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■ INTRODUCTION

In many parts of the developing world, the simple act of cook-
ing a meal has dire consequences for health and the environ-
ment. More than 3 billion people must rely on solid fuels such
as biomass (wood, charcoal, agricultural residues, and animal
dung) and coal as the primary source of household energy.
These solid fuels are often burned in inefficient open fires and

rudimentary stoves with inadequate ventilation, exposing families,
in particular women and children, to toxic indoor smoke for
hours daily over their lifetimes. Household solid fuel com-
bustion is associated with 3.5 million and 0.5 million premature
deaths annually due to indoor and outdoor air pollution
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exposure, respectively.1 This burden occurs mainly in develop-
ing countries (Figure 1) and now appears to exceed the
burdens of malaria, tuberculosis, and HIV combined. Millions
more suffer from disabilities related to cardiovascular problems,
chronic and acute respiratory conditions, and cataracts. Women
and children are also burdened with time-consuming and phys-
ically demanding fuel collection that prevents them from
attending school or working and puts them at risk of violence
in some conflict areas. Inefficient burning of solid fuels for
energy contributes to climate change, and when woodfuel is
unsustainably harvested, deforestation, forest degradation, and
loss of habitat and biodiversity can result.
Low-income households in developing countries are the

most dependent on solid fuels for household energy needs,
with developed countries and higher-income households in
developing countries typically using electricity or processed
fuels such as liquefied petroleum gas (LPG) and natural gas

(Table 1). The share of the population relying on solid fuels for
energy needs ranges from less than 25% in some developing
countries to 95% in many Sub-Saharan African countries, and is
nearly 100% in many rural areas.3 As in developed countries,
many homes in developing countries use multiple fuels and
devices (“fuel-device stacking”) for cooking, lighting, heating,
and specialized cooking tasks such as making tortillas in
Mexico, chapathis in India, or njera in Ethiopia, with solid fuel
stoves fulfilling many of these needs (Table 1). In all countries,
household energy decisions are shaped by income, tradition,
social expectations, and fuel availability. For example, wood-
burning heating stoves are often used in developed countries
despite accessible and affordable cleaner alternatives.
Over the last decades, various national efforts have intro-

duced millions of fuel efficient stoves (e.g., in China, India, and
Kenya), with some achieving greater success than others. In the
past several years, scientific advances, financial innovation, and

Figure 1. Premature deaths attributable to household solid fuel use occur mainly in developing countries, as shown by these national estimates for
2002 (reproduced with permission from ref 2. Copyright 2007, WHO). Globally, estimates for 2010 are approximately double these earlier estimates
for 2002, mainly due to methodological improvements.1

Table 1. Typical Progression for Household Energy Use: Arrows Indicate Income Levels, but Other Variables Also Influence
Fuel Choice, Thus Households of Varying Income May Span Different Typologies of Fuel Usea

aAdapted from Sovacool.3
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several successful clean cookstove initiatives have begun to
demonstrate the great potential for relieving the societal burden
of cooking over open fires and rudimentary stoves, gaining
support from influential leaders around the world. The resulting
flow of resources into the sector is enabling new approaches to
encourage large-scale, sustainable adoption of clean cooking
solutions. However, despite significant recent progress, it
remains a complex challenge to design stoves that women
want to use and that reduce fuel use and emissions enough to
achieve today’s policy goals, in addition to making them widely
accessible and affordable.

■ EVALUATING PERFORMANCE FOR VARIED
POLICY PRIORITIES

Advanced fuels such as LPG, ethanol, and biogas are often
vastly cleaner, more efficient, safer, and in many cases more
appealing to users than traditional solid fuels. However,
accessibility, affordability, and adaptation of local cooking
devices must be improved for advanced fuels to be a viable
solution for many current solid fuel users. Fortunately, clean
and efficient solid fuel stoves are increasingly available around
the world, and if adopted on a wide scale, could yield health,
environmental, and economic cobenefits.
Over the past decade, a variety of solid fuel based cookstove

models that improve combustion efficiency and reduce
emissions when compared with open fires and traditional
stoves have entered the market. However, policy objectives to
reduce indoor and outdoor air pollution, mitigate long-term
and near-term climate change, reduce deforestation, empower
women and girls, and support economic development are
driven by different factors, including fuel use (collected or
purchased), and emissions of air pollutants that affect health
and climate (Table 2). Results from recent laboratory and field
testing show wide variation in stove performance for these
indicators.4−9

Many stoves currently on the market effectively save fuel,
based on data from both laboratory and field settings.
Residential use of woodfuels accounts for approximately 7%
of global energy use,10 half of wood harvested worldwide
annually,11 and 6% of global deforestation,3 mainly in specific
locations or “hotspots”.12−14 Unsustainable harvesting of
woodfuels degrades forests and in some locations leads to
deforestation, reducing habitat, biodiversity, and uptake of
atmospheric carbon dioxide. Although burning sustainably
harvested woodfuels is carbon dioxide neutral, it is not climate
neutral as other emitted climate pollutants like black carbon
(BC), methane, and other ozone-producing gases (e.g., carbon
monoxide, volatile organic compounds) are not reabsorbed.

The impact of cleaner cooking solutions on fuel use and air
pollutant emissions varies by fuel type, stove design, cooking
practice, and environmental conditions. Recent studies have
found that many of the stoves on the market reduce fuel use by
30−60%.4,15−18 Some advanced biomass systems, such as small-
scale gasifier and biogas stoves, are even as efficient as LPG
systems.18 Less fuel use can lead to transformative benefits
less burden for women or more income for families and less
risk of violence for women and girls as they collect fuel in
certain insecure areas. Reduced fuel use due to increased heat
transfer efficiency (with equal or greater combustion efficiency)
can also mean fewer emissions of air pollutants that affect
health and climate and reduced impacts on forests, habitats, and
biodiversity.
But fuel savings alone are not enoughprotecting public

health likely requires dramatically reducing emissions from
stoves.19 Although exposure patterns vary due to individual
(age, socioeconomic status, time spent in cooking area) and
household differences (fuel/stove type, cookhouse ventilation,
use of biomass for heating), use of solid fuels in traditional
stoves results in air pollution exposure levels that can reach 50
times greater than the World Health Organization (WHO)
guidelines for clean air, particularly for women and children
who typically spend more time inside the home than men.20

Exposure to indoor smoke containing toxic compounds such as
fine particulate matter (PM2.5), carbon monoxide, and hazard-
ous air pollutants is associated with a variety of adverse health
outcomes including early childhood pneumonia, chronic
obstructive pulmonary disease, lung cancer, and cardiovascular
disease.21 Solid fuel users relying on open fires and traditional
stoves are also at risk of severe burns and cataracts.22

Many solid fuel based cleaner cookstove models available on
the market reduce PM2.5 emissions, but some are much more
effective than others. While laboratory studies observed 50%
PM2.5 reductions from typical natural draft stoves and over 90%
reductions from some forced draft stoves, which employ a fan
to increase combustion efficiency,4,15 these reductions may be
less robust in field settings.16,23−26 Clean stoves used with
chimneys can further reduce indoor PM2.5 exposure (e.g., 27).
While air pollution levels often still exceed the WHO guidelines
even with use of cleaner cookstoves (particularly where back-
ground air pollution levels are high due to other emission
sources or where widespread household use of traditional
stoves persists in the broader community), the large reductions
in exposure are likely to achieve significant health benefits.1,28

Combined with reduced fuel use, the health benefits associated
with cleaner and more efficient stoves may lead to benefit−
cost ratios of 10 to 1 or more for cookstove interventions,29

Table 2. Policy Priorities (Not Listed in Priority Order) for Clean Cookstoves and Fuels and Indicators for Evaluating Stove/
Fuel Performance for Each Priority

policy priorities indicator for evaluating performance

deforestation and degradation prevention, habitat and
biodiversity preservation

fuel use savings (wood harvested unsustainably)

women’s and girls’ empowerment (social progress, gender-
based violence reduction)

fuel use and time savings (collected)

economic development and poverty eradication fuel use savings (collected or purchased), fuel expenditures savings, health-relevant emissions
reduction of health impacts of exposure to indoor and outdoor
air pollution

reduction of air pollutant emissions (e.g., particulate matter, ozone-producing gases, hazardous air
pollutants), exposure, and health effects

long-term climate change mitigation reduction of emissions of long-lived greenhouse gases (e.g., carbon dioxide from unsustainably
harvested biomass, methane)

near-term climate change mitigation reduction of emissions of short-lived climate pollutants (e.g., methane, black and brown carbon,
ozone producing gases)
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although these values are likely highly variable. However, more
information is needed to better understand the exposure−
response relationships at very high exposure levels, as modest
exposure reductions in households may have limited health
benefits and large-scale emission reductions at both the house-
hold and neighborhood level may be needed to be protective of
public health.30 In addition, more efforts are needed to meet all
household energy needs in a way that reduces dependence on
traditional stoves and open fires; otherwise, residual use of
polluting stoves and fuels can offset the exposure reductions.
Burning solid fuels in open fires and traditional stoves also

releases emissions of some of the most important contributors
to global climate change: carbon dioxide, methane and other
ozone producing gases such as carbon monoxide, and short-
lived but very efficient sunlight-absorbing particles such as BC
and brown carbon.31,32 In Asia, residential solid fuel burning
contributes to atmospheric brown clouds of air pollutants that
affect both outdoor air pollution exposure and climate.10,33−38

While the mixture of emissions from cookstoves depends
strongly on the stove, fuel, and user, the near-term climate
impact of residential biomass and coal burning is estimated
to be net warming, even when coemitted reflecting aerosols
(e.g., organic carbon) are considered.39 When methane and
carbon dioxide are accounted for, the long-term climate effect
of residential solid fuel use is strongly warming.
Studies show that controlling both short-lived climate

pollutants such as BC and methane and long-lived greenhouse
gases can increase the chances of limiting global temperature
rise to below 2 °C, a long-term international goal for avoid-
ing the most dangerous impacts of climate change.34,40,41 In
South Asia where over half of BC comes from cookstoves
(Figure 2),42 BC also disrupts the monsoon and accelerates
melting of the Himalayan-Tibetan glaciers.32,35 As a result,
water availability and food security are threatened for millions
of people. These problems are compounded by crop damage
from ozone produced in part by cookstove emissions and from
surface dimming as airborne BC intercepts sunlight. In addi-
tion, since BC is an indicator of the toxic substances in PM2.5,
reducing BC is likely to reduce harmful health effects.43

For the first time, a recent field study of BC emissions from
stoves found that BC can be reduced substantially by forced
draft stoves (by 50−90%),5 confirming earlier laboratory-based
studies.44 Similar reductions were achieved for emissions of
carbon monoxide, which is toxic and leads to the formation of
ozone, a greenhouse gas and an air pollutant. The field study
findings were also consistent with prior lab18 and field studies45

indicating that the impact of natural draft stoves on BC
is highly variablereducing BC by 33% on average, but
occasionally leading to BC increases for some stoves. These
findings point to an opportunity to both slow climate change
and protect public health by promoting clean cooking solutions
that substantially reduce both BC and total PM2.5. Of the
presently available measures to reduce BC globally, substantially
reducing pollution from residential solid fuel use would have the
greatest overall health benefits from a global perspective.10,33,46

Clean fuels must also be part of the solution. In addition to
the clean gas and liquid fuels noted above, processed solid fuels
(e.g., biomass pellets) used in certain types of cookstoves can
burn more efficiently and cleanly than collected fuels such as
wood, dung (particularly when not adequately dried), and crop
residues. One prototype natural draft stove used with low-
moisture pellet fuel has been shown to reduce air pollutants
as much as forced draft stoves.4 More information is needed
to ensure that these processed fuels remain beneficial when
accounting for upstream emissions associated with their
production. Simply eliminating fuel mixing, such as mixing
wood with dung, has also been found to reduce BC specifically
by approximately 50%.5

The growing literature shows that different types of stoves
and fuels vary in their health, environmental, social, and eco-
nomic benefits over burning solid fuels in traditional stoves or
open fires. Since the various benefits are driven by different
factors, solving the problems posed by burning solid fuels in
traditional stoves and open fires requires clear criteria that can
be used to inform decision-makers on the suitable stove/fuel
combinations that meet their specific needs. To achieve the
multiple benefits simultaneously, the evidence to date indicates

Figure 2. Effect of biofuel cooking on Asian BC loading. (a) Simulated annual mean optical depth of BC aerosols for 2004−2005 using a regional
aerosol/chemical/transport model. The values include BC emissions from biofuel cooking (indoor cooking with wood/dung/crop residues), fossil
fuels, and biomass burning. (b) Same as for (a), but without biofuel cooking. Reproduced with permission from ref 35. Copyright 2008, Nature
Publishing Group.
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that the market must be driven toward stoves and fuels that are
both extremely clean and efficient.47

■ CHALLENGES AND RESEARCH PRIORITIES
Despite the growing availability of advanced stoves and fuels
that reduce fuel use, household exposures to PM2.5, and short-
lived climate pollutants (including BC), more studies are needed
to quantify the benefits of different stove and fuel combinations,
in both the laboratory and in the field. In addition, a major
challenge is designing high-performing stoves that can be made
affordable, that meet users’ broader energy needs, and that
women want to use. Even a high-performing stove only provides
benefits if it is used frequently on a sustained basis and dis-
places less efficient devices. Additional research is thus needed
to strengthen the evidence base and overcome challenges to
achieving the many potential benefits of clean stoves worldwide
(Table 3).
Strengthening the evidence base by demonstrating the

magnitude of the health, environmental, and socio-economic
benefits of clean cookstoves and fuels is a critical priority that
will help drive investment into solving this issue. Research is
needed to further define how clean stoves and fuels need to be
to provide real benefits for health, climate, and the environ-
ment. More studies are needed to quantify the benefits of
cleaner cooking for ambient air quality; development and child
survival; reducing adult respiratory, cardiovascular, and other
diseases; and reducing the incidence of severe burns and
injuries. Studies on the benefits of efficient cooking solutions
for refugees and other vulnerable populations specifically are
also needed. In addition, many improvements can be made in
stove design, monitoring, and related technologies such as stove
materials and components, ventilation, and cookware. Research
is needed to understand the benefits of these technological
improvements, as well as of the benefits of switching from
minimally processed solid fuels to cleaner gaseous, liquid,
pelletized, and renewable fuels, including the impacts and
efficiency of fuel production.
In addition to strengthening the evidence base, a more inte-

grated understanding of the interplay between socio-cultural,
economic, and technological factors is essential for sustaining
intervention efforts. Improving access to financing, user-
centered design, field testing, understanding cultural values
and expectations, spreading awareness, aligning policies and
regulations, and building local capacity are critical elements to
advancing sustained adoption of clean stoves and fuels.3,48 The
cookstoves sector is burdened with many past examples where
low-end stovesoften designed with inadequate consideration
of user needs, with little or no testingwere heavily subsidized
or given away without proper user training and awareness
campaigns, and as a result were abandoned (e.g., 49,50). For
example, some clean and efficient stoves are not designed to
execute needed tasks, such as baking bread or space heating,
leading to continued use of traditional cookstoves alongside the
newer technology.51−56 Since a single advanced stove is often
insufficient for all the uses performed by the traditional stoves, a
broader agenda to meet all household energy needs is needed
to avoid residual use of traditional stoves. It is important to
better understand the impact of engaging women in the clean
cookstove and fuel value chain on sustained adoption rates
and impacts of clean stoves and fuels on consumers’ time,
income, and educational and employment opportunities. Studies
are also needed to determine the factors driving clean stove
purchase, use, and aspirational change (e.g., attitudes about the

function of the kitchen for homes and families including those
factors that “pull” families to continue relying on traditional
devices and those the “push” them to adopt the new stoves) and
to evaluate the effectiveness of various business models, social
marketing, and consumer finance strategies for achieving
sustained adoption of clean stoves and fuels.
Although progress has been made to establish interim fuel

use, emissions, and safety guidelines, further development and
adoption of voluntary industry consensus standards is required
to provide transparency to governments, donors, investors, and
others regarding the potential benefits of different solutions and
to develop certification procedures, performance benchmarks,
and meaningful test infrastructure for the global cookstove
market.57 Such standards can provide incentives for stove and
fuel developers to rapidly innovate and improve performance.
To support standard development, additional laboratory and
field testing of fuel use and emissions is needed, along with
laboratory tests that better reflect actual field performance.
While laboratory measurements can capture performance varia-
tion across a wide range of stoves and fuels under controlled

Table 3. Priorities for Future Research to Assess the Benefits
of Adopting Clean Cookstoves and Fuels and to Advance
Sustained Adoption of Clean Cooking Solutions Globally;
Many of these Topics and Research Priorities, Shown Here
in Alphabetical Order, Are Interlinked

topic research priorities

adoption and
markets

factors driving clean cookstove purchase, use, and broader
aspirational change

end-uses of traditional stoves (cooking and noncooking)

effectiveness of business models, social marketing, and consumer
finance strategies

cost-effective monitoring protocols documenting short- and long-
term stove use patterns, including stove and fuel combinations

cleaner fuels impacts of fuel stacking and switching to gaseous, liquid,
pelletized, and renewable fuels

impacts and efficiency of fuel production

processed biomass and biofuels, including efficient conversion of
agricultural products and residues into pellets, biochar, charcoal,
and gaseous or liquid fuels

climate and
environment

impacts on short-lived and long-lived climate forcer emissions,
global and regional radiative forcing, and nonradiative climate
effects (e.g., aerosol effects on precipitation and snow/ice melt)

impacts on deforestation, carbon dioxide uptake by forests,
habitat, biodiversity

gender and
livelihoods

impacts of women employed in clean cookstove and fuel value
chain on adoption

impacts on consumers (time savings, income savings, education,
and employment)

case studies and best practice analyses of women’s empowerment
in clean cooking project implementation

health impacts on indoor and outdoor air quality and air pollution
exposures

impacts on development and child survival

impacts on adult disease, including respiratory health and
cardiovascular disease

incidence of severe burns and injuries

humanitarian impacts on refugees and other vulnerable populations in terms of
meeting basic nutrition requirements, gender-based violence,
livelihoods, income, and environment and health outcomes

technology improved stove design (materials, heat transfer, design tools),
monitoring (sensors, mobile tools, etc.), and related devices
(electric cogeneration, fans, cookware, etc.)

testing and
standards

laboratory and field testing to support voluntary industry
consensus standards

development of standards and test protocols, particularly for field
testing

research to support development of global testing infrastructure
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conditions, isolating the impact of the inherent qualities of
the device and fuel, field measurements are needed to account
for variation in users and functionality. Studies show that
factors such as degree of attention given to fire tending, fuel
type (as previously discussed), and proper loading of fuel
dramatically affect the magnitude and composition of air
pollutants that affect health and climate, often with field studies
showing lower effectiveness of cleaner stoves and fuels
compared with laboratory studies.9,58,59

Fuel use and emissions testing can be enhanced by improved
methods. State-of-the-art instrumentation can provide data in
real time on important aerosol characteristics such as size
distribution, composition, surface area, light absorption, and
light scattering. Greater use of currently available technologies
and development of lower-cost instruments for use in the field
could lead to a better understanding of cookstove emissions
that affect health and climate. Additional metrics that may cap-
ture particle toxicity differently than does PM2.5 mass, such as
particle size distribution, particle composition, number of par-
ticles, and surface area, should also be explored further.60−62 In
addition, aerosol formation and growth models are needed to
improve the design and testing of cookstoves.

■ OPPORTUNITIES FOR TRANSFORMATIONAL
CHANGE

Despite these challenges, several recent and emerging interna-
tional efforts are potentially game-changing opportunities to
achieve simultaneous benefits for health, climate, the environ-
ment, women’s empowerment, and economic development
through wide-scale household adoption of clean cookstoves.
Given the complexities of the problem, working toward this
goal requires a multifaceted approach, including significant
international investments in research, technology development,
awareness raising, creative business models for manufacturers
and distributors, and innovative financing mechanisms for end
users.
In September 2010, U.S. Secretary of State Hillary Clinton,

along with several leading international public figures and
private companies, launched the Global Alliance for Clean
Cookstoves, a public−private partnership to catalyze a thriving
global market for clean cooking solutions (http://www.clean-
cookstoves.org/). Over 650 partners, including 38 countries,
have joined the Alliance. In its first two years, the Alliance has
raised over $30 million, directly leveraged more than $120
million in new funding from Alliance partners, increased aware-
ness of the issue around the world, and convened over 350
global experts to help develop a forward-looking plan for
overcoming the many barriers that have limited progress in the
past. In its third year, the Alliance is poised to implement action
plans in six priority countries (Bangladesh, China, Ghana,
Kenya, Nigeria, and Uganda), catalyze private investment into
the sector, and advance priority research.
An early success of the Alliance was to spearhead efforts that

led to the June 2012 publication of an International Organiza-
tion for Standardization (ISO) International Workshop Agree-
ment, which serves as interim guidelines for evaluating
cookstove performance,63 the first international framework for
evaluating stoves against specific indicators. The guidelines
provide a rating system with tiers of performance for four
performance indicators: fuel use (efficiency), total emissions
(carbon monoxide and PM2.5), indoor emissions (carbon
monoxide and PM2.5), and safety. These guidelines will not
only inform governments, donors, and investors as to the stove

models that can potentially achieve their intended benefits,
but will drive the development of standardized fuel use and
emissions testing protocols, certification procedures, and
performance benchmarks for the global cookstove market.
While these guidelines are beginning to provide an incentive for
stove developers to innovate and improve performance, further
development of formal standards and test protocols is needed.
Many countries have also expanded or begun to develop

ambitious national programs to tackle this issue. Massive
programs have been launched to bring clean-burning biogas to
rural families in China64 and to switch families cooking with
kerosene to clean-burning LPG in Indonesia, each reaching
over 40 million homes to date. In 2009, India announced a
National Biomass Cookstove Initiative addressing technology,
standards, testing, research, and commercial dissemination.65

Ethiopia and Nigeria have set national goals of helping nine
million and ten million households, respectively, adopt clean
cooking solutions, while countries such as Ghana and Rwanda
are actively weaving clean cooking into broad efforts to bring
clean energy to their populations. Peru and Mexico have set
national goals of helping 500,000 and 600,000 rural families,
respectively, adopt clean cooking solutions. Many other
countries are moving in similar directions.
Another new international initiative may provide an addi-

tional venue in which to pursue climate and health cobenefits
through promoting clean cooking solutions. The Climate and
Clean Air Coalition (CCAC) to Reduce Short-Lived Climate
Pollutants (www.unep.org/ccac/) was launched in February
2012 by Bangladesh, Canada, Ghana, Mexico, Sweden, the
United States, and the United Nations Environment Pro-
gramme, with the aim of slowing the rate of climate change
within the first half of this century while also protecting public
health and the environment. Now with many new national and
nongovernmental partners, the CCAC is working toward rapid
and scaled up international actions to reduce BC, methane, and
hydrofluorocarbons. The CCAC may be a new opportunity to
promote clean stoves and fuels, with a particular focus on
solutions that reduce BC specifically.
Several additional emerging innovations in the cookstove

sector are making clean cooking solutions more affordable and
promoting sustained adoption. Carbon financing, though facing
an uncertain future, offers an opportunity to lower the price of
clean stoves and fuels as they reduce carbon dioxide and
methane emissions, but only if stoves are actually being used
verification may be facilitated by rapid developments in the
real-time monitoring of stove use.66,67 Several emerging clean
stove or fuel businesses seek to leverage the growing cost of
charcoal by offering less expensive and extremely clean
alternative fuels such as ethanol, biomass pellets, methane, or
LPGand in some cases, these alternatives are offered to poor,
rural customers through business models that allow for
extremely low costs. Other innovations include manufacturing
clean stoves that can charge cell phones (and thus be financed
via offset phone-charging fees) and partnering with local customer
support such as women’s groups to increase sustained adoption.
The current literature indicates that many stoves available

today provide immediate and meaningful benefits to families by
reducing fuel use. Some of the more advanced stoves and fuels
can also further improve health and slow the rate of climate
change by significantly reducing PM2.5 and BC emissions. While
these clean and efficient technologies are nowhere near uni-
versally affordable or accessible, and while there is still much to
learn on how best to meet the needs of the users, these recent
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and emerging efforts demonstrate that substantial progress
toward wide-scale household adoption of clean stoves and fuels
is possible. However, this is just the beginning. Transforming
how half of the world’s population cooks their food and heats
their homes requires a comprehensive global approach that
includes sustained investment, understanding consumer
demand, technology development and supply, and research,
as well as coordinated institutional support from national and
international bodies and adequate policies to foster market
development. The potential benefits to women, children,
communities, and the world are enormous.
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