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income countries 
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Kalpana Balakrishnan

At the household level, energy powers human health and wellbeing, enabling essential services such as cooking, 
lighting, communications, heating, cooling, and ventilation. Despite the recognised need for reliable clean energy, 
access remains deeply unequal, with high-income households benefiting from modern energy sources while over 
600 million people do not have access to electricity and 2–3 billion people rely on biomass fuels as an energy source 
to meet basic household needs. 2–3 million deaths annually are attributed to household air pollution (HAP) from the 
combustion of these fuels. HAP degrades ambient air quality and contributes to climate change. Studies of household 
energy and HAP largely focus on cooking-related emissions and might underestimate the true effect of energy use at 
home to meet a variety of needs, such as heating and lighting. This Series paper reviews the methods used to estimate 
the HAP disease burden, evaluates the current epidemiological evidence, and examines the health effects of 
interventions aimed at cleaner energy adoption. Despite differences in methodology, exposure assessment approaches, 
or the specific health outcomes considered, estimates of global deaths attributable to HAP exposure consistently 
remain in the millions each year. Thus, this Series paper also identifies areas for future research, emphasising the 
need for equitable access to clean energy, especially in low-income and middle-income countries.  

Introduction
Energy access defines and enables services important 
to human wellbeing and development. Specific 
services—such as cooking and heating, lighting 
and telecommunications, and manufacturing and 
transportation—are crucial to quality of life. Energy use 
has been described as “the only universal currency… 
necessary for getting anything done”,1 as a driving factor 
towards the evolution of human culture,2 and as “the 
golden thread that connects economic growth, social 
equity, and environmental sustainability”.3 

Despite long recognition of the necessity of reliable 
and affordable energy to meet these needs, vast 
disparities exist in who can access clean energy to power 
their livelihoods. Truly equitable and just development 
would find the entire global population moving, at a 
similar pace, towards clean, reliable energy supplies and 
equitable rates of consumption. The reality, however, is 
starkly different. Today’s energy sources mirror the range 
of those found throughout human history, from animal 
power and biomass to processed biofuels, fossil fuels, 
and electricity. Modern sources are accessed primarily by 
high-income countries and the rich in low-income and 
middle-income countries (LMICs). 

For many others, however, basic energy needs—heating, 
cooking, and lighting—remain met by use of methods that 
have not changed in decades or centuries. Between 
2 billion and 3 billion people rely on biomass fuels—wood, 
dung, coal, charcoal, and agricultural residues—as primary 
fuels for cooking and heating.4–6 In 2024, over 745 million 
people did not have access to electricity.7 Transitions to 

cleaner household energy are unevenly distributed, with 
access increasing in upper-middle-income and high-
income countries, whereas access for households in LMICs 
has remained largely unchanged in recent decades.7 Based 
on WHO analyses for Sustainable Development Goal 
(SDG) 7 tracking, at current rates, nearly 1·8 billion (95% CI 
1·6–2·2) people would be without clean cooking energy in 
2030.6 Analyses of these transitions, typically performed at 
the country level, mask substantial within-country 
heterogeneity, especially where internal income disparities 
exist. In these settings, as is the case globally, people with 
lower income are typically left behind as people with high 
income modernise their energy use. In the second paper of 
this Series,8 Annelise Gill-Wiehl and colleagues address 
energy access metrics and trends. Here, we focus on 
pathways between energy use at home and health.

Key messages

•	 Despite widespread transitions to cleaner household 
energy, between 2 billion and 3 billion people continue to 
rely on biomass fuels 

•	 Progress in access to cleaner household energy is unevenly 
distributed and inequitable

•	 Exposures in households regularly using biomass fuels far 
exceed health-protective national standards and global 
guideline values

•	 Multiple estimates indicate a large burden of 
disease—2 million to 3 million deaths yearly—related to 
household air pollution exposure

http://crossmark.crossref.org/dialog/?doi=10.1016/S2214-109X(26)00002-1&domain=pdf
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Reliance on biomass fuels as an energy source for 
cooking and heating profoundly impacts health. 
Exposure to household air pollution (HAP) from these 
activities contributes to 2–3 million deaths yearly from 
cardiovascular, pulmonary, and other outcomes.5,6,9 
Effects are concentrated in LMICs, gendered,10–12 and 
result in lost economic potential.13 Women and children 
are of particular concern, as women are typically primary 
cooks and their young children tend to stay close by. 
Smoke emitted indoors goes outside, leading to 
additional ill health through degraded ambient air 
quality.14 Combustion of biomass fuels also contributes to 
climate change via emissions of climate-altering particles 
and gases, including black carbon.15–19 Policies and 
technological interventions to transition households to 
cleaner sources of energy thus promise multiple wins for 
health, climate, gender equity, and justice. These large 
burdens might also be underestimated: they focus 
mainly on cooking-related impacts; scarce research and 
literature has quantified the effects of heating and 
lighting on human health and the climate. 

In this Series paper, we focus on the burden imposed 
by use of polluting biomass fuels for cooking and other 
energy needs. We first review how estimates of HAP 
disease burden are made. Because these estimates use 
data from global household energy surveys and studies, 
they provide an opportunity to critique the current 
evidence base and highlight areas for future efforts. 
We discuss exposure assessment strategies and 
measurements and epidemiological research linking 
HAP with health. As polluting fuel use at home is a 
modifiable risk factor, interventions have been proposed 
and evaluated around the world; we review observational 
epidemiological studies and randomised controlled trials 
of these interventions. 

We then turn to what is known of the health impacts of 
household transitions to cleaner energy sources. We 
discuss potential data sources that could enhance our 
ability to track health outcomes related to household 
energy use and other areas for future research. Where 
possible, we highlight knowledge gaps, for instance on 
the indirect health benefits of household energy 
transitions mediated through gender, income, time use, 
and other pathways. We focus primarily on household 
energy transitions in LMICs, where the exposure and 
disease burden is highest. Although this Series 
paper focuses on the impacts of cooking with polluting 
fuels, we also draw attention to a need to better 
understand other potential energy-related contributors to 
ill-health at the household level.

From burning to burden: what we know and 
how we know it
Estimates of the Global Burden of Disease (GBD) due to 
HAP exposure were first released in 2002 as part of 
WHO’s Comparative Risk Assessment.20 The history of 
burden assessments has been discussed by Smith and 

Mehta21 and Desai and colleagues.22 Since then, GBD 
estimates have become more sophisticated; they rely on 
similar input data, but with higher spatial and temporal 
resolution. 

For 2023, the Institute for Health Metrics and 
Evaluation (IHME), in partnership with the Health 
Effects Institute, estimated as part of their GBD exercise 
that 2·8 million (95% uncertainty interval 2·1–3·7) 
deaths and 105 million (95% uncertainty interval 82–131) 
disability-adjusted life-years (DALYs) were attributable to 
HAP exposure.5 These estimates are now quite similar to 
those generated by WHO for SDG monitoring; by 
WHO’s accounting, in 2021, HAP exposure was 
responsible for 2·9 million (95% CI 2·3–3·7) deaths and 
95 (77–116) million DALYs.6

In this Series paper, we review how these GBD 
estimates are generated, including exposure estimation 
(in terms of solid fuel use prevalence and exposure 
concentrations) and epidemiological evidence relating 
exposure to disease. Other aspects of GBD methodology, 
including selection of a counterfactual,9 estimation of 
background health status,23,24 and strength-of-evidence 
weighting are outside the scope of this Series paper.9,25 

Breathing fire: HAP emissions, concentrations, and 
exposures 
HAP is a mixture of health-damaging and climate-
altering pollutants, including particulate matter (PM), 
carbon monoxide (CO), nitrogen dioxide (NO2), volatile 
organic compounds (eg, formaldehyde and benzo[a]
pyrene), and many other hazardous species.15,19,26 
Although many pollutants have been detected from 
biomass combustion, only PM2·5 and CO have been 
extensively studied. This focus on PM2·5 is due in part to 
historical epidemiological evidence linking it with a 
range of health effects and, for both PM2·5 and CO, the 
development of validated measurement techniques 
(circularly motivated by epidemiological evidence). 
Estimates of black carbon concentrations are becoming 
more common,27–30 again due to available measurement 
technology and impacts on climate and health.

Before we describe how HAP exposure estimates are 
made, we should first distinguish between the terms 
emissions, concentrations, and exposures. Emissions are 
typically quantified in terms of the rate of release of a 
pollutant per unit time or per unit fuel, and are often 
measured directly from an activity that generates them 
(eg, emissions measured from the plume above a cooking 
fire or from a tailpipe). We refer to concentrations in 
terms of mass of pollutants per volume air as assessed in 
a microenvironment (eg, in a kitchen, bedroom, or 
outdoors). Exposures account for the duration, intensity, 
and frequency of human contact with polluted 
environments; that is, exposures are the pollution people 
experience directly. 

As an example, consider a study in which we are trying 
to understand a cook’s exposure to HAP. Imagine a 
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house with a pot simmering over a biomass-fuelled stove, 
releasing substantial plumes of smoke (emissions) into 
the kitchen microenvironment. An air pollution sensor 
in that kitchen would measure high concentrations, but 
if the cook did not frequent the kitchen during 
assessment, this value would misclassify exposure. To 
measure exposure, we should account for where the cook 
spends time, and for how long. Measuring personal 
exposure thus captures all experienced air pollution, 
whether indoors or outdoors or from cooking or transit. 
In contexts where solid fuel use is common, biomass 
stoves are often the strongest driver of exposure. Direct 
measurement of personal exposure is difficult, time-
consuming, expensive, and burdensome for participants. 

Although the collection of data on personal exposures 
has increased over time, they are not available at 
sufficient temporal or spatial scale to estimate exposures 
for all households that use solid fuels. As such, proxies 
are often used in place of measured personal exposures. 

One widely used proxy is the poportion of a population 
that use biomass as a primary cooking fuel (figure 1).  
Much of our knowledge of the potential for exposure 
arises from these estimates as ascertained from surveys, 
including multiple indicator cluster surveys, demographic 
and health surveys, and national censuses. Household 
energy questions in these surveys focus on primary fuels 
for cooking, heating, and lighting; however, the mixed use 
of polluting and cleaner technologies, known as stacking, 
has been well documented32–36 and remains uncaptured by 
these surveys. Reliance on simplified metrics, such as 
primary fuel categories, downplays mixed use and might 
result in exposure misclassification and inaccurate 
summaries of clean energy use patterns, as discussed in 
the second paper in this Series.8 For example, a household 
might report reliance on a clean fuel, such as liquefied 
petroleum gas (LPG) or electricity, but in reality, use wood, 
dung, and LPG as their cooking fuels.37,38 

To estimate the burden of disease attributable to solid 
fuel use, a multi-step modelling process begins with 
reliance on survey-based estimates of primary fuel use. 
The IHME GBD 2021 and GBD 2023 incorporates solid 
fuel use prevalence estimates from 161 countries, defined 
in two ways: as a binary variable (eg, solid fuel use or not) 
and separately by fuel category (wood, dung, charcoal or 
coal, crop residues, or mixed use).9,39 The mixed-use 
category is omitted from downstream burden analyses 
owing to insufficient data, leading to model instability. 
Overall, multiple GBD studies estimate that about 
one third of the global population relied on solid fuels as 
a primary energy source for cooking in 2023.4–6 

Translating solid fuel prevalence estimates into PM 
exposures relies on HAP measurements. Quantifying 
concentrations and exposures, by use of industrial 
hygiene and ambient air pollution equipment, began in 
the 1960s. HAP was first assessed in 1968 in Papua New 
Guinea40 and in Lagos, Nigeria,41 documenting extreme 
concentrations of CO and PM. These measurements 

Figure 1: Solid fuel use and related exposures between 1990 and 2019
Changes in the fraction of populations relying on solid fuel as a primary cooking fuel (A) and changes in exposure 
to PM2·5 for women (B) between 1990 and 2019, including global trends and trends by World Bank region and 
individual countries. Translucent lines are data for individual countries, coloured by region. WHO IT-1 is the annual 
average WHO interim target guideline value for PM2·5 of 35 μg/m³. Data are from modelled estimates generated for 
the GBD 2019.31 GBD=Global Burden of Disease.  
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were made with stationary monitors in kitchens for 
relatively short durations of time—an approach still used 
today to measure area concentrations of HAP. Although 
these measurements are useful to assess kitchen 
concentrations, they are poor proxies of an individual’s 
exposure, because they omit behavioural or time activity 
patterns.42–44 When real-time loggers are simultaneously 
used in multiple microenvironments—for instance in the 
kitchen, living area, and bedroom—exposures can be 
reconstructed based on the amount of time an individual 
spends in each room.45–47

Alternatively, monitors can be worn by people, to 
measure the personal exposure we lauded previously. 
Assessment of HAP personal exposures were first made 
in 1983.48 In these early assessments,49 as with area 
monitoring, measurements were made for a few hours to 
capture exposure during cooking, when emissions were 
high. Since then, technological and methodological 
advances have led to an increase in the number of 
personal air pollution exposure studies.50 Small, quiet, 
pollutant-specific sensors are used, with measurements 
now typically spanning 24 h or 48 h. 

Globally, data on kitchen concentrations of and 
personal exposures to PM2·5 in households using solid 
fuel are sparse, partly due to the cost and burdens of 
monitoring. Although modern microelectronics51–53 have 
simplified monitor use, estimating long-term personal 
exposures remains methodologically and empirically 
challenging given the short duration of measurements, 
their infrequent repetition, and the high variability both 
within and between households.54–56  

Since the early 2000s, WHO has maintained the global 
household air pollution measurement database,57 which 
now contains data from 43 countries and 196 studies.58,59 
This resource has been used to model exposures in 
regions where no data are present based on fuel use 
patterns, sociodemographics, and measurements from 
similar locations.60 In the currently available database 
(from May, 2018), among households that use wood as 
fuel, mean PM2·5 kitchen concentrations are 395 μg/m³ 
(95% CI 148–1039). Mean exposures are 161 μg/m³ 

(61–431) for women, 116 μg/m³ (44–310) for men, and 
140 μg/m³ (53–375) for children. Households using 
cleaner fuels, such as electricity and gas, fared better: 
PM2·5 kitchen concentrations were 104 μg/m³ (39–273), 
and exposures were estimated at 42 μg/m³ (16–114) for 
women, 30 μg/m³ (12–82) for men, and 37 μg/m³ (14–99) 
for children.58,59

In modelling for GBD 2021 and GBD 2023,9,39 IHME 
expanded the WHO database with a large set of 
measurements from the PURE-AIR study,43,61 which 
provided data from 120 communities in eight countries. 
In total, the GBD 2021 included approximately 
400 concentration and exposure measurements from 
47 locations. IHME GBD exposure estimates for 
1990–2019 are visualised in figure 1. For context, the 
WHO annual average PM2·5 guideline is 5 μg/m³, with 
interim targets—the least stringent being 35 μg/m³—for 
settings where meeting the guideline is impractical.

As part of the Household Air Pollution Intervention 
Network (HAPIN) randomised controlled trial larger-
scale exposure assessments were undertaken in India, 
Rwanda, Guatemala, Peru,27,62–64 Ghana,65 and Bangladesh.66 
Tens of thousands of exposure measurements were 
conducted as part of HAPIN, but these data have not yet 
been incorporated into the exposure models, where they 
hold potential to improve exposure estimates. 

Inside out: HAP contributions to ambient air pollution
HAP emitted indoors escapes through chimneys and 
windows, and is a leading source of outdoor particulate 
pollution, especially in LMICs. Approximately 20% of all 
global PM2·5 arises from household sources,14,67 with wide 
spatial heterogeneity. Although the magnitude of 
households’ contribution to ambient air pollution varies 
by modelling approach, all find substantial ambient 
air pollution resulting from household solid fuel 
combustion.14,68

Before GBD 2017, exposure estimates were made 
separately for ambient pollution and HAP, resulting in 
double-counting and inflated disease burdens.9,39 To 
resolve this overestimation, IHME GBD now models 
excess exposure from HAP by subtracting time-matched 
and location-matched ambient exposures from 
estimated HAP values. For populations that use solid 
fuels, a total exposure (ie, ambient exposures plus 
excess HAP) is used in exposure–response curves 
(described later in this Series paper). The total burden is 
apportioned to ambient or household sources by the 
fraction of total exposure coming from each source. The 
household contribution to ambient air pollution is part 
of the burden associated with the IHME ambient PM 
pollution GBD risk factor.  

Health effects associated with HAP exposure
HAP exposure has been consistently associated with 
adverse health outcomes in observational studies. In 
IHME GBD 2021, HAP-associated PM2·5 exposure was 

Figure 2: Mortality from smoking, ambient PM2·5, HAP, and second-hand smoke as estimated in GBD 2021 
Note that some fraction of ambient PM2·5 arises from household sources; this portion of the burden could be 
allocated to the overall HAP burden. GBD=Global Burden of Disease. HAP=household air pollution. 

0 1 2 3 4 5 6

Smoking

Ambient PM2·5

HAP

Second-hand smoke

Deaths (millions)

Ri
sk

 fa
ct

or

Cardiovascular
Maternal and nenoatal

Outcome type
Diabetes Neoplasms Chronic respiratory

Respiratory infections



e616

Series

www.thelancet.com/lancetgh   Vol 14   April 2026

linked with cataract, chronic obstructive pulmonary 
disease (COPD), ischaemic heart disease, lower 
respiratory infections, stroke, lung cancer, type 2 diabetes, 
and, through mediation analysis, with adverse outcomes 
associated with low birthweight and short gestation.9,69 
Figure 2 depicts disease burdens for HAP and related risk 
factors, including active tobacco smoking, ambient PM2·5 
exposure, and second-hand smoke exposure. 

In GBD 2021 and GBD 2023 for all outcomes except 
cataract, meta-analytical techniques were used to create 
curves relating PM2·5 exposure with outcome-specific 
risk.9,39 These models integrate exposure–outcome data 
from both studies of HAP and ambient air pollution and 
have undergone substantial iteration.70 The meta-
regression Bayesian, regularised, trimmed risk curves 
used in GBD 2021 use third-order splines with 
three interior knots that are constrained to be biologically 
plausible (concave and monotonically increasing; 
figure 3). A full description of curve fitting procedures is 
available in the study by the GBD 2021 Risk Factors 
Collaborators.9 The curves assume that particulates from 
different sources are equitoxic and that risk increases 
monotonically with exposure. The curves and their 
assumptions have profound policy implications: to 
realise health benefits, exposures should be brought 
down to relatively low concentrations, where the 
marginal health benefit of unit decreases in air pollution 
are meaningful and larger in magnitude than at higher 
air pollution concentrations. 

WHO also performs its own fuel use and burden of 
disease modelling exercises. Estimates from WHO and 
IHME are reasonably well aligned; although IHME is 
more regularly updated, WHO’s estimates are used as 
the official reference for global reporting and SDG 
monitoring, and are subject to country consultation. 
Although the IHME GBD modelling is the most 
comprehensive and regularly updated for HAP and 
related health outcomes, other systematic reviews and 
meta-analyses exist. For instance, children exposed to 
biomass smoke were found to have an increased risk of 
pneumonia compared with clean-fuel users.71 A meta-
analysis concluded that household combustion of solid 
fuels resulted in a 86·43 g (95% CI 55·49–117·37) 
reduction in birthweight, a 35% (23–48) increased risk of 
low birthweight, and a 29% (18–41) increased risk of 
stillbirth.72 A comprehensive 2020 systematic review and 
meta-analysis73 evaluated the risk of respiratory and 
cardiovascular diseases and adverse pregnancy outcomes 
from polluting fuels. Their review included 476 studies 
from 123 countries (99 [80%] of 123 countries were from 
LMICs). Unlike the IHME GBD, this systematic review 
and meta-analysis included kerosene as a polluting fuel 
and did not attempt to estimate exposures or use 
exposure–response functions to evaluate risk and 
burden, rather relying on a binary categorisation of 
primary polluting fuel use and a counterfactual of no 
polluting fuel use. In this study, HAP was associated 
with asthma (relative risk 1·23, 95% CI 1·11–1·36), lower 

Figure 3: Bayesian, regularised, trimmed exposure–response curves relating PM2·5 exposure with risk of health outcomes, as used by GBD 2021
Colours are different health outcomes. Further details on curve fitting procedures and input data are available elsewhere.9 COPD=chronic obstructive pulmonary 
disease. GBD=Global Burden of Disease.
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respiratory infections in adults (1·53, 1·22–1·93) and 
children (1·39, 1·29–1·49), COPD (1·70, 1·47–1·97), lung 
cancer (1·69, 1·44–1·98), tuberculosis (1·26, 1·08–1·48), 
cerebrovascular disease (1·09, 1·04–1·14), ischaemic 
heart disease (1·10, 1·09–1·11), low birthweight (1·36, 
1·19–1·55), stillbirth (1·22, 1·06–1·41), mortality in 
children younger than 5 years (1·25, 1·18–1·33), and 
all-cause mortality (1·08, 1·04–1·13). The mortality 
burden from HAP exposure estimated by this study was 
approximately 1·8 million deaths in 2017. Numerous 
other reviews come to similar conclusions.74–76 

Regardless of methodology, exact exposure estimation 
techniques, or health effects estimated, the global 
mortality burden attributable to HAP has consistently 
been estimated to be in the millions yearly. This value 
might be an underestimate; in many places around the 
world where cooking and lighting have already become 
less polluting, heating with solid fuels persists.

Cleaning up cooking
This substantial morbidity and mortality burden 
associated with HAP leads naturally to the question of 
what can be done to reduce risk and protect health. 
Attempts to mitigate indoor exposures to air pollution 
began in the 1950s77 and continue to date.78 Given the 
high disease burden, WHO issued the Guidelines for 
Indoor Air Quality: Household Fuel Combustion in 2014,79 
which established emissions rate targets for stoves that 
could help populations attain the health protective 
annual WHO air quality guideline values. 

Clean cooking interventions have historically focused 
on two paradigms: replacing polluting technologies 
with improved stoves that increase combustion 
efficiency and reduce emissions or with cleaner burning 
fuels or with electric cooking. Most early intervention 
work focused on biomass stoves with lower emissions 
than typical simply constructed stoves or opens fires. 
Although these stoves have been shown to reduce 
emissions in laboratory testing,80–82 in real-world contexts 
they are not performant, due to heterogeneity in stove 
operation behaviours and variability in fuel quality.83,84 
In most instances, these stoves reduce exposures 
compared with open fires, but not to the extent of 
health-relevant targets.85–90 By contrast, exposures from 
cleaner burning fuels, such as LPG or ethanol, can be 
equal to or lower than the intermediate WHO guideline 
value, but not if mixed use of polluting and cleaner fuels 
is common or if background air pollution concentrations 
are elevated. 

Cooking intervention trials have evaluated the ability of 
various technologies and fuels to improve health via 
reduced exposure. These trials have widely varied in 
design, size, objective, intervention package, and 
exposure and health outcome assessment (table).91 They 
have typically focused on health outcomes that could be 
improved over short periods of time (eg, 1–2 years). 
Interventions have been evaluated on randomisation 

(ie, intention-to-treat analyses) and for exposure–
response relationships independent of randomisation.

Unlike the observational evidence, which has 
consistently described associations between HAP 
exposure and health outcomes, interventions evaluated 
in trials have either insufficiently reduced or not reduced 
exposures and thus have not improved health. In this 
Series paper, we focus on trials with both exposure and 
health outcome data collection, excluding those that did 
not measure air pollution exposure,118,119 that did not focus 
on rigorous health outcome assessment,120–122 or have not 
yet published one or the other. 

The evolution of HAP intervention trials mirrors 
development of clean cooking interventions. The 
Randomised Exposure Study of Pollution Indoors and 
Respiratory Effects (RESPIRE) trial, the first of its kind, 
provided a locally made chimney-stove intervention. 
Although the trial found reductions in CO kitchen 
concentrations (~80% lower in intervention homes) and 
personal exposures (~50% lower),92 it saw no effect on 
physician-diagnosed pneumonia (the primary outcome). 
However, the trial found significant reductions in 
physician-diagnosed severe pneumonia and a positive, 
supralinear relationship between exposure and 
pneumonia.93 

Subsequent trials have focused on improved stoves and 
cleaner fuels. The Nepal Cookstove Intervention Project94 
was a two-phase randomised controlled trial. The first 
phase evaluated a biomass stove with a chimney in a 
cluster-randomised, stepped-wedge trial; the second 
phase added a household-level trial in which participants 
were randomly assigned to receive LPG and a 12 month 
fuel supply or a biomass stove with chimney. Primary 
outcomes were gestational age at birth, birthweight, and 
acute lower respiratory infection in children younger 
than 36 months. Personal exposures were not assessed, 
but 24-hour kitchen concentrations of PM2·5 and CO were 
evaluated. Both randomised controlled trial phases 
resulted in kitchen concentrations of PM2·5 between 
10 times and 20 times the WHO interim target 1 (WHI 
IT-1) values.123 Neither stove affected birth outcomes.95 No 
exposure–response relationship was evident, but when 
combined with other observational evidence from Nepal, 
a positive, supralinear relationship between exposure 
and pneumonia96 was identified. 

The Cooking and Pneumonia Study (CAPS) in 
Malawi97 was a community-level cluster randomised 
controlled trial (150 communities; 8626 households; 10 

750 children) evaluating an intervention package of 
two fan-assisted stoves and a solar panel to charge 
them. The trial found no effect of the stoves on 
exposures to CO potentially because cooking occurred 
outdoors.98 It found no effect of the intervention on 
pneumonia, nor any relationship between exposure 
and pneumonia.97 

The Household Air Pollution and Pregnancy Outcome99  
study was a randomised controlled trial enrolling 
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Location N Intervention Primary outcome Findings on 
intention-to-
treat analysis 

Findings in terms of exposures and exposure–response 
relationships

Randomised Exposure 
Study of Pollution 
Indoors and Respiratory 
Effects92,93

Guatemala 534 households with 
presence of a pregnant 
woman or an infant 
aged <4 months

Chimney stove Pneumonia in 
children aged 
<5 years

No significant 
difference

~80% indoor reduction in CO concentrations; ~50% CO 
personal exposure reduction; exposure reduction associated 
with physician-diagnosed severe pneumonia (RR 0·82, 95% CI 
0·70 to 0·98)

The Nepal Cookstove 
Intervention Project94–96

Nepal For ALRI there were 
5254 children (age at 
recruitment for phase 1 
was <36 months and for 
phase 2 was 
<24 months); for 
birthweight there were 
2379 liveborn infants 
during phase 1 and 
549 liveborn infants 
during phase 2

Two trials:  
biomass chimney 
cookstove; LPG 
stove and fuel or 
biomass stove 

Co-primary 
outcomes were ALRI 
incidence in children 
<36 months, 
gestational age at 
birth (measured by 
the start of the last 
menstrual period), 
and birthweight 

No significant 
difference

No differences in indoor CO concentrations between groups; 
indoor PM2·5 reductions, but above WHO IT-1; little evidence of 
an exposure–response relationship for ALRI

Cooking and 
Pneumonia Study97,98

Malawi 10 750 children aged 
<5 years

Fan-assisted 
biomass 
cookstove

Pneumonia No significant 
difference

No difference in CO exposure; no difference in pneumonia risk; 
no exposure–response relationships

Household Air Pollution 
and Pregnancy 
Outcome99,100

Nigeria 324 pregnant women Ethanol stove Co-primary 
outcomes were 
birthweight, preterm 
delivery, IUGR, and 
miscarriage or 
stillbirth

No significant 
difference in co-
primary 
outcomes; 
higher diastolic 
blood pressure 
in control group 
(secondary 
outcome)

No differences in CO or PM2·5 exposure between groups; no 
exposure–response relationships

Ghana Randomized Air 
Pollution and Health 
Study65,101–105

Ghana 1414 pregnant women Fan-assisted 
biomass 
cookstove; LPG 
stove and fuel

Co-primary 
outcomes were 
birthweight and 
physician-assessed 
severe pneumonia

No significant 
difference

CO reduced 47% and PM2·5 reduced 32% in LPG intervention 
group relative to control;  1 ppm increase in prenatal CO 
increased pneumonia risk by 10% and severe pneumonia by 
15%; 1 ppm increase in prenatal CO was associated with –53·4 g 
(95% CI –84·8 to –21·9) change in birthweight, –0·3 cm (–0·6 to 
–0·1) change in birth length, 1·0 days (–1·8 to –0·2) earlier 
gestational age, and with weight-for-age Z score among 
participants without placental malaria; suggestive evidence that 
prenatal CO exposure was associated with increased odds of low 
birthweight and small for gestational age; prenatal CO was 
associated with reduced time to peak tidal expiratory flow to 
expiratory time and increased respiratory rate and minute 
ventilation 

Cardiopulmonary 
Outcomes and 
Household Air Pollution 
Trial29,106

Peru 181 women LPG stove and 
fuel

Co-primary 
outcomes were 
cardiovascular and 
respiratory health

No significant 
difference

Kitchen concentrations reduced by 95% for PM2·5, 97% for 
black carbon, 87% for CO, and 49% for NO2 in the intervention 
group; exposures reduced by 69% for PM2·5, 87% for black 
carbon, 64% for CO, and 65% for NO2 in the intervention 
group; no exposure–response relationships

Household Air Pollution 
Intervention 
Network27,62,63,107–109,110–116

Guatemala, 
India, Peru, 
and 
Rwanda

3200 pregnant women LPG stove and 
fuel

Co-primary 
outcomes were 
birthweight; 
pneumonia; infant 
growth; blood 
pressure among 
older women (aged 
40–79 years) living in 
the same home as 
the pregnant woman 

No significant 
difference

Median exposures were lower by 66% for PM2·5, 70% for black 
carbon, and 82% for CO in the intervention group for pregnant 
women; median exposures were lower by 62% for PM2·5, 73% 
for black carbon, and 57% for CO in the intervention group for 
older adult women; an interquartile increase in prenatal PM2·5 
exposures (increased by 74·5 μg/m³) was associated with a 
reduction in birthweight of 14·8 g (95% CI 0·8 to 28·7); an 
interquartile increase in black carbon (increased by 7·3 μg/m³) 
with a reduction in birthweight of 21·9 g (6·1 to 37·7); other 
exposure–response findings forthcoming

$100Kitchen and Low-
birth-weight Study in 
Rural Bangladesh117

Bangladesh 1267 pregnant women Improved stove 
and kitchen

Low birthweight; 
maternal blood CO

Adjusted risk 
ratio 0·63 
(95% CI 0·45 to 
0·89)

Reduction in spCO in the intervention group from 10·4% in 
the second trimester to 8·9% in the third trimester; no change 
in the control group 

Adapted from Lai and colleagues.91 WHO IT-1 is the annual average WHO interim target guideline value for PM2·5 of  35 μg/m³. ALRI=acute lower respiratory infection. IUGR=intrauterine growth restriction. 
LPG=liquefied petroleum gas. LRI=lower respiratory infection. RR=relative risk. spCO=carboxyhaemoglobin saturation. WHO IT-1=WHO interim target 1. 

Table: Health and exposure-focused randomised controlled trials of clean cooking interventions
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324 pregnant women in Ibadan, Nigeria. Half of the 
participants were randomised to an ethanol stove 
intervention (intervention group), and the remaining 
enrolees continued to cook with solid fuels or kerosene 
(control group). Primary outcomes were birthweight, 
preterm delivery, intrauterine growth restriction, and 
occurrence of miscarriage or stillbirth. Blood pressure 
was also evaluated. Exposures to CO and PM2·5  were not 
different between control and intervention groups, and 
exposure assessment was complicated by missing data, 
large seasonal differences in pollution (eg, lower 
concentrations in both groups during rainy season 
compared with the dry season), and high background 
concentrations of ambient air pollution. A non-
significant, suggestive protective effect for birthweight 
was identified. Gestational age at delivery was higher for 
those in the ethanol group by approximately 1 week. 
Diastolic blood pressure at endline was higher in the 
control group than the intervention group.100 

The Ghana Randomized Air Pollution and Health 
Study (GRAPHS) was a cluster randomised controlled 
trial in 35 communities that evaluated LPG and a fan-
assisted cookstove on birthweight and incidence of 
pneumonia.101 1414 pregnant women were enrolled: 361 
in the LPG group, 527 in the biomass cookstove group, 
and 526 in the control group. Neither intervention 
improved birthweight nor reduced severe pneumonia 
risk.102 Exposures to PM2·5 and CO were lower in the LPG 
group compared with the control group, but not in the 
biomass group.65 

GRAPHS explored numerous exposure–response 
relationships. Each 1 ppm increase in prenatal CO 
exposure increased pneumonia risk in the first year of life 
by 10% and severe pneumonia by 15%.124 In adjusted 
models seeking to identify particular windows of 
vulnerability, prenatal CO exposure at 15–20 weeks of 
gestation was inversely associated with birthweight and 
prenatal CO exposure at 34–39 weeks was associated with 
severe pneumonia risk for female children who were born 
during the trial.125 Similarly, prenatal CO exposure was 
associated with reduced birthweight, birth length, 
gestational age, weight-for-age Z score, among those 
without placental malaria and there was suggestive 
evidence with increased odds of low birthweight and small 
for gestational age for all infants.103 In a substudy of 384 
infants, prenatal CO exposure was negatively associated 
with infant lung function.104 Finally, in work done during 
the baseline assessments for GRAPHS, a significant 
positive association between CO exposure and diastolic 
blood pressure was found for the expecting mothers.105

The Cardiopulmonary Outcomes and Household Air 
Pollution (CHAP)106 trial took place in Department of 
Puno, Peru and enrolled 181 women, with 90 assigned to 
a free LPG fuel intervention and 91 assigned to the 
control group, who continued to follow their standard 
cooking practices. The intervention package included an 
LPG stove, home fuel delivery, and behavioural 

messaging and reinforcement. Co-primary outcomes 
included   clinical markers of cardiovascular and 
respiratory disease, such as blood pressure, peak 
expiratory flow, and St George’s Respiratory 
Questionnaire total scores. The intervention reduced all 
pollutant (ie, PM2·5 black carbon, CO, and NO2) 
concentrations and exposures significantly, including 
average PM2·5 personal exposures to 30 µg/m³.29 Despite 
reductions in exposure, no difference in outcomes was 
found in the intention-to-treat analysis. In a pragmatic 
crossover trial after the randomised controlled trial—
when control participants received the CHAP 
intervention package, without home delivery of fuel, and 
intervention households no longer had free fuel 
delivery—reduced kitchen concentrations of and 
exposure to PM2·5 and CO persisted.126

The HAPIN randomised controlled trial took place in 
four countries where reliance on solid fuels persists: 
Guatemala, India, Peru, and Rwanda.107–109 In each of the 
four countries, 800 women in early pregnancy 
(ie, 9 weeks’ to <20 weeks’ gestation as confirmed on 
ultrasonography) were recruited and randomised 1:1 to 
either an LPG intervention or standard cooking 
practices. The intervention consisted of an LPG stove, 
free fuel delivered to the home, and behavioural 
reinforcement. Primary outcomes were birthweight, 
infant growth, severe pneumonia among infants, and 
blood pressure of older adult women living in the same 
households as the pregnant participants. PM2·5, CO, and 
black carbon exposures were significantly reduced for 
intervention group women, children, and other adult 
women in the households.27,62,63 PM2·5 exposures were 
below WHO IT-1; reductions of all pollutants were stable 
over time. Intention-to-treat analyses of the effect of 
intervention on birthweight, infant growth, and 
pneumonia did not find evidence of effect.110,111,116 
Birthweight findings were suggestive of an effect, in 
particular in subgroup analysis, where mothers who 
received the intervention in early pregnancy had heavier 
babies, but these findings were not statistically 
significant. In adjusted models examining the 
relationship between HAP exposures and birthweight, 
an interquartile increase in the prenatal PM2·5 or black 
carbon exposure was associated with a reduction in 
birthweight and gestational age Z scores.112 

The $100Kitchen and Low-birth-weight Study in Rural 
Bangladesh enrolled 1267 pregnant women117 and 
assigned women 1:1 to an improved cookstove with 
chimney in a prefabricated kitchen intervention 
(628 women in the intervention group and 639 women in 
the control group). Outcomes were the proportion of 
neonates with low birthweight and maternal blood carbon 
monoxide saturation (carboxyhaemoglobin saturation 
[spCO]) during the second and third trimester. The study 
found a reduced risk of low birthweight prevalence in the 
intervention group (adjusted risk ratio 0·63, 95% CI 
0·45–0·89) and decreases in maternal spCO. 
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Trials and tribulations: attempting to reconcile evidence 
streams
The randomised trial evidence, which largely finds no 
effects of cleaner cooking interventions on health, stands 
at odds with decades of observational evidence that 
cleaner cooking technologies reduce air pollution 
exposures and improve health. Reconciling these 
evidence streams poses major questions for researchers 
and policy makers: are all observational studies severely 
confounded by poverty and co-exposure to a variety of 
other risks, such as nutrition, infection, and inadequate 
water and sanitation? Can settings that have undergone 
transitions serve as real-world evidence of potential 
benefits, as seen in accountability studies?  

The review by Lee and colleagues73—which used 
standard meta-analytical techniques to estimate the 
burden of HAP exposure on health—addressed some of 
these concerns by assessing risk of bias across two axes: 
the quality of outcome assessment (eg, clinically dictated 
or physician-assigned) and how and what adjustments 
occurred to account for confounding. For confounding, 
they considered any study that adjusted only for age and 
sex as having a high risk of bias; whereas those that 
adjusted for age, sex, and two other relevant covariates 
were of low risk of bias. They acknowledged that such an 
approach leaves the possibility of residual confounding, 
including the likelihood that houses that rely on solid 
fuel might have less access to or ability to use health-care 
services than households that use clean fuels. 

Exposure–response analyses of clean cooking trials—
highlighted previously—suggest that exposures to PM2·5 
or CO are associated with health benefits, especially for 
birthweight and pneumonia. These analyses control for a 
variety of confounders, including markers of socio
economic status, alternative exposures, and proxies of 
nutritional status. Because the precise causal pathway 
from clean energy to better health remains uncertain, 
researchers should explore several hypotheses to explain 
differences between these findings and randomised 
controlled trial evidence. We point to potential questions 
that might begin to reconcile some of these discrepancies.

The first hypothesis is temporal in nature: the timing of 
intervention, particularly for child health outcomes, might 
need to target earlier stages of pregnancy, or even the 
periconception period, so that the intervention covers 
sensitive windows. For chronic outcomes, it might take 
longer than a short-term intervention to ensure durable 
health benefits. Long-term follow-up of existing cohorts is 
one way to evaluate some of these hypotheses. The second 
hypothesis relates to the HAP exposure heterogeneity. 
Observed reductions in PM2·5 or CO might be too small to 
deliver health benefits. They might also be undermined by 
exposure to other harmful pollutants such as ultrafine 
particles,  NO2, and air toxics.127,128 Finally, other risk factors 
for adverse health outcomes, such as malnutrition and 
infection, are still present when clean energy is provided 
and might negate any benefits of HAP exposure 

reductions. Combining different interventions (eg, clean 
cooking, nutrition, and water and sanitation) might offer a 
path forward. 

Importantly, both randomised trials and observational 
studies agree on a key point: clean fuels such as electricity 
or gas can reduce HAP much more than improved 
biomass stoves. When these clean fuels are made free or 
very low cost, people tend to use them almost exclusively. 
In both types of studies, this use has led to pollution 
concentrations and exposures that meet or fall below 
WHO IT-1.29,113–115

We invite the clean cooking community to question 
whether we should wait for results from randomised 
controlled trials before supporting these interventions. 
Indeed, randomised controlled trials are often very 
controlled and thus might not reflect real-world 
situations. Consider outdoor air pollution: we have not 
had to rely on randomised controlled trials to set air 
quality policies, as such trials would be unethical or 
impractical. Instead, for the case of ambient air pollution, 
we focus on whether emission-reducing actions are cost-
effective, technically feasible, and enforceable.

Beyond burden: where do we go from here?
Cleaning up after cleaning up cooking
Despite progress on cleaner household energy 
transitions, HAP remains an important exposure and 
contributor to ill-health. Non-cooking emissions—for 
instance from heating, animal food preparation, waste 
burning, and diesel generator use—have been less well 
explored than emissions from cooking. In areas where 
space heating is common—such as Mongolia and parts 
of China—heating-related emissions can be a substantial 
contributor to the total exposure burden from health-
damaging emissions. These emissions also exist in 
regions where cooking transitions have already occurred, 
such as eastern Europe.  

Because air pollution concentrations vary—from 
households, to neighbourhoods, to regions—cleaning up 
households’ energy sources might be a necessary but 
insufficient action to decrease exposures. For many places 
where solid fuel use is prevalent, reducing HAP is 
necessary for decreasing overall exposure; where other 
strong sources of pollution exist, a multi-pronged 
approach towards regional air pollution control might be 
required. Such a strategy should not ignore emissions that 
start at home, exposing poor and vulnerable populations 
while also degrading air quality as smoke leaves the home.

Evaluating electric cooking
In some higher-income settings, a transition from gas 
to electricity for cooking is underway.129–131 A similar 
transition might be possible in specific LMIC settings. 
Such a transition is commendable, especially when 
powered by renewably produced electricity, but, without 
massive grid upgrades, is likely out of reach for many 
households using biomass fuels, who have unreliable, 
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low-quality electricity. In contexts where electricity is 
reliable and sufficient—or where there are realisable 
plans for its expansion—leap-frogging LPG might be 
possible. In the meantime, as has been done for LPG, 
implementation research should evaluate barriers to and 
enablers of electricity for cooking and develop a 
prioritisation of locations where an electric cooking 
transition might be possible. 

Assessing effects on gender equity and wellbeing
Transitions from biomass to modern household energy 
might also advance gender equity and overall wellbeing 
by reducing burdens beyond health.132,133 Modern fuels 
free individuals, mostly women and girls, from the 
physical and time demands of fuel collection, processing, 
and cooking, which could also lower risks of violence 
during firewood collection and reduce school 
absenteeism.  For example, a randomised controlled trial 
in Peru found that women in an LPG intervention group 
spent 3·2 fewer hours cooking and 1·9 fewer hours 
collecting fuel per week compared with women in the 
control group who were using biomass fuels, even 
though they cooked on average 1·0 more meals per day.134  
A systematic review found that adopting modern fuels 
saves time by reducing needs for fuel collection, 
decreasing fuel consumption, and lowering meal 
preparation time.135 The review found that time savings 
were used for additional income generation, learning 
skills, and leisure activities, among others. Strengthening 
evidence on how modern cooking affects the lives of 
women and girls could help generate support from policy 
makers.

There is also evidence that the transition to modern 
fuels increases women’s subjective satisfaction and 
wellbeing. A large cross-sectional study in China found 
that fully adopting clean fuels significantly improves 
individuals’ happiness and life satisfaction.136 By contrast, 
incomplete transition did not significantly affect 
individuals’ subjective wellbeing. Notably, a mediation 
analysis of the results found that between a third and half 
of the beneficial effects were due to perceptions of 
improved family health. These results are consistent 
with a qualitative study in India, in which women who 
used firewood believed their cooking fuel supported their 
sense of wellbeing and saw no enabling relationship 
between LPG use and wellbeing. By contrast, firewood 
users who switched to LPG claimed it enhanced 
wellbeing.137 Similar to our assessments of exposure and 
health effects, there is a need for improved methods to 
rigorously evaluate and establish the economic value of 
clean energy transitions on the lives of those in low-
income settings. 

Economic and policy research
Reliable evidence on the effects of clean household energy 
interventions on exposures and health is crucial but is 
only one piece of the puzzle. Policy makers, donors, and 

implementers should allocate increasingly scarce 
resources across competing health and development 
needs. Economic analyses, including cost-effectiveness 
and cost–benefit analyses, can clarify the value of 
household energy investments and help to target these 
interventions where they will yield the largest benefits. 
These analyses should assess both who stands to benefit 
from any cost savings (such as reduced health-care 
expenditures) or broader economic gains, but also who 
bears the costs. Willingness-to-pay and ability-to-pay 
research can help establish the need for tariff and tax 
relief and subsidies to improve equity of access, and 
ensure the nearly exclusive use necessary to reach health 
gains. At a more macroeconomic level, analyses can help 
establish how governments should invest in expanding 
LPG and whether market forces are sufficient to drive 
diffusion, or whether supplementary measures are 
needed, especially in remote areas and at the end of 
supply chains. These strands  of research are especially 
important since LPG for cooking is largely a private (ie, 
household) expenditure, whereas electricity infrastructure 
is often a public (ie, government) investment, perhaps 
likely to deliver lower overall household expenditures 
on energy and yield other monetisable benefits. 
Comprehensive economic analyses can also help establish 
the most appropriate mix of investments in LPG versus 
electrification and the extent to which there is genuinely a 
trade-off between household energy transition strategies. 
Finally, evaluation of ongoing or completed energy 
transitions—such as the kerosene to LPG transition in 
Indonesia138 and the biomass fuel to LPG transition in 
Ecuador130,131—can shed vital light on how to leverage 
administrative data to estimate effects at the population 
scale. Such evidence can motivate future transitions and 
provide key guidance on the parameters that should be 
captured for full evaluation.

Household energy for health
Access to energy enables much of what is taken for 
granted in modern life, from telecommunications to 
transportation. Wide disparities in access to energy result 
in inequity in terms of quantities of pollution emitted 
and experienced, reliability and quality of energy services 
available, and effects on health and welfare. Although 
recent decades have seen progress in access to cleaner 
fuels, transitions are incomplete for about 3 billion 
people globally. For some, a partial transition results in 
continued reliance on polluting energy sources perceived 
as affordable and accessible. For others, cleaner energy 
sources have not yet reached their doorstep. Regardless, 
potential health gains for this large population remain 
unrealised.

One way to think of the required shift is from a framing 
of household energy and health to one of household 
energy for health for all. Over half of the global population 
lives in homes, buildings, and cities that provide 
consistent and reliable access to sufficient clean energy 
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at home to meet basic needs—an improvement that has 
happened in about 100 years. We have not succeeded in 
sharing knowledge or finding political will and 
investment to empower the rest of the world with similar 
energy access. Doing so would reduce exposures and lift 
the health status for those who to stand to benefit most. 
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