(b) Integrating bottom-up and top-down techniques

The contribution of HAP to ambient PM2.5, as discussed in previous
sections, can be performed using both top-down (receptor-oriented) and
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bottom-up models (source-oriented). The outputs from top-down
models usually reconstruct the measured PM concentrations through a
number of source categories based on distinct chemical fingerprints,
while atmospheric chemistry models calculate the PM concentration
based on known source categories derived from the emission in-
ventories. However, the comparison is not straightforward, e.g., the
chemical fingerprints for household solid fuel burning are similar to
forest fires, which may be concerning for regions where both are
dominant, like in sub-Saharan Africa. Conversely, the bottom-up
modeling studies cannot capture contributions from minor sources like
kerosene lighting and motorbikes, if they are not specifically charac-
terized in the emission inventories. The validation of any source-
apportionment results is also critical as the true contribution of sour-
ces to the levels of one pollutant cannot be measured directly by either of
these techniques.

Therefore we call for consolidation of top-down and bottom-up
methodologies, such that they complement each other, which essen-
tially requires simultaneous application of both top-down and bottom-
up techniques, extensive availability of tools, data, expertise, substan-
tial financial support and time. Targeted investments in enhanced air
pollution monitoring and emissions measurements, coupled with refined
bottom-up analyses, may capture the benefits of policy interventions to
improve clean household energy and thus motivate sustained action. In
data and monitoring limited regions, we suggest investments to enhance
monitoring and top-down techniques which can inform and build
indigenous emissions data, therefore refining bottom-up analyses. This
will potentially generate the capacity to capture emissions from use of
solid fuels in different household activities and identify any benefit of
interventions. The evidence we present also creates an opportunity to
strengthen policy measures taken across many low-and-middle income
countries to mitigate HAP, such strategies are expected to benefit
households relying on solid fuels and broader populations who would
benefit from improved ambient air quality.

(c) Assimilating the toxicity of species emitted from HAP

Although the biological mechanisms are not yet fully elucidated,
evidence suggests that certain pro-oxidant chemical components of
PM, 5, e.g. anthropogenic secondary organic aerosols (aSOA), black
carbon (BC) and primary organic aerosols (POA) induce oxidative stress
and inflammation, leading to respiratory and cardiovascular diseases
(Bates et al., 2019; Daellenbach et al., 2020; Huang et al., 2012; Liu
et al., 2014; Park et al., 2018). A recent study showed that aSOA has a
significantly higher oxidative potential than biogenic SOA and second-
ary inorganic aerosols (Daellenbach et al., 2020), and other studies
showed similar effects for BC and POA, which involve primary ultrafine
combustion particles that can carry noxious species like polycyclic ar-
omatic hydrocarbons (Bates et al., 2019; Niranjan and Thakur, 2017).
Transition metals like soluble copper and iron, while generally present
at much lower concentrations, may have relatively high oxidative po-
tential compared to the organic species (Kajino et al., 2021; Park et al.,
2018). While clinical studies on mechanisms and impacts of chronic
exposure to components of PMy s are still sparse, toxicological and
epidemiological findings suggest that associations between adverse
health effects and exposure to PMj 5 are significantly stronger for
anthropogenic carbonaceous components than total PMy 5 mass (Gra-
hame et al., 2014; Janssen et al., 2011; Lippmann et al., 2013; Mag-
alhaes et al., 2018). Household fuel combustion is a major source of
carbonaceous aerosols including black carbon and organic compounds
(precursors for secondary organic aerosols) which are much more haz-
ardous to human health compared to secondary inorganic aerosols. If
HAP emissions are indeed more toxic per unit mass inhaled than PM2.5
emissions from other sources, the health effects of air pollution origi-
nating in solid fuel using households may be even greater than those
estimated in the studies discussed here. Chowdhury2022 (Chowdhury
et al., 2022) indicated that if the anthropogenic organic aerosols are
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twice as toxic compared to other aerosols, the contribution of HAP
emissions to AAP increases by 60 %. Therefore, to strengthen health
impact-based policies, we recommend studies that may enhance the
understanding of the mechanisms, magnitude of increased risks to
health posed by black carbon and anthropogenic organic aerosols, their
major sources (which might be drastically different from major sources
of PM2.5) together with regulatory policies that aim at reducing the
disease burden of ambient PM2.5.
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