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Abstract
Efforts to introduce efficient stoves and cleaner fuels increasingly leverage carbonfinance to scale up dissemination, highlighting climate, health, and livelihood co-benefits.
However, actualization of co-benefits has not been evaluated. Two studies were implemented in
Karnataka, India where a local organization initiated a Clean Development Mechanism-approved
cookstove intervention.
A one-year randomized intervention study assigned 187 households in a village to either
receive the intervention or continue using traditional stoves, and evaluated fuelwood usage,
indoor fine particle mass (PM2.5) and absorbance (Abs) levels, and blood pressure (BP) in
women > 25 years old (N=222). Forty percent of intervention homes continued using traditional
stoves in combination with the intervention stove ("mixed stove"). There were minor and
overlapping differences (post- minus pre-intervention change) between control and intervention
groups for median (95% CI) fuel use [-0.60 (-1.02, -0.22) vs. -0.52 (-1.07, 0.00) kg day-1], and
24-hr absorbance [35 (18, 60) vs. 36 (22, 50) x 10-6 m-1]. For 24-hr PM2.5 difference, there was a
higher increase in control compared to intervention homes [139 (61,229) vs. 73(-6, 156) μg m-3]
between the two seasons. The intervention cookstoves partially mitigated the seasonal increase in
PM2.5 concentrations but resulted in measurements with a higher ratio of absorbance to PM2.5
mass compared to traditional stoves.
Exclusive use of intervention stove was not associated with significant changes in
systolic or diastolic BP. Mixed stove homes were associated with higher SBP in both withingroup (post-pre: 4.1 [(95% confidence interval), 0.4, 7.8] mm Hg) and between-group (9.5 [3.7,
15.3]) mm Hg analyses.
ii

In a cross-sectional, mixed-method study of households (N=50) in another village, time
spent cooking and collecting fuelwood was similar between intervention and traditional stove
homes. Women reported using saved time for farm work, household work, and leisure (e.g. rest,
spend time with family). Self-reported time spent cooking and collecting fuelwood was
overestimated compared to the observed measured time.
Absent rigorous evaluations, stove interventions may be pursued that fail to realize
expected carbon reductions or anticipated co-benefits. Carbon financing can help move
populations in low-income countries towards cleaner cookstoves by supporting field-proven
technologies, and aligning with emerging health and climate guidelines.
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Chapter 1: Introduction
1.1

Global biomass fuel use
An estimated three billion people in the world rely on traditional and inefficient devices

for burning solid fuels (wood, coal, dung, and agricultural crop residues) for cooking and heating
purposes (International Energy Agency, 2015). This represents approximately 40% of the world's
population, most of whom reside in low and middle-income countries (Pachauri et al., 2012).
Biomass fuel use (wood, dung, and crop residues) make up the majority of the solid fuel use
population (2.7 billion) with the remaining relying on coal, mostly in China. Regionally,
developing Asia has the highest number of people using biomass fuels (1.9 billion), followed by
Sub-Saharan Africa (753 million), and Latin America (65 million) (International Energy Agency,
2015). India is home to the largest population in the world using biomass fuels (841 million)
(International Energy Agency, 2015), where 87% of its rural households use biomass fuel as
their primary source of fuel for cooking (Government of India, 2011).
The past three decades saw significant gains made in increasing access to modern fuels
(gas, electricity) globally, increasing the proportion of the world's population using these fuels
(Bonjour et al., 2013). However, as a result of population growth and slow pace of access to
modern fuels, the absolute population dependent on biomass fuels is not likely to decline
significantly in the future (Rehfuess, Mehta and Prüss-Üstün, 2006; International Energy
Agency, 2011). This presents a major concern because traditional use of solid fuels is associated
with multiple adverse impacts on global and local environment, health and socio-economic
development.

1

1.2
1.2.1

Impacts
Forest resources
Traditional biomass cookstoves burn fuelwood inefficiently, which contributes to forest

degradation and deforestation (Bailis, Chatellier and Ghilardi, 2012). In the 1970s, household
biomass use was seen as the major cause of deforestation in developing regions of the world
(Bailis et al., 2007). More recent evidence suggested that the impact from household biomass use
was small relative to other land use practices, such as industrial agriculture, demand for timber
and other infrastructure uses that were the main causes of deforestation (Arnold et al., 2003).
However, Bailis et al. (2015) estimated that in 2009, approximately a third of the fuelwood
harvested was done so unsustainably, with higher rates in South Asia and East Africa (Bailis et
al., 2015).
Harvesting of fuelwood from unsustainable sources presents a major concern from both
local forest resource and global CO2 cycle aspects. Degradation of natural forests can lead to
biodiversity loss, and impact ecosystem services, and livelihood. Burning of non-renewable
fuelwood is believed to contribute to net CO2 emissions whereas fuelwood harvested from
sustainable sources is seen as carbon neutral because of re-uptake of CO2 in the vegetation
regrowth process (Johnson, Edwards and Masera, 2010). This concern is the basis of current
carbon trading schemes, such as the Clean Development Mechanism (CDM) established under
the UN Framework Convention on Climate Change. In order to reduce net greenhouse gas
(GHG) emissions and climate change, the CDM allows investment in projects, such as more
efficient cookstoves, that reduce the use of non-renewable fuelwood to avoid net CO2 emissions
(United Nations Framework Convention on Climate Change, 2015). However, emissions of

2

non-CO2 climate forcing agents from traditional biomass cookstoves may negate any carbon
reductions (Smith et al., 2000), as discussed below.
1.2.2

Climate
In addition to CO2 from unsustainable biomass harvesting, burning of solid fuels in

inefficient devices emit other greenhouse-gases (GHGs), such as carbon monoxide (CO),
methane (CH4), non-methane hydrocarbons, and nitrous oxide (N2O). Though large uncertainties
remain (Smith et al., 2000; Zhang et al., 2000; Johnson et al., 2008), it has been estimated that
biomass combustion, of which household cookstoves make up a major fraction, contributes to 20
- 50% of global greenhouse gas (GHG) emissions (Crutzen and Andreae, 1990; Zhang et al.,
2000; Bond, Venkataraman and Masera, 2004).
In addition to gaseous components, aerosol particles or particulate matter (PM) with
climate-forcing effects are also emitted from residential biomass fuel use (MacCarty, Ogle, et al.,
2008). In particular, carbonaceous components, black carbon1 (BC) and organic carbon (OC),
play important climate-relevant roles. BC is the dark component of the particles produced during
flaming fires, and is the dominant aerosol component that absorbs solar radiation (Ramanathan et
al., 2011). OC consists of light-scattering particles produced from smoldering fires, and can be
white to brown in color, which has a cooling effect because it reflects sunlight back into space
(MacCarty, Ogle, et al., 2008). Formation of BC and OC and their ratio varies on how material is
burned including its burn rate, air-fuel ratio, flame turbulence, and combustion temperature;
vigorous flaming may emit more BC (black smoke) and other flames (e.g., smoldering

1

The term black carbon lacks a consistent definition, and several terms are used including light
absorbing carbon (LAC), elemental carbon (EC), and soot. While they are used to describe the same
pollutant, the names (BC, LAC, and EC) are operationally defined by how they are measured in the
laboratory.
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conditions) more OC (white smoke) (Bond, Venkataraman and Masera, 2004; Venkataraman et
al., 2005).
BC can impact climate via direct and indirect mechanisms. BC directly warms the
atmosphere because of its dark color and strong visible light absorption properties (Bond et al.,
2013). Indirectly, BC modifies cloud properties to influence their lifetime and behaviour through
cloud formation and reduction, and shifting of cloud distribution and cover, contributing to either
warming or cooling effects. In addition, BC contributes to cryosphere melting, where deposition
of BC on snow and ice reduces their surface albedo, increases absorption of solar radiation, and
contributes to their accelerated melting. BC's effect on the cryosphere has created concerns for
the Himalaya and Tibetan Plateau regions owing to their large seasonal snow cover and glaciers
and their proximity to high BC emitting sources. Faster melting of snow and ice in the region
could have major impacts on seasonal trends in water supplies with implications for food and
water security in South Asia (Rehman et al., 2011).
Recent research suggests BC is the second most important climate warming agent after
CO2 (Bond et al., 2013). Radiative forcing (RF) of BC, a term used for quantitative comparisons
of the strength of different agents in causing climate change (Forster et al. 2007), is estimated to
be +1.1 W/m2, whereas the RFs of CO2 and CH4 are +1.56 W/m2 and +0.86 W/m2, respectively
(Bond et al., 2013). BC has a relatively short atmospheric residence time ranging from days to
weeks and hence it is considered a short-lived climate pollutant (SLCP) compared to CO2 which
has a life-time of which may extend as long as 100-200 years (Ramanathan and Carmichael,
2008). The RF of BC from direct atmospheric warming effect is estimated to be as high as +10
W/m2 at the local level in East and South Asia regions (Bond et al., 2013). Because of the strong
RF and BC‟s short atmospheric lifetime, targeting major BC sources has been proposed as a
4

near-term climate mitigation strategy to provide immediate benefits and delay climate change
effects (Grieshop et al., 2009; Jackson, 2009).
Four major sources of BC emissions are open burning of biomass (40% of global
emissions), residential solid fuel use for cooking and heating (25%), diesel engines (20%), and
industrial coal combustion (9%) (Bond et al., 2013). Though open burning of biomass is the
largest source of global BC emissions, its net warming effect is the lowest because of high coemission of organic aerosols that has cooling effect on climate (Bond et al., 2013). Regionally,
residential combustion of coal and biomass contributes to ~60% - 80% of BC emissions in
Africa and Asia (Bond et al., 2013). In India, residential biomass use is the largest contributor of
BC, responsible for 42% of its emissions, followed by open agricultural burning (33%) and fossil
fuel use (25%) (Venkataraman et al., 2005).
1.2.3
1.2.3.1

Health
Air pollutants and indoor concentration
Emissions from residential biomass combustion are referred to as household air pollution

(HAP), which include the products of incomplete combustion (PIC) mentioned above, as well as
other compounds such as benzene, and polycyclic aromatic hydrocarbons (PAHs) (Naeher et al.,
2007). Particulate matter less than 2.5 micrometers in aerodynamic diameter (PM2.5) and CO are
two of the most commonly measured household air pollutants; their association with health
outcomes have been well characterized and health guidelines have been developed for these two
pollutants (World Health Organization, 2014; Northcross et al., 2015). The WHO's Global
Household Air Pollution Database compiled from 154 studies in developing countries showed
households burning biomass can have 24-hour mean concentrations of PM2.5 over 500 μg/m3 and
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can exceed 2,000 μg/m3 (Balakrishnan et al., 2011). These levels are significantly higher than the
World Health Organization (WHO) air quality guidelines; the WHO has set interim targets goals
with the first target not to exceed annual mean concentrations of 35 μg/m3 for PM2.5 (World
Health Organization, 2014). Women and young children have the highest exposures because of
women‟s traditional role of cooking, and children who spend much of their time with their
mothers (World Health Organization, 2006a; Smith et al., 2014).
Residential biomass combustion is also a major contributor to outdoor air pollution
(Chafe et al., 2014; Liu et al., 2016). The proportion of ambient PM2.5 pollution attributable to
residential solid fuel use was estimated to be over 10% in low-income countries, with higher
levels in southern Sub-Saharan Africa (37%), and South Asia (26%) (Chafe et al., 2014).
1.2.3.2

Health impacts
Exposures to PM2.5 and CO from biomass cookstoves is associated with childhood

pneumonia (acute lower respiratory infections), chronic obstructive pulmonary disease (COPD)
in women, low birth weights, lung cancer, cataracts, and tuberculosis (Smith, Mehta and
Maeusezahl-Feuz, 2004; Dherani et al., 2008; Fullerton, Bruce and Gordon, 2008; Lin et al.,
2008; Salvi and Barnes, 2009; Hosgood, H Dean et al., 2010; Pope et al., 2010). Several crosssectional epidemiologic studies have found associations between biomass-derived air pollution
and cardiovascular related outcomes, such as blood pressure (Baumgartner et al., 2011a; Clark et
al., 2011; Burroughs Peña et al., 2015; Neupane et al., 2015; Norris et al., 2016), and biomarkers
(Commodore et al., 2013; Dutta et al., 2013; Painschab et al., 2013; Shan et al., 2014; Ruiz-Vera
et al., 2015). Based on integrated exposure-response models which derive evidence of health
risks from exposures to tobacco smoking, secondhand smoke, and ambient air pollution,
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combustion-derived PM2.5 is associated with ischemic heart disease (IHD) and stroke (Newby et
al., 2014; Smith et al., 2014).
Exposure to indoor HAP and outdoor air are ranked as the fourth highest risk factor for
mortality (Forouzanfar et al., 2015). The most recent (2013) burden of disease estimated that
HAP exposures were responsible for 2.8 million premature deaths and 85.6 million disabilityadjusted life year (DALY) in 2015 (Forouzanfar et al., 2015). In India, where a third of the
world's population using biomass fuels reside, HAP was estimated to contribute to over 950,000
premature deaths in 2013, and 27.3 million DALYs, representing 5.4% of the country's national
burden of disease (Forouzanfar et al., 2015).
1.2.4

Socio-economic impacts
Traditional stoves or open fires are associated with poor heat transfer capacity where

energy and heat is wasted to the surroundings instead of directed at the pot, which can lead to
high fuel consumption, and prolong cooking duration (MacCarty, Still and Ogle, 2010; Zube,
2010; Still, Bentson and Li, 2015). This translates to increased time and energy burden for rural
women who are often responsible for cooking and collecting fuelwood. A survey in Zimbabwe,
Ethiopia and India found women spent on average 40 minutes to over 2.5 hours a day cooking
(Horrell, Johnson and Mosley, 2008). In India, the World Bank survey of 5,000 rural women
from 180 villages across six states found that on a daily basis, women spent around 3 hours
cooking, 40 minutes collecting fuelwood (World Bank, 2004). Other surveys found rural women
may spend up to 5 hours a day cooking and collecting fuelwood (Cecelski, 1987; Parikh and
Laxmi, 2000).
It is believed that the long hours and energy spent cooking and fuelwood collection may
take time away from engaging in activities that build skills or generate income to improve their
7

livelihoods (World Health Organization, 2006a). The World Bank survey in India found that
over 9 hours spent on household production activities (cooking, collecting fuelwood, food
processing, cleaning dishes and house, child care, and fetching water) daily leave just 2 hours for
pursuing income-earning activities (World Bank, 2004). Rural women desire to reduce the
burden of cooking and fuel collection; interviews with women in Nepal, India, and Bangladesh
revealed their motivation for adopting improved stoves was because they believed it would
reduce fuel wood use and cooking time (Pandey and Yadama, 1992; Barnes et al., 1994;
Chowdhury et al., 2011).
1.3

Cookstove interventions
Cookstove interventions have been implemented for the past several decades but

motivations and stove technologies have changed dramatically since then. Earlier interventions
were implemented in the 1970's and 80's, and were primarily motivated by a desire to reduce
fuelwood consumption and deforestation (Barnes et al., 1994; Bailis et al., 2007). As a result,
many of the cookstoves distributed were focused on energy efficiency and were considered
"improved" with a simple change in design by primarily enclosing an open fire (F. R. Manibog,
1984). These stoves fell into portable or built-in stoves; portable stoves were made of metal and
ceramic; and built-in stoves inside homes were made of mud, bricks, concrete, clay, and sand,
which may be installed with chimneys (F. R. Manibog, 1984).
In the late 1980s and 90s, increased awareness of health impacts led to interventions that
were focused on reducing exposure to air pollutants (Akbar et al., 2011). One of the first health
focused randomized controlled trials was in Guatemala where chimney mud stoves (plancha) that
vented smoke outdoor were distributed to assess the effect on personal exposures and health
outcomes (Smith-Sivertsen et al., 2004). Other large-scale interventions in China under the
8

National Improved Stove Program also focused on energy (fuel) efficiency and indoor smoke
removal through chimneys (Edwards et al., 2007; Smith and Keyun, 2010).
More recently, increased awareness of the scale of health, climate and sociodevelopmental impacts has led to initiatives that emphasize co-benefit aspirations. For example,
the government of India launched the National Biomass Cookstove Initiative in 2009 with aims
to provide energy services from biomass cookstoves equivalent to that of liquefied petroleum gas
(LPG), and these efforts are expected to yield significant gains for health and welfare, and reduce
emissions of GHG and black carbon (Venkataraman et al., 2010; Ministry of New and
Renewable Energy, 2012). Internationally, the Global Alliance for Clean Cookstoves (Alliance)
was established in 2010 under the leadership of the United Nations Foundation to coordinate the
global efforts and has an explicit mission to save lives, improve livelihoods, empower women,
and protect the environment (Global Alliance for Clean for Cookstoves, 2013).
The most commonly distributed stove technologies in the rural developing regions are
biomass stoves. The most basic "improved" biomass stoves are natural draft (ND) stoves made
with basic structural modifications to enhance air flow. Rocket stoves that have an elbow-shape
insulated combustion chamber are an example of a ND stove. More advanced biomass
cookstoves include forced draft (FD) and gasifier stoves with additional modifications to provide
for more complete combustion compared to ND stoves. A FD stove has a fan that actively draws
air into the combustion chamber. A gasifier stove may contain a fan, but their distinctive feature
is a two-stage combustion process where solid biomass is first converted to hot gas and then
combusted in a separate chamber containing the supply air (Roth, 2014). Typically, the cleaner
the biomass cookstove technologies, the more expensive they become. Modern fuel (LPG and
electric) stoves which are prevalent in high-income, urban households have also been deployed
9

in rural households (Chandar and Tandon, 2004) though on a much limited scale. Access to these
modern fuels continue to be limited by high cost and physical access, particularly in rural remote
parts of the world (Foell et al., 2011). Hence, the majority of cookstove technologies distributed
has been in more basic biomass cookstoves category (Akbar et al., 2011; Global Alliance for
Clean for Cookstoves and Ecosystem Marketplace, 2015).
Previous cookstove interventions were primarily financed by governments, or private
bilateral and multi-lateral agencies (F. R. Manibog, 1984). Today, there are new financing
mechanisms, such as carbon financing, that is posited to transform rural household energy sector.
Carbon financing is a term applied to resources provided to a project or activities generating
GHG (carbon) emission reductions, usually in developing countries, and allowing for trading of
those emissions reductions (Kossoy and Ambrosi, 2010). A main rational for investing in
developing countries is to reduce cost of abatement, since the GHG effect is global in nature and
location of abatement is irrelevant to the goal of reducing overall atmospheric concentrations
(The World Bank (Carbon Finance Unit), 2016a). Carbon financing is also seen as a way to
transfer investment and cleaner technologies to promote sustainable development in developing
countries (The World Bank (Carbon Finance Unit), 2016b).
Cookstove projects qualify for carbon financing; one of the major carbon financing
programs is the Clean Development Mechanism (CDM) (Chiquet, 2015), a market mechanism
established under the Kyoto Protocol. The CDM-issued carbon credits (each credit equals one
tonne of CO2) can be sold on the compliance market as part of Kyoto Protocol obligations; via
that market, governments and regulated agencies in industrialized countries may purchase credits
to offset GHG emission-reduction obligations.
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In addition to the CDM, three other carbon financing programs accept emission
reductions from cookstove projects: the Gold Standard, the Verified Carbon Standard, and the
American Carbon Registry (Sanford and Burney, 2015). The majority of the cookstove
interventions financed under carbon programs fall under the CDM program, followed by the
Gold Standard (Lee et al., 2013).
Many cookstove interventions are increasingly leveraging carbon financing to scale up
interventions. India's National Biomass Cookstove Initiative plans to utilize carbon markets to
expand their effort to distribute millions of improved biomass cookstoves over the next decade
(Venkataraman et al., 2010; Ministry of New and Renewable Energy, 2012). The Alliance also
launched a Clean Cooking Loan Fund in 2014 to leverage carbon financing to scale up cookstove
interventions globally (Kerr, 2014). In 2012, approximately 4 million distributed improved
cookstoves were financed under carbon programs (Putti et al., 2015). In 2013, carbon finance
was the single largest financier (36% of funding) of cookstove projects, followed by
governments (25%) (Ecosystem Marketplace and Global Alliance for Clean Cookstoves, 2014).
1.4

Anticipated co-benefits within a theory of change
In the field of public health intervention evaluation, theory of change can be described as

a logical sequence of intermediate outcomes needed to bring about specific long-term outcomes
(Breuer et al., 2016). Burwen et al. (2012) first presented theory of change in the context of a
cookstove intervention with ultimate goals of reducing deforestation, lowering GHG emissions
and improving health (Burwen and Levine, 2012). The authors explained assumptions inherent in
this chain of outcomes including: 1) field-based performance on fuelwood and emission
efficiencies achieving similar levels to those measured in laboratory settings; and 2) that
households completely dis-adopt traditional stoves and exclusively use intervention stoves
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(Burwen and Levine, 2012). Figure 1-1 provides a theory of change for achieving anticipated cobenefits from cookstove interventions that expands further from the context in the Burwen et al.
(2012) study with factors relevant to this thesis work.
For example, environmental benefits can be attained by increasing stoves' efficiency2 to
reduce fuelwood use (impact on forest), and emissions of climate-relevant pollutants (GHG, BC,
OC). Whether the desired outcome is achieved will also depend on other influencing factors,
such as suppressed demand (shown in green bubble in Figure 1-1), defined as unmet latent
demand for basic services needed for social and economic development (Gavaldão et al., 2012).
Rural low-income households may have suppressed demand for energy because of high energy
costs associated with inefficient stoves that consume high quantity of fuelwood and take long to
cook. Intervention cookstoves that are more fuel and time efficient may allow households to
meet their demand which may include increased use of the intervention stoves. In this case, the
extent of fuelwood reduction benefits may be lower than expected.
For health benefits, increasing stove's combustion efficiency is important for reducing
HAP emissions. However, actualization of health benefits will also depend on whether
households stack stoves or fuels, a common phenomenon where households continue using
traditional stoves or fuels (Masera, Saatkamp and Kammen, 2000; Ruiz-Mercado et al., 2011;
Burwen and Levine, 2012; Hanna, Duflo and Greenstone, 2012; Johnson and Bryden, 2012;
Hankey et al., 2015). Households may stack stoves or fuels for many reasons including inability
of the new stoves to cook certain types of food or fulfil socio-cultural needs (Ruiz-Mercado and
Masera, 2015). Johnson and Chiang's evaluation of stove performance and usage scenarios on air

2

Efficiency includes the ability to turn energy in fuel into heat (combustion efficiency), and the ability to
transfer the fire‟s heat into the food or the pot (“thermal efficiency” or “transfer efficiency”).
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quality impacts suggested that even lower performing stove (i.e. Tier 2) can have equal or greater
benefits than higher performing stoves if the lower performing stove has a significantly higher
displacement of the traditional stoves

(Johnson and Chiang, 2015). However, the study

demonstrated that to reach the WHO annual interim Target 1 for achieving health benefits
(World Health Organization, 2014), a complete displacement of traditional stoves with high
performing (Tier 4) stoves or clean fuels would be needed (Johnson and Chiang, 2015).
Further, in communities where residential biomass combustion is a major source of
exposure, a community-wide or broader (i.e., regional) adoption of cleaner-burning cookstoves
may be needed as an additional intermediary outcome. This is because indoor smoke can
exfiltrate outdoors (directly via chimneys or indirectly through cracks and windows in homes)
(Soneja et al., 2015) and still impact exposure in the outdoor environment or when the emitted
HAP infiltrates into homes (Zhou et al., 2011; Balakrishnan, Cohen and Smith, 2014; Chafe et
al., 2014).
The theory of change for livelihood benefit outcome depends in part on increasing
thermal efficiency of cookstoves to reduce time needed for cooking and fuelwood collection.
However, some improved cookstove models showed time savings may be negated by the need to
cut wood into smaller pieces, thus time saved may be redirected to fuel preparation (Sambandam
et al., 2015). Use of saved time for income generating activities will also depend on many factors
such as local economy, skill sets, and gender roles that may influence whether women are able
utilize time savings for livelihood improvement (Asian Development Bank, 2015).
The theory of change for achieving the co-benefits from cookstove intervention is not
necessarily a linear path as shown in Figure 1-1. Trade-offs may occur within a cookstove
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technology where it may contribute to an outcome that is beneficial for one aspect but worse for
the other. For example, certain improved cookstove models reduce fuelwood consumption but
increase emissions of HAP with higher climate warming impacts (Roden et al., 2009; Just,
Rogak and Kandlikar, 2013) or ultrafines (Just, Rogak and Kandlikar, 2013) defined as particles
with size less than 0.1 μm in diameter (Oberdörster, Oberdörster and Oberdörster, 2005), which
may have serious health implications (Pope III and Dockery, 2006).
A detailed analysis by Grieshop et al. (2011) showed how different cookstove
technologies and fuels provide variable benefits as well as drawbacks on different co-benefits
(Grieshop, Marshall and Kandlikar, 2011). An example is a charcoal stove that can reduce HAP
emissions and exposure in households at the point of contact with users, however the production
of charcoal fuel is associated with high emissions of climate warming pollutants (Pennise et al.,
2001). As described earlier, previous health focused interventions have relied on use of chimney
which can reduce indoor concentrations (Naeher, Leaderer and Smith, 2000; Albalak et al.,
2001; Smith et al., 2010), and improve health (McCracken et al., 2007; Smith-Sivertsen et al.,
2009). However, venting smoke outside creates a trade-off for climate as it releases climate
warming pollutants directly into the atmosphere, and could still pose exposures outdoor.
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Figure 1-1: Simplified theory of change for primary anticipated co-benefits with intermediary outcomes (blue boxes) and their
influencing factors (green bubbles)
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1.5

Cookstove evaluations
Many of the earlier cookstove interventions were deemed as failures because of limited

number of stoves that were built, distributed or numbers still in use (Kishore and Ramana, 2002;
Putti et al., 2015). The lack of sustained stove-use was attributed to several factors including lack
of user acceptance, inability of the intervention stoves to reduce fuelwood use or smoke
compared to traditional stoves (based on self-reported data), and durability (F. R. Manibog,
1984). It is important to note that evaluations of earlier interventions paid little attention to
measurement of stove combustion efficiencies that were related to health and climate-relevant air
pollutants. The evaluations did not include any systematic field-based monitoring of fuelwood
use, or other benefits on health, time savings, or livelihoods (Gill, 1987). In fact, given the short
"useful life" of the intervention stoves - estimated to range from six months to two years, with
fuel performance declining as stoves deteriorate (Dechambre, 1983) - the extent of the fuelwood
savings was likely to be much lower than expected.
Today, there are updated standards and protocols for evaluating cookstove technologies.
Water Boiling Test (WBT) is one of the most frequently conducted tests that provides technical
performance of a stove by completing a standard task in the lab that includes boiling a pot of
water to measure specific fuel consumption and emissions (Global Alliance for Clean for
Cookstoves, 2014b). While the WBT is quick and inexpensive to conduct, it does not reflect
what it can achieve in real households. For tests in the field, Controlled Cooking Test (CCT), and
Kitchen Performance Test (KPT) are used. The CCT is performed using local fuels, pots, and
cooking practices but under controlled conditions by a local cook who prepares a pre-determined
local meal in a test kitchen. The KPT reflects more real-world settings through measurements
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done in actual households (Bailis, Smith and Edwards, 2007). As CCT and KPT are performed in
either test or real kitchens, indoor HAP concentrations or cook's exposure can also be measured.
Even though CCT and KPT are performed in the field, they still provide a limited
understanding of the stoves' true effects when they are used in households on a day-to-day basis.
Tests conducted in controlled settings, such as the CCT, does not allow for variations in cooking
styles of different cooks and their behaviour in the community, which may affect the operation of
the stove and subsequent outcome on emissions. Once the new stoves are disseminated,
households may stack stoves or fuels (continue use of traditional stoves in addition to the
intervention stoves) or increase intensity and frequency of stove use as a result of suppressed
demand, which can influence exposures and health outcomes (Baumgartner et al., 2011b). In
addition, stove-related measurements in households may also create a "demand effect" as users
are more likely to keep using their new stoves during the measurement period and may bias
intervention's effect (Burwen and Levine, 2012). Therefore, even KPT tests conducted in the
field may miss out on capturing the true effect of stove intervention program if measurements are
not conducted over sufficient time duration that reflects varying stove use and behavioral
patterns (Edwards et al., 2007).
Only a limited number of cookstove interventions have been rigorously evaluated in the
field. They include three large-scale randomized controlled studies in Guatemala, India and
Ghana3 (Smith-Sivertsen et al., 2004; Burwen and Levine, 2012; Hanna, Duflo and Greenstone,
2012). These studies' findings on lab vs. field differences in performance, and other behavioral
outcomes suggest importance of community-based evaluations. In all three studies, the
3

Results on changes in air pollution and health outcomes from another randomized controlled trial in
Ghana (Ghana Randomized Air Pollution and Health Study (GRAPHS)) have not been published yet.
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interventions were chimney woodstoves that enclosed combustion chamber and vented smoke
outdoor. The stoves were locally made in communities and showed reduced indoor
concentrations or fuelwood use in the lab (Hanna, Duflo and Greenstone, 2012) or field (SmithSivertsen et al., 2004; Burwen and Levine, 2012). In a study involving over 500 households, the
Guatemala study distributed plancha stoves (constructed on site with bricks and concrete blocks,
and a chimney), and found reduced indoor air concentrations and personal exposures, and
improved certain health outcomes in homes using the intervention stoves (Díaz et al., 2007;
McCracken et al., 2007; Smith-Sivertsen et al., 2009; Smith et al., 2011). However, the
improved mud stoves without chimneys in India and Ghana did not find significant reductions in
HAP exposure or fuelwood use compared to the control group despite laboratory results
indicating increased fuelwood efficiency. The study in India followed the largest sample size
(2,600 households) of all the RCT cookstove intervention evaluations; it found stoves usage
declined over time and households did not make efforts to repair them. Stove stacking was also
evident in all three studies (Burwen and Levine, 2012; Hanna, Duflo and Greenstone, 2012;
Ruiz-Mercado et al., 2013). The results of these studies show limitations of laboratory-based
assessment or even field tests conducted in controlled settings or over a short period of time as
they will not be able to capture actual stove use behavior and conditions likely to vary over time.
1.6

Unresolved issues and knowledge gaps
Many cookstove technologies remain untested in the field (Burwen and Levine, 2012).

Costs and logistical challenges associated with field-based monitoring have frequently limited
evaluation of cookstoves to laboratory settings. Such controlled tests are unable to take into
account variations in local food and fuel types and moisture, or behavioral patterns (Smith et al.,
2007; Berrueta, Edwards and Masera, 2008; Roden et al., 2009; Carter et al., 2014). As a result,
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large disparities have been reported between laboratory and field measurements on emissions
and fuel use consumption (Bailis et al., 2007; Roden et al., 2009). A recently developed
protocol, the International Standard Organization (ISO) International Workshop Agreement
(IWA) on Clean and Efficient Cookstoves, provides an interim guideline for categorizing stove
performance for both health and environmental benefits (ISO, 2012). The ISO/IWA guideline
allows for necessary standardization of cookstove technologies that encourages cleaner burning
stoves and fuels, however, they are based on laboratory tests.
There is also limited knowledge on what makes households adopt and use stoves over a
long-term. A systematic review of enablers and barriers to adoption of cookstoves by households
suggested a total of 31 factors across seven domains found to be influential in large-scale uptake
of stoves (Rehfuess et al., 2014). The domains spanned from fuel, technology, and household
characteristics to knowledge, perceptions, and financial and market aspects as well as regulatory,
program and policy mechanisms. The authors concluded that the nature of evidence currently
available did not allow for prioritization of the factors, and that local context may be important to
determine the most influential factors.
Further, the extent to which an intervention can provide co-benefits is unknown. The
issue of rural household energy concerns multiple sectors, including energy, forestry, gender,
health, and climate change (Akbar et al., 2011). Previous cookstove interventions have been
mostly single issue-based. For example, the large RCT trials in Guatemala, India and Ghana
were primarily concerned with exposures and health outcomes with little attention paid to
emissions or untended consequences from venting of smoke outdoor. As climate-financed
cookstove interventions increase, it could potentially run the same risk of focusing too narrowly
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on CO2 or other GHG at the cost of other outcomes on regional climate, health, and welfare of
users.
Lastly, many cookstove interventions tout time savings and livelihood improvements but
these outcomes are rarely evaluated with rigorous methods. Current methodology for assessing
time savings from cookstove interventions are based on laboratory Water Boiling Tests (Hutton,
Rehfuess and Tediosi, 2007), or self-reported time savings and HAP monitoring (García-Frapolli
et al., 2010; Malla et al., 2011). The validity of self-reported time savings in a rural setting has
not been tested. In addition, non-technology related factors, such as suppressed demand, may
influence cooking and fuelwood collection time. A recent study found that time spent near stoves
may be higher for advanced biomass combustion stoves compared to traditional stoves because
of more time needed to chop and load fuel (Sambandam et al., 2015). Further, the saved time
from cooking and fuelwood collection is assumed to be used for income-generating activities to
improve livelihoods of rural women. However, this assumption is yet to be backed by empirical
evidence from cookstove intervention literature.
1.7

Rationale
An Indian community-based NGO was in the process of implementing a carbon financed

cookstove program in rural Karnataka, India. The project planned to replace traditional
cookstoves in 21,500 households with CDM-approved intervention rocket stoves. The CDM
projects are approved based on meeting the eligibility criteria of additionality that the CO 2
emission reductions would not have occurred in the absence of carbon financing (Clean
Development Mechanism, no date). For CDM approval, the additionality criteria is simply met
when the targets of the intervention project are households and communities (Lee et al., 2013).
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On top of additionality, the implementing NGO aimed to provide co-benefits associated
with improved cookstove technologies. These co-benefits included improved health from
reduced air pollution, time savings, and local employment through production, dissemination,
maintenance, and monitoring of the intervention stove project. Co-benefits can be a major
motivation for carbon-financed project developers and investors. A market survey of carbon
offset actors showed that co-benefits, such as poverty alleviation and empowerment of women,
were the second most important criteria for investing in carbon credits after providing
greenhouse gas emission reductions (Crowe, 2013). However, the extent of carbon financed
projects to provide co-benefits have not been assessed. Measurements of health-relevant
emissions or health outcomes are typically not conducted under current carbon financing
programs, therefore, the ability of these programs to provide health co-benefits is unknown.
Time savings are either assumed from Water Boiling Tests in the laboratory or from selfreported measures which have not be previously verified in rural developing country setting.
Further, efficient cookstove technologies are promoted with the view to reduce black carbon
emissions and provide near-term climate mitigation (Grieshop et al., 2009). However, black
carbon is currently not accounted for under any of the carbon financing schemes, and field-based
measures have been limited.
Climate driven interventions are primarily concerned with reductions in non-sustainable
harvested fuelwood use, which are converted into carbon credits using a formula (Appendix A.1)
(Freeman and Zerriffi, 2014). The reduction in fuelwood use is determined from laboratory tests
especially for the CDM-approved projects. The rocket stoves approved for this intervention
program were shown to reduce fuelwood consumption by 67% relative to a traditional stove in
the laboratory Water Boiling Tests (CDM Executive Board, 2006; Gold Standard Local
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Stakeholder Consultation Report, 2009; Central Power Research Institute, 2010). Numerous
studies have shown that laboratory tests do not reflect real-world performance (Berrueta,
Edwards and Masera, 2008; MacCarty, Still, et al., 2008; Roden et al., 2009; Hanna, Duflo and
Greenstone, 2012).
As carbon financing of cookstove interventions scale up in India and around the world,
the extent to which a climate driven intervention can provide co-benefits for health, climate
(beyond fuelwood or CO2 savings), and welfare needs to be rigorously evaluated. Carbon
financing can provide the financial and self-sustaining power to switch households towards
cleaner stoves and fuels. However, their effectiveness in delivering co-benefits for climate,
health and socio-economic benefits have not been previously evaluated. India provides an
important setting for evaluating this intervention. A third of the world's population (841 million)
using biomass fuels are in India. Health outcomes associated with HAP exposure, specifically
IHD, COPD, and lower respiratory tract infections, were the three leading causes of DALYs in
the country in 2013 (Forouzanfar et al., 2015). Residential biomass combustion is the largest
source of BC emissions, and cookstove intervention provides a potential key to mitigating shortterm impacts of climate change. Finally, the study evaluates an intervention being implemented
in the “real world” rather than one that is investigator-driven. Thus, it provides a realistic
assessment that is highly relevant for developing evidence-based recommendations for future
programs and policies.
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1.8

Objectives
The purpose of the research was to evaluate a CDM-approved intervention that was

implemented by a third party NGO to assess whether co-benefits for health, climate and
livelihoods were achieved. The objectives were to investigate whether replacement of traditional
U-shaped mud stoves (or chulhas) with intervention cookstoves affected the following:
1. Climate and health-relevant air pollutants, specifically PM2.5 and absorbance (a measure of
black carbon);
2. Cardiovascular health as measured by blood pressure, and self-reported eye irritation
symptoms for women above 25-years old; and
3. Time spent on household production activities (cooking and collecting fuelwood), and
livelihoods.
In addition, the correlations between observed and self-reported measures on the
frequency and time spent cooking and collecting fuelwood was also assessed. The hypothesis
was that households using intervention stoves based on either intent-to-treat or as per-protocol
analysis would experience reduced kitchen concentrations of PM2.5 and absorbance. The second
hypothesis was that female participants living in households using the intervention stoves would
experience post-intervention decreases in blood pressure and self-reported eye irritation
symptoms. Thirdly, the intervention stove households would spend less time cooking and
collecting fuelwood compared to traditional stove homes.
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1.9

Dissertation structure
This dissertation follows the manuscript-based thesis guideline of the University of

British Columbia, and consists of five chapters: an introduction chapter, three original research
chapters, and a conclusion chapter.
Chapter 1 provides background on the scale of household biomass use; impacts
associated with traditional use of household biomass combustion; complexities and trade-offs
associated with cookstove interventions and co-benefits; and carbon finance programs.
Chapters 2 and 3 are derived from the same randomized control study conducted from
2011 to 2012 in a village in Koppal District, northern Karnataka, India. Chapter 2 investigates
changes in fuelwood usage, and 24-hour kitchen level PM2.5 and absorbance concentrations in
households between baseline and post-intervention season, and differences between control and
intervention groups. Chapter 3 reports health outcomes, blood pressure and self-reported eye
irritation symptoms, from women participants from the control and intervention households.
Chapter 4 provides time use and livelihood assessment from a cross-sectional study
conducted in a nearby village in Raichur District in northern Karnataka. It compares time spent
cooking and collecting fuelwood between traditional and intervention stove homes, as well as
investigates correlation between observed and self-reported measured time, and how actual or
theoretical time saved was used by women.
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Chapter 2: Health and climate air pollutants
2.1

Introduction
Burning solid fuel (wood, dung, agricultural residues, and coal) in traditional stoves for

cooking and heating negatively affects the health and welfare of nearly 3 billion people, mostly
in low and middle-income countries (Pachauri et al., 2012). Household air pollution (HAP)
emitted from solid fuel combustion contributed to an estimated 2.9 million premature deaths and
81.1 million disability-adjusted life-years in 2013 (Forouzanfar et al., 2015). It is also an
important contributor to emissions of climate-forcing pollutants (Zhang et al., 2000; Bond,
Venkataraman and Masera, 2004; Grieshop, Marshall and Kandlikar, 2011; Bond et al., 2013).
Traditional solid fuel cookstoves emit HAP associated with childhood pneumonia,
chronic obstructive pulmonary disease in women, lung cancer, cataracts, and tuberculosis
(Smith, Mehta and Maeusezahl-Feuz, 2004; World Health Organization, 2006b; Dherani et al.,
2008; Fullerton, Bruce and Gordon, 2008; Gordon et al., 2014), and combustion-derived PM2.5
more generally is associated with ischemic heart disease and stroke (Newby et al., 2014).
Inefficient combustion of biomass emits black carbon (BC) which has also been associated with
cardiovascular and respiratory morbidity and mortality (Janssen et al., 2012; Baumgartner et al.,
2014), and is thought to have the second largest radiative forcing after CO2 (Rehman et al., 2011;
Bond et al., 2013). Household biomass combustion is a major contributor of BC emissions; in
Africa and Asia, the sector is thought to account for 70% of the region's BC emissions (Bond et
al., 2013). Efficient, low-polluting cookstoves and fuels have the potential to achieve co-benefits
for health and climate. Cookstoves that reduce PM2.5 and CO exposures may improve respiratory
and cardiovascular health compared to use of traditional stoves (Díaz et al., 2007; McCracken et
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al., 2007; Romieu et al., 2009; Smith-Sivertsen et al., 2009; Smith et al., 2011; Clark, Bachand,
et al., 2013; Schilmann et al., 2015). More efficient stoves and fuels have been proposed as
mitigation strategies to reduce BC emissions (Grieshop et al., 2009). However, only a few
studies have quantified BC from cookstove interventions, and they suggest that while some
intervention cookstoves reduce BC emissions (Johnson et al., 2008; Kar et al., 2012), others may
actually emit more BC than traditional stoves (Roden et al., 2009; Just, Rogak and Kandlikar,
2013).
Major development efforts aim to replace traditional cooking devices with more efficient
stoves and fuels (i.e., „improved‟ cookstoves) (Ministry of New and Renewable Energy, 2012;
Global Alliance for Clean for Cookstoves, 2013; ECOWAS Centre for Renewable Energy and
Energy Efficiency, 2014). Many of these efforts are financed through carbon markets, in which
greenhouse gas (GHG) emission reductions from “improved” cookstoves are sold as carbon
credits to investors to offset existing GHG emissions (Lambe et al., 2015). Of the 8.2 million
improved cookstoves distributed in 2012 and tracked by the Global Alliance for Clean
Cookstoves (Alliance), half received carbon financing (Putti et al., 2015). Despite the instability
of carbon markets since 2011, carbon finance was still the single largest financier (36% of
funding) of cookstove projects in 2013, with governments being the second largest at 25%
(Ecosystem Marketplace and Global Alliance for Clean Cookstoves, 2014).
Several national and international efforts are leveraging carbon financing loans to scale
up stove interventions. India's National Biomass Cookstove Initiative, launched in 2009, plans to
utilize carbon markets to expand their effort to distribute millions of improved biomass
cookstoves over the next decade (Venkataraman et al., 2010; Ministry of New and Renewable
Energy, 2012). In 2014, the Alliance launched a Clean Cooking Loan Fund to leverage private
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sector finance, such as from carbon financing, to scale up cookstove interventions globally (Kerr,
2014).
Carbon financing has been posited to hold transformative potential for the household
energy sector in part because it is seen as self-sustaining with potential for scale-up with the
market, in comparison to traditional donor-based interventions that can terminate when funding
ends (Global Alliance for Clean Cookstoves, no date a). Several carbon financing schemes
incorporate improved cookstoves (Lee et al., 2013), of which the largest is the Clean
Development Mechanism (CDM), established under the UN Framework Convention on Climate
Change (Chiquet, 2015). Only CDM-issued carbon credits can be sold on the compliance market
as part of Kyoto Protocol obligations; via that market, governments and regulated agencies may
purchase credits to offset GHG emission-reduction obligations. Separately (outside of the Kyoto
Protocol), any carbon financing program can sell carbon credits on voluntary markets, to be
purchased by individuals and organizations to offset carbon emission for social responsibility.
The extent to which health and climate co-benefits can be achieved through carbonfinanced cookstove intervention programs has not been systematically evaluated. Carbon
financing schemes have been primarily concerned with reduced fuelwood use and emissions of
CO2 and methane, two GHGs included in the Kyoto Protocol (Freeman and Zerriffi, 2014).
Reductions of other HAP pollutants that are important for health and climate are desirable but
not accounted for in the current carbon crediting programs because they are not part of the Kyoto
Protocol. Under the CDM, CO2 savings are obtained from reduction in non-renewably harvested
fuelwood use (United Nations Framework Convention on Climate Change, no date). The CO2
savings typically are converted into carbon credits using laboratory-based Water Boiling Tests
results on stove efficiency and fuelwood usage. Default values for emission factors result in large
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uncertainties (Johnson, Edwards and Masera, 2010; Lee et al., 2013). Laboratory results are
rarely replicated in the field because of variations in food and fuel types, cooking and behavioral
patterns (Smith et al., 2007; Berrueta, Edwards and Masera, 2008; Roden et al., 2009; Carter et
al., 2014). Several large-scale energy intervention programs failed to demonstrate benefits to
users despite demonstrated improved laboratory efficiencies compared with traditional stoves
(Burwen and Levine, 2012; Hanna, Duflo and Greenstone, 2012). Finally, stove technology
choices and their trade-offs (Grieshop, Marshall and Kandlikar, 2011) as well as behavioral
(stove usage) patterns (Hankey et al., 2015; Johnson and Chiang, 2015) will impact whether and
how much climate and health co-benefits can be achieved. These results suggest a causal chain
of conditions needed for a cookstove intervention to achieve climate and health co-benefits,
specifically: 1) the intervention stove must significantly reduce fuel wood use, and climate- and
health-relevant pollutants under actual use; 2) households must substitute intervention stoves for
traditional stoves; and 3) interventions must be community-wide or air pollution exposure must
be primarily determined by the household‟s own stove.
Within this context, we partnered with a local non-governmental organization (NGO)
implementing a CDM-approved cookstove intervention program in rural India. Our goal was to
evaluate an approved carbon financed program for its potential to provide climate and health cobenefits. The study investigated whether replacement of traditional stoves with intervention
stoves under a carbon-finance approved program: 1) reduced fuelwood consumption (primary
intent of the CDM program); 2) lowered 24-hour PM2.5 and BC indoor concentrations (health
and climate co-benefits); and 3) led to actual substitution of traditional stoves with intervention
stoves. As carbon financing of stove interventions scale up globally, the study aims to contribute
to the development of evidence-based policies to maximize benefits from stove interventions.
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2.2

Methods

Setting
The study site was in Koppal District of northern Karnataka, India. Most households
(99%) in this region burn biomass fuels in three stone fires or traditional stoves made of mud or
clay for cooking and heating of bath water (Fair Climate Network, 2012) (Appendix A: Figure
A-1, A-2). The majority of households cook inside their main home, though some use outdoor
cooking sheds with thatched walls extended from the main house structure.
In 2011, the partner NGO received the first cookstove-related CDM approval in India.
They planned to distribute 40,000 fuel-efficient cookstoves to 21,500 households in rural
Karnataka in exchange for carbon credits totaling 46,668 tCO2/year over a period of 10 years
(CDM – Executive Board, 2010). As illustrated in Figure 2-1, implementation of a carbon
financed project works in such a way that a local implementing NGO and/or a foreign-based
environmental or social development enterprise group typically finance the initial start-up cost of
the intervention program (Global Alliance for Clean for Cookstoves, 2014a). The carbon credits
generated from use of intervention stoves are then sold to investors looking to offset emissions
for compliance or voluntary purposes. Anticipated co-benefits, such as improved health and
time-savings, can fetch higher prices on the carbon credits, and also serve as additional
incentives for socially minded investors. The income from sale of carbon credits can then help
subsidize the rollout of intervention program including project operations, stove manufacturing,
maintenance and monitoring (CDM Executive Board, 2006). In this pilot intervention village,
participating households did not receive any direct financial incentives; households were
informed through stakeholder consultations about benefits of intervention stoves including
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reduced fuel wood use and greenhouse gas emissions, and improved health and time-savings for
women (Gold Standard Local Stakeholder Consultation Report, 2009).
The intervention stove approved by the CDM was a single-pot “rocket-style” biomass
cookstove with an elbow-shape insulated combustion chamber made of lightweight ceramic
(Appendix A: Figure A-3 to A-5). Rocket stoves fall under natural draft stove category where
structural modifications are made to enhance air flow, and are considered the most basic of
"improved" cookstoves types. They are cheaper compared to more advanced biomass stoves such
as forced draft stoves, and gasifiers. The stove was manufactured in Karnataka and could be used
with the same locally available fuelwood as used in traditional stoves. Laboratory tests of the
intervention stove measured thermal efficiency of 30.8% (vs. 10% for a traditional stove) and an
estimated 67% reduction in fuelwood consumption relative to a traditional stove (CDM
Executive Board, 2006; Gold Standard Local Stakeholder Consultation Report, 2009; Central
Power Research Institute, 2010). No emission tests were conducted in laboratory or field as these
were not required for CDM approval. The carbon credit calculation for this project is provided in
Appendix A.1. The market price of the intervention stove was 1,398 Rupees (approximately
US$21). For the CDM program evaluated here, households paid a one-time registration fee of
200 Rupees (approximately equivalent to the cost of two traditional stoves) and received two
new intervention stoves (Gold Standard Local Stakeholder Consultation Report, 2009).
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Figure 2-1: Implementation of CDM-approved cookstove intervention program

Prior to launching the full CDM program, the partner NGO conducted a pilot intervention
program in Hire Waddarkal (HW) Village in Koppal District in northern Karnataka (Appendix
A: Figure A-6). Activities included removal of traditional stoves from homes receiving the
intervention; constructing raised clay walls around the new stoves to make them look similar to
the traditional set up; monitoring the use of new stoves; and assisting users with stove operation
and maintenance. These activities were similar to those planned as part of the NGO's full CDM
stove intervention program.
Experimental Design
We implemented a one-year evaluation study from September 2011 to August 2012 in
HW Village that coincided with the NGO's pilot intervention program; the study investigators
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were independent of this intervention program. A subset of households was randomly assigned to
receive the intervention stove a year earlier than others, with the remainder serving as controls.
Household Recruitment
Households were initially recruited for the study by the partner NGO based on CDM
program eligibility criteria that they: 1) did not use liquefied petroleum gas (LPG); 2) used
traditional cookstoves that they were willing to remove from the home; 3) had a household of
less than 11 occupants; 4) were not seasonal migrants; and 5) were willing to pay the registration
fee. For our evaluation study, eligible households from the CDM intervention program were also
required to: 1) have at least one female cook over 25 years old who was neither pregnant at
enrolment nor a current or previous smoker; and 2) provide oral informed consent. Of the 300
households in the CDM pilot village, 202 were eligible to participate in the CDM program. Of
these, 187 households met the additional eligibility criteria for the evaluation study (Appendix A:
Figure A-7).
The study randomly assigned the households to either receive the intervention (n=96, or
32% of the 300 homes in the study village) or to continue cooking with their traditional stoves
(n=91, 30%). Baseline (pre-intervention (pre)) measurements of household air pollution
concentrations and fuelwood use were collected from September to December 2011. The
intervention group received new stoves after baseline measurements were completed. Identical
follow-up measurements (post-intervention (post)) were then conducted in control and
intervention homes from March to August 2012, with a minimum of 124 days (average of 194
days) between pre- and post-intervention measurements. Control households were given the
option to receive the intervention stoves at the end of the one year study period.
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The study protocol was approved by institutional review boards at the University of
Minnesota (IRB code #1104S97992), St. John's Medical College (IERB Study Ref No.
103/2011) in India, and the University of British Columbia (CREB #H14-03012).
The study included a range of air quality, health, fuelwood use, and time-use
measurements: 1) 24-hr integrated gravimetric measurements of indoor and outdoor fine particle
mass (PM2.5) and absorbance (a measure of BC) (Quincey, 2007); 2) continuous measurement of
in-plume emissions and indoor concentrations of carbon dioxide (CO2), CO, BC, and PM2.5 in a
subset of samples; 3) blood pressure and health symptoms of adult women; 4) fuelwood usage,
and 5) time spent cooking and collecting fuelwood. This paper reports on the integrated sampling
air pollution measurements and fuelwood usage.
Questionnaires
Household questionnaires were administered to participants to collect socio-demographic
information, including age, gender, education, caste, family size, income, and household assets
(Falkingham and Namazie, 2002). Information on presence and number of smokers in the
household, and physical characteristics of the house that could potentially impact indoor air
quality was gathered, including presence of chimneys, windows and doors, gaps between wall
and roof, and dwelling type (attached or shared wall with neighbor). In the post-intervention
evaluation, we added questions on the type and number of stoves used during the indoor air
pollution measurement and the frequency of intervention stove usage on most days and reasons
for use or disuse in intervention households.
Questionnaires were modified from those used in other studies (Baumgartner et al.,
2011b) and from the Living Standard Measurement Study on household survey (The World
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Bank, no date). The questions were first evaluated by local NGO staff for social and cultural
appropriateness, translated and back-translated between English and Kannada, and pilot tested in
a community near the study village.
Fuelwood Weight and Moisture
Households‟ fuelwood piles were weighed before and after a 24-hr period over two
consecutive days to obtain a 24-hour average following the Kitchen Performance Test protocol
(Bailis, Smith and Edwards, 2007). Pre- and post-intervention fuelwood weighing was completed
in a total of 178 households. The water content of the weighed fuel was measured with a
moisture meter (BD-2100, Delmhorst Instrument Co., Towaco, NJ, USA) by selecting three fuel
logs from the weighed fuel pile and taking three measurements on each log, which were then
averaged to estimate the wood moisture per fuelwood pile. Wood moisture readings were
obtained from 164 households during both the pre- and post-intervention evaluations.
Measurement of Household and Ambient Air Pollution
Air pollution was measured over a 24-hour period at three locations: within cooking
areas, at a fixed site in the center of the village, and a location 1-km in the predominant upwind
direction of the village (Appendix A: Figure A-6). Cooking area measurements were conducted
to assess 24-hour indoor air pollution concentrations in line with World Health Organization
(WHO) HAP guidelines, a metric that is most relevant for health assessment (World Health
Organization, 2014). In the study region, households typically cook two main meals per day
(morning and evening). Air monitoring instruments were placed approximately 100 cm from the
edge of the combustion zone and at least 150 cm away from doors and windows in accordance
with the Standard Operating Procedure for Installing Indoor Air Pollution Instruments in a Home
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(Indoor Air Pollution Team and Center for Entrepreneurship in International Health and
Development (CEIHD) and University of California-Berkeley, 2005). PM mass samples were
collected 60 cm above the floor to approximate a cook‟s breathing zone when squatting or sitting
next to the stove. Post-intervention measurements took place in the same location as during the
baseline assessment.
Fixed site monitors at the center and upwind of the village were used to assess ambient
air quality. Paired (village center and upwind) ambient measurements were collected over a 4week period in both the pre-and post-intervention phases, and consisted of 11 measurement-days
(pre; September 2011) and 14 measurement-days (post; July to August 2012). Air quality
measurements in the village center continued during days with indoor (cooking area)
measurements.
PM2.5 samples were collected on 37 mm Teflon filters (EMD Millipore, MA, USA)
placed downstream of a cyclone (BGI Inc., Waltham, MA, USA) with a 2.5 µm aerodynamicdiameter cut point connected to a battery-operated pump (Apex Pro, Casella CEL, UK) (SI 2).
Filters that sampled shorter than 24 hours but met a minimum sampling duration criteria of 16
hours were adjusted with correction factors drawn from distributions developed from co-located
time-integrated and real-time PM2.5 (DustTrak Aerosol Monitor 8520, TSI Incorporated,
Shoreview, MN, USA) and BC (microAeth Model AE51, AethLabs, San Francisco, CA, USA)
indoor measurements (Appendix A.3). To assess day-to-day variability, we conducted two
additional 24-hour air pollution measurements (i.e., continuous 72 hours) in a random 10%
sample of pre- and post-intervention homes.
Teflon filters were pre- and post-weighed in triplicate on a microbalance (Sartorius M3P)

35

in temperature and humidity controlled environment. PM2.5 mass concentration was obtained by
dividing blank-corrected filter mass by sampled air volume (Appendix A.4). As in previous
studies measuring BC from residential biomass combustion (Johnson et al., 2008), absorbance
was measured by filter reflectance analysis using a Smoke Stain Reflectometer (SSR) (Model
43D, Diffusion Systems Ltd., London, UK) in a room with minimal light (ISO 9835:1993)
(ISO/TC 146/SC 3, 1993).
A weather station (model PWS 1000 TB, Zephyr Instruments, East Granby, CT, USA)
was placed in the center of the village next to the community measurement location and recorded
temperature, relative humidity, atmospheric pressure, wind speed, and wind direction every 30
minutes.
Statistical Analysis
Household physical and socio-demographic characteristics were compared between
control and intervention groups using a chi-squared test for categorical variables and a t-test for
continuous variables to assess whether randomization was successful. Day-to-day variability in
air pollutant concentrations was assessed using the non-parametric Friedman test for repeated
measures. We used the Wilcoxon rank-sum test for unpaired samples to compare ambient
concentrations between upwind and village center sites and between pre- and post-intervention
seasons. The Wilcoxon signed rank sum test for matched-subjects was used to assess changes in
fuelwood use, fuelwood moisture, and indoor air concentrations of PM2.5 and absorbance
between pre- and post-intervention seasons. The Wilcoxon signed rank sum test was chosen
because seasonal differences for the measured outcomes were not normally distributed. Though
Wilcoxon tests have less power (i.e. less chance of detecting a true effect where one exists)
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compared to parametric methods, such as t-tests (Whitley and Ball, 2002), the Wilcoxon signed
rank sum test is more robust for data with non-normal distribution, and more appropriate for
hypothesis testing. The data met the assumptions of independence of paired differences, and the
continuous and ordinal nature of the data.
In addition, we used mixed-effect models with random intercepts at household level to
evaluate impact of stove use on log-transformed indoor HAP concentrations controlling for key
covariates such as ambient conditions (temperature, humidity, and outdoor PM2.5 or Abs
concentrations), presence of chimney, and wood quantity and moisture. We calculated leastsquares mean to assess percent change in HAP concentrations within and between stove use
groups. Model assumptions were verified using normal quantile plots to inspect normality of
random effect, and residuals of the mixed effect model.
Statistical comparisons were first conducted with households divided into assigned
groups (control versus intervention, “intent-to-treat”); then intervention households were divided
into those following / not following protocol (“per-protocol”, i.e., did / did not exclusively use
the intervention stove), and statistical analyses were repeated. Intent-to-treat evaluates the
effectiveness of the overall intervention while per-protocol assesses stove efficacy. Analyses
were conducted using R statistical software (R Core Team, 2014).
2.3

Results
Intervention and control groups were similar for key characteristics relevant to indoor PM

concentrations, including socioeconomic status, the number of household tobacco smokers,
chimney ventilation, or the number of windows in the home, indicating selection bias was
unlikely and that randomization was successful (Table 2-1; Appendix A, Table A-5 with
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complete list of baseline characteristics). All households burned wood as their primary fuel in
traditional cookstoves, with the exception of one household that reported using both fuelwood
and LPG as primary fuels. The majority of homes (88%) reported cooking indoors on most days,
with smaller numbers of households cooking outdoor (5%) or both (7%). Of the 187 households
that initially participated in the study, 166 remained for post-intervention measurements, with
drop-out rates in the control and intervention groups of 4% (n=4) and 18% (n=17), respectively
(Appendix A, Figure A-7). Reasons for drop out were because either households were
unavailable for follow-up (n=4 control; n=3 intervention), or no longer wanted the intervention
(n=14 intervention). The households that dropped out of the study following baseline assessment
were also similar to those that remained in the study (SI Table S5). Similarly, the control (n=87)
and intervention (n=79) households that remained in the study were similar in key characteristics
(Table 2-1).
Self-reported data suggested 60% of intervention homes that remained in the study
followed the intervention protocol (exclusively using intervention stoves during household air
pollution measurement); the remaining 40% used a combination of intervention and traditional
stoves (“mixed stove”). Among the intervention homes that responded to questionnaires that
elicited their views on the intervention stoves (N=71), 37% had no problems with the new
stoves. The remainder reported difficulty making rotis (local bread) (54%), poor stove-quality
(4%), needing to cut wood into smaller pieces (3%), food tasting different (1%), and taking
longer to cook (1%).
The median 24-hour fuelwood use was slightly reduced during post versus pre (medians
among all households: 3.6 kg d-1 [post], 4.2 kg d-1 [pre]). The median changes (post – pre) were 0.72 kg d-1 for homes using intervention stoves only, -0.20 kg d-1 for intervention homes using
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multiple stove-types, -0.60 kg d-1 for non-intervention homes. Differences between control and
intervention groups were not statistically significant based on ITT (p=0.74) or per-protocol
analyses (p=0.95; Appendix A: Table A-6, Figure A-12). Fuelwood moisture was not
significantly different (p>0.5) between the stove use groups (Appendix A.5).
Table 2-1: Selected baseline characteristics of randomized households
Characteristics

Control
(n=91)

Intervention
(n=96)

pvaluea

Controlafter drop out
(n=87)

Interventionafter drop out
(n=79)

pvalueb

Number of rooms in house

2.0 ± 1.0

2.2 ± 1.1

0.19

2.0 ± 1.0

2.3 ± 1.2

0.14

Family size

6.1 ± 1.9

5.8 ± 2.0

0.35

6.1 ± 2.0

5.8 ± 2.0

0.30

House type (shared wall with
neighbor) (%)

83

84

0.95

82

82

1.00

Roof Material (improved, i.e.
corrugated iron, zinc, metal
sheets, cement, concrete,
tiles) (%)

53

52

1.00

52

52

1.00

67

75

0.30

68

75

0.42

1.8 ± 2.8

1.6 ± 2.8

0.42

1.9 ± 2.8

1.5 ± 2.8

0.17

TV (%)

20

28

0.24

21

28

0.37

Motorcycle (%)

12

9

0.72

13

8

0.42

Chimney above stove (%)

36

39

0.79

37

38

1.00

Smokers in home (%)

36

36

1.00

35

37

0.93

No windows (%)

27

26

0.95

28

27

1.00

Floor Material (finished
floor, i.e. ceramic, marble
tiles, cement/concrete, stone)
(%)
Area of irrigated land owned

Data are mean ± SD or number (%).Wilcox-test for continuous non-normal distributed data; chi-square tests for
categorical variables.
a
Between control and intervention groups as randomized.b Between control and intervention groups that remained
until end of the study
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The mean outdoor temperature was lower and humidity was higher during the baseline
season (September – December, post-monsoon/winter) than post-intervention (February –
August, predominantly dry/summer) (Appendix A: Table A-7).
Regional and Village-Level Ambient Concentrations
The 24-hour background air pollution concentrations measured upwind of the village
were low, with higher concentrations in the center of village (Appendix A: Table A-7). The
differences in PM2.5 concentrations between upwind and center of village were 13 μg/m3 (95%
CI: 8, 24) in pre-intervention season and 18 μg/m3 (-1, 62) in the post-intervention season
(Appendix A: Table A-7). For Abs levels, the upwind and village center differences were 2.7 x
10-6/m (1.4, 3.9) in pre-intervention season and 1.6 x 10-6/m (0.5, 2.9) in post-intervention season
(Appendix A: Table A-7). Seasonally, the post-intervention season generally experienced
slightly higher mean PM2.5 and Abs concentrations compared to pre-intervention season; mean
(SD) concentrations during pre- and post-intervention seasons were: PM2.5 = 4 μg/m3 (3.1) and 5
μg/m3(0.5); Abs = 0.3 x 10-6/m(0.3) and 1.2 x 10-6/m(0.9) for upwind; and PM2.5 = 23 μg/m3 (15)
and 29 μg/m3(23); Abs = 3.3 x 10-6/m (2.1) and 3.2 x 10-6/m (2.2) for village center sites
(Appendix A: Table A-7). Details on number of ambient samples analyzed are in Appendix A.6.
Analysis of real-time PM2.5 concentration measurements in the center of the village
revealed two peaks, one in the morning (5-10 am) and a second in the evening (6-8:30 pm),
which correspond to cooking periods and illustrates the impact of household biomass combustion
on village-level air pollution (Appendix A: Figure A-13). In addition to household biomass
combustion, HW Village had a small, paved road with low traffic (~50 vehicles/day). No other
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major combustion sources, including agricultural burning, were observed by the field staff in or
near the village during the study period.
Indoor Concentrations
In households that had repeated measurements to assess day-to-day variability, PM2.5
correlation (mean absolute error) between one-day and multi-day averages was 0.84 (176 μg m-3)
for the two-day measures (N=13), and 0.92 (128 μg m-3) for three-day measures (N=16) (SI
Figures S14-S15). The Abs correlation (mean absolute error) between one-day and multi-day
averages was 0.71 (18 x 10-6 m-1) for the two-day measures, and 0.93 (54 x 10-6 m-1) for threeday measures. This finding suggests that our 24-hour air pollution measurements were
representative of longer duration measurements (i.e., 48-hour and 72-hour) (Appendix A.7).
A majority of homes in all groups experienced higher PM2.5 concentrations and Abs in the
post-intervention season (Table 2-2), with median change (post - pre) for both pollutants above
zero (Figure 2-2 [as per-protocol]; Appendix A: Figure A-12 [ITT]). However, the magnitude of
the PM2.5 increase was smaller for the exclusive intervention stove users than for the control
group (51 μg m-3 [95% CI: -58, 161] versus 139 μg m-3 [61, 229]), and this was corroborated by
mixed effect model analysis (Appendix A: Table A-10). Post-intervention season was a
marginally significant (p=0.07) modifier of the effect of stove use on indoor PM2.5
concentrations (Appendix A: Table A-8). Specifically, the exclusive intervention stove homes
had 26% lower [-53%, 18%]) indoor PM2.5 compared to control in the post-intervention season
(Appendix A: Table A-11).
All stove use groups experienced an increase in absorbance in the post-intervention season
compared to pre-intervention (Table 2-2; Appendix A: Table A9 & A10). Absorbance:PM2.5
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ratios were higher in the post-intervention season in all stove use groups (Appendix A: Figure
A-17), though the intervention stove users experienced twice the increase compared to control
(exclusive intervention stove homes: 0.08 μg m-3 [0.04, 0.13]; and mixed stove homes: 0.11 μg
m-3 [0.05, 0.19] versus 0.04 μg m-3 [0.01, 0.06]) (Table 2-2). The increase in ratio was marginally
larger (p =0.07) for the mixed stove group compared to the control.
Chimney homes were associated with 58% and 38% lower PM2.5 and Abs concentrations,
respectively, compared to non-chimney homes (Appendix A.8). HAP concentrations by chimney
status are provided in Appendix A: Figure A-18, Figure A-19.
Table 2-2: PM2.5 concentrations and absorbance based on intent-to-treat and per-protocol
analysis

Pre-Intervention
Treatment/Stove
Use Groups

N1

Median2
(IQR: 1st Q-3rd Q)

Post-Intervention
N1

Median2
(IQR:1st Q-3rd Q)

N3

Seasonal difference
(post-pre) in paired
households4
(95% CI)

PM2.5 (μg/m3)
Intent-to-treat
Control

78

246
(111-457)

81

408
(217-700)

72

139
(61, 229)

Intervention

69

221
(121-491)

70

299
(147-669)

61

73
(-6, 156)

Exclusive
intervention stove

41

208
(121-399)

45

273
(144-605)

39

51
(-58, 161)

Mixed stove

28

229
(128-716)

25

440
(208-900)

22

92
(-18, 327)

Per-protocol
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Pre-Intervention
Treatment/Stove
Use Groups

N1

Post-Intervention

Median2
(IQR: 1st Q-3rd Q)

N1

Median2
(IQR:1st Q-3rd Q)

N3

Seasonal difference
(post-pre) in paired
households4
(95% CI)

Absorbance (10-6/m)
Intent-to-treat

Control

78

31
(16-40)

79

47
(28-110)

71

35
(18, 60)

Intervention

70

30
(16-40)

69

52
(34-108)

60

36
(22, 50)

Exclusive
intervention stove

42

27
(15-39)

44

50
(32-95)

38

31
(16, 45)

Mixed stove

28

31
(19-42)

25

70
(41-136)

22

48
(19, 85)

0.04
(0.01, 0.06)

Per-protocol

Absorbance/PM2.5 mass ratio
Intent-to-treat

Control

78

0.11
(0.08-0.15)

79

0.15
(0.10-0.24)

71

Intervention

69

0.12
(0.07-0.15)

68

0.19
(0.14-0.31)

59

0.09
(0.06, 0.13)

Exclusive
intervention stove

41

0.12
(0.07-0.15)

44

0.20
(0.14-0.31)

38

0.08
(0.04, 0.13)

Mixed stove

28

0.12
(0.07-0.15)

24

0.18
(0.13-0.31)

21

0.11
(0.05, 0.19)

Per-protocol

N=sample size; IQR=interquartile range; CI=confidence interval
1
Exclude drop outs
2
Concentrations from unpaired data
3
Sample size of paired households (those with both pre- and post-intervention measurements), excluding dropouts
4
Wilcoxon signed-rank test of median difference and 95% CI for before and after intervention for paired households
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Figure 2-2: Change in air pollutant concentrations by stove use groups

Note: lower and upper hinges represents the 25th and 75th percentiles, respectively; black line inside the box
represents the 50th percentile; lower and upper whiskers represent the 10th and 90th percentiles, respectively; and
diamond represents the mean. “Control” households did not receive the intervention. “Intervention” households
received the new stoves and followed protocol. “Mixed Stove” households received the new stoves but decided to
also use the pre-intervention stoves.

2.4

Discussion
To our knowledge, this is the first study to independently and rigorously evaluate a

cookstove intervention program approved for carbon financing in a real world setting. The
primary goal of the CDM, and other carbon markets is to lower emissions of climate warming
pollutants through reduction in non-renewable fuelwood use. The results of our study suggest
that the intervention stove approved by CDM program did not significantly reduce fuel wood
consumption compared to traditional stoves. Exclusive intervention stove use homes had slightly
lower PM2.5 concentrations compared to control, however abs:PM2.5 ratio was higher in that
group.
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Our fuelwood use results are important because the CDM approval process assumed,
based on laboratory testing of stove efficiency, that in-field non-renewable fuelwood use - a key
variable in carbon credit calculations and therefore a primary financial driver of the intervention
- would be lower with the intervention, compared to the traditional stove. Some field-based tests
suggest natural draft cookstoves consume the same or higher fuel wood compared to traditional
stoves (Kar et al., 2012; Muralidharan et al., 2015). It is also possible that in our study lack of
fuelwood savings may be attributable to intervention households cooking larger sized meals or
more dishes than they had previously done because of initial "suppressed demand" (The United
Nations Framework Convention on Climate Change, no date; Michaelowa et al., 2014).
Households may have "suppressed demand" as a result of high energy costs associated with
traditional stoves that consume large quantities of fuelwood. More efficient stoves that reduce
fuelwood have lower energy costs in the form of reduced time spent collecting fuelwood or its
purchasing costs. Therefore, it is possible that the energy demand of intervention households in
the study were partially met by the intervention stove, thus improving their welfare, but without
providing measurable fuelwood (and carbon) savings. Per-protocol analysis provides insight into
mixed stove homes where suppressed demand may be at play. Mixed stove homes had the lowest
reduction in fuelwood use (post-pre) of all groups despite having statistically significantly lower
fuelwood moisture compared to the baseline, suggesting that these homes used more fuelwood
compared to other groups. In fact, some mixed stove homes used three stoves (two intervention
stoves and one traditional stove).
While reductions in health and climate relevant pollutants from cookstove interventions
are desirable, this study demonstrates that they may not be occurring in practice. All groups
experienced an increase in PM2.5 concentrations and Abs levels in the post-intervention season
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though the PM2.5 increase was lower for the intervention group compared to the control. The
increase in PM2.5 concentrations could be related to seasonal changes unrelated to the
intervention. Stove use behavior, such as how users start or tend fires, may also be a factor
(Roden et al., 2009). In the mixed stove group, the increase in PM concentrations could also be
from households using multiple stove types (or more than two stoves) as a result of "suppressed
demand".
Whereas previous field-based studies have shown natural draft (ND) stoves can
significantly reduce PM concentrations compared to traditional stoves, these have been based on
tests in a limited number of households (Pennise et al., 2009) or from controlled cooking tasks
(Muralidharan et al., 2015). On the other hand, larger-scale randomized interventions with
controlled populations, similar to our study, have shown ND stoves do not consistently reduce
HAP (Burwen and Levine, 2012; Hanna, Duflo and Greenstone, 2012).
Though there was no significant difference in median indoor PM2.5 concentrations
between the stove use groups, it should be noted that the intervention stoves were associated with
lower mean PM2.5 concentrations in the post-intervention season compared to the control group.
Larger reductions in mean PM2.5 concentrations were seen in the post-intervention season in the
exclusive intervention stove group. This outcome is relevant to, and potentially important from,
the perspective of emissions and overall climate impact.
However, the slight reduction in mean PM2.5 concentrations and potential climate benefit
may be negated by the fact that the intervention households had twice the absorbance:PM2.5 ratio
compared to control households. This suggests that emissions from the intervention stoves
produced a greater proportion of absorbing particles compared to traditional stoves. A laboratory
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investigation of improved biomass stoves, including the intervention stove used in this study,
found significant reductions in PM concentrations and emissions factors, however, emission
factors for BC and the elemental carbon (thermal-optical method for measuring BC) fraction of
PM were three to seven times higher than that of three-stone fire tests (Just, Rogak and
Kandlikar, 2013). Previous studies also suggest that when compared to traditional stoves, some
rocket or ND cookstoves had higher BC emission factors (Preble et al., 2014) or emitted higher
BC concentrations when mixed fuels (wood, agricultural crop residue, and cow dung) are used
(Kar et al., 2012). Currently, no carbon market accounts for BC in their offset calculation
methodology (Lee et al., 2013; Freeman and Zerriffi, 2014; Sanford and Burney, 2015). The
Gold Standard, a carbon finance program in the voluntary sector, is in the process of developing
a methodology to account for BC in their financing approach (The Gold Standard, no date).
These efforts can promote quantification of particle composition from cookstoves to emphasize
technologies that generate verifiable reductions in climate warming pollutants beyond CO2.
However, it should be noted that climate impact of aerosols depends not only on black carbon
but also co-emitted particles, such as organic carbon, which have cooling effects on climate.
Therefore, to have a better understanding of the overall climate impact from stoves, detailed
characterization of aerosols from different cookstove technologies is needed.
Chimneys significantly reduced HAP concentrations by as much as 58% for PM2.5
compared to non-chimney homes. This is lower but not drastically different from estimates
from several studies, including interventions, that found 70% of PM emissions can be vented
outdoor (Grieshop, Marshall and Kandlikar, 2011). Unlike other chimney stove interventions
where chimneys were part of the stove structure designed to directly vent smoke from stove to
outdoor, chimneys in our study homes were not attached to the intervention stove directly.
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Therefore, less smoke may be directed through the chimney. While natural draft mud stoves with
chimneys have been shown to significantly reduce indoor HAP concentrations compared to
traditional stoves (Chengappa et al., 2007; Dutta et al., 2007; Clark et al., 2009; Fitzgerald et al.,
2012), venting indoor HAP to outdoor is not beneficial for climate particularly when BC and
other climate warming pollutants are released into the atmosphere. High ambient air pollution
levels in a community can also impact personal exposure levels and contribute to adverse health
outcomes. However in our study, average indoor concentrations are still an order of magnitude
higher than outdoor levels (370 versus 23 μg/m3); even at peak cooking times, ambient PM
concentrations only ranged from 25-75 μg/m3 (Appendix A; Figure A-13). The population
exposure in our study is dominated by indoor exposure where it accounted for 96% of the total
time-weighted average exposure (Appendix A9), and suggests the importance of a person‟s own
cookstove as the main source of exposure.
Adoption of the intervention stove was not complete in our study; 40% of intervention
households used a mixture of traditional and intervention stoves. Stove or fuel stacking (RuizMercado et al., 2011) where households use old and new stoves and fuels is prevalent in many
settings, including interventions (Masera, Saatkamp and Kammen, 2000; Burwen and Levine,
2012; Hanna, Duflo and Greenstone, 2012; Johnson and Bryden, 2012; Hankey et al., 2015). It is
possible that if the intervention stoves were more efficient and were able to significantly reduce
fuelwood use and HAP concentrations, greater substitution of traditional with intervention stoves
might have occurred. However, in our study population, the major reason for continuing to use
traditional stoves were their ease and ability to make rotis (traditional bread) properly compared
to the intervention stoves. Stove stacking can also influence HAP exposure both within and
outside a household environment. Per-protocol analysis in our study revealed that stove stacking
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in mixed stove homes had a higher seasonal increase (post-pre) in PM2.5 and Abs levels
compared to homes that strictly used intervention stoves.
Based on our findings we provide recommendations for future climate-financed
cookstove intervention programs, including a need to align with emerging standards and
guidelines. For example, the recently developed International Standard Organization (ISO)
International Workshop Agreement (IWA) on Clean and Efficient Cookstoves, provides for the
first time an interim guideline for categorizing stove performance for both health and
environmental benefits (ISO, 2012). The IWA uses a five-tiered ranking system for each of the
following performance indicators: fuel use/efficiency, total emission, indoor emission, and
safety. Traditional solid fuel stoves typically occupy the lowest rank (Tier 0) for all indicators,
rocket stoves tend to be in Tier 1 & 2, more advanced biomass stoves in Tier 3, and modern fuel
(liquid or gas) stoves in Tier 4 (Berkeley Air Monitoring Group, 2012). Though modern fuel
stoves are ideal for achieving "ambitious health and environmental goals" of the IWA Tier 4
(Still, Bentson and Li, 2015), the CDM program does not support Tier 4 stoves because they use
fossil fuels, which are not considered renewable. Cost and access to modern fuels also remain
substantial barriers for the majority of the rural and poor households (Zerriffi, 2011). As such,
biomass cookstoves are seen as interim solutions because a large part of the world's rural
population will continue to depend on biomass fuels in the near future (International Energy
Agency, 2002). An increasing number of more advanced biomass cookstoves, such as fan stoves
and gasifiers, are becoming available but they are more costly and their field testing remains
limited (Berkeley Air Monitoring Group, 2012). Limited field testing show advanced biomass
cookstoves and modern fuels can significantly reduce HAP concentrations (Pennise et al., 2009;
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Kar et al., 2012; Muralidharan et al., 2015), though no solid-fuel stove intervention programs to
date have reduced exposures to below the WHO guidelines (Clark, Peel, et al., 2013).
Though an increasing number of centers are available that provide stove performance
testing against the IWA/ISO standards in standardized laboratory settings (Global Alliance for
Clean Cookstoves, no date b), field-testing at the community level remains critical. Laboratory
studies cannot capture variability observed in the field, including types of foods cooked,
fuelwood types and moisture, and user practices (Roden et al., 2009; Johnson and Bryden, 2012).
Implementing randomized controlled evaluations is feasible in rural developing country settings
with "modest-cost methods" (Burwen and Levine, 2012). If large-scale trials are not feasible,
pilot community-based studies would be beneficial prior to scaling-up interventions.
Although there is growing evidence that natural draft/rocket stoves are unlikely to
significantly reduce HAP concentrations, the significance of our study lies beyond stove
technology assessment. Specifically, this study illustrates the opportunities and challenges of
implementing a large-scale climate-financed cookstove intervention. The NGO leading the
intervention was a community-based organization with substantial cultural and social capital in
the region, a factor that was essential in encouraging households to participate in the stove
exchange program. In addition, during the intervention period, the NGO took great care (through
daily visits to the village) to ensure that the intervention stoves were locally acceptable, and that
stove related issues were promptly addressed. This included, for example, lowering the height of
the intervention stoves to fit the ergonomic needs of women. Despite these on-the-ground
intensive efforts, adoption and use of the intervention stoves as per the CDM protocol was only
seen in 60% of intervention households. When interventions are expanded, even lower
compliance may result if stove use monitoring and motivation efforts are not as intensive.
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Though this particular project was not scaled up in Koppal District because of the 2012 carbon
market crash, similar projects are proceeding through carbon markets in other locations. As of
August 2015, the partner NGO had distributed a total of 36,102 intervention stoves out of the
planned CDM-approved 40,000-stove distribution project, producing carbon credits primarily for
the voluntary market.
This evaluation was a unique opportunity afforded by collaboration with a local NGO
implementing a carbon-finance approved program, but as a result our study was limited by a
relatively small sample size of households that were exclusively using the new intervention
stoves. This aspect was a result of the high prevalence (~40%) of intervention households that
elected to use both intervention stoves and traditional stoves (“mixed stove” / “stove stacking”).
Hence, the sample size in the intervention group exclusively using the intervention stoves was
smaller than originally intended. However, as the study's purpose was to evaluate the
effectiveness of an intervention, the assessment of effectiveness in intention-to-treat analysis
(thus accounting for the limited adoption of the intervention) is still highly relevant.
The study could have benefited from a longer follow-up period. In this study, seasonal
effects were apparent, such as changes in fuelwood moisture. Although the study had a
comparable group which controlled for biases, fuelwood moisture or other unmeasured seasonal
effects may have influenced emissions from traditional and intervention stoves differently. A
follow-up period over one year would have allowed the study to compare stoves‟ emission and
fuelwood efficiencies within similar seasons, thus controlling for seasonal effects. Further, a
longer follow-up period would have allowed for assessment of air pollutant concentrations and
fuelwood consumption over time that is reflective of real-world stove usage and changes in
stoves‟ conditions. Carbon financing of rural energy intervention programs has great potential to
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change the landscape of household energy in the developing world, while providing various
benefits for health and climate. However, this potential needs to be more rigorously assessed.
While co-benefits from cookstove interventions are theoretically plentiful, achieving them can be
complex in reality. The recent guidelines for cookstoves under the ISO standards and the
development of methods to account for BC by the Gold Standard can assist in helping to align
future carbon financed stove interventions with health and climate goals but there is a need for
careful and thorough population-based evaluations to ensure that these benefits are achieved.
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Chapter 3: Blood pressure and eye irritation symptoms
3.1

Introduction
High blood pressure (BP) is a leading risk factor for deaths and disability-adjusted-life-

years (DALY) in both developed and developing countries (Forouzanfar et al., 2015). High BP is
a recognized risk factor for renal (Jha et al., 2013) and cardiovascular diseases including stroke
and ischemic heart disease (Sesso et al. 2003, Glynn et al. 2002), which are leading causes of
death and DALYs worldwide (Feigin et al., 2015; Roth et al., 2015).
High BP has many contributing risk factors, including diet, tobacco use, physical activity,
weight, genetics, family history, stress, and alcohol (P. Whelton et al., 2002; Chobanian et al.,
2003; Shanthirani et al., 2003). A 2010 review concluded that there was moderate
epidemiological evidence of an effect of short-term (~days) exposure to ambient fine particulate
matter (PM2.5) and BP (Brook et al., 2010). Both short- and long-term exposure to ambient PM2.5
is associated with adverse cardiovascular events (Miller et al., 2007; Mustafic et al., 2012; Shah
et al., 2013, 2015).
Whereas associations between air pollution and cardiovascular events are wellestablished, the majority of this evidence comes from outdoor exposures in urban areas. A
substantial segment of the world's population (2.7 billion) is exposed to household biomass
combustion from burning of wood, cow dung, and crop residues in inefficient traditional stoves;
a majority of this population resides in rural areas (International Energy Agency, 2011; World
Energy Outlook/International Energy Agency, 2015). Exposures in these indoor settings are
typically substantially higher (Smith and Peel, 2010) and differing in particle chemical

53

composition (Naeher et al., 2007) compared with the exposures to outdoor air pollution in urban
areas.
Recently, several cross-sectional epidemiologic studies suggest associations between
biomass derived air pollution and BP (Baumgartner et al., 2011a; Clark et al., 2011; Painschab et
al., 2013; Burroughs Peña et al., 2015; Neupane et al., 2015), and CVD related biomarkers
(Clark et al., 2009; Ruiz-Vera et al., 2015; Quinn et al., 2016). Only limited longitudinal
experimental studies have examined effect of cookstove intervention on BP (McCracken et al.,
2007; Hanna, Duflo and Greenstone, 2012; Clark, Bachand, et al., 2013; Alexander et al., 2015).
Systematic reviews indicate an association between HAP exposure and cataracts (Smith
et al., 2014); links to other measures of eye health have also been suggested (West et al., 2013).
Few studies have assessed the effectiveness of cookstove interventions on eye irritation
symptoms, although they have indicated improved conditions (Khushk et al., 2005; Siddiqui et
al., 2005; Díaz et al., 2007).
In this study, we evaluated whether a carbon financed rocket stove intervention
implemented by a local non-governmental organization (NGO) in rural India resulted in blood
pressure and eye health benefits for women. Our aim was to evaluate potential health benefits
resulting from an intervention that was not primarily motivated by health considerations and
which was already underway (Aung et al., 2016). Climate motivated cookstove interventions are
increasing worldwide (Ecosystem Marketplace and Global Alliance for Clean Cookstoves, 2014;
Lambe et al., 2015; Putti et al., 2015), and while their overarching aim is to reduce carbon
emissions, they have the potential to provide public health benefits. However, the extent of the
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health benefits from such climate financed cookstove interventions has not been previously
investigated.
India is an important setting to evaluate the potential for health co-benefits because it has
the largest number of population in the world using biomass fuels (841 million) (International
Energy Agency, 2015). High blood pressure and HAP are top health risk factors in the country
(Forouzanfar et al., 2015). Results of the study could guide intervention programs to maximize
public health benefits.
3.2

Methods

Setting
An Indian NGO initiated a carbon-financed cookstove intervention in northern
Karnataka, India as part of an approved United Nations' Clean Development Mechanism (CDM)
cookstove program, described in detail elsewhere (Aung et al., 2016). Briefly, the NGO planned
to distribute 40,000 biomass cookstoves across 110 rural villages (21,500 households). As a
CDM-approved program, the intervention was intended to sell carbon credits attributed to carbon
emission reductions; the calculated quantity of carbon emission reduction attributed to stove use
is derived from laboratory-based fuel consumption measurements (where the intervention
cookstoves must demonstrate reduced fuelwood use) and available estimates of the proportion of
biomass burned that would have been harvested non-renewably. Sale of the carbon credits
subsidized the roll out of the intervention stoves.
Prior to the launch of the full CDM program across Karnataka, the partner NGO planned
a pilot intervention in Hire Waddarkal (HW) Village in Koppal District, Karnataka. Of the 300
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households in the HW Village, 202 met CDM eligibility criteria (Aung et al., 2016) to participate
in the intervention program.
Study design
We partnered with the local NGO prior to the start of the pilot intervention in HW
Village. This allowed us to randomize distribution of the intervention cookstoves to the CDM
eligible households. Of the 202 CDM eligible households, 187 homes were eligible to participate
in the study (Aung et al., 2016) and were randomly assigned to either the control (n=91) or
intervention (n=96) groups.
Baseline (pre-intervention) measurements were collected from September to December
2011. Then, intervention rocket stoves were distributed to the intervention group. Identical
follow-up measurements were conducted in control and intervention groups from March to
August 2012 with a minimum of 124 days (average of 194 days) between pre- and postintervention measurements. Control households were given the option to receive the intervention
stoves at the end of the one year study period.
Study Population
Participation of eligible participants was restricted to women above the age of 25 years
who were not pregnant at time of enrollment nor current tobacco or pipe smokers. From the 187
households, total of 247 women were eligible to participate. Upon obtaining oral informed
consent, we recruited 222 women into the study who were randomized to control (n=111) and
intervention (n=111) groups.
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The study protocol was approved by institutional review boards at the University of
Minnesota (IRB code #1104S97992), St. John's Medical College (IERB Study Ref No.
103/2011) in India, and the University of British Columbia (CREB #H14-03012).
Intervention
Each of two intervention stoves were single-pot “rocket-style” biomass cookstoves, with
an elbow-shape insulated combustion chamber made of lightweight ceramic. The stoves used the
same locally available fuelwood as traditional cookstoves. Laboratory tests indicated that the
intervention stoves had thermal efficiency of 30.8% – three times more than a traditional stove –
and reduced fuelwood consumption by 67% relative to a traditional stove (CDM Executive
Board, 2006; Gold Standard Local Stakeholder Consultation Report, 2009; Central Power
Research Institute, 2010). Each household received two intervention stoves in exchange for a
participation registration fee equal to the cost of constructing two traditional stoves.
To improve users‟ acceptance of the intervention cookstoves, the NGO conducted
extensive prototyping and in-village testing and used the stoves in its local field office where
type of fuel and food cooked were similar to intervention communities. Before and during the
intervention in HW Village and elsewhere, the NGO obtained community feedback on the
cookstove design, ease of use, and quality issues, which were incorporated into the development
of the final stove model. The NGO also made daily visits to intervention homes to ensure proper
use of the stoves and to address users' concerns.
Blood Pressure
Systolic and diastolic blood pressure (SBP/DBP, respectively) readings were taken at
participants‟ homes prior to cooking events using an oscillometric device (Omron 705 IT, Omron
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Healthcare Europe BV, Hoofddorp, The Netherlands) that was maintained and calibrated within
the last 6 months. The device has been validated against reference mercury sphygmomanometers
in adults and is recommended for professional and home-use in adult populations (Coleman et
al., 2006). Recent guidelines recommend home (rather than in-clinic) BP measurements as a
convenient method that avoids spurious increases in BP caused by measurement in a clinical
setting (Pickering et al., 2005).
Prior to taking a BP measurement, participants were encouraged to relax, and following
at least 5 min of rest in a quiet room, SBP and DBP was measured in the supported right arm (at
heart level) of a seated participant following the American Heart Association's recommendations
(Pickering et al., 2005). Three repeat measures were taken at intervals of at least 1 minute during
a total period of 10 minutes of continued rest for each study participant. Only the second and
third BP reading measurements were used for analysis as the first measurement tends to be
elevated (Pickering et al., 2005). BP measurement was repeated over the next two consecutive
days to allow for averaging of readings over a 3-day period similar to protocol used in a previous
cookstove intervention study (McCracken et al., 2007). Field staff recorded day of the week and
time of day during each BP measurement visit, and whether any caffeine beverages or betel nut
were consumed prior to BP reading. Betel nut is a seed of the areca palm that has been associated
with various adverse health effects, including hypertension (Tseng, 2008; Javed et al., 2010;
Heck et al., 2012).
Eye Health Symptoms
Self-reported eye-health symptoms were collected via survey questionnaires on the same
female participants in the BP monitoring group. The questions asked whether participants felt the
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following symptoms: 1) burning sensation in the eyes before, after, during cooking or at times
other than cooking; 2) discharge on eye lids in the mornings; 3) eyes look red often; and 4)
watering of the eyes often. Whereas previous studies (Saha et al., 2005; Siddiqui et al., 2005;
Díaz et al., 2007) obtained self-reported symptoms on broad eye health outcomes, such as "eye
irritation", "eye congestion", "sore eyes", and "eye symptoms", our study probed specific
symptoms by asking about burning sensation, discharge, and redness. We are not aware of any
studies that have validated self-reported questionnaires on eye irritation symptoms from
household biomass combustion exposures. One prior study found that self-reported symptoms
such as "Tears while Cooking" provided a simple and immediate indicator for assessing effects
of cookstove interventions (Ellegård, 1997).
Covariates
Each subject‟s weight (kilogram), height (centimeters), and waist circumference
(centimeters) was measured with a weighing scale and tape measure at baseline and postintervention home visits. Weight and height was used to calculate body-mass index (BMI:
weight (kilogram) divided by height squared (meter2)). We estimated 24-hr salt use for cooking
by asking cooks to collect the same amount of salt they would use for the next 24-hour period
into a plastic container, and to only use the salt from the container. The container was weighed
before and after a 24-hr period with the difference indicating household salt consumption. To
calculate salt consumption per person, we employed age- and gender-specific adult equivalence
factors used for normalizing fuelwood consumption (Bailis, Smith and Edwards, 2007). Similar
to fuelwood use per household, larger families are likely to cook larger meals and use more salt.
Other demographics, previous health conditions and exposures were obtained from survey
questionnaires administered to each subject about previous diabetes and high BP diagnoses and
59

medications taken, coffee and betel consumed, and presence of smokers in the household, age,
occupation, monthly income, education, caste, housing conditions, and household assets.
Household assets were converted into asset scores representing the sum of binary indicators for
owning the following assets: chair, mobile, radio, television, bicycle, motorcycle, mixer, land
(irrigated and dry), livestock, and roof, floor and wall materials (natural/unimproved versus
finished/improved quality). Questionnaires were translated (and, as part of pilot-testing, backtranslated) between English and Kannada and pilot tested in a nearby village. Questions that did
not pilot test well were modified or removed in order to ensure that they were appropriate to the
local social and cultural context.
Indoor air measurements
Household air pollution was assessed in the cooking area using integrated gravimetric
measurement of fine particulate matter (PM2.5) and absorbance (an optical measure of black
carbon) as described in detail elsewhere (Aung et al., 2016). Post-intervention measurements
took place in the same location as during the baseline assessment based on kitchen layout
diagrams drawn by field staff in data collection forms and as verified by participating household
members. PM2.5 samples were collected on 37 mm Teflon filters placed downstream of a cyclone
with a 2.5 µm aerodynamic-diameter cut point connected to a battery-operated pump. Details on
pump flow rates, corrections on filters with shortened air sampling times because of pump
failures, and number of analyzed filters for PM2.5 mass and absorbance are reported elsewhere
(Aung et al., 2016). Teflon filters were pre- and post-weighed and blank-corrected by subtracting
the seasonal mean mass of field blanks from the mass of the PM2.5 filter samples. Absorbance
was measured by filter reflectance analysis using a Smoke Stain Reflectometer (ISO/TC 146/SC
3, 1993).
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Statistical analysis
Baseline characteristics of intervention and control households were compared to assess
differences between the two groups using either the t-test (for normally-distributed data) or the
Mann-Whitney-Wilcoxon Test (for skewed distribution data) for continuous variables; the chisquare test was used for categorical variables. Mixed-effect models with random intercepts at the
individual and household level were used to evaluate the impact of stove use on BP and eye
symptoms. Variables that were significantly different between the two groups at baseline, as well
as potential risk factors (age, BMI, ambient temperature, education, family size, caste, socioeconomic indicators (house type, room number, asset score, land ownership, time spent near
stove), rating of one‟s health compared to others of same age, occupation, cooking years, selfreported time spent near stove during cooking events, betel use, salt consumption, presence of
smokers, chimney and windows, previous diagnosis of hypertension and diabetes) were
evaluated separately in univariate analyses for BP and eye symptom outcomes. Variables found
to be significant at or below p=0.10, and which were not collinear (variance inflation factor <2)
were included in regression analyses.
Following the approach used by McCracken et al. (2007) in a randomized controlled trial,
two types of BP analyses were conducted: between-group and within-group analyses. The
between-group analysis evaluates differences in BP between groups in the post-intervention
season using the model:
BPik ~ β0 + β1 Stove Groupik + β2 Agei + β3 BMIi + β4 Temperature … + ɛik
where i denotes individual and k denotes household. β1 is the effect estimate for the stove group
as either the randomized “intent-to-treat” (ITT) (control versus intervention), or the actual use
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“per-protocol” (PP) where intervention households were divided into those following / not
following the protocol (i.e., exclusive use of the intervention stove versus mixed use of
intervention plus traditional stove). We adjusted for covariates that were known predictors of BP,
such as BMI (Tesfaye et al., 2006), age (Baumgartner et al., 2011a), and ambient temperature
(Barnett et al., 2007), which were fitted as linear terms. Other covariates in the regression
models included categorical variables: betel user (current, past, never), self-rating of health
(excellent, good, fair, poor, don‟t know); and continuous variable: ownership of irrigated land.
Separate regression analyses were run for SBP and DBP.
Within-group analysis follows the model:
BPijk ~ β0 + β1 Stove Groupijk * Season + β2 Ageik + β3 BMIij … + ɛijk
where i denotes individual, j denotes repeated measures within subjects, and k denotes
household. An interaction term between stove group and season was included to reflect an
intervention in the post-intervention season. As in the above model, we adjusted for age, BMI,
ambient temperature, betel use, self-rating of health, and ownership of land. We performed
sensitivity analysis by including individuals who reported undergoing hypertension and diabetes
treatment or medication (N=9) to test robustness of the findings.
Additional BP analysis was performed with log-transformed indoor HAP concentration
as a predictor variable adjusting for the variables as above (age, BMI, ambient temperature, betel
use, self-rating of health, and ownership of land). This analysis was motivated by initial results
suggesting significant changes in BP between groups. Previous analyses (Aung et al., 2016)
indicated the exclusive intervention stove homes had 26% lower [-53%, 18%]) indoor PM2.5
compared to control in the post-intervention season. Because of higher absorption properties of
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particles emitted from intervention stoves, we also included Abs/PM2.5 ratio in the regression
analyses.
Stratified analyses were conducted for subgroups to assess effect modification by age and
BMI as the effect of intervention on stove groups may differ based on these characteristics
(Clark, Bachand, et al., 2013). An interaction term was included between these variables and the
randomized groups or actual stove groups in both between-group and within-group analyses.
Age and BMI were first entered as linear terms and then dichotomized into groups. Age was
dichotomized at below or above the median age of study's population, 40 years, following the
approach of Clark et al. (2013) (Clark, Bachand, et al., 2013). BMI was categorized as < 18.5
kg/m2 (underweight); 18.5 kg/m2 ≥ BMI < 23 kg/m2 (normal); and BMI ≥ 23 kg/m2
(overweight). The BMI cut off for overweight was in accordance with Indian guidelines which
have a lower threshold than WHO standards (BMI ≥ 25 kg/m2) (Misra et al., 2009).
Model assumptions were verified using normal quantile plots to inspect normality of
random effect, and residuals of the mixed effect model. We conducted visual inspection of
graphs by plotting residuals of the regression model against the fitted model to check for
homogeneity of variance.
Self-reported eye health symptoms were analyzed using multivariate binomial logistic
regression for having specific eye symptoms. The generalized linear model (glmer) function in R
software (R Core Team, 2014) was used to model the odds of reporting an eye irritation
symptoms:
Eye symptomijk ~ β0 + β1 Stove Group* Seasonijk + β2 Age + β3 Chimney + β4 Smokers +
β5 Asset score + ɛijk
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where i denotes individual, j denotes repeated measures within subjects, k denotes household. β1
is effect estimate for stove group as either randomized (ITT) or actual use (PP), i.e. exclusive
intervention stove users or mixed stove users. We controlled for age, presence of chimney and
smokers in household, and asset score. Separate analyses were run for the four eye irritation
symptoms: burning sensation in the eyes, discharge on eyelids in the mornings, red eye, and
watering of the eye.
3.3

Results
Of the 222 female participants from 187 households that initially consented to participate

in the study, 23 participants from 21 households dropped out of the study, with 199 remaining
for post-intervention measurements. Participant drop out was related to households either
unavailable for follow-up (n=4 control households; n=3 intervention households), or no longer
wanted the intervention (n=14 intervention households). Participant drop-out rates in the control
and intervention groups were 3.6% (n=4 individuals) and 17% (n=17 individuals), respectively.
Household characteristics (asset score, presence of smokers, windows) were not
statistically significantly different between intervention and control groups, suggesting
randomization was successful at the household level (Table 3-1). Other household characteristics
(house type, number of rooms, family size) and assets were not significantly different between
control and intervention groups (Aung et al., 2016). However, households that dropped out from
the study were 3.5 times more likely to be from caste group, Other Backward Class (OBC) (i.e.,
to have a comparatively lower socioeconomic status). As a result caste was included in the BP
regression models.
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Little more than half of women participants in the study were underweight (52%). A little
over a third (36%) were of normal BMI, and a smaller percentage (12%) were overweight.
Participants in the intervention group had marginally higher BMI (p=0.06) compared to the
control group; we therefore adjusted for this difference in BP regression models.
At baseline, mean (SD) of SBP and DBP were higher in the intervention group compared
to the control (SBP: 107.3 (17.7) vs. 111.8 (17.2) mg Hg; DBP: 70.2 (10.2) vs. 73.7 (10.3) mg
Hg). Prevalence of symptoms of watering of the eyes was higher in the control group (61%) than
in the intervention group (46%). We controlled for these differences by including random effects
for subject and household in the mixed effect models.
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Table 3-1: Baseline characteristics of households and female participants
Characteristics
Number of households

Control

Intervention

p-value

Drop-out

p-value

91

96

-

21

-

Caste (%)

0.89

0.10

Scheduled Castes and Tribes

41

39

-

22

-

Other Backward Class (I, II, III)

59

61

-

78

-

6.8 (2.7)

6.8 (2.4)

0.93

6.8 (2.7)

0.93

Smokers present in home (%)

36

36

1.0

35

1.0

PM2.5 (μg/m3)
(79 control, 83 intervention)

357 ±379

396 ±434

0.62

447 ±581

0.81

Absorbance (x 10-6/m)
(79 control, 84 intervention)

29 ±16

31 ±22

0.95

33 ±38

0.28

Personal Characteristics

Control

Intervention

p-value

Drop-outs

p-value

Number of women

111

111

-

23

-

Education (years)

0.78 ± 2.2

0.56 ± 1.7

0.66

0.09 ± 0.42

0.16

Age (years)

43.1 ± 13.0

43.9 ± 11.9

0.42

41.9 ± 10.3

0.72

BMI (kg/m2)

18.5 ± 3.3

19.3 ± 3.4

0.06

18.2 ± 3.6

0.21

Waist circumference (cm)

72.3 ± 8.4

72.5 ± 12.9

0.36

69.2 ± 12.7

0.20

Salt intake (g/day/person)

17.3 ± 10.4

18.3 ± 10.2

0.39

18.2 ± 10.2

0.77

Asset Score

Betel nut use (%)

0.18

0.64

Current

67

56

-

67

-

Never

29

41

-

33

-

Overall Health
Self-rate of health compared to
others of similar age (%)

0.57

0.49

Excellent/Good

55

58

-

48

Fair

43

41

-

52

Poor

3

1

-

0
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Characteristics

Control

Intervention

p-value

Drop-out

p-value

48

56

0.42

61

0.58

Systolic BP (mm Hg)

107.3 (17.7)

111.8 (17.2)

0.01

108.8 (17.4)

0.86

Diastolic BP (mm Hg)

70.2 (10.2)

73.7 (10.3)

0.003

72.5 (10.5)

0.82

61

56

0.51

70

0.35

85

93

0.22

78

0.45

Discharge on eyelids in morning
(%)

22

22

1

30

0.44

Eyes look red often (%)

44

41

0.83

57

0.22

Watering of the eyes often (%)

61

46

0.04

65

0.32

Difficulty carrying out work/daily
activities due to illness in past 3
months (%)

Blood Pressure (baseline)

Eye Health (baseline)
Burning sensation in eye often
(%)
During cooking

Data are mean ± SD or number (%).Wilcoxon tests for continuous variables with skewed distribution data (judged
based on Shapiro-Wilk normality test); chi-square tests for categorical variables.

Adjusted between-group analysis suggests differences between exclusive intervention
stove group and control were similar for both SBP and DBP in the post-intervention season
(Table 3-2). Mixed stove group was associated with higher SBP (9.5 mm Hg [3.7, 15.3]) and
DBP (3.0 mm Hg [-0.5, 6.6]) compared to the control group in the post-intervention season
(Table 3-2).
In the adjusted within-group changes between pre- and post-intervention seasons, mixed
stove use was associated with a significant increase in SBP (post-pre: 4.1 [0.4, 7.8] mm Hg)
(Table 3-3). In the control group, DBP was significantly higher in post-intervention than at
baseline (mean post-pre: 1.7 [0.1, 3.2] mm Hg) (Table 3-3).
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Sensitivity analyses that included participants taking hypertension and diabetes treatment
or medication suggest they were not different from the primary results in both between-group
and within-group analyses. There was evidence of effect modification by age group. For
between-group analysis in the post-intervention season, older participants (> 40 years) had
significant increase in SBP (18.2 [4.4, 32.0] mm Hg) and DBP (10.8 [2.9, 18.8] mm Hg)
compared to younger participants (< 40 years) in the mixed stove group (control group as
reference) (Appendix B, Table B-1). Similarly, for within-group analysis, older participants (>
40 years) in the mixed stove group were associated with a significant increase in SBP (7.4 [2.8,
12.2] mm Hg) (Appendix B, Table B-2).
Effect modification by BMI group was less apparent but suggests overweight (BMI ≥ 23
kg/m2) and underweight (BMI < 18.5 kg/m2) participants were generally associated with higher
SBP and DBP compared to normal weight (18.5 kg/m2 ≥ BMI < 23 kg/m2) participants in the
mixed stove group (control group as reference). In the between-group analysis, compared to
normal weight participants, overweight participants had higher SBP (24.8 [4.6, 45.0] mm Hg),
and DBP (9.6 [-2.9, 22.1] mm Hg). Similarly, underweight participants had higher SBP (14.6 [0.1, 29.3] mm Hg) and DBP (9.3 [0.2, 18.4] mm Hg) compared to normal weight participants
(Appendix B, Table B-1). In the within-group analysis, interactions between stove groups and
BMI categories on seasonal change in BP were not significant (Appendix B, Table B-2).
Air pollutant concentrations in the post-intervention season were similar across groups,
though the mixed stove group had slightly higher concentrations of PM2.5, Abs, as well as Abs:
PM2.5 ratio compared to the control (Appendix B, Table B-3). Air pollutants parameters (PM2.5,
Abs, Abs:PM2.5) were included in the regression models to fully assess the impact of the
intervention. The results showed that effect of stove use on BP were slightly stronger; this
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outcome was most apparent in the mixed stove group (Table 3-3). In particular, when Abs: PM2.5
ratio was included in the model, the mixed stove group was associated with highest seasonal
increase in systolic BP (6.0 mm Hg [1.9, 10.0]) compared to base model without air pollutants or
when only one pollutant parameter was considered. This trend was also similar for the control
group which had the highest seasonal increase in diastolic BP (2.2 mm Hg [0.5, 3.9]) when Abs:
PM2.5 ratio was included in the model compared to no pollutants or when only a single pollutant
was included. For the exclusive intervention stove group, inclusion of pollutants in the model did
not change the effect.
The odds of having eye irritation symptoms were statistically significantly reduced in the
intervention group, compared to controls (Table 3-4). However, per-protocol analysis showed
that these differences were driven by reductions in the mixed stove group who reported
significantly reduced odds of burning eye sensation and red eyes. Exclusive intervention stove
use was not associated with significantly reduced odds of any of the eye irritation symptoms.
There were no differences in reporting of discharge on eyelids in the morning for any of the
intervention groups.
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Table 3-2: Adjusted between-group differences in systolic and diastolic BP (mm Hg) associated with intervention groups
compared to control in post-intervention season

No. of subjects

Intervention (ITT)

Exclusive stove (PP)

Mixed stove (PP)

Estimate

Estimate

Estimate

(95% CI)

(95% CI)

(95% CI)

Control

Exclusive
stove

Mixed stove

SBP

92

48

26

3.1 (-1.3, 7.4)

-1.0 (-5.9, 3.9)

9.5 (3.7, 15.3)

DBP

92

48

26

1.2 (-1.4, 3.8)

0.0 (-3.0, 3.0)

3.0 (-0.5, 6.6)

Reference group: control (traditional stove users); ITT =intent-to-treat; PP=per-protocol; adjusted for BMI, age, temperature, betel use, selfrating of own health, and irrigated land ownership.
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Table 3-3: Adjusted within-group seasonal differences (post-pre change) in systolic and diastolic BP (mm Hg) by stove groups

Control (ITT)

Intervention (ITT)

Exclusive stove user (PP)

Mixed stove users (PP)

Estimate (95% CI)

Estimate (95% CI)

Estimate (95% CI)

Estimate (95% CI)

N=93

N=75

N=49

N=26

SBP

0.6 (-1.6, 2.8)

0.4 (-1.9, 2.6)

-1.4 (-4.0, 1.2)

4.1 (0.4, 7.8)

DBP

1.7 (0.1, 3.2)

-0.2 (-1.8, 1.3)

-0.3 (-2.2, 1.6)

-0.1 (-2.7, 2.6)

N=76

N=65

N= 41

N=24

No pollutant

PM2.5 in model
SBP

0.7 (-1.8, 3.3)

0.6 (-1.8, 3.1)

-1.5 (-4.3, 1.4)

5.0 (1.1, 8.9)

DBP

1.7 (0.0, 3.5)

-0.1 (-1.8, 1.5)

-0.1 (-2.2, 1.9)

-0.1 (-2.9, 2.7)

SBP

1.0 (-1.7, 3.8)

0.8 (-1.8, 3.5)

-1.3 (-4.4, 1.8)

5.0 (0.9, 9.0)

DBP

2.0 (0.4, 3.9)

-0.1 (-2.0, 1.7)

-0.1 (-2.3, 2.1)

-0.2 (-3.1, 2.6)

SBP

1.0 (-1.6, 3.5)

1.1 (-1.5, 3.7)

-1.2 (-4.1, 1.8)

6.0 (1.9, 10.0)

DBP

2.2 (0.5, 3.9)

0.4 (-1.4, 2.1)

0.3 (-1.8, 2.4)

0.6 (-2.2, 3.5)

Abs in model

Abs/PM ratio in model

CI=confidence interval; N=sample size; adjusted for BMI, age, temperature, betel use, self-rating of own health, and irrigated land ownership; bold indicates
statistical significance of results (p-value <0.05). Within-group analysis with pollutants in the model has a smaller sample size compared to model without air
pollutants because it only includes individuals from households with analyzable air pollution data.
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Table 3-4: Eye irritation symptoms in intervention groups compared to control in the postintervention season

Intervention (ITT)
Symptoms

Exclusive intervention
stove

Mixed stove

Odds Ratio (95% CI)
Burning sensation in eyes
often

0.28 (0.13, 0.55)

0.54 (0.23, 1.21)

0.11 (0.02, 0.42)

Discharge on eyelids in
morning

1.01 (0.89, 1.14)

1.13 (0.97, 1.31)

0.99 (0.82, 1.19)

Eyes look red often

0.82 (0.73, 0.93)

0.90 (0.77, 1.06)

0.80 (0.66, 0.96)

Watering of the eyes often

0.88 (0.76, 1.00)

0.95 (0.80, 1.13)

0.86 (0.70, 1.06)

Reference group: control (traditional stove users); adjusted for age, time spent near stove, chimney, and presence of
smokers in household.

3.4

Discussion
We evaluated the potential health co-benefits associated with a climate-financed

randomized stove intervention, including measurement of household air pollutant concentrations
over a period of one year. Both between-group and within-group analyses suggest general
patterns of reduced BP in the exclusive intervention stove group, and increased BP in the mixed
stove group when compared to either the control group (in between-group analyses) or to their
baseline levels (in within-group analyses). All groups experienced increased PM2.5 and Abs
concentrations with higher increases in PM2.5 in the control group. The intervention groups using
intervention stoves exclusively or mixed with traditional stoves had higher Abs/PM2.5 ratios
suggesting higher black carbon content in the emissions from intervention stoves.
Contrary to our prior expectations suggesting increased blood pressure associated with
particulate matter exposures (Pope et al., 2009; Baumgartner et al., 2011a), the exclusive
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intervention stove group had reduced BP despite increased PM2.5 and Abs kitchen concentrations
in the group compared to the pre-intervention season. This contrasts with several other studies
reporting positive correlations between HAP exposures and BP. For example, a randomized
intervention trial of chimney stoves in Guatemala reduced mean personal PM2.5 exposure from
273 to 174 μg/m3 which was associated with lower SBP and DBP by -3.7 mm Hg (95% CI: –
8.1, 0.6) and -1.9 mm Hg (95% CI: –3.5, –0.4), respectively (McCracken et al., 2007). A similar
chimney intervention in Bolivia reduced mean + SD kitchen concentrations by 80% from 240 +
210 to 48 + 41 μg/m3, this change was followed by steep reductions in SBP from 114.5 ± 13.0
mm Hg to 109.0 ± 10.4 mm Hg, though the study had a small sample size (N=28), did not adjust
for covariates, and lacked a control group (Alexander et al., 2015). However, other studies have
not reported reductions in BP following air pollution reductions. An intervention in Nicaragua
significantly reduced mean + SD in PM2.5 from 1801 + 1587 μg/m3 to 416 + 523 μg/m3,
however, BP was not reduced in the general population (Clark, Bachand, et al., 2013). Those
authors attributed the lack of change to a non-linear relationship between HAP and certain health
risks that is steep at low exposures and flattens out at higher levels (Pope et al., 2009;
Baumgartner et al., 2011a; Burnett et al., 2014), meaning much lower exposure levels are needed
to see health benefits.
We provide several potential theories on BP changes in the intervention groups that have
not been found in existing literature. Although results are not entirely consistent, previous
cookstove interventions which have reported reduced pollutant concentrations associated with
BP reductions have been primarily from Latin America (McCracken et al., 2007; Clark,
Bachand, et al., 2013; Alexander et al., 2014), where population characteristics and prevalence
of cardiovascular risk factors are likely to be different from South India, which may affect how
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intervention influences BP outcomes. For example, half of our study population were
underweight; mean + SD of BMI was 19.0 + 3.3 kg/m2, which was lower compared to the study
population in Nicaragua study (27.8 + 7.1 kg/m2) (Clark, Bachand, et al., 2013), Guatemala (24.6
+ 3.1 kg/m2) (McCracken et al., 2007), and Bolivia (23.0 + 4.0 kg/m2) (Alexander et al., 2014).
In the Nicaragua study, over a third (38%) of the population was overweight compared to only
12% in our study. Having a large susceptible population who are underweight may contribute to
unpredictable changes in BP. Clark et al (2013) concluded in the Nicaragua study that
susceptible population, such as overweight and older women > 40 years of age are more likely to
experience reductions in BP compared to the general population. We are not aware of any studies
on how cookstove intervention influences population at the other end of the susceptibility
spectrum, such as underweight females. Our study‟s results on effect modification by BMI
suggest that overweight and underweight population are more susceptible as they experienced
higher BP levels compared to normal weight participants in the mixed stove groups in both
between-group and within-group analyses. Other differences, beyond BMI, may also play a role
(e.g., diet, exercise, smoking, genetics).
Slight reductions in BP in the exclusive intervention group despite lack of reduction in
PM2.5 concentrations compared to its baseline may result from the intervention stove reducing air
pollution components that were not measured by the study. Emissions from biomass combustion
can consist of thousands of chemical constituents (Naeher et al., 2007). It may also be a result of
changes in personal exposures to HAP not measured in our study. Personal exposures tend to be
different from stationary kitchen-based measurement because individuals move around and may
spend less time near emitting sources (i.e. cookstoves) or conversely be exposed to relatively
high ambient air pollution levels (Cynthia et al., 2008; Smith et al., 2010). Intervention stoves
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may have contributed to behavioral changes where individuals spent less time near source of
emission thus having lower personal exposures compared to kitchen-based concentrations.
Participant observation on a subset of households (n=45) from our study found that cooks'
behavior ranged from sitting near stoves, and walking around the house to completing domestic
chores away from the stove (Norris et al., 2016). The intervention stoves may have changed the
social routine of cooks using intervention stoves, thus affecting her personal exposure and BP
outcomes.
The intervention may have also caused changes to non-air pollution related aspects that
contributed to lower BP, such as changes to physical activity and diet. This could include
changes in activity patterns during cooking and collecting fuelwood, or types and quantity of
food eaten as a result of the use of intervention stoves. A study in Bolivia found increased
physical activity one year after a cookstove intervention as measured by respiratory health, selfreported questionnaire (Alexander et al., 2014). In BP literature, increased physical activity is
known to lower BP, though these studies are typically focus on hypertensive, normal to
overweight populations in developed countries (S. P. Whelton et al., 2002; Warburton, Nicol and
Bredin, 2006), and do not represent the characteristics or health conditions of population in this
study.
Dietary changes may be occurring as a result of increased options with stoves. Mixed
stove homes were known to use two or more stoves (both traditional and new intervention
stoves) for cooking activities, which may contribute to higher quantity of food cooked or
consumed, and subsequently higher BP in that group. The mixed stove group in our study had
statistically significantly higher SBP compared the control (between-group analysis) as well as
compared to its baseline levels (within-group analysis). Households continuing to use both old
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and new stoves and fuels is prevalent in interventions (Masera, Saatkamp and Kammen, 2000;
Ruiz-Mercado et al., 2011; Burwen and Levine, 2012; Hanna, Duflo and Greenstone, 2012;
Johnson and Bryden, 2012). There may be increased nutritional benefits as a result of meeting
"suppressed demand" associated with inefficient traditional stoves (Aung et al., 2016) as
households are able to cook more with lower fuel costs, thus increasing their food intake, and BP
levels.
When air pollutant parameters (PM2.5, Abs, Abs/PM2.5 ratio) were included in the withingroup analysis, the effect estimates of stove use group on BP were higher compared to base
models without the HAP concentrations. The highest effect estimates were seen when Abs/PM2.5
ratio was included in the model; the mixed stove group had the highest increase in Abs/PM2.5
ratio in post-intervention season compared to control and exclusive intervention stove users. This
suggests that change in particle composition (higher black carbon content) may be responsible
for the increase in BP in the post-intervention season in the mixed stove group, though the small
sample size (N=27) in the mixed stove group precludes definitive conclusions. A repeated crosssectional analysis of the same population of 45 women found that interquartile range increase in
personal exposure to black carbon were associated with acute increases in SBP (Norris et al.,
2016).
The BP changes across groups were not likely to be attributable to key participant
characteristics known to affect BP since we controlled for known predictors of BP in the
analyses, including age, BMI, and temperature. Because we had a control population, BP
changes observed in the study are unlikely be a result of seasonal or time-varying factors such as
agricultural activities or festivals, as such factors likely affect intervention and control groups
equally.
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While the study was conducted over a one-year period, a reasonable time to evaluate
health outcomes, sustained long-term benefits of the intervention are still unknown. Hanna et al.
(2012) is the only study that evaluated air pollution and health outcomes for a cookstove
intervention over a 4-year period (previous interventions have been over 1 to 2-year period); they
found initial reductions in air pollutant exposure, and improvement in health were not sustained
after the first year.
The odds of reporting eye irritation symptoms were lower in the mixed stove group but
not in the exclusive stove group. Therefore, it is unlikely that the intervention stove was
responsible for the reduced reporting of symptoms. Bias in self-reporting of health symptom has
been reported in other intervention studies. A study in Ghana found significant reductions in selfreported eye and respiratory symptoms despite lack of detectable reductions in CO exposure,
which the authors attributed to "courtesy bias" resulting from the study participants' working
relationship with the NGO implementing the intervention (Burwen and Levine, 2012). In our
study, efforts were made to inform participants that the study was independent of the NGO
implementing the intervention but collaboration necessary at the field level, i.e. introduction of
the study to village committees by the NGO, may have fostered perceptions of association for the
participants. A randomized controlled trial in Guatemala attributed a decline in self-reported
symptoms in control group to respondents' fatigue with survey questions (Díaz et al., 2007).
Studies on eye health from cookstove interventions are limited and are often obtained
from self-reported symptoms. Our questionnaire on eye health has not been validated previously.
We are unable to discern how sensitive these questionnaires are in capturing differences in eye
health outcomes attributable to changes in exposures or the clinical implications of the results
found in our study. Future intervention studies should consider objective eye heath measures as
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eye irritations represent one of the key concerns for cooks (Pine et al., 2011; Person et al., 2012),
and would assist in quantification of eye health benefits from interventions.
3.5

Summary
To our knowledge, this was the first study to independently evaluate the health impacts

from a climate motivated stove intervention program. While we observed reductions in BP in the
exclusive intervention stove group, these did not appear to be related to reductions in kitchenbased indoor PM2.5 or Abs concentrations, suggesting that they may be mediated by alternative
pathways, such as personal exposure, physical activity, and diet. Further, the finding of increased
BP in the mixed stove group suggests stove adoption and use behavior can complicate
achievement co-benefits from cookstove interventions. Climate financed cookstove interventions
need to align with international guidelines and standards that have been set based on health
outcomes in order to maximize co-benefits. Additional studies are needed to investigate
relationships between cardiovascular health outcomes and cookstove interventions given this
health burden associated with combustion-derived PM2.5. Eye irritation symptoms are some of
the most commonly reported issue by solid fuel users but least investigated compared to other
health outcomes. Future studies should employ objective eye health measures to assess impacts
from cookstove intervention.
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Chapter 4: Time-use measurements and livelihood outcomes
4.1

Introduction
An estimated 2.7 billion people are dependent on biomass fuels, such as wood, agricultural

residues, and animal dung, for cooking and heating which are typically burned in inefficient
traditional stoves or open fires (World Energy Outlook/International Energy Agency, 2015). A
third of this population resides in India, where the practice is prevalent in rural low-income
households (World Energy Outlook/International Energy Agency, 2015). Traditional stoves or
open fires can take longer to cook and consume more fuel compared to stoves with welldesigned enclosed combustion chambers (Jetter and Kariher, 2009; MacCarty, Still and Ogle,
2010). It is believed that the long hours spent cooking and collecting fuelwood may inhibit social
and economic development of rural households as it takes time away from income-generation,
education, or social activities.
An increasing number of cookstove interventions have been implemented with an aim to
reduce health, climate and socio-economic impacts associated with traditional forms of
household biomass burning (Venkataraman et al., 2010; Global Alliance for Clean for
Cookstoves, 2013; ECOWAS Centre for Renewable Energy and Energy Efficiency, 2014).
While many studies have evaluated health outcomes and emissions from cookstove
interventions, there are few studies on how they impact women's time-use and livelihoods. The
few studies that evaluated this outcome have relied on self-reported or recall methods on time
use or time savings, and assumed that the saved time is used for livelihood improvements such as
earning income (García-Frapolli et al., 2010; Malla et al., 2011). However, accuracy of selfreported time-use data has never been verified in the cookstove intervention literature. Further,
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there is lack of empirical evidence on how saved time from used of improved cookstove is used
by women.
4.2

Background
Time is considered a finite resource, and how this finite resource is allocated to different

activities may be influenced by many factors, including social and cultural norms, gender roles,
household demographic (size, age, and gender composition of family members), and economics
(income, labor availability, markets) (Kes and Swaminathan, 2006; Asian Development Bank,
2015). In rural developing parts of the world, allocation of time to activities differs greatly
between men and women. Women often work longer hours than men, with most of the time
spent in unpaid work, such as subsistence production (collecting fuelwood, fetching water), and
reproductive tasks (formally defined as domestic tasks that includes cooking, caring for children,
the sick and elderly) (Food and Agricultural Organization of the United Nations, The
International Fund for Agricultural Development and The International Labour Office, 2010).
This tendency results in less time available for economically productive activities by women. It
also limits women's time available for sleeping or ability to participate in social and leisure
activities that are important to enhancing their quality of life and skills. For example, a survey by
the World Bank of 5,000 women from 180 villages across six states in India found that on a daily
basis, women spent around 3 hours cooking, 40 minutes collecting fuelwood, 1 hour fetching
water, 5 hours on other household production activities (food processing, cleaning dishes and
house, child care) leaving just 2 hours for pursuing income-earning activities (World Bank,
2004).
Traditional use of biomass fuels contributes to long hours cooking and collecting
fuelwood. A cross-country survey in Zimbabwe, Ethiopia, and India found that women spent on
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average 44, 138, and 167 minutes per day cooking, respectively (Horrell, Johnson and Mosley,
2008). A survey of 613 households across three states in India (Karnataka, Himachal Pradesh,
and Odisha) found that women using traditional stoves spend on average 240 minutes per day
cooking (Bloomfield, 2014). The same survey reported that women spend on average 374 hours
per year (~1 hour/day) collection fuelwood (Bloomfield, 2014). Similarly, a compilation of timeuse surveys in nine developing countries in sub-Saharan Africa, South Asia (including India),
and Southeast Asia showed that rural women spend on average over 1.5 hours a day collecting
fuelwood (The World Bank, 2008).
Cookstove interventions are growing rapidly to reduce the various adverse effects
associated with traditional forms of biomass fuel use (Venkataraman et al., 2010; Global
Alliance for Clean for Cookstoves and Ecosystem Marketplace, 2015). It is often assumed that
the improved cookstoves will provide time savings from reduced cooking and fuelwood
collection time, and improve women's livelihoods. However, evaluations of this outcome have
been limited. Studies that have assessed time savings have primarily relied on self-reported
methods, which may be biased and inappropriate in rural cultural context. Further, time savings
are assumed to be used for income generating activities to improve livelihoods. Critical
assessment of these two major assumptions has been lacking and research into time savings has
important implications for improving the accuracy of cookstove cost benefit assessments.
Assumption 1: Self-reported time-use and time-savings are accurate
Time-use studies on household production activities have primarily relied on selfreported frequency and duration surveys (Parikh and Laxmi, 2000; World Bank, 2004;
Bloomfield, 2014). The advantages of time diary or self-reported time-use methods are their
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ability to be administered to large populations with little logistical and financial costs. However,
these methods include potential for recall errors, and inappropriate application in rural settings or
cultures where time-specific schedules and tracking one‟s day in clock-based increments is not
the norm.
Reporting total time on an activity can be challenging in informal sectors whose timeactivity patterns are highly fractionated. In communities where fuelwood collection is combined
with other activities, such as farming, reporting time on one specific activity separately may be
difficult. Further, a study on time-activity patterns of rural Nicaraguan housewives found that
they frequently switched from one activity to another, completing individual tasks within 5-15
minutes (Gillespie, 1979). This can make recall and allocation of time to specific tasks difficult.
While self-reported time methods may be sufficient in understanding relative distribution of time
spent by women on various activities, the approach may be complicated when users are asked to
report time savings from use of intervention cookstoves. For example, users of more efficient
stoves have cited the need for greater supervision of the stove because of faster cooking and the
constant requirement for refueling (Chowdhury et al., 2011), potentially preventing them from
multitasking, such as sweeping floors, washing dishes, getting children ready for school, etc.
Therefore, while cooking time may be reduced, the overall time a woman spends on other
household reproductive tasks that used to occur during cooking events may not be significantly
changed. As a result, reported time savings may be overestimated.
Assumption 2: Saved time leads to livelihood improvement
Livelihood is defined as a system that "comprises of capabilities, assets (material and
social resources) and activities required for a means of living" (Chambers and Conway, 1992). It
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is described as a complex web of interactions among institutions, cultures, and resources in
which people make a myriad of decisions. According to the Global Alliance for Clean
Cookstoves, a United Nations Foundation led agency that aims to introduce clean cookstoves and
fuels globally, livelihood benefits from efficient cookstoves can be achieved via multiple
pathways. These include: 1) time not spent cooking and on fuelwood collection could be used for
income generation; 2) money saved from reduced fuelwood consumption, in households that
purchase fuelwood; and 3) local job creation from participating in cookstove-related value chains
such as stove product design, manufacturing, marketing and sales (Global Alliance for Clean for
Cookstoves, 2016). Whereas the latter two are relatively straightforward to quantify and
monetize, associations between time savings and increased participating in income generation
activities is less straightforward.
A methodology for cost-benefit analysis (CBA) developed by the World Health
Organization (WHO) monetizes time savings by multiplying Gross National Income (GNI) per
capita (or with minimum wage or average agricultural wage) times 100 percent of the saved time
from cooking and fuelwood collection (Hutton et al., 2006). A study conducting a CBA on
cookstove interventions in Nepal, Kenya and Sudan using the WHO methodology reported that
time savings accounted for the largest economic benefit, higher than fuel cost savings or health
benefits (Malla et al., 2011). Other studies applied similar methods to monetize time-saving
benefits by multiplying a certain percentage of saved time with shadow wages (Habermehl,
2007; García-Frapolli et al., 2010).
Empirical evidence is lacking, however, on how saved time from cookstove intervention is
used by women. Literature from other rural infrastructure interventions provides some insight. A
study evaluating women's time allocation after a rural water supply intervention in Pakistan
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found that women were more likely to spend the saved time from fetching water on leisure than
on income-generating activities (Ilahi and Grimard, 2000). Another water supply intervention in
Pakistan also found that while time spent traveling to fetch water reduced significantly, it did not
increase women's participation in labor force or hours worked. The authors attributed this result
to local employment conditions (high unemployment and underemployment), and cultural
settings (restriction on women's employment), and individual preferences for leisure (Asian
Development Bank, 2009).
The definition of livelihoods as a complex system of capabilities, assets and activities
suggest that time savings alone may not be the only factor needed for improving one's livelihood.
Empirical-based studies are needed to shed more light on what women do with the saved time
from cooking and collecting fuelwood.
4.3

Study purpose and research questions
The purpose of the study was to provide an in-depth investigation of major knowledge

gaps on time-use and livelihood evaluation of cookstove interventions. The first objective was to
compare observed measures of time use with self-reported measures, for cooking and fuelwood
collection activities. Secondly, the observed time-use measures were used to compare time spent
on cooking and fuelwood collection in households using different cookstove technologies in a
rural Indian community undergoing a large-scale cookstove intervention program. Third, semistructured interviews were used to understand what women do with saved time, and needs and
constraints for pursuing livelihood improvement strategies in the study community were
identified.
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The study is the first to compare observed measures of time-use with self-reported
measures in the cookstove intervention literature, and to provide an in-depth probing of how
women may use time savings. The results of the study can contribute to improving evaluation
methods for assessing time-use impacts from cookstove interventions, and lead to a better
understanding of how they may impact livelihoods.
4.4

Methods

Study site
The study site was located in Raichur District in Karnataka State, South India. A 20152016 Karnataka state-representative survey indicated that 68% of rural households rely on solid
fuels as the primary cooking fuel (International Institute for Population Sciences (IIPS) and
Macro, 2016). A survey of 498 households in Raichur District indicated almost all households
used wood as the predominant fuel for cooking, which was burned in three stone fires or
traditional mud/clay/cement stoves (Fair Climate Network, 2012). Crop residue was used to
ignite or start the cooking fire, and dung use was not reported in any of the homes (Fair Climate
Network, 2012).
The study village, Chickahonakuni, was the site of an ongoing cookstove intervention
effort initiated by the partner NGO in 2009. The study site was chosen at the recommendation of
the NGO because of the good relations it has with the community and the village's proximity to
the NGO field office, which facilitated the research activities. The intervention in
Chickahonakuni village was part of a large-scale intervention to distribute 40,000 alternative
cookstoves in 110 villages (21,500 households) in northern Karnataka. The project was approved
under the Clean Development Mechanism (CDM), a market tool developed under the United
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Nations Framework Convention on Climate Change that allows carbon dioxide reductions from
the use of efficient stoves to be sold as carbon credits to help finance the intervention program.
Additional information about the CDM financed intervention program in Karnataka is provided
elsewhere (Aung et al., 2016). Previously, a study was conducted in a nearby community in
Koppal District, Karnataka, undergoing the same CDM-approved cookstove intervention, to
evaluate changes in climate and health-relevant air pollutants (PM2.5; Absorbance), and health
outcomes (blood pressure; eye irritation symptoms) (Aung et al., 2016).
Intervention stove
The intervention stove approved by the CDM was a single-pot “rocket-style” biomass
cookstove with an elbow-shape insulated combustion chamber made of lightweight ceramic. The
stove was manufactured in Karnataka and could be used with the same locally available
fuelwood as used in traditional stoves. Approval of the intervention stove by the CDM was
contingent upon laboratory results demonstrating increased efficiency compared to the traditional
stoves. Laboratory tests of the intervention stove measured thermal efficiency of 30.8% (vs. 10%
for a traditional stove) and an estimated 67% reduction in fuelwood consumption relative to a
traditional stove (CDM Executive Board, 2006; Gold Standard Local Stakeholder Consultation
Report, 2009; Central Power Research Institute, 2010). The market price of the intervention
stove was 1,398 Rupees (approximately US$21). As part of the CDM program, households paid
a one-time registration fee of 200 Rupees (approximately equivalent to the cost of two traditional
stoves) and received two new intervention stoves (Gold Standard Local Stakeholder
Consultation Report, 2009).
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Study Design and Sample Recruitment
A cross-sectional study was implemented over a three-month period from May to July
2014. A list of households where the NGO provided intervention stoves was obtained and used
to randomly select households by type of stove used: those which rejected the intervention stoves
and reverted back to traditional stoves (traditional stove users); those which exclusively used the
intervention stoves (exclusive intervention stove users); and those using a mixture of intervention
stoves with traditional stoves (mixed stove users).
The study included a total sample size of 50 households: 15 traditional stove homes, 16
exclusive intervention stove homes, and 19 mixed stove homes (Table 4-1). To allow for a more
valid comparison of time-use between households with similar occupations, only those
households whose primary income earner's occupation was in the agricultural sector were
recruited for the study. Agricultural (54%), and daily wage (35%) labor were the predominant
occupations in Raichur District (Fair Climate Network, 2012).
Prior to the start of the study, the implementing NGO held meetings with village leaders
to introduce the study and gain their understanding and acceptance of the study and its activities.
Upon approval from the village leaders, a village-wide meeting was held to introduce the study
and its purpose. These introduction activities were recommended as a "protocol" by the NGO
partner who has long-term working relationship with the study village, and served as a sign of
respect in villages where they work. The randomly selected homes were then visited to explain
the nature of the study and obtain oral consent prior to enrolling participants into the study.
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Data Collection
Household survey
A household survey was administered to collect demographic information, including age,
gender, education, caste, family size, income, and occupation of all members in the household.
As a measure of household wealth, ownership of the assets was collected, including durable
goods (chairs, fans, television, motorcycle. etc.), roof, wall, and floor materials of the house,
types and number of livestock, and amount of land owned. Questionnaires were adapted from a
previous study in a nearby community (Aung et al., 2016), and had been evaluated by the local
NGO staff for social and cultural appropriateness, translated and back-translated between
English and the local language, Kannada, and pilot tested in a nearby, similar community.
Observed time-use monitoring
Direct participant observation of cooking was conducted to monitor cooking times and
related domestic production activities during cooking events. As most households cooked two
meals a day (morning and evening), two participant observation events were done for all
households, except in cases when households skipped evening cooking events. During each
participant observation session, start and end times of a cooking event were recorded. These
were marked from the start of a cooking fire to when the pot was removed from the stove or as
verified by the cook that her cooking activities were completed. In addition, individual dishes
cooked were recorded including the time required for cooking. The number and type of stoves
used were recorded as was the number of people involved in cooking activities, the number of
people consuming the meal, and the types of non-cooking activities done by the main cook
during the cooking event, such as floor sweeping. The "entry" and "exit" activities that the
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participant was engaged in immediately before and after cooking were also recorded. The
intrusiveness of the observer was minimized by use of local field staff.
A mini wearable personal Global Positioning System (GPS) Trackstick II Data Logger
(Telespial Systems, California, USA) was used to record time spent and distance travelled for
fuelwood collection activities. The particular GPS instrument was chosen because it was
considered unobtrusive because of its small size and light weight (4.50" x 1.25" x 0.75"; 1.5 oz).
Units were worn by participants around their neck. The GPS tracker recorded date, time,
longitude, latitude, direction, and altitude every 5 minutes. The local study team downloaded the
GPS data points daily if participants went for fuelwood collection, and overlaid the data points
on a map obtained from Quickbird images from Google Earth. These data were then shown to
each participant on the map to verify actual fuelwood collection activity. Start time and finish
time were subtracted to calculate the total time spent during each trip. The elevation profile
feature of the route provided information on the total distance travelled.
The GPS trackers were given to all participating households for a 7-day period. In
households where more than one individual collected fuelwood, multiple GPS trackers were
provided in order to monitor total fuelwood collection time spent by the household. To mitigate
ethical risks from use of GPS, tracking was limited to the fuelwood collection period, which was
less than 24 hours per day as fuelwood collection generally occurs only during daylight hours.
The informed consent form explained in detail the uses and types of data that were produced by
GPS, such as time and locations of activities of the wearer. The downloaded GPS data were
stored in a laptop that was password-protected and encrypted for additional security. Ethics
approval was obtained from the University of British Columbia's Behavioral Research Ethics
Board (ID# H14-00648).
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Fuelwood was weighed to provide an objective measure for comparing the different stove
technologies and to corroborate time measurements. Participants were asked to set aside a pile of
fuelwood that would be used in the next 24 hours, which was weighed with a weighing scale.
The pile was reweighed after 24 hours; the change in weight is fuelwood consumption. This
weighing was repeated over two consecutive days and averaged to obtain 24-hour fuelwood
consumption following the Kitchen Performance Test protocol (Bailis, Smith and Edwards,
2007).
Self-reported time-use survey
A self-reported time use survey was administered to participants who were observed for
cooking and monitored with GPS. The survey included questions regarding average time spent
cooking (morning and evening separately), and frequency and average time spent per trip
collecting fuelwood in the past seven days. The self-reported survey was administered at the end
of the 7-day period in which cooking and GPS monitoring was conducted, to allow for direct
comparison with observed measures over the same period.
Interviews
Qualitative interviews were conducted with 40 women participants from a subset of
households participating in the direct observation and GPS tracking. The interview subjects were
randomly selected to obtain approximately equal number of participants from each stove use
group, and until point of saturation where the researcher was confident that no new themes were
emerging. Interviews were conducted in participants' homes and recorded. The primary purpose
of the interviews was to assess how women used the saved time (for households reporting time
savings) or would use saved time (for those not reporting time savings).
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The secondary purpose was to provide context-specific narratives on livelihood
constraints in the community. As such, interviews asked study participants about major
challenges they faced in carrying out daily activities, and in pursuing other livelihood
improvement options. Draft interview questions were shared with the partner NGO to obtain
feedback and ensure relevant perspectives were captured and that the interviews meet local
culture acceptance and appropriateness. Interview questions are provided in Appendix C.1. Key
Informant Interviews (KII) were conducted with four staff members of the NGO implementing
the CDM stove intervention program, representing three different levels of the implementation
team, including a CDM project trainer, two animators, and a Hobli4 coordinator. Interview
questions are provided in Appendix C.1, and roles and responsibilities of the KII in Appendix C:
Table C-1.
Table 4-1: Sample size by stove-use category and methodology
Stove Use
Traditional
stove

Exclusive
intervention stove

Mixed stove

Total

1) Household Surveys

15

16

19

50

2) Participant observation

15

16

19

50

3) GPS monitoring + fuel wood
weighing

15

16

19

50

13

15

17

45

4) In-depth interviews
Female
Key Informants

4

4

Hobli is a cluster of adjoining villages. A group of Hobli constitutes a sub-district.
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Data Analysis
The results from observed measures on cooking and fuelwood collection time and
frequency were compared with self-reported data for each paired household to assess correlation
between the different methods. Pearson correlation coefficients were calculated as a measure of
the strength of correlation.
For comparison of cooking times across different stove groups, two types of durations
were presented: 1) total cooking duration (starting from start of fire to end of cooking activities
as determined by extinguishing of the fire or removal of cooking pot from stove); and 2) time per
dish obtained from dividing total time by number of dishes cooked during each observed session.
The reason for the latter was because some households had more than two stoves, such as in
mixed stove homes, where more than two dishes could be cooked at the same time. Therefore,
the latter metric accounts for the number of dishes cooked.
Similarly, for comparison of fuelwood collection time and distance travelled between
stove groups, total time and distance per week as well as time and distance per trip were
presented. The latter was derived by dividing the former with number of fuelwood collection
trips completed per week. This metric provides additional information on fuelwood resource
access and collection patterns.
Fuelwood consumption was divided by an adult equivalency factor that assigned different
weights based on gender and age of household members to normalize by household size
following the fuelwood weighing protocol in the Kitchen Performance Test (Bailis, Smith and
Edwards, 2007). The protocol is widely used to compare fuelwood efficiencies of stove
technologies in the field in several developing countries (Berrueta, Edwards and Masera, 2008;
Granderson et al., 2009; Ochieng, Tonne and Vardoulakis, 2013).
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The Mann-Whitney-Wilcoxon test was used to compare cooking times, number of dishes
cooked, and non-coking activities done, as well as 24-hour fuelwood consumption quantity,
number of fuelwood collection trips, and time and distance travelled across different stove
groups. For analysis of fuelwood collection time and distance travelled, households where
participants forgot to take the GPS during fuelwood collection, or forgot to turn them on during
the monitoring period were removed from analysis. The fuelwood collection time and distance
were also analyzed with linear regression to control for land ownership and socio-economic
related indicators to assess statistical significant differences between the different stove groups
(results provided in Supplementary Information). All statistical analyses were conducted using
an open source "R" statistical program (R Foundation for Statistical Computing, Vienna,
Austria).
Recording of interviews in the local language, Kannada, were transcribed and translated
into English by field staff. Major concepts and themes and the number of times they appear in
the interview responses were extracted by stove use groups. The interview quotes and themes are
presented in relevant section topics below.
4.5

Results and discussion
The section presents results and discussions by topic as follows: 1) demographic and

socio-economic characteristics of the sampled households; 2) correlation between observed and
self-reported time spent cooking and collecting fuelwood, and frequency of fuelwood collection
trips per week; 3) comparison of time spent cooking and collecting fuelwood between different
stove groups; and 4) use of saved time by women participants.
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Household demographic and socio-economic characteristics
Households using intervention stoves (both exclusive and mixed stove groups) had
smaller family size compared to traditional stove homes (Table 4-2). Intervention stove users
noted in interviews that the intervention stoves limited the quantity of food that could be cooked
because large pots could not be placed on the stoves. Traditional stoves allowed for using larger
pots and therefore were easier to use for larger meals. This limitation may be one of the reasons
why households with more family members were more prevalent in the group that dis-adopted
the intervention stoves and instead used traditional stoves.
Exclusive intervention stove homes tended to have lower socio-economic status (SES)
compared to traditional stove homes as determined by ownership of household assets, number of
rooms, cows, and land (Table 4-2). However, the differences were not statistically significant
except for the number of cows owned. The SES indicators were not significantly different
between the mixed stove homes and the traditional stove homes.
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Table 4-2: Socio-economic characteristics by stove groups
p-value1

Exclusive
intervention stove

(N=14)

(N=16)

Family size

7.2 ± 2.3

5.9 ± 2.0

0.15

5.7 ± 2.0

0.09

Household assets*

3.5 ± 1.7

2.8 ± 1.7

0.37

2.7 ± 1.9

0.23

Number of rooms

3.2 ± 1.1

2.6 ± 1.0

0.20

2.8 ± 1.3

0.31

Cow ownership
(number)

1.1 ± 0.8

0.3 ± 0.6

0.00

1.3 ± 1.6

0.92

Total land owned
(acre)

3.4 ± 1.9

2.5 ± 2.1

0.18

4.1 ± 4.3

0.71

2.6 ± 2.2

1.9 ± 2.3

0.31

3.5 ± 4.1

0.89

Land owned that is
irrigated (acre)

Mixed stove

p-value1

Traditional
stove

(N=19)

Data are mean ± SD; N=household sample size; 1significance test using Wilcoxon test compared to traditional
stove group; *household assets calculated based on whether household owns the item (1) or not (0) and adding up
the values (assets included: plastic chair, radio/Stereo system, fan, TV, motorcycle, bicycle, tractor, and
mixer/grinder).

Comparison between observed and self-reported time-use
Cooking durations
A total of 40 paired observed and self-reported measures were obtained on time spent
cooking (start-to-finish per event) in the past week. The results showed non-significant
correlation between the two measures for both morning (Spearman's rank correlation coefficient
(rho) = 0.11), and evening meals (Spearman's rank correlation coefficient (rho) = 0.17). There
was a tendency to overestimate self-reported time spent cooking compared to actual observed
time, the average (SD) of overestimated time for morning cooking event was 67 (48) minutes,
and evening cooking was 30 (35) minutes (Appendix C: Figure C-1, C-2).
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Fuelwood collection frequency and time
A total of 38 paired samples were obtained on observed and self-reported frequency and
time spent collecting fuelwood in the past week. For the frequency of fuelwood collection trips
conducted in the past week, 61% estimated their frequency within + 1 day difference with that of
GPS recording (34% estimated accurately). About 26% of the participants overestimated their
FW collection frequency by 2 days or more, and 13% underestimated their frequency by 2 days
or less (Table 4-3). Spearman's rank correlation coefficient (rho) between observed measure and
self-reported on the frequency of fuelwood collection in the past week was 0.62.
Table 4-3: Comparison of observed and self-reported frequency of fuelwood (FW)
collection trips

0

0
0

Number of days of FW collection
(self-report questionnaire)

1
2
3
4

1
(3%)

1

3
(8%)
1
(3%)
1
(3%)
2
(5%)

Number of days of FW collection (GPS measure)
Number of responses (percentage of total responses)
2
3
4
5
6
7

3
(8%)
3
(8%)

4
(11%)
2
(5%)

6

8
9

1
(3%)

9

1
(3%)

1
(3%)

5

7

8

2
(5%)

1
(3%)
1
(3%)

1
(3%)
1
(3%)
0

1
(3%)

1
(3%)
2
(5%)
0
1
(3%)

1
(3%)
2
(5%)

1
(3%)
0
0
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For time spent collecting fuelwood, correlation between observed measured time and
self-reported time was low (Spearman's rank correlation coefficient (rho) = 0.09) (Appendix C:
Figure C-3). Self-reported fuelwood collection time was overestimated on average by 82 minutes
(standard deviation (SD) = 85) compared to observed measured time. Though several household
members may join a fuelwood collection trip, the self-reported survey asked for time spent by
the individual who carried the GPS instrument. Thus the overestimation is not likely due to
reporting of total time spent by family members who were not tracked individually or
specifically by the GPS instrument.
The significant Spearman's rank correlation on frequency of fuelwood collection suggests
a better correlation between observed and self-reporting on event counts. However, reporting of
time for cooking and fuelwood collection should be taken with precaution as there was a
tendency to overestimate time spent on activities.
Interviews with women also revealed a variety in their patterns of fuelwood collection
activities that are determined by seasonal work and social routines. During agricultural seasons,
fuelwood collection is combined with farm work. During non-agricultural seasons, which
overlap with the school summer holidays, the majority of women and children make separate
trips just to collect fuelwood. Many of the women also reported going for fuelwood collection
with another family member, neighbor or friends for social and security reasons as well as to
provide an extra helping hand which was particularly needed when lifting the fuelwood load onto
the head. As such reporting of time-savings may be unreliable because of highly fractionated
nature of activities where time spent on a single activity (fuelwood harvesting) may be hard to
differentiate from time spent on another activity (farming). Time-use surveys can also lead to
bias if they do not take into account the seasonal nature of fuelwood collecting that may or may
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not be combined with farm work. Social routines around fuelwood collection activities also
suggest reduced fuelwood use in one's own household may not necessarily lead to time savings.
Additional methods, such as interviews, may be need to be combined with survey methods to
provide a more complete picture of time-use and time savings in an intervention community.
Inaccuracies in self-reported methods may also result from differences in perceptions of
what is considered time saving as illustrated by a response from an exclusive intervention stove
user.
Exclusive stove user 1:
Question: Since you started using the intervention stoves, has there been a change in the
way you carry out your daily domestic activities?
Response: I do not feel any major changes.
Q: What benefits do the intervention stoves provide?
R: Cooking is faster. Utensils get less dirty (black) on the intervention stove.
Q: Do you believe that use of the intervention stove has resulted in time savings relating
to cooking activities?
R: I have not noticed any time saving related to cooking activities.
Similar perceptions were found in few other interview responses where interviewees
reported reduced cooking time but did not identify that as time savings. It is possible that
reduced cooking time was not significant enough to be perceived as time savings. This may
occur from a change in the order of activities. It was observed that cooks conduct non-cooking
activities, such as washing utensils, brushing teeth, preparing children for school, etc. during
cooking sessions. If the intervention stove reduced cooking time by 10 minutes, the non-cooking
activities that used to be done during the cooking session may now be done after cooking was
completed. Accordingly, women may not perceive this as time savings as the amount of time
required in the morning to get ready is the same, even though cooking time is reduced.
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Comparison of time and activity patterns between stove groups
Cooking
Households in the study village cooked twice a day in the morning and evening. The
majority of the food was cooked in the morning, including making staple bread (rotis); evening
cooking events usually involved reheating food cooked from the morning or cooking a small
dish. Average cooking duration in the morning was shortest in the exclusive intervention stove
group (85 minutes) followed by traditional stove homes (103 minutes) with mixed stove homes
cooking the longest (114 minutes) (Table 4-4). As mentioned above, household size varied by
stove use group, so differences in cooking time may partially be attributable to differences in
amount of food cooked, as well as stove type. It is also possible that households that cook more
or longer are more likely to be a mixed stove home; due to the cross-sectional nature of the study
design, it is not possible to determine causation from this association. Analyses below attempt to
correct for these household-size differences. When number of dishes cooked was considered,
time per dish suggested intervention stove homes (exclusive and mixed stove homes) had
slightly lower median cooking time, however, none of the results were statistically significantly
different between the stove groups. Evening cooking durations were also similar between the
stove groups (Table 4-4).
Mixed stove homes cooked more dishes compared to the other stove groups in both
morning and evening sessions (Table 4-4). Some of the mixed stove homes had three cooking
fires which was more than the typical number (two cooking fires per household). The increased
number of fires in some homes may be why the mixed stove homes were able to cook more
dishes on average, without significantly extending the total duration of morning or evening
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cooking sessions. The fact that mixed stove homes had smaller family size compared to
traditional stove homes but cooked more dishes could be due to underlying differences between
households or could potentially suggest rebound effects (The United Nations Framework
Convention on Climate Change, no date; Michaelowa et al., 2014). The rebound effect is an
increase in demand for a service because of reduced costs of the service (CDM Executive
Board, no date). The intervention cookstoves may have provided reduced cost of cooking by
decreasing quantity of fuelwood required to cook a meal, or reduced time spent cooking. A study
in a nearby community with the same intervention stove technology also found evidence of
suppressed demand as determined by higher fuelwood consumption (Appendix A: Table A-6;
Figure A-12; Appendix A.5) in mixed stove homes compared to other stove groups (Aung et al.,
2016).
Non-cooking activities conducted by the main cook during cooking events were
categorized into three main groups: house maintenance (cleaning home, kitchen, and utensils);
taking care of child and others (feeding baby, serve tea or food to family, children and animals);
and self-maintenance/ personal hygiene (brush teeth, take bath, wash face; drink tea, eat
breakfast, and stitching). Women from both the exclusive intervention stove and mixed stove
homes reported a higher number of non-cooking activities compared to those from traditional
stove homes. This may be because of the fact that intervention stove homes had smaller family
size thus less help was available to the cook to complete other household reproductive activities.
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Table 4-4: Cooking times and patterns by stove group

Traditional stove
(N=13)

Exclusive intervention
stove

Mixed stoves
(N=19)

(N=17)
Morning

Cooking time from startfinish (minutes)

Median

Median

(25th-75th
quartile)

(25th-75th
quartile)

103
(91-119)

Number of dishes cooked
(mean)

4.0

Time per dish (minutes)

29
(24-30)

Number of non-cooking
activities done
Evening
Cooking time from startfinish (minutes)

2.1

85
(61-100)

-

-

3.4

(20-28)

-

2.5

52
(39-82)
2.4

Time per dish (minutes)

27
(18-30)
1.3

Median

0.09

0.16

0.96

114
(89-125)
4.4

50
(39-70)

-

-

2.5
22
(15-28)

-

2.0

0.82

0.41

24
(21-27)
2.8

(N=24)
-

p-value1

(25th-75th
quartile)

0.18

23

(N=11)

Number of dishes cooked
(mean)

Number of non-cooking
activities done

-

p-value1

0.23

0.07
(N=11)

0.56

0.70

0.29

0.03

52
(46-72)
2.9
18
(15-25)
2.0

0.85

0.12

0.21

0.04

1

Significance test using Wilcoxon test compared to traditional stove group; N=sample size; the variation in sample
size particularly the large sample size in exclusive intervention group for evening cooking observation is a result of
mixed stove households only using the intervention stoves since rotis, which are usually made on traditional stoves
in mixed stove homes were already made in the morning.

Fuelwood Consumption and Collection Patterns
Traditional and exclusive intervention stove homes had similar amount of fuelwood
consumption (3.0 vs. 3.1 kg/day) (Table 4-5). In comparison, mixed stove homes had a slightly
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higher fuelwood consumption (3.8 kg/day). Due to difference in family size between stove
groups, the 24-hour fuelwood consumption was adjusted with adult-equivalency factor following
the Kitchen Performance Protocol (Bailis, Smith and Edwards, 2007). After adjusting for family
size, mixed stoves homes still had statistically significantly higher fuelwood consumption (1.0
kg/day/adult equivalent) (p=0.02) compared to traditional stove homes. This result again
suggests “suppressed demand” in mixed stove homes where households were cooking a higher
number of dishes and consuming more fuelwood compared to other stove groups even though
the average family size in mixed stove homes was smaller than in the traditional stove homes.
A total of 129 fuelwood collection trips were tracked by GPS during the study period.
The majority of the fuelwood collection trips (95%) were separate from farming activities, which
was expected as the study period was during the non-agricultural season. Households spent on
average about 2 hours per trip (25th-75th percentile: 1 hour 25 minutes - 2 hours 37 minutes)
walking an average distance of 3 km (25th-75th percentile: 1.88 km - 3.86 km) per trip for
fuelwood collection. Average frequency of trips per week was 3 trips (25th-75th percentile: 1 4); some households made 2 - 3 trips per day on some days of the week. A previous study in
Karnataka found women spent on average 2 hours/day/household on fuel gathering activities
(Shailaja, 2000). India's nationwide self-reported time-use surveys found women spent an
average of 40 minutes per day, and over 60 minutes in limited fuelwood areas (World Bank,
2004).
The majority of fuelwood collection trips tracked by GPS in our study were made by
females (79%) who often travel on foot to collect dried broken twigs from the ground or wood
pieces cut by men, and carried home on their heads. The study population included males (21%)
who tended to travel further distances with ox-carts to collect fuelwood. Females still spent
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twice as much time collecting fuelwood per trip compared to men; median (25-75th percentile)
were 127 (109-157) vs. 62 (52-138) minutes for females and males, respectively. A third of the
fuelwood collection trips were made by children below 14 years of age with roughly an equal
number of girls and boys. During the interviews, it was indicated that children participate in
fuelwood collection activities during school holidays and less when school is in session.
Frequency, distance, and time spent traveling for fuelwood collection trips by stove
groups are provided in Table 4-5. Mixed stove group homes went more frequently for fuelwood
collection compared to other stove groups. Time spent collecting fuelwood per week was
shortest for the traditional stove group (166 minutes/week), and the mixed stove group spent the
longest time per week collecting FW (267 minutes/week). However, per trip time was highest for
exclusive intervention stove homes (165 minutes/trip).
As time spent collecting fuelwood is related to how far the collector travels, distance
traversed was examined to probe further on time differences between stove groups. Distance
travelled per week to collect fuelwood was shortest for the traditional stove group (3.8
km/week), whereas mixed stove homes travelled the furthest distance (7.0 km/week). However,
when distance travelled per trip was considered, exclusive intervention stove homes travelled the
farthest (5.7 km/trip) whereas both traditional and mixed stoves homes travelled similar
distances per trip (2.5 km/trip). The distance analysis suggests two possible reasons why
exclusive intervention stove users may be traveling farther than other stove groups. Exclusive
intervention stove users may have less access to fuelwood resources or their land may be located
further away from their homes, hence motivating them to adopt the intervention stoves. The
longer distances that need to be traversed may be the motivation behind exclusive use of the
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intervention stove use due to either real or perceived (because households were told about
increased fuelwood efficiency of the intervention stoves) reduction in fuelwood consumption.
It is also possible that intervention stoves may be creating a preference for certain
fuelwood species or other characteristics of the fuelwood that are available further away from
their village. A study in Malawi found that homes that adopted intervention mud stoves had a
preference for fuelwood species that were different from the ones used with traditional stoves
(Timko and Kozak, 2016). Additional research would be needed to investigate the relationship
between stove type and preference for fuelwood species or characteristics in this community, as
well as to elucidate how access to fuelwood resources may vary within a community.
As the mixed stoves group consumed statistically significantly higher quantity of
fuelwood compared to the traditional stove group, it is not surprising that this group went more
frequently for fuelwood collection, and travelled a longer distance and spent more time
collecting fuelwood per week. However, analysis per trip suggest exclusive intervention stove
homes travelled the furthest distance per trip, thus spending significantly longer time per trip
compared to other stove use groups. Based on a regression analysis, land ownership was not
significantly associated with distance travelled per week or trip (Appendix C: Table C-3).
However, household assets were inversely associated with distance travelled per week but this
did not differ by stove group. For distance travelled per trip, exclusive intervention stove use
was associated with 2.6 km longer travel distance compared to traditional stove home after
controlling for asset wealth.
Sample size was limited for analysis of the time and distance travelled since only the
participants with complete GPS files during the week of monitoring were selected for comparing
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between stove groups. A total of 19 households (traditional stove (N=5); exclusive intervention
stove (N=5); mixed stove (N=9)) had complete GPS files for the week period. Within this group,
one traditional stove homes previously collected fuelwood for the entire year and did not go for
fuelwood collection during the monitoring period. Three households did not want to participate
in the GPS monitoring activities and declined to complete this phase of the study. Some
households also went to collect fuelwood just to give GPS data, especially a few households who
were excited about the GPS and seeing their routes on a computer. This was confirmed from
brief questions during daily visits to the house to download GPS data, and confirm fuelwood
collection trips.
Although the intent was to monitor everyone in the household who participated in
fuelwood collection, only one person in the household carried the GPS. This may have led to an
underestimation of time spent per household on fuelwood collection in instances where two
people went together or several people from the same household collected fuelwood. Based on
interview results, it was common in all stove use groups to go with family members or neighbors
for security or to assist with lifting of the fuelwood load onto the head, the common method of
fuelwood load carrying for women. The study was conducted in only one season (dry nonfarming season). The findings here on time-use and activity patterns may not be representative of
other seasons.
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Table 4-5: Fuelwood (FW) consumption, and collection time and patterns by stove use
groups
Traditional stove
(N=5)

Exclusive intervention
stove
(N=5)
Median
p(Quartile)
value4

Median
(Quartile)
FW consumption (kg/day)
FW consumption1 (kg/day/ adultequivalent)

Frequency/week (number of trips)

3.0

3.1

(2.6 – 3.8)

(2.4 – 3.6)

0.7
(0.5 – 0.9)
3.0
(1.5 – 4.0)

-

-

3.8
Distance travelled per week (km)

Distance travelled per trip2 (km)

Time collecting FW per week
(minutes)
Time collecting FW per trip3
(minutes)

(0.6 - 12.1)
2.5
(0.6 – 3.4)
249
(82 - 401)
100
(82 – 124)

-

-

-

-

0.8
(0.6 – 0.9)
2.0
(1.0 – 3.0)
5.7
(5.3 – 6.0)
5.7
(3.3 – 6.0)
205
(165 - 219)
165
(130 – 205)

0.75

0.56

0.75

Mixed stove
(N=9)
Median
(Quartile)
3.8
(3.3 – 5.5)
1.0
(0.7 – 1.2)
3.0
(2.0 – 5.0)

pvalue4
0.08

0.02

0.60

7.0
0.52

0.12

0.84

0.10

(5.2 - 12.9)
2.5
(2.1 – 3.5)
267
(248 - 636)
124
(106-133)

0.21

0.68

0.36

0.39

1

Person weighed using adult equivalency factor. 2Sum of kilometer from all FW collection trips completed during the week
divided by number of trips during the same period. 3Sum of time spent collecting FW during the week divided by number of trips
completed during the same period. 4Mann-Whitney-Wilcoxon tests using traditional stove group as reference group. Bold
indicates statistical significant difference. Sample size for FW consumption and Frequency/week: traditional stove (N=11);
intervention stove only (N=15); mixed stove (N=19).

The overall results suggested that exclusive use of intervention stoves was associated
with less time spent cooking during mornings and fuelwood collection per week. However, the
cross-sectional design of the study does not allow for assessment of a causal relationship
between use of the intervention stove and time savings. Some of the intervention stove users
reported time savings from cooking and fuelwood collection activities in the interviews. It is
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possible that intervention stove users experienced time savings when switching from the
traditional to intervention stoves. It is also possible that reporting of time savings in interviews
may be a result of "courtesy bias" (Burwen and Levine, 2012) to please the study team or the
NGO partner. Even though participant observation of cooking activities was done in the most
unobtrusive way following standard protocol including minimizing conversation with
participants, and use of local staff, it was not possible to verify that data collection activities did
not change participants‟ behavior.
Saved time and livelihoods
A total of 26 hours of interviews were recorded. When intervention stove users reported
time saved from use of intervention stoves, they were asked what they have done with the saved
time. The most frequently reported response was going early to farm work (Table 4-6). Farm
work is seasonal and therefore, may not be an option available year around. Other uses of saved
time included relaxing, doing other household work, and spending time with neighbors (Table
4-6). Participants were asked what they would do if they had extra 1-3 hours in a day. The
majority of the response was household work (fetching water, cooking, washing clothes),
followed by relaxing or sleeping, and spending time with others (neighbors, relatives, and
children) (Table 4-6). These finding are similar to a cross-sectional survey of improved
cookstove users in India that found women reported using the saved time in agriculture, family,
and social activities (Bloomfield, 2014). The survey included results from Karnataka which
found 35% of women reported to giving more time to agricultural activities, followed by 30% of
women giving more time to care of children, 17% meeting friends and relatives, and 16%
attending community meeting. The amount of time women devote to agricultural activity (or an
income generating activity) may differ within and across villages in this region. This variation
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may also affect how women use their saved time. In this study community, the majority of
households were engaged in agriculture work as the main occupation (54%), and study
participation was limited to these agricultural households. From observations, both men and
women engaged in farm work in this community. It is possible that use of saved time may differ
in other households where the main occupation is not agriculture.
Several interviewees reported lack of time to finish household work particularly during
farming season which often cuts into their sleeping time as explained by traditional stove user
and exclusive stove user below:
Traditional stove user 1
Sometimes there will not be sufficient time to complete all the household work during
agricultural season. It is not possible to sleep for longer time as I need to get up early during
this season.
Exclusive intervention stove user 2
We wake up at 6 am during non-agricultural season but when there is farm work we get up at
3 or 4 am in the morning so we can finish household work before going to the farm.
The everyday challenge of balancing household work burden in limited time was confirmed
by responses from interviewees about what they would do if they had extra 1 to 3 hours in a day.
The most common response was doing household work, including cooking and washing clothes
(Table 4-6). Interviewees also expressed a desire to relax or sleep, and spend time with
neighbors, children or visiting relatives if they had extra time in a day (Table 4-6). This suggest
that as a result of time poverty, women are making trade-offs, giving up rest, leisure and social
activities to complete household work and livelihood related activities. It is interesting to note
that a desire to engage in income-generating activities was not mentioned in the interview
responses, despite it being one of the primary motivations for cookstove intervention programs.
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In some households, time and fuel savings may not be a priority as revealed in an interview
with a traditional stove user who has recently dis-adopted the intervention stoves, despite
knowing and experiencing their benefits:
Traditional stove user 2:
Q: What stoves are you using now?
R. We are now cooking all the food on traditional stoves. We are not using the
intervention stoves anymore. We were cooking rice, sambar, subji, etc. on the
intervention stoves.
Q: What benefits did the intervention stoves provide?
R: Cooking was faster on the intervention stoves, produced less smoke, and used less
quantity of fuel wood burning. But we cannot cook large quantity of food or roti on the
intervention stoves. Traditional stoves are convenient to make rotis and we can cook all
kinds of food, and more quantity of food, but the consumption of fuelwood is more on
traditional stoves.
Q: Why do you not keep the intervention stoves around anymore?
R: We do not have place to install them at our house.
In this case, ability to cook larger quantity of food and ease of making rotis on traditional
stoves may be more of a priority for this household than was time savings. A systematic review
of factors influencing adoption of improved cookstoves found that larger family size is a barrier
to adoption, likely due to two reasons: 1) the need to cook a greater quantity of food which may
not be feasible with intervention stoves; and 2) more hands available in the household leading to
lower prioritization of time and labor needed for fuelwood collection (Rehfuess et al., 2014).
Pine et al. (2011) also suggested that larger family size means senior members of the family may
be living under the same roof, such as the mother-in-law, who are unwilling to adopt intervention
stoves (Pine et al., 2011). In our study, the traditional stove group had the largest number of
household family members compared to stove use groups that used intervention stoves.
In order to probe livelihood challenges and constraints faced by women in the study
community, they were asked about major challenges they faced in carrying out daily activities as
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well as in pursuing additional income-generating activities. Major challenges in carrying out
daily activities were related to health, labor shortage on farm, and to a lesser extent finances
(Table 4-6). These three themes were common across all three stove use groups. Many women
reported being tired with body aches and pain due to hard labor work in household and on farms.
A shortage of agricultural laborers was also frequently mentioned as a major challenge in their
current occupation as a result of people preferring to work elsewhere for higher pay, such as
migrating to Bangalore (the nearest major city) to work on construction sites. Physical access to
markets was also mentioned as one of the major issues in their current occupation since
agricultural products fetch higher prices if they can be sold at larger markets, which require
higher transport charges. When asked about challenges that were preventing participants from
pursuing other livelihood improvement opportunities, the responses were similar to previously
mentioned challenges such as health and finances but also included family responsibilities,
including taking care of young children (Table 4-6).
Interviews with key informants also confirmed that key livelihood challenges faced by
the community are related to lack of money, labor shortage, being located far from markets for
selling their crops, and facing shocks from weather related crop loss events. They confirmed that
many villagers migrate to cities for higher pay work, or take loans from micro-credit groups. The
responses on livelihood constraints from both village participants and key informants suggest
that health and external factors (i.e. labor shortage and market access) affected the women in the
study village.
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Table 4-6: Summary of key responses (number of times they were mentioned) by stove use
groups
Questions
Traditional
Actual saved time
Cooking saved time

-NA-

4.6

Mixed

Go early to farm work (if any)
(6)
Relax (5)
Do household work (3)
Spend time w/ neighbors (1)

Go early to farm work (if
any) (3)
Do household work (2)

-

Farm work (if any) (3)
Relax (1)

Household work (17)
Relax/sleep (12)
Spend time w/ neighbors (10)
Visit relatives (5)
Spend time w/ children(2)
Attend SHG meetings (2)
Fuelwood collection (2)
Watch TV (2)
Take children to school (1)

Household work (18)
Relax/rest (12)
Spend time w/ neighbors
/relatives (8)
Spend time w/ children (2)
Attend credit group
meetings (2)
Watch TV (1)

Health problem (12)
Labor shortage (4)
Financial (1)

Health problem (14)
Labor shortage (4)
Low wage (1)
Taking care of children (1)

Health problem (15)
Labor shortage (5)
Financial (1)

Family responsibilities
(2)
Health problem (1)
Financial (1)

Financial (3)
Health problem (3)
Young children (2)

Young children (2)
Financial (1)

Saved time from FW
-NAcollection
Theoretical saved time
What would you do if Household work (15)
you have extra 1-3
Relax/rest (7)
hours in your day?
Spend time w/ neighbors
(3)
Spend time w/ children
(2)
Watch TV (1)

Challenges
What are the major
challenges that you
face in carrying out
daily activities (job/
and domestic
activities)
If you are interested
in pursuing other
livelihood options,
what are the major
challenges that you
face in doing so?

Stove Use Groups
Exclusive

Conclusion
In this study, we provided empirical evidence for evaluating two common assumptions

that: 1) self-reported time savings are accurate; and that 2) the saved time is used by women to
engage in income generating activities to improve their livelihoods. Current methods used to
assess time-use changes from improved stove interventions are limited to self-report and recall
111

methods. These methods have never been verified with observed measures in the cookstove
literature, making this study the first to do so within a cookstove intervention context. The study
found that observed and self-reported measures on count events (e.g. number of fuelwood
collection trips in the past week) were correlated but self-reported time spent cooking and
collecting fuelwood tends to be overestimated compared to the observed measures. The results
on fuelwood collection time should be interpreted with caution because of small sample size of
participants. However, overall results suggest observed measures may be needed to verify selfreported methods situated in a study context.
The observed measured time spent cooking and collecting fuelwood did not differ
significantly between stove use groups. Mixed stove homes on the other hand cooked more
dishes and consumed more fuelwood compared to other stove groups suggesting "suppressed
demand".
The interviews with women suggested saved time may not always be used for incomegenerating activities as farm work is seasonal. There was a strong desire to use theoretical saved
time for household work or relaxing and socializing activities. Assumptions of livelihood
improvements from cookstove interventions needed to be grounded in a local context that takes
into account many factors, i.e. social and cultural norms, employment and market conditions,
which can influence women's livelihood options.
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Chapter 5: Conclusion
5.1

Summary of findings
This doctoral dissertation evaluated climate and health-relevant air pollutants, blood

pressure, eye health, time savings, and livelihood outcomes from the first CDM-approved
cookstove intervention in India. All analyses were based on primary data collected from two
field-based studies of the same CDM-approved intervention program. The first was a
randomized controlled intervention study in a village in rural Karnataka that measured household
air pollution and health outcomes before and after the intervention. The second study was a
cross-sectional study in a nearby village that compared observed and self-reported time use, time
spent cooking and collecting fuelwood between stove groups, and livelihood outcomes.
In the randomized controlled study, 60% of households exclusively used the intervention
stoves, and the remaining households continued using the traditional stoves in combination with
intervention stoves. Despite laboratory results of 67% reduction in fuelwood consumption
relative to a traditional stove, we did not observe significant differences between the stove
groups in 24-hour fuelwood use following the intervention. Based on intent-to-treat analysis
(ITT), there were minor and overlapping reductions (post- minus pre-intervention change)
between control and intervention groups for median (95% CI) fuel use [-0.60 (-1.02, -0.22) vs. 0.52 (-1.07, 0.00) kg day-1]. Based on per-protocol analysis (PP), homes exclusively using
intervention stoves experienced a larger median reduction in fuelwood use [-0.72 (-1.50, 0.05) kg
d-1], and mixed stove homes (use both intervention and traditional stoves) had the smallest
median fuelwood reduction [-0.20 (-1.03, 0.55) kg d-1] in the post-intervention season.
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For 24-hr measured indoor air pollutant concentrations, there was a seasonal increase
(post- minus pre-intervention change) in all stove groups. However, the magnitude of the median
(95% CI) PM2.5 increase was smaller for the exclusive intervention stove group compared to the
control group [51 (-58, 161) vs. 139 (61, 229) μg m-3]. The median (95% CI) increase in fine
particle Abs was similar across all stove groups: control [35 (18, 60) x 10-6 m-1]; exclusive
intervention stove [31 (16, 45) x 10-6 m-1], and mixed stove [48 (19, 85) x 10-6 m-1].
We also estimated the proportion of black carbon in particle mass by taking a ratio of
absorbance to PM2.5 mass. The median (95% CI) absorbance-to-mass ratios in the exclusive
intervention stove group [0.08 (0.04, 0.13) m2 g-1], and the mixed stove group [0.11 (0.05, 0.19)
m2 g-1] were two or more times higher than in the control group [0.04 (0.01, 0.06) m2 g-1]. This
finding suggests that the proportion of PM2.5 that is black carbon is higher for the intervention
stoves than traditional stoves, although it is still possible that interventions stoves resulted in
lower overall black carbon emissions compared to traditional stoves.
For health outcomes, exclusive use of the intervention stove was associated with a
median (95% CI) decrease in SBP [-1.2 (-3.6, 1.3) mm Hg] compared to its baseline (preintervention) levels. Mixed stove use was associated with higher SBP [4.2 (0.7, 7.7) mm Hg]
compared to its baseline level. Odds of reporting eye irritation symptoms were significantly
reduced for two symptoms in the mixed stove group (burning sensation in eyes often [0.11 (0.02,
0.42)], and eyes look red often [0.80 (0.66, 0.96)] but not in the exclusive intervention stove
when compared to the control group.
Observed and self-reported frequency of fuelwood collection trips in the past week were
correlated (Spearman's rank correlation coefficient (rho) of 0.62 (P <0.001)). However, self-
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reported time was overestimated on average (standard deviation) by 82 (85) minutes (fuelwood
collection duration), 67 (48) minutes (morning cooking event), and 30 (35) minutes (evening
cooking event) compared to the observed time. The exclusive intervention stove group travelled
a longer distance per trip (5.7 vs. 2.5 km/trip) and spent more time collecting fuelwood (165 vs.
100 minutes/trip) compared to the control group. This suggests that households exclusively using
the intervention stoves may be motivated to use the stoves because of the longer travel distance
and time required to collect fuelwood.
Compared to control homes using traditional stoves and homes exclusively using the
intervention stoves, homes using mixed stoves consumed the highest quantity of fuelwood.
Female participants reported using saved time for farm work (seasonal), relaxing, and household
work. Interview results in this community suggest health and external factors (shortage of labor;
market access) as major barriers for increasing household income.
In both studies, there was evidence that rebound effect may have been at play in the
mixed stove group, where some households used more than the usual two stoves for cooking. In
the first study, fuelwood moisture was the lowest in mixed stove homes compared to other stove
use groups, meaning less fuelwood may be required for cooking. However, seasonal (post- minus
pre-intervention) reduction in fuelwood use in the mixed stove homes was the lowest compared
to the control and exclusive intervention stove homes. In the second study, the mixed stove
group consumed the highest quantity of fuelwood per day, and was found to cook more dishes
compared to the traditional stove and exclusive intervention stove homes. This suggests that the
mixed stove group may be experiencing benefits in other ways, i.e. increased food consumption
as a result of being able to overcome suppressed demand associated with traditional stoves.
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5.2

Strengths and limitations
A major strength of the research was that both studies were implemented in close

collaboration with a local NGO who has been working in the region for the past 30 years on
social and development issues. Frequent consultations with the NGO were done on research
designs and methods to ensure that they were feasible and acceptable in the local cultural
context. This provides more confidence in the research methods to provide sensitive and key
variables that may be important in analyses of outcomes. The close collaboration also provided
unique insight into challenges associated with implementing a large-scale carbon-financed
intervention program at the ground level, allowing the studies to formulate practical and
meaningful recommendations.
The randomized controlled design of the first study where intervention stoves were
randomly distributed, with a control population in a single village helps limit bias and potential
confounders (Concato, Shah and Horwitz, 2000). Many field-based evaluations of stove
interventions rely on pre-post designs that lack a control population (Berrueta, Edwards and
Masera, 2008; Pennise et al., 2009; Berkeley Air Monitoring Group, 2011; Alexander et al.,
2015; Patange et al., 2015). Without a control group, one cannot be certain that changes are due
to the treatment (use of intervention stove) as many factors may influence fuelwood use,
emissions, or exposures, such as changes in wood moisture, types of food cooked, and cultural
practices that can vary over time or seasons. However, when measurements are conducted backto-back to limit such unmeasured changes, users are more likely to cook with their new stoves
and may not reflect the intervention's true effect. For this randomized controlled study, there was
a minimum of 124 days (average of 194 days) between pre- and post-intervention measurements.
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Further, distribution of the intervention stoves was randomized, and as such the study
was more likely to provide a realistic representation of adoption and use patterns in a
community. Without randomization, stove adoption may be biased by many factors, such as
income and education (Lewis and Pattanayak, 2012), which can impact health outcomes (Foote
et al., 2013).
The second study was limited by a small sample size, however, it was designed to be a
pilot investigation on feasibility of deploying relatively novel methods (GPS tracking, and
participant observation) in evaluating cookstove intervention on time savings and livelihood
impacts. The cross-sectional design of the second study also limits drawing causal inference.
However, as the second study built on the experience of the first study, only a cross-sectional
study could be implemented as the intervention had proceeded as part of the larger intervention
program. A larger sample size in the second study may have provided more precise data to detect
significant differences on time-use between stove groups.
5.3

Research contribution
This was the first study to independently and rigorously evaluate a CDM-approved

cookstove intervention in the field. Local and international cookstove intervention efforts are
leveraging carbon financing, posited to transform the rural household energy sector. However,
their potential to provide co-benefits for air quality, health, and livelihoods has never been
evaluated in the field. In addition, this research evaluated an intervention that was happening in
the real world (i.e. not investigator-initiated), therefore, the results are more likely to represent a
realistic assessment of the intervention's impact as it scales up.
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The study confirmed that lab results do not reflect field performance but extends this
knowledge into the largest carbon financing program (the CDM). This is important because the
CDM approval process is based on laboratory-based Water Boiling Tests. As field-based testing
can be costly and time consuming, implementing NGOs typically provide fuel efficiency of
stoves based on laboratory tests to gain carbon credit approval. As demonstrated in this research,
the reliance on lab-based testing can overestimate fuelwood savings. In addition, the narrow
focus on fuelwood saving component of a cookstove technology can lead to trade-offs or
unintended consequences, as the intervention stoves mitigated the seasonal increase in PM2.5 but
increased absorbent properties of the particle pollution, which can impact regional climate.
The research contributes to cookstove intervention literature on time-use methods and
livelihood assumptions. Time spent on household reproductive activities and the routines around
them can be complex in the lives of rural women in a developing country. The second study
showed that frequency and pattern of fuelwood collection activities varied depending on season
as they may be combined with farming activities during agricultural season or done separately at
other times. Children also assist in fuelwood collection activities but mostly during summer
season when schools are closed. In addition, women may accompany their neighbors and friends,
and family members during fuelwood collection activities for social and security reasons, or to
provide an extra helping hand to lift fuelwood loads onto their heads. As a result, simple surveys
on time savings from highly fractionated group of activities, or methods that do not take into
account seasonal variation or social and cultural routines may be unreliable in reporting time
savings.
Proponents of cookstove interventions often claim that efficient cookstoves improve
livelihoods however; this assumption is not backed by empirical evidence. In this study, some
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women reported using saved time for more agricultural work but this work was seasonal and not
available year round. Some also reported using saved time for household work, sleeping,
spending more time with children and neighbors, and watching TV. The simplistic assumption
that saved time is used for livelihood improvement may be harmful because it could potentially
exclude additional efforts needed to address constraints faced by rural women in improving their
livelihood options, such as access to markets, skill development resources, and health care
services.
5.4

Unanswered questions and future research needs
This study raised important questions on adoption and sustained use of stoves. One of the

major criticisms of previous cookstove interventions has been their inability to fulfill local
culture and user needs (F. R. Manibog, 1984). In this study, intensive efforts were made by the
local NGO to ensure that the intervention stoves would be acceptable to users while meeting fuel
efficiency requirements of the CDM program. The NGO had substantial social and cultural
capita given over three decades of their experience working on socio-economic development
issues in northern Karnataka. This pre-existing relationship was essential in convincing
households to adopt the intervention stoves. Design and development of the stoves involved
frequent piloting by the NGO in the communities and incorporating users' comments to fit the
local culture and needs of the users. The implementing NGO paid frequent visits to the
intervention village to train and encourage usage of the intervention stoves, including organizing
raffle prize draws. Despite this level of trust, familiarity, and incentives, the program was not
able to overcome inherent issues of stove stacking.
It is possible that if the intervention stoves were significantly more efficient and
provided co-benefits valued by users, such as fuelwood use reductions and time savings, then
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their use might be higher. However, in our study population, the major reason for continuing to
use traditional stoves were their ease and ability to make roti bread properly. As part of the
intervention program, the NGO organized demonstrations to teach women how to avoid burning
rotis on the intervention stoves. The NGO also introduced different shape pans to reduce
burning, and some users also developed their own adaptation by putting a layer of mud behind
their roti pan to reduce heat to stop rotis from getting burnt. It is possible that stove usage is
higher since the two studies were conducted as the NGO learned to advocate and promote
adoption and sustained use, and the users adapt to the new technology. Further research is
needed to evaluate impacts of such on-the-ground efforts to promote adoption and use behavior,
as they could provide useful knowledge for future stove intervention programs. In particular, as
intervention technology moves towards more advanced models and fuels, it is likely to move
further away from meeting sociocultural or traditional cooking needs and practices. Such studies
can bridge the gap between technology-focused interventions and social factors that influence
their sustained use in the field.
Many uncertainties remain on extent to which an intervention stove contributes to climate
mitigation. In addition to this study, there are now few more field-based studies measuring black
carbon from intervention stoves (Kar et al., 2012; Patange et al., 2015). Intervention stoves may
also reduce organic carbon emissions, a climate cooling pollutant (Grieshop, Marshall and
Kandlikar, 2011; Just, Rogak and Kandlikar, 2013). Therefore, additional studies that provide a
comprehensive emission analysis of emerging cookstove technologies are needed to better
understand and estimate climate mitigation impacts.
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5.5

Policy and program implications
Carbon financing of cookstove interventions provides potential for transforming rural

household energy and may provide co-benefits for environment, health and welfare. In these
study communities, it is not likely that a cookstove intervention project of this scale would have
been implemented without the availability of carbon financing. Hence, the additionality criterion
for carbon financing is met, though in practice, CO2 emission reductions were not apparent from
fuelwood consumption results in the pilot intervention village. It is possible that significantly
more efficient cookstove technologies or modern fuels could have provided measurable emission
reductions and co-benefit, although fossil fuels such as LPG are not supported by the CDM.
Today, there are increasing efforts to promote more advanced biomass stoves, such as
gasifiers and forced draft stoves, to provide significant emission reductions that may be
necessary for health benefits to be achieved (Ministry of New and Renewable Energy, 2012;
Simon et al., 2014). Field-based evaluations at the community level are essential for assessing
their true impacts. While laboratory studies have shown advanced stoves to have substantial
emission reductions compared to traditional stoves and basic improved rocket stoves (Jetter and
Kariher, 2009; Roden et al., 2009; MacCarty, Still and Ogle, 2010), these technologies are bound
to repeat the same failures if their performance is not evaluated in the field.
Further, effectiveness of the stove intervention program depends not only on the
technology's ability to provide significant emission reductions but also on achieving high stove
adoption and sustained usage. In this regard, this thesis provides several recommendations for
stove engineers to assist in improving the development and testing of stoves to ensure they are
acceptable and used correctly. Stove designs that are user friendly and easy to control cooking
temperatures, could increase adoption. In this study, users were unable to control the centrally
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concentrated high heat which led to burning of rotis. Burnt rotis were the primary reason for
households‟ continued use of traditional stoves. Although laboratory conditions can never
replicate field conditions, the more the stove testing can imitate types of fire and heating power
needed to cook specific types of food can assist in more accurate measure of emission
efficiencies. Further, intervention stoves can deteriorate over time and contribute to their disadoption (Hanna, Duflo and Greenstone, 2012). The long-term quality of stoves should be tested
by replicating frequency and duration of cooking events that would occur in actual households.
This would also provide information on “useful life” of the intervention stove as well emission
and fuelwood consumption efficiencies that can change over stoves‟ usage.
Carbon financed programs need to link up with recently developed international
standards, such as the International Standard Organization (ISO) International Workshop
Agreement (IWA) on Clean and Efficient Cookstoves that provides an interim guideline for
categorizing stove performance based on fuel use/efficiency, total emission, indoor emission, and
safety (ISO, 2012). The CDM program is narrowly focused on fuelwood efficiency as the
primary parameter for carbon credit approval with little attention paid to emissions of health or
other climate-relevant pollutants. Such narrowly defined focus may lead to unintended and unfair
consequences. For example, current carbon-financed programs only consider GHGs included in
the Kyoto Protocol, such as CO2 and methane (CH4), but do not consider black carbon (BC)
(Freeman and Zerriffi, 2014). While location of GHG emission reductions is irrelevant because
of their global impact, the location of BC abatement is important due its significant regional
impacts. While the current ISO/IWA guidelines do not include BC, there are ongoing efforts to
account for BC in the voluntary carbon market (The Gold Standard, no date).
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Future stove interventions should include in their evaluation and monitoring framework
specific measures on time savings that are appropriate to the local cultural context. The common
assumption that time saved is used for income generating activities needs to be grounded in local
context in which these interventions are situated. Interventions that want to improve livelihoods
may need to develop complementary activities or programs to address sociocultural and
economic constraints faced by rural women in developing countries.
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Appendices
Appendix A

Figure A-1: Typical Two Traditional Stoves used in Study Area

Figure A-2: Three Traditional Stoves in a Study Home (stove on left is not lit)
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Figure A-3: Intervention Stove approved for CDM Stove Intervention Program

White lines on the stoves are draw by user as part of the local cultural and religious practice
Figure A-4: A Woman Making Roti with CDM-approved Intervention Stove
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Figure A-5: CDM-approved Intervention Stove in Outdoor Cooking Area

Appendix A.1 : Carbon Crediting Methodology for the Karnataka Project
According to the CDM methodology carbon credits are calculated from multiplying four key
variables: 1) default value for net calorific value of the non-renewable woody biomass that is
substituted (0.015 TJ/ton); 2) default value for emissions for the substitution of non-renewable
woody biomass (81.6 tCO2/TJ); 3) quantity of woody biomass saved; and 4) fraction of the
wood savings which is non-renewable (United Nations Framework Convention on Climate
Change, 2015). Quantity of wood biomass saved was determined from a default efficiency value
(0.1) and wood consumption of traditional stove versus efficiency of the intervention stove
determined from laboratory-based Water Boiling Tests; wood savings were estimated to be
1.98t/household/year. Fraction of the wood savings that is non-renewable was determined from
surveys, including Forest Survey of India, national and local statistics, maps, and remote sensing
data resulting in a regional estimate of 0.953. Values of the four variables above were multiplied
to obtain project estimated emission reductions (carbon credits) of 2.31 tons of CO2equivalent/household/year (CDM Executive Board, 2006).
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Figure A-6: Map of Karnataka State in southwest India and Koppal District (in red circle) where Hire Waddarkal study
village (see Google Map insert) and ambient measurements sites are located

Google map of Hire Waddarkal Village and ambient measurement sites

Source: http://www.prokerala.com/maps/karnataka-map.html
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Figure A-7: Study Design - Randomized Treatment with Control Population

Appendix A.2 : PM2.5 sampling
PM2.5 samples were collected on 37 mm Teflon filters (EMD Millipore, MA, USA) placed
downstream of a cyclone (GK2.05 (KTL) or GK2.05SH (KTL) (BGI Inc., Waltham, MA, USA))
with a 2.5 µm aerodynamic-diameter cut point connected to a battery-operated pump (Apex Pro,
Casella CEL, UK) running at 4.0±0.4 L min-1 for the GK2.05 cyclone and 3.5±0.35 L min-1 for
the GK2.05SH cyclone. To prolong battery life, pumps were operated on duty cycles (1-min on,
1-min off [pre, early post phase]; 1-min on, 9-min off [remaining post]).
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Appendix A.3 : Filter correction for shortened sampling durations
In the post-intervention season, the indoor air pollution measurement period was
shortened from 24 hours to 22 hours. The measurements were repeated in households where we
failed to reach the 22-hr target measurement period because of equipment failure, and remeasured to ensure that at least two consecutive main meals or a minimum 16 hours in a day
were captured. We assessed if there were statistically significant differences between PM
measurements that ran for a full 24 hours and for shorter durations. To do this, 24-hour real-time
data from DustTrak (PM2.5) and microAeth (BC) was used; the real-time monitoring was
conducted in a subset of households (n=30) co-located with the gravimetric measurements in
both evaluation phases.
Of the total of 60 real-time measurements conducted during pre- and post-intervention
seasons, 37 PM2.5 and 46 BC measurements completed a full 24- hour sampling period. These
24-hour sampling data were "shortened" and stratified into two types of measurement periods by
taking either the first >18-22 hours ("short tail"; captured a brief non-cooking period after 2 main
meals were cooked but did not complete 24-hours), or the first 16-18 hours ("cooking periods
only"; captured 2 main meals but not the non-cooking period following the last meal) to simulate
differences between filter measurements < 24 hours, and evaluate the impact of losing data.
Median air pollutant concentrations of the shortened measurement periods and the 24-hour
measurement period were compared to test for differences. The short-tail samples (>18-22-hour)
were statistically significantly different (p<0.05) from the 24-hour samples in 14 PM2.5 and 5 BC
measurements. All of the two-peak samples (16-18 hour) were also statistically significantly
different from the 24-hour sampling period. As a result, measurement periods where sampling
captured a minimum of 2 consecutive main meals but did not meet the 24-hr target were adjusted
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to make them comparable to the 24-hour samples. Specifically, we applied correction factors
drawn from distributions developed from co-located time-integrated and real-time PM2.5
(DustTrak) and BC (microAeth) indoor measurements. The number of measurement samples that
were 22 hours or less was similar between control and intervention groups (Table A-1).
Two types of "shortened" measurements:
1) "Short tail" - measurements captured two consecutive meals as well as a non-cooking period
following the second meal, but did not complete the full 24-hour sampling period. Reasons for
short-tail samples are either a result of an intended change from 24-hour to 22-hour sampling
period in the latter half of the post-intervention season or because of equipment failure.
2) "Cooking periods only" - measurements that caught 2 consecutive main meals (16 hours - 18
hours) but did not sample non-cooking period following the second meal. The 16-18 hour
division is based on real-time measurements in a subset of homes which showed that a range
between 16 to 18 hours caught at least 2 consecutive meals (shown by two high peaks in air
pollution concentrations) in households.
Of the 381 filter-based measurements, 43% completed a full 24-hour target, 54% completed >1823 hours ("short-tail"), and 4% captured 16-18 hours ("cooking periods only") (Table A-1).

151

Table A-1: Filter Counts and Sampling Duration by Measurement Season and Randomized
Groups
Cooking periods
only
(16 hrs - 18 hrs)

Short tail
>18 - 23 hrs

Full cycle
24 hrs

TOTAL

6

35

148

189

8

169

15

192

14
(4%)

204
(54%)

163
(43%)

381

Control
(percent of total filters)

6
(3%)

108
(57%)

75
(40%)

189

Intervention
(percent of total filters)

8
(4%)

96
(50%)

88
(46%)

192

By Season
Season 1
(1:1 min on/off)
Season 2
(1:1 min on/off)
Season 2.1
(1:9 min on/off)
TOTAL
By randomized groups

Method:
Linear-regression fits based on the 24-hour average filter concentrations with paired and colocated real-time monitors for PM2.5 (DustTrak (DT)) and black carbon (MicroAeth) were used
to correct „short‟ filter-based concentrations grouped under those that had a "short tail" (>18 - 23
hours), and those that stopped immediately after sampling 2 main consecutive meals, "cooking
periods only" (16-18 hours). The raw DT concentrations were not normalized because in this
case, we were only interested in the relationship between DT and filter concentration and not the
absolute values.
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Step 1: Samples where filters and real-time monitors (DT and microAeth) ran the same sampling
duration were matched to develop a regression between gravimetric concentrations and real-time
measurements. Linear regression fits between 24-hour filter and real-time DT (PM) and
microAeth (BC) concentrations provided R2 values of ~0.8-0.9 (Figure A-8, Figure A-9, Figure
A-10, Figure A-11).
Step 2: The regression equations were applied to co-located air sampling measurements where
filters run short of the 24-hour sampling duration but where real-time (DT and microAeth) 24hour sampling was completed.
For example, the regressions equation for PM2.5 (between shortened filter-based and 24-hour
DustTrak concentrations) in Season 1 (Baseline) is:
y = 0.1976x - 37.756
where x is 24-hour mean concentration of PM2.5 from real-time DT monitor, and y is expected
filter concentration from a 24-hour sampling.
A concentration value from the "shortened" filter concentration (either "short-tail" or
"cooking periods only" samples) was divided by the expected filter concentration to obtain an
adjustment ratio as summarized in Table S2 for PM2.5 and absorbance (for breakdown by season
and more details see Table A-3, Table A-4).
Step 3: To adjust the shortened filters and propagate uncertainty throughout the correction
process, a value was drawn from a normal distribution represented by the ratios as the mean and
SD was applied to the "shortened" filters that run less than 24 hours.
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Table A-2: Summary of Filter versus Real-time Linear Regression Fits and Adjustment
ratios Shortened Sampling Durations

Linear-Regression Fits
Comparison
Season 1
Filter mass and
Real-time PM2.5

Filter absorbance
and real-time BC

y = 0.1976x
37.756
(R² = 0.8762)

y = 0.6258x +
4.0264 (R² =
0.6537)

Season 2
-

Mean (SD) ratios
for >18-23 hour
sampling filters

Mean (SD) ratios
for 16-18 hour
sampling filters

y = 0.3445x +
28.044
(R² = 0.8159)

1.02 (0.15)

1.37 (0.58)

y = 7.912x +
7.2733 (R² =
0.7425)

0.94 (0.22)

0.43 (0.11)
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Figure A-8: 24-hr Filter vs. Real-Time PM (Baseline 1)

Figure A-9: 24-hr Filter vs. Real-Time BC (Baseline)
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Figure A-10: 24-hr Filter vs. Real-Time PM (Post-Intervention)

Figure A-11: 24-hr Filter vs. Real-Time BC (Post-Intervention)
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Table A-3: PM2.5 adjustment ratios
Baseline (Season 1)

Post-Intervention (Season 2)

y = 0.1976x - 37.756 (R² = 0.8762)

y = 0.3445x + 28.044 (R² = 0.8159)

Seaso
n

Sample
duration

X
(DustTra
k PM)

Slope

Y
Actual filter
(Expected
Intercept
concentratio
concentration
n (ug/m3)
)

Ratio
(Actual/Expecte
d) reading

Mean Ratios
(Season 1 and
2)

SD

1.02

0.15

1.37

0.58

Filters >18-22 hours ("short-tail")
1

18-22 hrs

384

0.1976

37.756

38

37.83

0.99

1

18-22 hrs

1390

0.1976

37.756

237

290.57

1.23

1

18-22 hrs

1269

0.1976

37.756

213

206.51

0.97

2

18-22 hrs

934

0.3445

28.044

350

308.46

0.88

Filters 16-18 hours ("cooking periods only")
1

2 meals

580

0.1976

37.756

77

134.64

1.75

1

2 meals

1133

0.1976

37.756

186

288.44

1.55

1

2 meals

605

0.1976

37.756

82

42.20

0.52

1

2 meals

399

0.1976

37.756

41

68.52

1.67
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Table A-4: Absorbance adjustment ratios
Baseline (Season 1)

Post-Intervention (Season 2)

y = 0.6258x + 4.0264 (R² = 0.6537)

y = 7.912x + 7.2733 (R² = 0.7425)

Season

Sample
duration

AET
H BC

Slope

Intercept

Y
(Expected
absorbance)

Actual
filter Abs
(10^-6
/m)

Ratio (Actual/
Expected) reading

Mean ratios
(Season 1 and
2)

SD

0.94

0.22

0.43

0.11

Filters >18-22 hours ("short-tail")
1

18-22 hrs

41

0.6258

4.0264

30

32.14

1.08

1

18-22 hrs

22

0.6258

4.0264

18

12.2

0.69

2

18-22 hrs

15

7.912

7.2733

126

134.22

1.07

Filters 16-18 hours ("cooking periods only")
1

2 meals

46

0.6258

4.0264

33

18.02

0.55

1

2 meals

9

0.6258

4.0264

10

3.1

0.32

2

2 meals

3

7.912

7.2733

31

13.43

0.43
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Appendix A.4 : Teflon Filter Laboratory Analysis
The 37 mm Teflon filters were pre- and post-weighed in triplicate on a microbalance
(Sartorius M3P) at the University of Minnesota (7% of study filters) and the School of
Population and Public Health at the University of British Columbia (93% of filters). To ensure
consistency in quality of balances and environment between the two laboratories, five filters
were weighed at both labs; differences were less than or equal to 0.02 mg for each filter.

Prior to weighing, filters were allowed to equilibrate in a temperature and humidity
controlled room for at least 48 hours (21°C ± 2°C; 40 ± 5%). A radioactive neutralizer was used
to remove static charge and filters were reweighed if three consecutive weights of the same filter
were not within 0.01 mg of one another.

Three laboratory blanks were kept in the balance room for use as quality control, and were
weighed at the beginning and end of each weighing session. A total of 49 field blanks were
deployed in the field with a mean (SD) mass gain of 0.004 mg (0.009) over the two measurement
phases. Blank correction was performed by subtracting the mean mass of field blanks from the
mass of the PM2.5 filter samples. The PM2.5 mass concentration was obtained by dividing the
blank-corrected mass by the sampled air volume.
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Table A-5: Baseline characteristics of participating and drop-out households
Characteristics

Control
(n=91)

Intervention
(n=96)

pvaluea

Drop out
(n=21)

pvalueb

Controlafter drop
out
(n=87)

Interventionafter drop out
(n=79)

pvaluec

Number of rooms
in house

2.0 ± 1.0

2.2 ± 1.1

0.19

2.0 ± 0.8

0.82

2.0 ± 1.0

2.3 ± 1.2

0.14

Family size

6.1 ± 1.9

5.8 ± 2.0

0.35

5.7 ± 1.6

0.43

6.1 ± 2.0

5.8 ± 2.0

0.30

House type (shared
wall with
neighbor) (%)

83

84

0.95

95

0.22

82

82

1.00

Roof Material
(improved, i.e.
corrugated iron,
zinc, metal sheets,
cement, concrete,
tiles) (%)

53

52

1.00

57

0.82

52

52

1.00

67

75

0.30

71

1.00

68

75

0.42

1.8 ± 2.8

1.6 ± 2.8

0.42

1.7 ± 2.6

0.85

1.9 ± 2.8

1.5 ± 2.8

0.17

Radio (%)

12

5

0.16

5

0.81

13

5

0.15

TV (%)

20

28

0.24

24

1.00

21

28

0.37

Bicycle (%)

16

20

0.71

10

0.36

18

23

0.61

Motorcycle (%)

12

9

0.72

14

0.86

13

8

0.42

Electric mixer (%)

8

9

0.88

10

1.00

8

9

1.00

Cow ownership
(%)

36

45

0.30

57

0.16

37

41

0.74

Buffalo ownership
(%)

18

11

0.33

14

1.00

18

10

0.20

Chimney above
stove (%)

36

39

0.79

43

0.80

37

38

1.00

Floor Material
(finished floor, i.e.
ceramic, marble
tiles,
cement/concrete,
stone) (%)
Area of irrigated
land owned
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Smokers in home
(%)

36

36

1.00

35

1.00

35

37

0.93

No windows (%)

27

26

0.95

16

0.40

28

27

1.00

Data are mean ± SD or number (%). p-Values are two-tailed t-tests for continuous variables; chi-square tests for
categorical variables.
a
Between control and intervention groups as randomized.
b
Between drop out group and study population that remained in the study.
c
Between control and intervention groups that remained until end of the study.

Table A-6: Change in fuelwood use by season and stove use groups
Pre-intervention1
Analysis Type and
Groups

Post-intervention1

Median
(kg/day)
(N)

Range

Median
(kg/day)
(N)

Range

4.1
(87)

1.5-10.4

3.6
(86)

0.2-11.0

Median
difference2
[95% CI]
(N)

p-value3

Intent-to-Treat Analysis
Control

-0.60

-

[-1.02, -0.22]

(86)
Intervention

4.3
(79)

0.5-12.5

3.8
(79)

1.3-10.4

-0.52

0.74

[-1.07, 0.00]

(79)
Per-protocol Analysis
Intervention

4.5
(48)

0.5-12.5

3.6
(48)

1.5-9.1

-0.72

0.95

[-1.50, 0.05]

(48)
Mix stove

4.1
(31)

1.5-10.6

4.0
(31)

1.3-10.4

-0.20

0.48

[-1.03, 0.55]

(31)
N=sample size; CI=confidence interval
1
Values from unpaired data
2
Seasonal difference (post minus pre) from paired households
3
Wilcoxon rank-sum test of paired seasonal differences between randomized or stove us groups using
control as reference
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Figure A-12: Change in 24-hour fuelwood consumption by stove use

Median and mean are represented by black horizontal line and diamond symbol, respectively.

Appendix A.5 : Fuelwood Moisture
The moisture content of weighed fuelwood corresponded with seasonal conditions, and was
moderately higher (p<0.01) pre-intervention (post-monsoon/winter) compared to postintervention (summer) (mean (SD) among all households: 15% (5%) [pre] and 11% (3%) [post].
The decrease in fuelwood moisture in the post-intervention season may be responsible for the
reduced fuelwood consumption in that season, owing to more efficient burning of drier wood.
The seasonal decrease (post - pre) in median fuelwood moisture content did not differ between
control (-4.0%) and exclusive intervention stove (-3.8%) homes, but decreases for mixed stove
homes (-4.8%) were marginally greater (p=0.10) than the control group.
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Table A-7: Weather conditions, and 24-hour PM2.5 and absorbance concentrations upwind
and center of village during pre- and post-intervention seasons

Season

Pre-intvna

Postintvna

Mean (SD)
Temperature
(°C)

26 (2)

Upwind Village
Mean (SD)

Center Village
Mean (SD)

Mean
(SD)
PM2.5
Humidity (μg/m3)
(%)

Abs
(10-6/m)

PM2.5
(μg/m3)

Abs
(10-6/m)

Upwind &
Center
Village
Differenceb
(95% CI)
PM2.5
(μg/m3)

63 (11)

4 (3.1)
(n=8)

0.3 (0.3)
(n=7)

23 (15)
(n=38)

3.3 (2.1)
(n=38)

13
(8, 24)

52 (17)

5 (0.5)
(n=2)

1.2 (0.9)
(n=8)

29 (23)
(n=36)

3.2 (2.2)
(n=35)

Upwind &
Center
Village
Differenceb
(95% CI)
Abs
(10-6/m)
2.7
(1.4, 3.9)

18
30 (3)

(-1, 62)

1.6
(0.5, 2.9)

SD = Standard Deviation; n=sample size; CI = confidence interval
a
Pre-intervention (September 2-28, 2011); Post-intervention (July 14 - August 4)
b
Wilcoxon rank-sum test for difference and 95% CI between upwind and center of village concentrations

Appendix A.6 : Regional and Village-Level Ambient Concentrations
Of the 88 PM2.5 samples collected in the village center, 73 were analyzed for mass and
absorbance upon meeting minimum flow rate and volume criteria, and having non-negative filter
mass. Of the 27 PM samples collected upwind of the village, 10 were analyzed for mass and 15
were analyzed for absorbance; the remaining samples were excluded owing to unstable flow rate
and negative measurement of filter mass. Negative filter masses were presumably a result of low
ambient concentrations and low pump flow rates, particularly in the post-intervention season,
because of the reduced sampling duty cycle. Results of these filter analyses are presented in
Table A-7.
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Figure A-13: Ambient 30-min average PM2.5 concentrations at center of village

From DustTrak PM2.5 measurements located at center of village during baseline season (September 10, 2011 December 10, 2011) over 37 measurement days. Shaded areas represent 95% confidence intervals.

Figure A-13 is derived from DustTrak (DT) data adjusted with co-located integrated filter
measurement. We normalized the DT data by first obtaining a ratio by dividing co-located 24hour filter concentration by mean of the 24-hour DT concentration. The ratio was then multiplied
with the 30-minute average DT data. Similar to Rehman et al. (Rehman et al., 2011), our study
found significant contributions of indoor biomass combustion activities to ambient village
concentrations particularly during morning and evening cooking times.

Appendix A.7 : Repeated Household Measures to Assess Day-to-Day Variability
Of the total 40 households that had repeated indoor air pollution measurements in baseline
and post-intervention seasons to assess day-to-day variability, 16 completed three consecutive
sampling days and 13 completed two consecutive sampling days; the remaining households were
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excluded from analysis because follow-up measurements did not meet minimum sampling
duration or flow requirements. The mean relative standard deviation (RSD) (range) for indoor
PM2.5 across the households with the repeated measurements was 37% (range: 0 - 86% [pre]) and
37% (range: 7 - 79%; [post]). The mean RSD (range) for indoor Abs across the same households
was 31% (range: 0 - 80% [pre]) and 36% (range: 2 - 65%; [post]).

In addition, we used these repeated-measure samples to test the effect of sampling duration
(24-hour versus longer duration) on indoor air pollution concentrations. For the 13 households
that completed two consecutive sampling days there were no statistically significant differences
in PM2.5 and Abs levels between the two days in either the baseline (PM2.5 p=0.32; Abs p=0.74)
or post-intervention seasons (PM2.5 p=1; Abs p=0.32). Similarly, in the 16 households with three
consecutive day samples there were not statistically significant differences in air pollution levels
between the sampled days in baseline (PM2.5 p=0.61; Abs p=0.88) or post-intervention seasons
(PM2.5 p=0.72; Abs p=0.21).
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Figure A-14: Comparison of indoor 24-hour PM2.5 sampling vs. 72-hour sampling

Figure A-15: Comparison of indoor 24-hour PM2.5 sampling vs. 48-hour sampling
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Figure A-16: Change in air pollutant concentrations by randomized groups

Note: lower and upper hinges represents the 25th and 75th percentiles, respectively; black line inside the
box represents the 50th percentile; lower and upper whiskers represent the 10th and 90th percentiles,
respectively; and diamond represents the mean.

Figure A-16 demonstrates seasonal change (post-intervention minus pre-intervention) in
PM2.5 and Abs by control and intervention groups as randomized (ITT). A majority of homes in
all groups experienced higher PM2.5 concentrations and Abs in the post-intervention season with
median change for both pollutants above zero. The magnitude of the PM2.5 increase was smaller
for the intervention group compared to the control. Median (SD) of seasonal difference for PM2.5
between control and exclusive stove groups are 114 (602) and 75 (407) μg/m3, respectively. This
difference is borderline statistically significant for a one-tailed test (p=0.14). The one-tailed test
checks whether concentrations are statistically lower for the intervention than the control. For
Abs, the seasonal change was similar between the control and intervention groups.
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Appendix A.8 : Log-Linear Mixed-Effect Model
We assigned household as the random effect because of repeated measures per household.
We log-transformed PM2.5 and Abs concentrations to normalize skewed distributions. We
controlled for the following covariates: ambient conditions (temperature, humidity, and outdoor
PM2.5 or Abs concentrations), presence of chimney, and wood quantity and wood moisture.
Visual inspections of normal quantile plots of the random effect (household), and residuals of
the mixed effect model suggest assumptions of normality were not violated.
PM2.5
log(PM2.5) ~ β1 chimney + β2 wood use + β3 wood moisture + β3 outdoor PM2.5 + β4
humidity + β5 outdoor temperature + β6 Stove use group*Season + (1 | household) + ɛ
Table A-8: Multivariate adjusted effects for indoor PM2.5 concentrations
Fixed effects
Estimate1
Std. Error
(Intercept)
5.325916
1.042894
Chimney
-0.86441
0.148079
24-hour Wood Use
0.035865
0.030259
Wood Moisture
-0.01119
0.012543
Outdoor PM2.5 concentration
-0.0025
0.003594
Humidity
-0.00287
0.005781
Temperature
0.023168
0.029508
Exclusive Intv Stove Group
0.090043
0.194512
Mixed Stove Group
0.163337
0.231744
Post-intv season
0.434534
0.14538
Exclusive intv stove:post-intv season
-0.38729
0.212911
Mixed Stove: post-intv season
-0.09046
0.249593
Intv = Intervention
Signif. codes: 0 „***‟ 0.001 „**‟ 0.01 „*‟ 0.05 „.‟ 0.1 „ ‟ 1
1
Unexponentiated estimates

df
189.8684
123.6953
225.3189
192.6042
215.1755
185.21
199.4677
203.5574
204.0722
136.0232
120.0261
119.2742

t value
5.106862
-5.8375
1.185273
-0.89202
-0.69415
-0.4972
0.78514
0.462914
0.704816
2.988949
-1.81901
-0.36241

Pr(>|t|)
7.93E-07 ***
4.37E-08 ***
0.237158
0.373493
0.488336
0.619635
0.433303
0.64392
0.481728
0.003323 **
0.071404 .
0.717685
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Absorbance
log(Abs) ~ β1 chimney + β2 wood use + β3 wood moisture + β3 outdoor Abs + β4 humidity
+ β5 outdoor temperature + β6 Stove use group*Season + (1 | household) + ɛ
Table A-9: Multivariate adjusted effects for indoor absorbance concentrations
Fixed effects
Estimate1
Std. Error
(Intercept)
2.469897
0.961027
Chimney
-0.47095
0.117127
24-hour Wood Use
0.023672
0.026747
Wood Moisture
-0.00115
0.01152
Outdoor PM2.5 concentration
0.004065
0.003243
Humidity
0.010857
0.005387
Temperature
0.003316
0.026813
Exclusive Intv Stove Group
-0.0544
0.16531
Mixed Stove Group
0.090756
0.196958
Post-intv Season
0.769263
0.140399
Exclusive Intv Stove:post-intv season
-0.03706
0.210306
Mixed Stove: post-intv season
0.173519
0.247787
Intv = Intervention
Signif. codes: 0 „***‟ 0.001 „**‟ 0.01 „*‟ 0.05 „.‟ 0.1 „ ‟ 1
1
Unexponentiated estimates

df
208.9278
115.5104
224.2119
218.3425
226.4036
205.6134
217.2865
218.3977
217.7616
136.1285
117.4392
117.7501

t value
2.57006
-4.02084
0.88503
-0.0997
1.253362
2.015567
0.123681
-0.32907
0.460789
5.479127
-0.17623
0.700277

Pr(>|t|)
0.010864 *
0.000104 ***
0.377089
0.920672
0.211367
0.045147 *
0.901682
0.742414
0.64541
2.00E-07 ***
0.860418
0.485136

Table A-10: Seasonal percent change in HAP concentrations by stove use groups (withingroup analysis)
Stove Use Groups
PM2.5
Control
Exclusive Intvn Stove
Mixed Stove
Abs
Control
Exclusive Intvn Stove
Mixed Stove

Ratio

95% CI

p-Value

1.54
1.05
1.41

1.16, 2.06
0.72, 1.54
0.87, 2.28

0.003
0.81
0.16

2.16
2.08
2.57

1.63, 2.85
1.43, 3.02
1.61, 4.10

<.0001
0.0002
0.0001
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Table A-11: Percent difference in HAP concentrations between stove use groups in postintervention season (between-group analysis)
Ratio

95% CI

P-Value

PM2.5
Control
Exclusive intvn stove
Mixed stove user

Ref
0.74
1.08

0.47, 1.18
0.62, 1.85

0.29
0.95

Abs
Control
Exclusive intvn stove
Mixed stove user

Ref
0.91
1.30

0.61, 1.36
0.81, 2.09

0.85
0.39

Chimney homes had 58% and 38% lower PM2.5 and Abs, respectively, compared to nonchimney homes, and these effects were significant for both pollutants (Table S8; Table S9).
Multivariate adjusted regression model showed the control group experienced a statistically
significant PM2.5 increase of 54% [95% CI: 16%, 106%] compared to pre-intervention season,
whereas the PM2.5 increase in exclusive interventions stove (5% [-28%, 54%]) and mixed stove
(41% [-13%,128%) groups were not statistically significant (Table S10). For Abs, all groups
experienced statistically significant increases in post-intervention season compared to preintervention season. The Abs increases were 116% [63%, 185%] for control; 108% [43%, 202%]
for exclusive intervention stove; and 157% [61%, 310%] for mixed stove groups (Table S10).
Differences between stove use groups in the post-intervention season are provided in
Table S11. The exclusive intervention stove group had lower PM2.5 (-26% [-53%, 18%]) and Abs
(-9% [-39%, 36%]), respectively, compared to control group. Mixed stove homes had higher
PM2.5 (8% [-38%, 85%]) and Abs (30% [-19%, 109%]) compared to control group. These effects
were not statistically significant.
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Figure A-17: Absorbance/PM2.5 mass ratio between pre- and post-intervention seasons
(per-protocol analysis)

Note: lower and upper hinges represents the 25th and 75th percentiles, respectively; black line inside the
box represents the 50th percentile; lower and upper whiskers represent the 10th and 90th percentiles,
respectively.

Figure A-17 is Absorbance:PM2.5 ratios between pre- and post-intervention seasons by
stove use groups. The Absorbance:PM2.5 ratios were higher in the post-intervention season
(darker boxes) in all stove use groups. The two intervention groups (intervention stove only and
mixed stove groups) experienced higher Abs:PM2.5 ratios compared to control group.
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Figure A-18: Change in PM2.5 by stove use and chimney

Figure A-19: Change in absorbance by stove use and chimney

Median and mean are represented by black horizontal line and diamond symbols, respectively.
Because of outliers, y-axis for PM2.5 graph zoomed in to show median and mean around zero;
data from 3 households (2% of data) not shown as a result since change in PM2.5 concentration
was above 2,000 μg/m3.
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Appendix A.9 : Time-weighted total exposure
A rough estimation of time-weighted total exposure from time use data is 225 μg/m3. We derived
this number from an estimated amount of time a typical woman in the study village spends
outdoor (~10 hours) either working in a farm or outside her house, with an average outdoor
village PM concentration of 23 μg/m3. The rest of the 14 hours is spent indoor (cooking,
cleaning, childcare, etc.) where mean indoor concentration is 370 μg/m3.

Weighed total exposure:

a. [(10 hrs * 23 μg/m3) + (14 hrs * 370 μg/m3)]/24 hours = 225 μg/m3

Indoor exposure accounted for 96% of the total time-weighted average exposure in the study
population.
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Appendix B

Table B-1: Between-group BP in post-intervention season by age and BMI groups
Systolic
Exclusive stove

Diastolic
Mixed stove
Exclusive stove
Estimate (95% CI)

Mixed stove

Age
Old vs. young

-0.1
(-10.8, 10.6)

18.2
(4.4, 32.0)

3.7
(-2.5, 9.9)

10.8
(2.9, 18.8)

1.8
(-8.8, 12.4)
-3.9
(-21.7, 13.8)
5.7
(-12.4, 23.9)

14.6
(-0.1, 29.3)
24.8
(4.6, 45.0)
-10.2
(-28.2, 7.8)

2.8
(-3.7, 9.4)
-4.6
(-15.6, 6.4)
7.4
(-3.8, 18.7)

9.3
(0.2, 18.4)
9.6
(-2.9, 22.1)
-0.3
(-11.5, 10.8)

BMI
Underweight vs. normal
Overweight vs. normal
Underweight vs. overweight

Reference group: control (traditional stove user); old (>40 years of age); young (<40 years of age); BMI=body-mass index; underweight (BMI <
18.5 kg/m2); normal (18.5 kg/m2 ≥ BMI < 23 kg/m2); overweight (BMI ≥ 23 kg/m2);adjusted for BMI, age, temperature, betel use, self-rating of
own health, and irrigated land ownership.
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Table B-2: Seasonal change (post - pre-intervention) in BP for stove use groups by age and BMI groups

Control

Systolic BP
Exclusive
intervention
stove

Mixed stove

Control

Diastolic BP
Exclusive
intervention
stove

Mixed stove

Estimate [95% CI]
Age
0.8
[-2.1, 3.7]

-2.1
[-6.2, 1.9]

-1.0
[-6.8, 4.7]

0.7
[-1.4, 2.8]

-1.8
[-4.7, 1.2]

-3.0
[-7.2, 1.1]

1.1
[-1.6, 3.8]

-1.1
[-4.3, 2.1]

7.4
[2.8, 12.0]

2.7
[0.8, 4.7]

0.6
[-1.7, 3.0]

2.0
[-1.4, 5.3]

Underweight

2.2
[-0.5, 5.0]

-1.4
[-5.7, 2.9]

4.0
[-1.0, 9.1]

2.4
[0.4, 4.4]

-0.8
[-3.9, 2.3]

0.8
[-2.8, 4.4]

Normal

-1.6
[-5.4, 2.2]

-0.3
[-4.3, 3.7]

1.5
[-6.8, 9.8]

-0.2
[-2.9, 2.5]

1.1
[-1.7, 4.0]

1.0
[-4.9, 6.9]

Overweight

-0.2
[-6.1, 5.6]

-5.6
[-15.1, 3.9]

5.0
[-3.7, 13.7]

3.3
[-0.9, 7.6]

-3.7
[-10.5, 3.1]

-5.8
[-12.1, 0.4]

Young (<40 years)
Old ( > 40 years)
BMI

BMI=body-mass index; underweight (BMI < 18.5 kg/m2); normal (18.5 kg/m2 ≥ BMI < 23 kg/m2); overweight (BMI ≥ 23 kg/m2); adjusted for BMI,
age, temperature, betel use, self-rating of own health, and irrigated land ownership
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Table B-3: Seasonal differences (post-pre) for air pollutants by stove groups
Sample size (households)

PM2.5
(μg/m3)
Abs
-6

(10 /m)
Abs/PM2.5
(m2/g)

Control

Exclusive intervention stove

Mixed stove

Median
difference

95% CI
for the
median
difference

Baseline
mean ± SD

Median
difference

95% CI
for the
median
difference

Baseline
mean ± SD

Median
difference

95% CI
for the
median
difference

Control

Exclusive

Mixed

Baseline
mean ± SD

72

39

25

358 ± 394

160

85, 237

372 ± 367

44

-57, 144

446 ± 455

65

-67, 198

71

38

25

28 ± 17

34

20, 54

29 ± 15

29

14, 42

32 ± 17

40

18, 64

71

38

24

0.12 ± 0.06

0.04

0.01, 0.07

0.12 ± 0.07

0.07

0.03, 0.12

0.12 ± 0.08

0.10

0.06, 0.15

Exclusive=exclusive intervention stove group; mixed=mixed stove group; CI=confidence interval. Median and 95% CI obtained from paired Wilcoxon test.
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Appendix C
Appendix C.1 : Interview question guides
Appendix C.1.1: Interview questions for cooks and fuelwood collectors

177
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Appendix C.1.2: Key informant interview questions

180
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Table C-1: Job title and responsibilities of key informants interviewed
Job title

Responsibility

Project Trainer

Train staff members working in the CDM project, including the
coordinator, animators, etc., covering 17,000 families. Prior to
intervention in a village, a “Roll out Team” is formed which undergoes 5
day of training involving about 32 members of coordinators and
animators.
One project trainer was working on the CDM project in Deodurga at the
time of the interview.

Hobli Coordinator

Supervise intervention stove usage in 34 villages of Deodurga through 7
animators. Attending VCCC meeting, organize incentive program related
to intervention stove usage, visiting families and encouraging them to use
the intervention stoves regularly. Also visits the traditional stove homes
to convince them to use the intervention stoves.
A total of 4 Hobli Coordinators were working on the Deodurga CDM
project at the time of the interview.

Animators

Animators are usually from one of the villages where cookstove
intervention is occurring. They are responsible for 3-5 villages depending
on size of the villages. Responsibilities include visiting houses and
providing information about the intervention stoves to convince their
uptake. They also visit homes of current intervention stove users to
answer questions and address issues, and do any repairs needed,
including replacement of broken stoves. A village receiving the
intervention is visited at least once a week by an animator.
A total of 27 animators were working on the Deodurga CDM project at
the time of the interview.
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Appendix C.2 : Results

Figure C-1: Observed vs. self-reported morning cooking time
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Figure C-2: Observed vs. self-reported evening cooking time
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Figure C-3: GSP tracked vs. self-reported time spent collecting fuelwood per day

In Figures C-1 to C-2, red lines represent loess smooth line which showed little to no correlation
between observed or GPS tracked time with self-reported time on cooking and fuelwood
collection activities. The majority of self-reported responses sit above the black lines (slope=1)
meaning large overestimating in self-reported time spent on cooking and fuelwood collection
activities.
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Table C-2: Cooking times and patterns between exclusive and mixed stove groups
Exclusive intervention stove

Mixed stoves

Median

Median

(25th-75th quartile)

(25th-75th quartile)

85

114

(56-100)

(89-125)

115

151

(85-124)

(120-196)

Number of dishes cooked
(mean)

3.4

4.4

0.05

Number of non-cooking
activities done

2.5

2.8

0.27

50

52

(40-69)

(46-72)

55

82

(43-70)

(52-112)

Number of dishes cooked
(mean)

2.5

2.9

0.15

Number of non-cooking
activities done

2.0

2.0

0.90

Morning

Cooking time from start-finish
(minutes)
Time of all dishes cooked
combined (minutes)

p-value1

0.10

0.02

Evening
Cooking time from start-finish
(minutes)
Time of all dishes combined
(minutes)

1

0.39

0.07

Significance test using Wilcoxon test between exclusive and mixed stove groups
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Table C-3: Regression results
Regression 1: Distance travelled per week
Distance per week ~ β0 + β1 StoveUse + β2 Assets

Residuals:
Min
1Q Median 3Q Max
-10.073 -4.001 -1.217 2.714 13.230
Coefficients:
Estimate Std. Error t value Pr(>|t|)
(Intercept) 14.8268 4.4904 3.302 0.0045 **
StoveUse1 -3.8477 4.1176 -0.934 0.3640
StoveUse6 2.3531 3.4466 0.683 0.5045
Sum_HH_items -2.0871 0.9163 -2.278 0.0368 *
--Signif. codes: 0 „***‟ 0.001 „**‟ 0.01 „*‟ 0.05 „.‟ 0.1 „ ‟ 1
Residual standard error: 6.354 on 16 degrees of freedom
Multiple R-squared: 0.3227, Adjusted R-squared: 0.1957
F-statistic: 2.541 on 3 and 16 DF, p-value: 0.093

Regression 2: Distance travelled per trip
Distance per trip ~ β0 + β1 StoveUse + β2 Assets

Residuals:
Min
1Q Median 3Q Max
-3.6206 -1.2033 0.2721 0.9735 3.6132
Coefficients:
Estimate Std. Error t value Pr(>|t|)
(Intercept) 3.3912 1.3422 2.527 0.0224 *
StoveUse1 2.6156 1.2308 2.125 0.0495 *
StoveUse6 0.6185 1.0302 0.600 0.5567
Sum_HH_items -0.3098 0.2739 -1.131 0.2747
--Signif. codes: 0 „***‟ 0.001 „**‟ 0.01 „*‟ 0.05 „.‟ 0.1 „ ‟ 1
Residual standard error: 1.899 on 16 degrees of freedom
Multiple R-squared: 0.3592, Adjusted R-squared: 0.239
F-statistic: 2.989 on 3 and 16 DF, p-value: 0.06212

187

