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EXECUTIVE SUMMARY 
 
Smoke from biomass combustion contains a high amount of pollutants.  To mitigate the human 
exposure resulting from their release into the household environment, an improved stove – the 
Lakshmi chulha, developed by Appropriate Rural Technology Institute – vents emissions to the 
outdoors by means of a chimney.  This study compares carbon monoxide (CO) levels in houses 
with traditional stoves (without chimneys), and with the improved Lakshmi chulha.  Data were 
collected in June-July 2003 in a village in rural West India, from a convenience sample of 22 
households using wood and dung for cooking.  CO was measured by continuous, data logging, 
passive, monitoring devices (Onset HOBO) located at a 1 m horizontal and 1.5 m vertical 
distance away from the stoves for five days continuously.  Measured CO levels were highly 
variable during the day depending on cooking patterns. 
 
The aim of this study is to analyze the contribution of stove type to this variability, which may 
also be caused by variations in airflow and patterns of stove and fuel use.  We explore several 
possible metrics for evaluating differences between the indoor air quality of homes with 
traditional or Lakshmi stoves.  Daily, 3-hr, 1-hr and 15-min average CO concentrations are 
calculated for each house.  Additionally, the mass of CO emitted during a cooking period is 
calculated using an integral material balance for CO that treats the kitchen as a homogenous, 
instantaneously mixed zone, assumes that β (effective ventilation rate) is first order and invariant 
with time, and incorporates kitchen volume (range: 24-97 m3).  Estimates of β were computed 
via independent experiments, and ranged from 7-27 h-1.   
 
It was found that averaging times of 24 hours or more are needed to reliably characterize 
between-household differences in CO levels.  80% of the variability in 24-hour average CO 
concentrations was explained by between-household differences, while only 12% of the 15-
minute concentration variability was explained by between-household factors.   The between-
household fraction of total variability went up to 95% when a 60-hour averaging time was used.  
Additionally, there is more within-house homogeneity in the amount of CO emitted (intra-class 
correlation coefficient (ICC) = 0.8) during the morning cooking episode compared to the evening 
episode (ICC = 0.58).  Therefore, morning cooking events better characterize household CO 
levels than evening events in this population. 
 
Our results demonstrated no difference between traditional and improved stove households based 
on any of the metrics analyzed.  Values of CO concentration and mass differed by less than half 
a standard deviation for all averaging times and data subgroups. Other studies of simple 
improved stoves in Indian villages have found similar results, for a variety of reasons including 
incorrect usage of the improved stove, and the high degree of variation in ventilation conditions 
within and between houses. 
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CHAPTER 1 
 

Introduction 
 
 
1.1 Biomass combustion and adverse health effects. 
 
Almost 3 billion people burn biomass – including wood, dung and crop residues – or coal as their 
primary source of domestic energy (Ezzati et al., 2002).  In India the percentage of people 
relying on biofuels for domestic energy needs is above the global average. The Indian National 
Sample Survey estimated that 86% of rural households and 24% of urban households rely on 
biomass as their primary cooking fuel (Balakrishnan et al., 2004) – which translates to a 
domestic biofuel consumption rate of 379 Tg yr-1 (Habib et al., 2004). These fuels are typically 
burned for cooking in traditional mud stoves (86.8%) or as part of a 3-stone fire (9.6%), resulting 
in the release of pollutants – particulate matter (PM), carbon monoxide (CO), nitrogen dioxide, 
sulfur oxides, formaldehyde and polycyclic organic matter – into the indoor environment. Health 
outcomes attributed to exposure to these pollutants range from cancer to respiratory disease. 
 
Since the cooks in a household (and dependents, such as young children and older people) are 
typically indoors during cooking (i.e. during the emission event), and the potential for dilution is 
lower for indoor than for outdoor releases, cook-stove emissions result in significant health 
impacts.  In the year 2000, between 1.5 and 2 million deaths were attributable to household solid 
fuels (4-5% mortality in developing countries) (Smith & Mehta, 2003). This burden of ill health 
is borne disproportionately by marginalized socioeconomic and demographic groups.  Women 
and young children are particularly vulnerable.  
 
If pollutants emitted from cook-stoves travel outdoors, potentially they can lead to further 
adverse health, ecological, economic and aesthetic effects.   
 
 
1.2 Mitigating exposure: approaches  
 
Worldwide, human exposure to pollutants from biomass has been mitigated in areas where 
people are able to move up the energy ladder and transition from solid fuels to liquid petroleum 
gas (LPG), natural gas, or electricity. As shown in Table 1, CO and PM emission factors are 
substantially lower for LPG, natural gas, and electricity than for wood. 
 
While switching to these upgraded fuels is the desirable long-term solution, improved cook-
stoves and improved biomass fuels could serve as a medium-term measure. Improved stoves aim 
to lower emissions into the indoor environment and improve fuel efficiency by venting emissions 
to the outdoors by means of a chimney, and by facilitating complete combustion through an air-
supply inlet under the fuel chamber.  Technologies to modify solid fuels prior to their 
combustion – such as conversion to methane via gasification or biogas systems, or to charcoal – 
can also lead to reductions in emissions.    
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Both approaches have been put into practice by Appropriate Rural Technology Institute (ARTI), 
an NGO registered in 1996, operating from Pune, India.  ARTI has been involved in the 
development of technology to convert biomass to char briquettes, and serves as a Technical 
Backup Unit (TBU) for the government of India’s National Program of Improved Cookstoves 
(NPIC). This program is the culmination of a series of governmental and NGO efforts, since the 
mid-1900s, to improve human welfare through improved cook stoves.  
 
Gandhian and other volunteer groups were amongst the first, in the 1940s and 50s, to improve 
Indian stoves by enclosing the combustion chamber and venting pollutants to the outdoors 
(Ramakrishna et al., 1989). Subsequent generations of improved stoves continued to focus on 
exposure reduction, and also aimed at energy conservation. The NPIC – the latest in these efforts 
- started in 1983 as a demonstration project, and became a national level dissemination project in 
1986. Between 1984 and 2000, it sold about 33 million biomass-based improved stoves in rural 
areas in six Indian states. (ESMAP/World Bank, 2001). According to an estimate by Smith et al. 
(2000), about 60% of the 15 million stoves disseminated in the early 1990s were still in 
operation in 2000. 80% of those were improved vented stoves (IVS). By that estimation, IVSs 
are in use in about 2.9% of all Indian households. 
 
In Maharashtra, ARTI designed four improved stoves for dissemination as part of the NPIC. One 
of these stoves – the Lakshmi chulha, an IVS – is the subject of this study. The stove cost about 
Rs. 250 (US $3.60) at the time of the study. In general, the government of India subsidizes about 
30% of this cost – but further subsidies are sometimes applied by local governments 
(ESMAP/World Bank, 2001). In Kaldari – the study site – the stoves were given to beneficiaries 
as part of a larger ‘Clean Village Campaign’ undertaken by the Zilla Parishad (district governing 
body). Therefore, the Gram Panchayat (village governing body) of Kaldari paid part of the 
money and the rest was subsidized by the Zilla Parishad so the beneficiaries received them free 
of cost. Under this campaign, about 120 Lakshmi chulhas were installed in Kaldari in 2003. The 
approximate number of these installed throughout Maharashtra to date is around 1 million. 
(Personal communication from ARTI).  
 
Both the Lakshmi chulha and the traditional stove it seeks to replace are depicted in Figure 1.1.  
 
 
1.3 Hypothesis and study goals  
 
This study tests the hypothesis that the replacement of a traditional cook stove with a Lakshmi 
stove leads to an improvement in the Indoor Air Quality (IAQ) of households in rural 
Maharashtra, India. 
 
Improved biomass cookstoves have the potential to reduce pollutant emissions and have been 
demonstrated under controlled laboratory conditions to be more efficient and less polluting than 
traditional stoves.  The efficiency and emissions of the Lakshmi chulha were tested prior to its 
being approved by the Indian MNES (Ministry of Non–Conventional Energy Sources). Under 
lab conditions, emissions of PM and CO into the indoor environment were reduced by 90%.  
 



11/10/10   Seema Bhangar: HED paper 
 

3 

In the past, the assessment of the effectiveness of an improved cookstove in a field setting has 
been limited by two factors.  First, resources to evaluate the air quality of homes where these 
stoves are installed have been scarce.  Second, the high temporal and spatial variability of 
household pollutant concentrations complicates any effort – even when an evaluation is 
conducted – to resolve the contribution of stove type to this variability.  
 
This study sought to address these two factors by using low-cost, continuous, data-logging, 
passive CO-monitoring devices (Onset HOBO) over a long period of time – five days.  While 
these are sold as commercial devices, protocols for their calibration and use as research 
instruments were developed by K.R. Smith, R. Edwards, and others in the Division of 
Environmental Health Sciences at UC Berkeley. The HOBO monitor has been field- and 
laboratory-tested; and its performance has been compared with other instruments (Xiao et al., 
2005; unpublished data).  This study was intended to further evaluate their use and refine the 
deployment protocol. 
 
HOBOs have the advantage of being relatively cheap and easy to use, and can facilitate a wide 
evaluation of air quality in the field by researchers and NGOs seeking to test the effectiveness of 
an improved stove program.  While pollutant concentrations in improved stove studies are 
typically measured for 24 hours, we took advantage of the low cost, passive, continuous data-
logging capacities of the HOBO to collect five-day samples.  The aim was to investigate the 
effect of the duration and frequency of pollutant measurements on the variability of measured 
concentrations.  And, furthermore, to develop a better basis for resolving the variability of 
pollutant concentrations attributable to stove type. 
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Figure 1.1 a.  The traditional cookstove used in Kaldari households. 
 

 
 
Figure 1.1 b.  An improved Lakshmi chulha.  Features to reduce emissions and improve 

efficiency – chimney, airspace under the combustion chamber, and second 
pothole – are marked on the figure. 

 

 
Table 1.1 Typical values for CO and PM emissions (under residential burning conditions) 

for energy-equivalent fuels. Emissions are shown as a ratio to the emission from 
LPG combustion (in grams per mega joule of energy delivered to the cooking 
pot).  

 
 LPG Kerosene Wood 

residues 
Roots Crop Dung 

CO 1 3 19 22 60 64 
PM 1 1.3 26 30 124 63 
Data from Smith et al. (2005). 
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CHAPTER 2 

 
Methods 

 
2.1. Study population and study site 
 
To test the hypothesis, data were collected in June-July 2003 in Kaldari, from a convenience 
sample of 22 households with two types of cookstoves (in indoor kitchens): a traditional 
cookstove without a chimney, and the Lakshmi chulha (n = 11 households for each type). In 
order to be selected, a household had to meet the following criteria: (1) no inhabitants who 
smoke tobacco or are pregnant; (2) a cooking pattern that includes two daily meals prepared on 
the stove under study; (3) use of wood and dung fuels to prepare these meals; and (4) willingness 
to respond to three questionnaires.  
 
Study households were selected through face-to-face contact. The researcher and fieldworkers 
recruited participants by walking from door to door, and approaching households where someone 
was present. This criterion narrowed the subject pool considerably, as most of the adult 
population was away tending to agricultural tasks during the rainy season. Moreover, satellite 
households that were located at some distance away from the village center were not approached, 
which further narrowed the number of potential recruits. Permission to approach households in 
this way was obtained in advance from the village panchayat. 
 
Kaldari, nestled amongst hills at an altitude of 2800 feet, has 436 households and is at a distance 
of about 50 km from the nearest large urban centre, Pune (see Figure 2.1).  It is located in 
Purandar taluka, Pune district, in the western Indian state of Maharashtra (state population 97 
million, according to the 2001 census). Agriculture and animal husbandry are the main 
occupations in the village, and are each practiced by about 75% of the adult population. A 
thriving dairy industry is operated out of Kaldari and provides an additional income to some 
families. About 40 households are composed of landless labourers, and about 100 are involved in 
a salaried occupation. The village has a balwadi (pre-school), a primary and secondary school, 
and a post-office. It is connected to nearby areas by a bus line. About 6 public latrines are 
centrally located.  Drinking water is treated with disinfectant prior to being delivered by the 
village water pumps.  
 
Households in Kaldari, like those in other rural communities in Maharashtra, use a combination 
of cow dung and wood as their primary cooking fuel.  The more affluent households supplement 
or replace solid fuels with kerosene, LPG, biogas, or electricity. Homes in this village are fairly 
consistent in terms of appearance, size and construction materials (Figure 2.2a).  They are 
typically made of dirt floors, stone walls and tile roofs.  The houses are usually well-ventilated, 
due to large gaps between the walls and roof, and numerous open windows and doors  (as shown 
in Figure 2.2 b). 
 
Kaldari cannot be considered typical as, shortly before the present study, it was awarded first 
place under the Gram Swatcchata Abhiyan (clean village campaign) conducted by the Zilla 
Parishad of Pune district, for which the Gram Panchayat  was awarded cash and a certificate.  
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2.2. Data acquisition  
 
Data for this study were collected during June-July 2003, the end of which marks the start of the 
monsoon season.  
 
 
2.2.1 Pollutant and instrumentation 
 
Measured carbon monoxide concentrations were treated as an indicator of air quality.  According 
to Naeher et al. (2001), mean CO levels can be used as an indicator of combustion-related air 
pollution, being by far the largest component among the thousands of compounds found in 
products of incomplete combustion. In addition, CO is a health hazard itself, being one of 6 
designated ‘criteria pollutants’ regulated by the USEPA (see Box 2.2.1).  
 

 
Box 2.2.1 Human Health Effects of Carbon Monoxide 

 
When inhaled, carbon monoxide competes with oxygen to bind with hemoglobin. Its binding 
affinity with hemoglobin is more than 300 times that of oxygen. Therefore, even small amounts 
can lead to a hypoxic condition. As it is circulated throughout the body, CO also binds with 
myoglobin and interacts with cytochrome P-450 within cellular mitochondria. Low exposures 
(300-600 ppm-hrs) can lead to discomfort, nausea, and dizziness (Menon, 1988). Chronic 
exposures to similarly low concentrations have been implicated in the development of coronary 
artery disease and other cardiovascular diseases, developmental effects in the fetus, including 
low birth weight, enlarged heart size, and neurological decrements. At higher doses (>2000 ppm) 
it can lead to acute outcomes such as coma and death, or damage to the heart, brain, or other 
organs. (Apte, 1997). 
 
 
Measured concentrations of CO have been correlated with airborne particle concentrations. 
McCracken and Smith (1998) found a strong correlation (r2=0.87) between the average kitchen 
concentrations of CO and PM2.5 when a wood-burning fire was used to heat water in a rural 
Guatemalan home. Similarly, Naeher et al. (2001) found high correlations (r2=0.85 to 0.88) 
between area PM2.5 and CO levels in homes with wood-burning cook stoves. Naeher et al. 
(2000a) also reported that their observations supported the use of CO levels as a proxy for PM2.5 
levels in situations where the two have a single emission source. Particulate matter, in turn, has 
been associated with various respiratory diseases and lung cancer. Hence, CO concentration can 
be a direct and indirect indicator of a broad range of adverse health outcomes. 
 
CO was chosen as an indicator because a variety of instruments are available to monitor CO 
levels in the field. Each has trade-offs in terms of cost, accuracy, and ease-of-use. These range 
from continuous, passive, data loggers – expensive, bulky, but highly accurate and precise infra-
red devices, or cheaper, electrochemical devices – to integrated samplers such as the cheap, 
disposable CO dosimetry tubes. We chose the HOBO CO monitor (Figure 2.3) because it is 
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suitably inexpensive, easy to use, lightweight, and adequate in terms of its data logging 
capabilities and various specifications. It has CO detection limits of 0.2 and 2000 ppm. Within 
the 0-125 ppm range, it measures values with a resolution of 0.5 ppm, has a reported accuracy of 
4.5 ppm, or ± 7% of the reading, and a response time (T90) of less than 11 minutes.   
 
Finally, CO was chosen as the indicator pollutant in this study, because the incomplete 
combustion that occurs during residential burning of fuel wood results in high emissions of CO 
(along with PM and hydrocarbons). Previous studies in rural environments have documented 
elevated household concentrations of CO following cooking episodes. NOx and SO2 emissions 
are less of a concern in this context (Menon 1988).  
  
 
2.2.2 Instrument calibration and censored data 
 
For quality control purposes, a calibration check was conducted on the HOBO CO monitors prior 
to and following their use in the field. The procedure was developed by Dr. Rufus Edwards, and 
involved analyzing the response of each monitor to a known concentration of CO. The accuracy 
of the monitors decreased during the field-sampling period. Regressions of measured versus 
known concentrations of CO conducted during calibration tests in June, before entering the field, 
yielded r2 values greater than 0.99, and slopes of 0.9 – 1 for all ten monitors.  Two months later, 
after their use in the field, while r2 values remained high (>0.98), the slope of the association 
between true and measured concentrations had been reduced, in all cases, to 0.6 – 0.8.  
 
A data-adjustment procedure recommended by Dr. Alan Hubbard (reproduced in detail in 
Appendix A) was used to correct measured CO levels based on calibration data. However, in this 
paper we report statistics based on raw, rather than adjusted, data – because we had no basis for 
assuming a linear relationship between the loss in sensitivity of a monitor and the hours that it 
was deployed in the field; and because the loss in sensitivity would affect data on both improved 
and traditional stove houses, so measures were not likely to be systematically biased in terms of 
exposure status. Therefore, we reasoned, such an adjustment would unnecessarily complicate an 
interpretation of our results.  

 
 

2.2.3 Air sampling: duration and location 
 
Carbon monoxide concentrations were sampled continuously for 5 days as 1-minute time-
weighted averages (TWA). Monitors were located at a 1m horizontal and 1.5m vertical distance 
away from the stove in each house. This location is fairly typical for stove evaluation studies. It 
represents a compromise between convenience – in being out of the way of the cook and others 
who might stand, sit, or walk around the stove – and proximity to the breathing zone of the cook, 
and so a reasonable proxy for the actual concentrations this individual is exposed to during 
cooking. 
 
In rural settings, where biomass is burned indoors, measured levels of CO have been found to be 
highly variable during the day based on cooking patterns. Levels typically peak when the cook-
stove is lit, then decline to below the detection limit, where they stay during the remainder of the 
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day. Occasionally, small peaks are visible during the quiescent period.  These are probably 
attributable to ancillary sources such as incense, or a kerosene stove. This diurnal pattern of CO 
emissions lends weight to the choice of 24-hours as the sampling duration. However, we 
collected 5-day samples in order to study the between-day variability.  
 
Previous studies have shown that even when measured concentrations in a house vary when 
measured in the kitchen, they may not vary when measured in the bedroom (Naeher et al., 
2000a). Hence, it is not just pollutant levels but also patterns of variability in these levels that 
depend on sampler location, and the latter needs to be carefully chosen and specified. 
 
 
2.2.4 Questionnaires 
 
A brief, general questionnaire was used to acquire supplementary data relevant to the indoor air 
quality in each house. It included questions on the stove types, their condition, fuels used, and 
the average number of people per meal. These questions were asked of the primary cook prior to 
air sampling. More specific questions on when and in what quantities various fuels were burned, 
the use of ancillary combustion sources like lamps or incense, foods cooked, and ventilation 
conditions, were asked about in a second questionnaire that was administered at both 24-hours 
and 5-days after monitoring was initiated. 
 
Questionnaires were administered in the local language, Marathi, by Manisha Karkar and 
Vaishali Raut, our two fieldworkers. They were trained by Mr. Hanbar and Dr. Dutta, our 
collaborators at ARTI. As part of their training, they were instructed to maintain subject 
confidentiality at all times, and to refrain from coercing a subject to answer any question the 
latter did not wish to answer.  They were also asked not to engage in undue ‘coaching,’ or 
soliciting of answers they expected from their prior familiarity with the subject. Instead, they 
were asked to stick to the format of the questionnaire as far as possible, to record responses 
faithfully, and discuss any comments they had directly with the researcher. The researcher 
observed a subset of interviews, especially in the beginning, to ensure that these principles were 
being followed.  
 
In each house, the researchers recorded details on housing materials, kitchen size, features 
relevant to ventilation, such as the number and positions of doors and windows, and the 
condition of the stove or stoves present.  
 
The Committee for Protection of Human Subjects of UC Berkeley approved the study, and all 
participants gave their verbal informed consent, which was recorded on an approved written 
form.  Data were kept in a way that household information was not linked to the names of the 
householders to protect privacy. 
  
 
2.2.5 Air exchange rate assessment 
 
The effective air exchange rate (AER or β) of each kitchen was estimated by applying the mass 
balance equation, and using CO as a tracer gas. The kitchen was modeled as a one-compartment, 
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well-mixed chamber (similar to the method applied by Davidson et al., 1986), whose volume 
was independently measured. Under these conditions, the AER was approximated as the rate of 
decrease of the natural log of the CO concentration, according to the method described by both 
Smith (1987) and Wallace et al. (2002), and summarized here. In the absence of an active source, 
changes in the indoor CO concentration can be described by  
 

d(C)
dt

= −βC(t) (1) 

 
where C is the CO concentration (ppm); β is the loss rate coefficient (h-1) for CO; t is time (h). 
Since CO is largely inert it is not lost through reaction at surfaces, or through reaction with other 
airborne species. The main loss mechanism in this setting is through bulk air being advected out 
of the kitchen – so β can be interpreted as the AER.  
 
We can integrate equation 1 to solve for β as the negative rate of change of the natural log of CO 
concentrations, as shown in equations 2 and 3. 
 

d(C)
CCi

C f

∫ = −β dt
ti

t f

∫           (2) 

 

β = −
lnC f − lnCi

t f − ti

          (3) 

 
The procedure we followed included the following steps:  
 

i. The study house was evacuated at a time that had previously been established to have 
baseline (under 0.2 ppm) levels of carbon monoxide. This was typically in the 
afternoon, a few hours after the morning cooking period. The state of windows and 
doors was not manipulated, so they were open or closed based on normal householder 
preferences. This was to mimic, to the extent possible, conditions present at the time 
of air quality (AQ) monitoring. 

 
ii. A brazier containing dung and some kerosene was placed at the same location as the 

stove, and lit. We ensured that no other sources of carbon monoxide were present. A 
small fan was placed a few feet from the brazier to create well-mixed conditions, and 
to disperse the CO emitted from the brazier throughout the kitchen. A HOBO monitor 
was set up at the same location relative to the brazier as it was to the stove during the 
AQ monitoring, to log minute-by-minute CO levels. The exact positions of the 
brazier, fan, and CO monitor were recorded, as was the time that the brazier was lit. 

 
iii. The brazier was allowed to burn for 20-30 minutes to allow CO levels in the kitchen 

to become elevated to a reasonably high peak concentration. Then, the brazier was 
taken out of the kitchen and extinguished, and the fan was turned off. The time the 
brazier was removed was recorded. 
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iv. After another 30 minutes, the experiment was concluded. The natural log of CO 
concentration levels following the removal of the brazier were computed, and plotted 
against time.  The negative slope of the first 4-8 minutes (depending on when 
concentrations declined to the baseline) was recorded as the air exchange rate.  
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Figure 2.1  The study site: Kaldari, shown on a topographic map to have an altitude of 2800 
feet, and to be located about 50 km from Pune (scale = 1:250,000). 

 

 
 
Figure 2.2 a. A view of the water pump in Kaldari.  Houses shown here are typical for the 

region. 
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Figure 2.2 b.  The view from inside (top) and outside (bottom) a study house, demonstrating the 

numerous openings through which bulk flows of air can occur. 
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Figure 2.3  The HOBO CO monitor 
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CHAPTER 3 
 

Data Analysis and Results 
 

3.1 Household characteristics  
 
Data from 21 households are presented below. Data from household 22 were unusable because 
bidis were smoked indoors during the study period.  
 
 
3.1.1 Stove and fuel use 
 
Data from the questionnaires are summarized in Table 3.1. A striking result is that most 
households (6 out of 10) with traditional stoves also had LPG stoves while only 1 out of 11 
houses with improved stoves had LPG stoves. Traditional stove households also had more 
kerosene stoves (8 out of 10) than the improved stove households (6 out of 11).  Interviewees 
said that the traditional stove was used to prepare the main morning and evening meals, while the 
LPG and kerosene stoves were used for making tea, heating milk, or cooking a small meal in the 
middle of the day. However, we did not confirm this through direct observation, and the presence 
of low-polluting stoves leaves open the possibility that they were used to a greater or lesser 
extent, potentially confounding the results.  
 
Additionally, these LPG and kerosene stoves are a mark of affluence, as the fuels need to be 
purchased commercially. Hence, their presence and the degree to which they are used in a given 
home probably correlates with the economic status of the family. Since no data were collected on 
socioeconomic variables, we cannot correct for this effect. Nor can it be assumed that this pattern 
of multiple stove and fuel use is typical of the households in the region, as the sample was not 
randomly identified. The traditional- or improved-household samples may have been biased, 
because it is plausible, for example, that improved stoves were chosen more often by families 
that experienced high prior pollution concentrations. Also, even if there was no bias, the 
presence of multiple stoves may dilute the effect of the primary stove on airborne CO 
concentrations, making differences between the two study groups harder to resolve. 
 
Furthermore, access to LPG and kerosene stoves would presumably allow a householder to avoid 
extreme exposures. Elevated smoke levels cause acute symptoms such as watering of the eyes, 
coughing, and dizziness. One might expect that a more affluent cook with access to less-
polluting fuels would have the ability to choose to restrict pollutant levels. This would also serve 
to reduce the differences in concentrations measured in traditional- and improved-stove 
households. 
 
Some homes with improved stoves had retained their traditional stove. While interviewees 
claimed these were not used, or used only for boiling water in the morning (instead of the 
traditional water-heating bomb), this was not confirmed through direct observation. Therefore, 
these stoves and the water heating bombs present in most homes serve as sources of un-vented 
emissions of biomass combustion products that would obscure the reduction in concentrations 
achieved through the improved stove. This effect would be absent in the evening. 
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3.1.2 Kitchen volume and air exchange rate  
 
As shown in Table 3.1, the mean kitchen volume for homes with traditional stoves was 48 m3 ± 
16 m3 (mean ± standard deviation), with a minimum of 26 m3 and a maximum of 79 m3.  The 
mean for improved-stove homes was also 48 m3 ± 23 m3 (mean ± sd), with a range of 24 – 97 
m3.  As indicated by the identical means, the two groups of homes were not, on average, 
different in volume. 
 
The air exchange rate estimates based on controlled experiments in each kitchen are also 
presented in Table 3.1. They are expected to be broadly indicative of the AER in a kitchen under 
normal cooking conditions. However, they would differ systematically due to the presence of a 
fan (which might increase the measured AER), and the absence of a continuously emitting stove 
(which would affect the convective airflow patterns in the room). Davidson et al. (1986) 
measured the AERs of kitchens in Nepal with a similar method, and commented that they 
expected the AERs to be many times higher during stove use.  
 
Because CO concentrations in households 5 and 10 were not high enough to allow for an 
observation of the subsequent decay curve, AERs in these two households are missing. The AER 
in traditional-stove households was estimated as 16 hr-1 ± 7  hr-1 (mean ± sd); the corresponding 
estimate for improved stove households was 16 hr-1 ± 5 hr-1. As observed with kitchen volumes, 
the AERs in this setting were remarkably similar, on average, across the two groups of 
households. The estimated AERs were, however, high.  They are primarily attributable to bulk 
flow through windows, doors, and gaps between the walls and the roof (Figure 2.2 b).  
 
Additionally, the AER estimate is only strictly valid in cases where the kitchen is well mixed – 
i.e. when the characteristic time for mixing is less than the characteristic time for removal (tmix 
<< trem).  An AER of 16 hr-1 would imply a trem < 4 minutes; and tmix << 4 minutes for the 
method to yield an accurate result. Drescher et al. (1995) measured mixing times of 2-42 minutes 
in a room with forced convection, so it is unlikely but possible that the kitchens in our sample 
could be represented as well-mixed. However, these time periods are shorter than the response 
time of the CO instrument, further reducing the reliability of AER estimates that are greater than 
~6 hr-1.  
 
The spatial variability of the air exchange rate was assessed by measuring this parameter 
simultaneously, in 7 households, at 3-4 locations in the kitchen. The coefficient of variation of 
the measurements ranged from 15-30%. The temporal variability of the AER was not assessed. 
 
3.2 Household pollutant levels 
 
Moving average CO concentrations (Cavg) were calculated for the 21 houses with valid data over 
12-hr, 3-hr, 1-hr, 15-min, and 1-min periods .  Then, 5-day, 2.5-day, and daily averages were 
computed.  For each averaging time, the household’s maximum concentration (Ctime,max) was 
noted.  The mean and standard deviation of Ctime,max for the two household groups were 
determined.  
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Additionally, the mass of CO (M) emitted during a cooking period was calculated using an 
integral material balance for CO.  This material balance treats the kitchen as an instantaneously 
mixed zone, incorporates kitchen volume, and assumes that β is first order and invariant with 
time. In order to estimate the total mass emitted during each cooking episode, the 2-hour period 
within the episode with the highest mean concentration was used.  The mean and standard 
deviation of M for morning and evening events, first considered separately and then grouped, 
were obtained for each house and compared between houses.   
 
Results are summarized in Table 3.2.  
 
There were four households in which the 1-hr average CO levels exceeded the U.S. National 
Ambient Air Quality Standard (NAAQS) of 35 ppm (not to be exceeded more than once per 
year) on one or more occasion during the 5-day sampling period. These were households 14, 15, 
6, and 5, which exceeded the standard 6, 4, 4, and 1 times respectively.  The first two were 
households with traditional stoves, and the last two had improved stoves. 
 
Finally, we plotted the 5-day time-weighted average concentration of each household against 
several variables – kitchen volume, kitchen air exchange rate, ‘crowding,’ and ownership of a 
less-polluting stove – to examine possible relationships between these variables and household 
levels of carbon monoxide. No relationships between concentrations and any of these variables 
were observed.  We were especially interested in the effect of owning one or more less-polluting 
stoves (kerosene or LPG) in addition to the primary biomass-based cook-stove. To investigate 
the effect of LPG-stove ownership, the maximum 1-hr average CO concentration and the 5-day 
average CO concentration measured in each household were regressed against the number of 
‘low polluting’ (i.e. kerosene or LPG) stoves owned by that household. However, in both cases, 
no meaningful relationship between these variables was found. 
  
 
3.3 Inter- vs. intra-household variability 
 
Household pollutant levels were, as expected, highly variable during the day based on cooking 
patterns. Figures 3.1a and b depict the time-varying CO concentrations measured over a 5-day 
period in traditional and improved stove households respectively.  
 
A random effects model was fit to each set of Cavg and M values to separate the inter- and intra-
household components of the variance in the data. It had the form:  
 
Yij = β0 + β1xij + αi + εij  

 
where Yij is the jth Cavg value of CO concentration of the ith house, xij is the Treatment Effect (0 
for traditional stove households, 1 for improved stove households), αi is the random effect 
responsible for between house variability, εij is the residual (within-house) variability, β0 is the 
mean of Y within the households with unimproved stoves, and β1 is the effect of the improved 
stove.   
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Fitting the model above yields variances of the random effects, σα2 and σε2.  The fraction of the 
overall variance attributable to between-house variability is then estimated by the intra-class 
coefficient (ICC, or ρ):  
 
ρ = σα

2 / (σα2 + σε2) 
 
ρ was calculated for each M, and for each averaging time, and for the 24-hr and 60-hr median 
and 95th percentile values (Table 3.3). The ICC is plotted as a function of sample averaging time 
in Figure 3.3.   
 
Household pollutant levels also varied according to location. In 10 out of 21 households, it was 
the CO monitor that was located closest to the stove that recorded the highest 24-hr average CO 
concentration. There was no consistent pattern in which of the 3 monitors that were located 
further away (in various directions) recorded the highest concentrations in the other 11 
households. The observed lack of a consistent ‘proximity effect’ – whereby the monitor closest 
to the stove would record the highest CO concentration – was unexpected. We attribute it to two 
factors. One: CO is inert, and can be thought of as conserved. It is not sequentially removed from 
room air as it flows from the point of release to other room-locations.  Two: the estimated air 
exchange rates of the kitchens in the sample were high (mean ~ 16 hr-1). The airflow through the 
room was therefore likely vigorous and uneven, preventing the formation of a steady gradient 
between the point of emission and other locations.  
 
A kitchen was defined as ‘well-mixed’ when the coefficient of variation (COV, the standard 
deviation divided by the mean) of 24-hr concentrations measured at the 4 locations was less than 
25%. Only half of the sampled households met this criterion. There was no correlation between 
the size of the kitchen, and whether or not it was well-mixed – i.e. monitors that were in a 
smaller kitchen, and therefore closer together, did not on average measure concentrations that 
were more alike than their larger-kitchen counterparts.  
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Table 3.1 Household characteristics, stove and fuel use  
 

Traditional Stove Improved Stove Variable 
Average SD Average SD 

Kitchen volume (m3) 48.3 15.9 48.4 23.1 
Air exchange rate (hr-1) 15.8 5.66 15.6 5.28 
No. of LPG stoves owned 0.6 0.09  
No. of kerosene stoves owned 0.8 0.55  
Hours stove or bomb lit outside of two 
main cooking periods 

1.5 0.75 1.7 0.75 

Crowding (no. rooms / no. people) 0.8 0.3 0.8 0.5 
Hours lamp (kerosene, oil) burned 0.7 0.9 1.5 1.5 
Hours incense burned 0.2 0.2 0.5 0.5 
Time spent cooking daily 4.1 0.3 3.7 0.7 
 
 
Table 3.2 CO levels in improved and traditional stove households, evaluated on the basis of 
several metrics. 

Metric Improved Stove Households Traditional Stove Households p-value 
 Mean SD Mean SD  
C1-min, max 42.1 34.6 44.5 29.9 0.62 
C15-min, max 31.5 27.5 33.9 22.7 0.52 
C1-hr, max 20.9 17.0 23.8 16.6 0.25 
C3-hr, max 14.0 11.0 15.8 13.2 0.32 
C12-hr, max 5.14 3.23 6.50 6.44 0.08 
C24-hr, max 3.87 2.61 3.86 3.41 0.98 
C60-hr, max 3.36 2.50 2.96 2.33 0.27 
C5-day 2.98 2.24 2.77 2.14 0.52 
M 9.14 8.03 9.35 9.62 0.87 
Mmorning only 10.8 9.81 11.9 10.0 0.45 
Mevening only 7.84 6.03 7.34 8.87 0.66 

(C = CO concentration, ppm; M = CO mass, mg) 
 
 
Table 3.3 The within-household fraction of total measurement  

variance (1-ρ) for several metrics.  
Metric 1-ρ 
M 0.37 
Mmorning only 0.20 
Mevening only 0.42 
 24-hr 60-hr 
95th %ile 0.15 0.09 
Median 0.62 0.14 
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3.1 a. The time varying CO concentration measured over a 5-day period in traditional stove 
households 

0

20

40

60

80

100

120

140
15

:0
0:

00

18
:2

5:
00

21
:5

0:
00

1:
15

:0
0

4:
40

:0
0

8:
05

:0
0

11
:3

0:
00

14
:5

5:
00

18
:2

0:
00

21
:4

5:
00

1:
10

:0
0

4:
35

:0
0

8:
00

:0
0

11
:2

5:
00

14
:5

0:
00

18
:1

5:
00

21
:4

0:
00

1:
05

:0
0

4:
30

:0
0

7:
55

:0
0

11
:2

0:
00

14
:4

5:
00

18
:1

0:
00

21
:3

5:
00

1:
00

:0
0

4:
25

:0
0

7:
50

:0
0

11
:1

5:
00

14
:4

0:
00

18
:0

5:
00

21
:3

0:
00

0:
55

:0
0

4:
20

:0
0

7:
45

:0
0

Time of Day

C
O

 C
on

ce
nt

ra
tio

n 
(p

pm
)

HH01
HH02
HH13
HH14
HH15
HH16
HH17
HH18
HH19
HH20
HH21

  
3.1 b. The time varying CO concentration measured over a 5-day 
period in improved stove households 
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Figure 3.2. The ICC for various measurement averaging times 
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CHAPTER 4 
 

Discussion 
 
4.1 Evaluation of hypothesis 
 
No significant (defined as >95% confidence level, or α<0.05) difference was demonstrated 
between traditional and improved stove households based on any of the metrics analyzed. Values 
of CO concentration and mass differed by less than half a standard deviation for all averaging 
times and data subgroups, as shown in Table 3.2.  
 
While the means of household-maximum CO-levels at averaging times less than 24 hours were 
systematically higher for the traditional households, none of these differences were large or 
statistically significant. The difference between the two groups approached significance (p=0.08) 
when maximum 12-hour levels were compared. At higher averaging times, the opposite trend 
was observed; for instance, the 5-day (or sample) average CO concentration was slightly higher 
for improved vs. traditional stoves (δ=+0.21 ppm, p= 0.5).  
 
Therefore, the null hypothesis could not be rejected under the conditions of the investigation.  
However, the sample sizes for both groups were small, limiting the statistical power of the 
comparison. 
 
Other studies of the effectiveness of simple, improved stoves under field conditions in Indian 
villages have found similar results (personal communication). However, it is difficult to 
comment definitively on reasons for this gap between stove performance in laboratory settings, 
and their observed effectiveness in the field, because it has not been systematically and 
quantitatively assessed (in the published, peer-reviewed literature) for the Indian setting. 
 
Only one peer-reviewed study to date (Ramakrishna et al., 1989; Table 4.1) provides 
measurements documenting the effect of improved stoves on indoor CO levels in India. The 
authors of this study monitored kitchen CO concentrations in HHs that had a traditional, or one 
of seven types of improved, stove. CO levels measured during cooking were comparable with 
those reported in the present study, and also highly variable.  Average concentrations ranged 
from 7.2 to 96 ppm and 6.2 to 66 ppm for traditional and improved stoves respectively. The 
authors observed a significant difference between CO concentrations in traditional and improved 
stove households for 6 out of 7 improved stove types observed.  
 
Fifteen similar studies (conducted after 1985), where kitchen CO levels were monitored in 
households utilizing biomass (wood or dung) for cooking, are summarized chronologically in 
Table 4.1.  A review of relevant research prior to that date is included in Menon (1988).  The 
review presented in Table 4.1 serves two primary purposes. First, it demonstrates the range of 
CO levels measured in biomass-burning households with or without improved stoves; as such, it 
familiarizes the reader with various improved-stove intervention studies, and their findings, for 
comparison with the present study.  Second, it demonstrates the variability (reported as the 
standard deviation divided by the mean, or the coefficient of variation (COV)) in measured mean 
CO levels. It allows an observation of the relationship between this variable and factors such as 
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the season, type of stove, and averaging time employed in generating the mean. The second issue 
is discussed in further depth in Chapter 5.  
 
The highest cooking-period CO concentrations (amongst this group of studies) were reported by 
Joseph et al., 1985 (600 ppm and 400 ppm for traditional and improved stoves), and Reid et al., 
1986 (240 and 380 ppm for each of two types of traditional stoves). Both studies were conducted 
in Nepal. Other studies based in Nepal, India, Guatemala, and Mexico, measured cooking-period 
levels that were consistent with the present study: 7-103 ppm for open fires or traditional-stoves, 
and 6-48 ppm for improved-stoves. As expected, CO-levels were lower (1-13 ppm) when longer-
term (14-, 22-, or 24-hour) averages were considered – as seen in studies conducted in Kenya, 
South Africa, Costa Rica, Guatemala, and Mongolia. 8 out of 9 intervention studies reported a 
significant difference between the CO concentrations in households with traditional stoves or 
open fires, and at least one of the various types of improved stoves observed. 
 
Two possible reasons for the gap between the performance of the stove in the laboratory and its 
effectiveness in the field are that the stoves may not have been used as intended, or emissions to 
the indoors by the household stove may not have been the primary source of pollutants.  These 
issues are discussed below.  
 
 
4.1.1 Incorrect or non-optimal use of the Lakshmi chulha 
 
Contrasting the model stove use observed in Household 4 — which had the lowest CO levels in 
our study — with that in other households illustrates several potential sources of variability in 
the stoves’ effectiveness. The owner of the Household 4 stove expressed her pride in it, and 
maintained it well.  She made sure that both pot holes were completely covered when the stove 
was lit, which reduced fugitive emissions.  In other homes, we commonly observed a makeshift 
grate placed over the pot hole, upon which a pot could be balanced even when it was smaller 
than the opening.  Or, if the cook needed only to use the primary pothole, the second one would 
be left uncovered and exposed.  In addition, in the HH04 chulha, fuel was contained in the 
combustion chamber and the area under it was kept relatively free of ashes.  In some of the other 
homes, the upper lip of the combustion chamber had been thinned to allow larger pieces of wood 
to be fed in.  These large pieces of fuel wood, protruding from the front of the stove as they 
burned, were an additional source of fugitive emissions.  The flue in HH04 was in good 
condition and permanently installed, unlike some homes where it was taken off during the rainy 
season, promoting cracks and imperfect sealing during reattachment.  The latter practice 
occurred because some families did not acquire a special roof tile with a hole for the flue along 
with their stove, and so removed an entire tile to make room for the flue. This left an opening for 
water to leak in during the rains. These qualitative comparative observations lend weight to our 
guess that incorrect usage of the Lakshmi stove reduced its benefit.  
 
Other studies  (e.g. Joshi et al., 1987, cited in Ramakrishna et al., 1989) have shown that 
common user-modifications can have a large effect on indoor emissions from improved stoves. 
Joseph et al. (1985), for instance, report a four-fold decrease in measured CO concentrations 
(from 400 to 100 ppm) in a kitchen with an improved stove that was well maintained, compared 
with a regular improved stove.  
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To test this hypothesis – that incorrect use of the stove is a reason for the apparent failure of the 
intervention – we recommend a two-step process. The first step would be to study the efficacy of 
the stove under controlled field conditions.  In other words: once the stove was shown to reduce 
emissions and concentrations in a laboratory setting, it would be challenged to do the same in a 
field setting where key variables – the age and condition of the stove, the type and condition of 
fuel, and operator behavior – were controlled. The last step would be to conduct a randomized 
intervention study amongst improved stove households. The study design for such an 
investigation could include a set of houses with improved stoves randomized into two groups. 
The intervention – training in proper stove use, and routine examination and verification of stove 
set-ups – would be implemented in one group, with the other serving as a control. Then after an 
appropriate period of time, CO concentration would be measured in the two groups.  
 
If the stove was shown to reduce emissions and CO levels in the lab and in a controlled field 
environment, then subjective features relating to the use of the stove by the operator, and the 
training and support available to her, could be the criteria determining its effectiveness in the 
field. These points (a-b) are discussed below: 
 
a. Members of the household wish to have an improved stove  
 An improved stove is likely to have a greater health impact if it is installed in a home with a 

recognized air pollution problem, and a stove user who is motivated to learn and implement 
good stove use practices. In Guatemala, Bruce et al. (2004) found that 24-hr mean kitchen CO 
levels were especially low in the 8% of study households that had purchased the stove 
themselves, versus receiving it through the FIS program. Similarly, TERI and WII surveys in 
India (cited in ESMAP/World Bank, 2001) show that stove usage and maintenance rates are 
poor amongst households getting highly subsidized stoves.  

 
 Therefore, the ability to generate and assess user interest is crucial for the success of improved-

stove programs. This user-interest varies widely amongst studies. Menon (1988), in her work 
in rural Bhopal and Pondicherry, found that although more than 65% of ~290 cooks surveyed 
testified that they were bothered by household smoke, perceived that it led to health problems, 
and desired to get rid of it, not one ‘desired a smokeless chulha’ even when the latter was 
offered at no cost. In contrast, Reid et al. (1986) found, in their work in Nepal, that 69% of 
surveyed cooks wanted an improved stove because it reduced smoke exposure. In a survey of 
the NPIC in Maharashtra, users cited fuel savings as the primary benefit of an improved stove; 
none reported ‘better health’ as a benefit (ESMAP/World Bank, 2001). 

 
b. Training and support are available 
 Along with the improved cookstove, families should be given access to stove- and chimney-

accessories such as the appropriate roof tile and steel rings, and training on their installation 
and use. A survey of the NPIC in Karnataka showed that only 6% of users had participated in a 
training program. In many other Indian states, users face the problem of the non-availability of 
stove parts locally. (ESMAP/World Bank, 2001). The continuing involvement of a trained 
stove expert from within or outside of the community could promote a more favorable 
outcome. This person would ensure periodically that stoves are in good working condition, and 
ideally would be able to solve problems for families if pollutant levels remained high. Without 
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this support, most users reported that they would return to their traditional stove if the 
improved one broke – a considerable problem in light of the fact that the average lifetime of an 
improved stove is just 2-3 years (ESMAP/World Bank, 2001). 

 
 
4.1.2 Other influences on pollutant concentrations 
 
Several factors aside from cookstove type influenced the CO levels measured in Kaldari 
kitchens. Two likely were most significant: the air exchange rate of the kitchen, and the degree to 
which other stoves with less polluting fuels such as LPG or kerosene were used for cooking tasks 
instead of the biomass cook-stove under observation. As recorded in Table 3.1, these factors 
varied across homes and across time in a given home, and made it difficult to resolve variations 
due to stove type. Other, likely less significant factors included the type and amount of food 
cooked and fuel burned, the length of the cooking period, and the size of the kitchen.  
 
Most of the factors mentioned above did not vary systematically between the two groups of 
households.  As shown in Table 3.1, figures representing the average kitchen volume (48 m3), air 
exchange rate (16 hr-1), the number of hours the stove or the biomass water-heating stove was lit 
outside of the two primary cooking periods (1.5 hr), and the time spent cooking (4 hr/day), are 
almost identical between the two types of households.  The average number of hours during 
which incense or a lamp was lit each day in the Lakshmi-group was about double the 
corresponding figure for traditional stove households. This difference was not statistically 
significant. 
 
4.2 Study Limitations, and next steps 
 
The present study represents a small-scale, pilot effort where the HOBO CO monitor, and 
various monitoring protocols and data-analysis schemes, were tested for their usefulness in a 
rural setting in Western India. As such, the results give us insight into the housing and ventilation 
conditions in this population, the variety of stove and fuel types used, the range of CO 
concentrations, and the degree and type of variability in these concentrations. Any study that 
builds upon this work would benefit from addressing the following issues: 
 
 
i. Bias: A random (rather than convenience) sample, or a longitudinal study design (where the 

improved stove was placed in the same location where the traditional chulha had been), 
would help ensure that measurements were not biased because individuals in homes with 
lower AERs (and consequently higher pollutant levels) were more likely to purchase or 
acquire an improved stove, or from protective structural adaptations in kitchens where 
traditional stoves had been used for a long time.  

 
Both effects have been observed in the present and previous studies. Park et al. (2003) 
observed the former effect. Bruce et al. (1998) found evidence of confounding – an 
association between type of stove and floor type (which was used as an indicator of 
socioeconomic status). Bruce et al. (2004) recorded protective behavioral responses in homes 
with more polluting stove/fuel types that led to a bias in personal (child) CO measurements. 
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In our household sample, traditional stoves were usually placed close to windows or eaves, 
and arranged so that dispersion of the emitted plume through the kitchen was minimized. 
Similarly, Davidson et al. (1986) found there were often small holes in the wall or ceiling 
above the stove; and Ramakrishna et al. (1989) suggested that cooks in their study might 
have adjusted their movements to keep their exposure below a threshold of discomfort, or 
have more motivation to accept an improved stove if they had higher exposures.  

 
ii. The ‘Neighborhood Effect’ refers to the phenomenon where the indoor concentration of a 

pollutant is affected by emissions from neighboring houses. It is likely dependent on factors 
such as housing density, altitude, meteorology, housing materials, and AER, so these 
variables would need to be observed to assess whether or not outdoor sampling was needed 
in a given study. 

 
Earlier studies in India demonstrate this effect (Smith et al., 1994; Ramakrishna et al., 1989). 
In contrast, it was not detected in a Guatemalan village (Naeher et al. 200a).  

 
 
4.3 CO exposure in Kaldari: a cause for concern?   
 
Although a thorough consideration of exposure and health effects was beyond the scope of this 
study, it is noteworthy that about 20% of households exceeded the US NAAQS (which is not 
supposed to be exceeded more than once per year) one or more times during the 5-day 
monitoring period. While neither sample differed from the other on average, or had average 
concentrations that exceeded the US NAAQS, there was high sample variability, and so a subset 
of the households (drawn from the control and intervention group) experienced high, chronic CO 
exposures. However, these exposures went down to zero when the stove was not lit, so 8 or 24 
hour average CO concentrations were low.  
 
The levels of CO to which the primary cook in each household was exposed each day could be 
expected to be higher than those measured, as their distance from the stove, during a cooking 
period, was typically half that of the monitors. Therefore, as pollution levels have been found to 
vary as a function of distance from a source during or shortly after an emission period (McBride 
et al., 1999), the true level of non-compliance with standards was probably higher; it needs to be 
explicitly measured to be adequately assessed. Additionally, since this most-exposed sub-
population of cooks is typically composed of married (and occasionally pregnant) women, it can 
be considered a sensitive population requiring additional protection to avoid adverse 
developmental effects from CO exposure.   
 
Kitchen levels of CO measured in the present study (5-day averages between 1-7 ppm, and 5-120 
ppm during cooking) are comparable to a number of similar studies in biomass-burning rural 
environments, although it is difficult to fully compare studies that deal with different cooking 
fuels, weather, household characteristics, and stove types.  Bruce et al. (2004) reports that 24-hr 
average levels of CO in rural Guatemalan homes are in the range 2-50 ppm, while cooking-
period averages range from 10-500 ppm. A brief review of CO concentrations measured indoors 
in biomass-burning rural environments is presented in section 4.4, and summarized in Table 4.1.  
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Measured CO levels were, on average, lower than those described as “unusually high ambient 
levels” in the US by Apte (1997) – 44 ppm on a freeway with stalled traffic; 87 ppm inside a 
closed automobile where cigarettes are being smoked; >100 ppm in an unventilated garage; 218 
ppm inside a vehicular tunnel. However, as commented on above, short-term levels in individual 
high-CO homes in this study often exceeded 100 ppm, and resembled an unvented garage or 
closed car with environmental tobacco smoke.  
 
Our results are a reminder of the gap between medium-term measures like simple, improved 
biomass stoves, and the reduced exposures borne by higher-income populations who have access 
to improved fuels for their domestic energy needs.  The mass of CO and PM emitted per unit of 
energy gained are 19 and 26 times less for LPG combustion (under residential burning 
conditions), respectively, as compared with wood combustion (Table 1.1).  The emissions of 
these pollutants are even higher with dung-combustion, as shown in the same table. Peak levels 
of CO found in a US kitchen during cooking with natural gas are, at 8 ppm (Wallace, 2000), 
lower than those found here, in spite of air exchange rates that are, typically, an order of 
magnitude lower.  CO is known to be toxic to humans at all doses, so in the long-term, efforts 
should be directed at reducing this exposure for all populations to the concentrations found in 
most higher-income households.  In practice, this generally means moving up the energy ladder – 
or switching from lower to higher quality fuels – the benefits of which are described by Smith et 
al. (1994).  
 
While some experts argue that a shift to cleaner-burning fuels by billions of the planet’s villagers 
would lead to an increased use of fossil fuels and consequent greenhouse warming, Smith (2002) 
makes a convincing case to the contrary. He asserts that the poorest and most vulnerable 
populations must not be made to bear the burden of preventing climate change. He argues that 
even if all the 2 billion people that cook with biomass switched to LPG, the increment to global 
greenhouse gas emissions from fossil fuels would be less than 2% – and would “actually result in 
a net reduction of human exposures to air pollution that would be substantially larger than 
today’s total exposure from all fossil fuel emissions.” Further, he refutes the claim that petroleum 
resources are not sufficient to supply household needs, arguing that it is other sectors that deplete 
supplies. 
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Table 4.1. A summary of studies (conducted after 1985) where kitchen CO levels were 
monitored in households utilizing biomass (wood or dung) for cooking (Saksena et al., 2003; 
Smith KR web page).   

No.  Reference Site Season Sample 
averaging 
time 

Type of stove Avg. CO in 
ppm (COV) 

1. Joseph et al. 
(1985) 

Nepal  Simulated 
cooking 
period 

Traditional 600 

     Improved 400 
     Improved and 

well maintained 
100 

2. Reid et al. 
(1986)  

Nepal Autumn: 
sunshine, 
dry 
warmth, 
little wind  

Cooking 
period 

Traditional 
chulha  

240 (0.84) 

     Traditional agena 380 (0.5) 
     Improved 67 (1.7) 
3. Davidson et al. 

(1986) 
Nepal Winter: 

cold, clear 
-10ºC-10ºC

Cooking 
period 

Traditional: house 
1 

21±1.2 
(GM±GSD) 

     Traditional: house 
2 

37±1.4 
(GM±GSD) 

     Traditional: house 
3 

11±1.9 
(GM±GSD) 

4.  Menon (1988) Bhopal, 
Pondicherry 

 Cooking 
period 

Traditional 28 (0.68) 

5.  Ramakrishna et 
al. (1989) 

India: 4 
States 

Year-round Cooking 
period (spot 
check every 
2 mins) 

Traditional 
Gujarat #1 

90 (1.1) 

     Traditional 
Gujarat #2 

103 (1.0) 

     Improved Gujarat 
#1 

29 (1.9) 

     Improved Gujarat 
#2 

37 (1.8) 

     Traditional 
Haryana 

7.2 (0.8) 

     Improved 
Haryana 

6.2 (0.7) 

     Traditional 
Karnataka 

20 (1.0) 

     Improved 
Karnataka 

9.4 (1.5) 

6. Pandey et al. 
(1990) 

Nepal Winter Cooking 
period (1-hr) 

Traditional 82.5 (42) 

     Improved 11.6 (93) 
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7.  Norboo et al. 

(1991) 
India – 
himalayan 
village 

Summer  Cooking 
period: close 
to fire 

Traditional and 
improved  

24.5 (1.7) 

   Winter  Traditional  102.7 (0.87) 
     Improved 47.7 (1.5) 
8. Saksena et al. 

(1992) 
Garhwal 
Himalaya 

 Cooking 
period 

Traditional stove 21 

9.  McCracken & 
Smith (1998) 

Highland 
Guatemala 

 Water 
Boiling Test 

Open fire 74 (0.3) 

     Improved stove 1.8 (1.1) 
    Standard 

Cooking Test 
Open fire 101 (0.3) 

     Improved stove 13 (1.5) 
10. Saatkamp et al. 

(2000) 
Jaracuaro, 
Mexico 

Wet/dry 
season 

15-min 
during 
cooking 

3-stone fire 15 (0.2) 

     Traditional stove 13 (0.2) 
     Elevated trad. 

stove 
19 (0.1) 

     Lorena 9 (0.3) 
     Gas 2  
11. Ezzati et al. 

(2000) 
Kenya Year-round 14-hr Gas 7.75 

     Other mixture 4.74 
12.  Naeher et al. 

(2000a, 2001) 
Guatemala Fall, 

summer, 
rainy 
season 

22-hr Open fire #1 6 (0.36) 

     Open fire #2 10 
     Plancha 1.3 (0.66) 
     LPG 1.3 (0.46) 
13. Park &Lee 

(2003) 
Costa Rica  24-hr Hierro colado 

(with flue) 
1.3 (0.6) 

     Fogon (no flue) 1.2 (0.6) 
14.  Bruce et al. 

(2004) 
Highland 
Guatemala 

 24-hr Open fire 12.38 

     FIS plancha 4.89 
     Own plancha 3.09 
     Gas  7.75 
15. Röllin et al. 

(2004) 
South 
African 
villages 

Summer 24-hr Stoves in un-
electrified village 

3.5 (0.6) 

     Stoves in 
electrified vill. 

2.0 (1.2) 

16.  Cowlin et al. 
(2005) 

Mongolia Winter 24-hr Traditional stove 11.6 (0.8) 

     Improved G22000 7.8 (0.4) 
     Improved TT-03 8.9 (0.3) 
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CHAPTER 5 
 

Variance components: implications for monitoring 
 
 
5.1 Analyzing variance components 
 
Based on the results presented in Chapter 3, averaging times of 24 hours or more are needed to 
reliably characterize between-household differences in CO levels in this population.  80% of the 
variability in 24-hour average CO concentrations was explained by between-household 
differences, while only 12% of the 15-minute concentration variability was explained by 
between-household factors.   The ICC went up to 0.95 when a 60-hour averaging time was used 
(see Figure 3.2).   
 
We also observed more within-house homogeneity in the amount of CO emitted during the 
morning cooking episode compared to the evening episode.  The within-household variability 
was 20% for morning events and 42% for evening events (see Table 3.3).  Therefore, morning 
cooking events better characterize household CO levels than evening events. Reid et al. (1986) 
found CO concentrations were higher in the evening compared with the morning – further 
suggesting the utility of studying the two periods separately. 
 
While it is probably safe to extrapolate these within- and between-household variance ratios to 
other mountainous Maharashtrian villages, additional studies would be needed to establish their 
validity in other regions both in India and around the world. To put them into context, a brief 
discussion of the literature on improved stove studies (reviewed earlier in this paper) is presented 
below. Theoretical treatments of the relationship of averaging time with variability, and 
implications for intervention studies, are also discussed below. 
 
 
5.2 Literature Review 
 
Only one study (amongst those where pollutants were monitored in biomass-burning kitchens) 
could be identified that explicitly used repeated measurements to partition variance into its 
components. The authors, Boleij et al. (1989), report that for 24-hr indoor PM emitted from 
burning biomass in rural Kenya, 69% of total variance was due to the difference between 2 
measurements in the same house. Only 31% of the variance was caused by differences between 
the houses.  
 
Other studies – such as Bruce et al. (2004) – have reached similar conclusions about high 
temporal variance in pollutant levels under typical conditions. Ramachandran et al. (2000) 
compared short-term (15-min) variations in outdoor and indoor PM2.5 concentrations. The 
authors of this study found that within-day variability was substantial, comparable in magnitude 
to day-to-day variability. The maximum 15-min average value (from a sample collected over 24-
hr) measured as much as 4 times the average. Ezzati et al. (2000) measured 24-hr CO 
concentrations multiple times in the same house to analyze intra-household variability. They 
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found no evidence of systematic seasonal variation. However, they did find large variations in 
the daily median within each stove-fuel group. 
 
 
5.3 Implications for monitoring 
 
Figures 3.1a and b represent minute-by-minute carbon monoxide (CO) concentrations from 
kitchens with improved and traditional stoves respectively. Our goal, stated broadly, was to 
assess differences between the two groups; and more specifically, to see if the improved stoves 
resulted in improved air quality, with CO concentrations serving as an inverse indicator of air 
quality.  However, as is qualitatively shown through these figures, and quantitatively 
demonstrated by the high COVs reported in this and related studies, the distributions of 
individual household CO measurements have a large degree of overlap with each other across 
groups. 
 
Two recommendations for addressing this problem are outlined below. For each, examples of 
their application in studies where environmental measurements were made are also discussed. 
 
1. Refine sample size calculations for desired precision: more subjects, more time, or more 

locations? 
 
When environmental measurements are made, the crude (or sample) variance includes three 
components: between subjects, within an individual (temporal), and between locations (spatial). 
It also includes measurement error that, if random, adds to the within-individual component 
(Tielemans et al., 2002). The spatial case is excluded from this discussion, which assumes that 
the monitoring location is fixed, but the same analysis can easily be extended to include it. 
Measurement error is not discussed because it is generally relatively small.  
 
According to fundamental statistical principles, increasing the size of a sample is a strategy to 
reduce the sample variance. If the measurements are log-normally or normally distributed, 
variance reduces in a predictable way. An increased sample size can be achieved by adding more 
subjects, or measuring for longer durations of time1. The optimal choice would depend on the 
relative magnitude of each variance component, as stated by Nordander et al. (2004): "the 
precision of an estimated between-subjects variance component improves when more subjects 
enter the study, while more trials per subject favors a precise estimate of the between-days 
variance."  
 
The intra-class correlation coefficient (ICC) can be used to separate variance components, to 
assess their relative magnitudes and so answer the question of ‘more subjects or more time?’ 
This aids in the assessment of ‘how long is enough’ – or, ‘when does increasing the duration of a 
measurement yield no new information?’ As discussed in Chapter 3, the ICC (or ρ) is defined as 
the ratio of between-house variance to total variance: 
 
                                                 
1 Tuggle (2000) points out that if concentrations are log normal and independent for any one averaging time, they 
cannot be so for another averaging time; the central limit theorem would indicate that the distribution of 
concentrations with higher averaging times would tend to become normal. 
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ρ =
σ B

2

σ B
2 + σW

2  

 
Therefore, a high ICC would indicate that temporal variance is low relative to the total variance, 
and increasing the duration of measurements is no longer necessary.  
 
To choose an appropriate duration, or averaging time (n), we need to identify: 
 

a) The level of temporal variability we are comfortable with. It would be reasonable, for 
example, to decide that 10% within-house variability was acceptable; in which case we 
would choose ICC=0.9. 

b) The between and within household variances, 2
Bσ  and 2

Wσ . These could be measured by 
applying a random effects model to a set of pilot data, or estimated via variances 
computed in a similar environment.  

 

Then, since sample variance decreases as sample size increases, the term
n
W
2σ

can be substituted 

for 2
Wσ  in the equation for ICC above. This gives us an expression to calculate the sample size 

(i.e. measurement duration) required for a given reduction in temporal variability: 
 

)1(2

2

ρσ
ρσ

−
=

B

Wn  

 
Predictably, the required measurement duration is proportional to the degree of temporal 
variance, and increases as the required ρ - fraction of total variance attributable to between-house 
factors - is increased. 
 
The analysis in Chapter 3.3 supports this theoretical discussion with empirical evidence that 
increasing the averaging time not only decreases the total variance, as established earlier (Spear 
et al., 1986; Tielemans et al., 2002) but that, as expected, it does so disproportionately for the 
within-household component. Below, five studies, where variance components were measured to 
optimize study design choices and measurement strategies, are discussed.  
 
In their pilot study, Lazovich et al. (2002) collected 8-hr average dust concentrations for each 
production employee in a woodworking business and estimated the variance both between and 
within workers, and worksites. With these data, they were able to use sample-size type 
calculations to estimate the number of worksites, workers per worksite, and measurements per 
worker necessary for a given δ (difference between means), α (level of significance), and 
β (power). Whitmore et al. (2005) also show how the ICC can be used to “determine the sample 
allocation that minimizes cost while achieving pre-specified precision constraints” for studies 
where environmental concentrations of a pollutant are measured to assess human exposure. 
 
Matthiassen et al. (2003) assessed the variability within- and between-subjects of a few 
mechanical exposure parameters in an occupational ergonomics study, and also discussed how 
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this could shed light on the relative gains to be expected from increasing the number of subjects, 
or the number of recordings per subject. They found substantial differences between individuals 
in terms of the magnitude of their temporal variability. This parameter was increased when more 
locations or tools were added per individual. 
 
Finally, Mitakakis et al. (2002) and Martuzevicius et al. (2005) discuss the effect on data 
reliability of increasing spatial resolution, or the number of locations monitored. Mitakakis et al. 
(2002), in an analysis similar to the one employed in the present study – but for space instead of 
time – showed how the ICC could be increased from 0.52 to 0.67 to 0.78 when measurements (of 
allergen concentration in dust on carpet) were made from a single square area, 4 adjacent 
squares, and 4 non-adjacent squares, respectively. Martuzevicius et al. (2005) used variance 
components to evaluate an urban PM2.5 monitoring network. They suggested that the number of 
sites where integrated PM2.5 was sampled be reduced, and illustrated how a small loss in 
precision would be accompanied by a large decrease in sampling costs. Simultaneously, they 
recommended increasing the number of sampling sites for the more variable parameter, PM2.5 
speciation. 
 
2. Collect appropriate data and adjust for causes of variability strategically based on the ICC 
 
Crude variance includes random and systematic components. If the expected ICC is defined (as 
per the discussion above), then covariates expected to have the greatest impact can be better 
identified; and if the direction and size of their effect were quantified, they could be adjusted for.  
Also, the study design could include strategies to account for these ‘high sensitivity’ factors.  
 
Table 5.1 summarizes some of these factors. They are classified into two broad categories: 
emission-related, or related to the dilution of emitted pollutants. Both processes – pollutant 
emission and dilution – have a random and systematic component, and are affected by human 
behaviors such as the manner in which the stove is lit, refueling patterns, the timing and content 
of cooking, and when windows and doors are opened. Checks in the last two columns indicate 
whether variation in the specified factor can lead to within- or between- household variability (or 
both). Plus and minus signs in parentheses indicate whether the variable listed had a positive or 
negative association with CO levels. The size of effect is reported following a definition of the 
metric of effect employed in the study it was drawn from.  
 
Apart from stove type, the inter-household variables that have a strong effect on CO levels are 
mode-of-use and kitchen-ventilation, as illustrated by the following results. In a controlled field-
test, Reid et al. (1986) found that mean CO concentrations were 16 and 9 times higher for stoves 
where the pot fit the pot-hole well, and whose flue had been cleaned, respectively. Several 
authors reported correlations between CO concentration and various indicators of ventilation: 
roof type, 0.45 (Menon, 1988); eaves space, 0.69 (Bruce et al., 2004); kitchen location 
(Ramakrishna et al., 1989).  Dominant intra-household variables include meteorological 
conditions, and fuel use rate. Reid et al. (1986), using ‘time of day’ as an indicator of 
meteorological conditions, reported evening mean CO levels that were 4.7 times higher than 
morning levels, attributing this change to evening ground-level inversions (note that Menon 
(1988) found a weak reverse effect, and attributed it to the moist, cold condition of the stove in 
the morning). Norboo et al. (1991) and Naeher et al. (2000b) reported mean levels that were 2.6 
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and 1.9 times higher in the winter (versus the summer), and for breakfast cooking periods (versus 
lunch) respectively – using these as indicators of increased fuel burn rates. 
 
Once covariates are known, a variety of strategies can be used to better resolve the effect of stove 
type on CO concentration. A large sample size is unavoidable to address the random component 
of variability. The systematic trends can be addressed by data stratification or adjustment, more 
controlled field conditions, or more stringent screening criteria.  
 
The choice of strategy would depend on the ICC. If it were low, and increasing temporal 
resolution were not feasible, within-subject variability could be reduced by strategies such as 
stratifying monitoring periods by ‘types’ (based on an activity, or time of day and year). If the 
variance between households in a group were high, researchers might consider implementing a 
longitudinal study, or measuring (and later adjusting for) characteristic household features such 
as ventilation. 
 
Three studies were selected to illustrate the use of covariates to reduce within or between subject 
variability. Abraham et al. (2005) adjusted for season, reducing temporal variability to a level 
lower than between-home variability, in a study of house-dust endotoxin. Egeghy et al. (2005) 
found, in a study of metals, PAHs, and pesticides in several media, that significant covariates 
preferentially reduced between-person variance, and provided very little insight into temporal 
variability. Finally, Kromhout et al. (1993) looked at occupational exposure to chemical agents, 
and concluded that environmental and production factors affected within- rather than between-
worker variability, and could account for 41% of the former via a multivariate regression model. 
 
 
5.4 Non-statistical considerations in choosing a response variable 
  
i. Time frame of relevant health effects. Ezzati et al. (2000) recommend the use of a variety of 

descriptive statistics as indicators of human exposure because “average pollutant levels alone 
do not sufficiently explain the health impacts of household energy technology.”  Atherley 
(1985) elaborates on this point: “simple integration over time may produce erroneous results 
because toxicological response cannot be expected to be a linear function of time and 
concentration.”  Ramachandran et al. (2000) cite a hypothesis that short-term excursions 
from the mean explain some of the excess mortality and morbidity from ambient PM. All 
three studies stress the importance of using a variety of descriptive statistics that may be 
better at representing the amplitude or frequency of variation from the mean in cases where 
this variability is a determinant of toxicity.  

 
In short: in conducting measurements of a toxic pollutant, it makes sense to choose a metric 
based on the time-scale of health-effects of concern. For example: if we wanted to protect a 
population from acute, high-dose, effects, we would choose a shorter averaging time than if 
were more concerned with long-term effects from chronic exposure to low-concentrations.  
Similarly, if a pollutant had no harmful effect under a threshold concentration, we could 
ignore all measurements below that level in our comparison, or count the number of times the 
concentration peaked above the threshold.  
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ii. Instrument capability. The response variable chosen cannot require greater resolution or 
precision than the instrument used to estimate its value is capable of offering. In addition to 
the stated error of an instrument, the meaningfulness of short-term data will be affected by 
instrument reliability. For instance, electrochemical cell CO monitors, such as that used in 
the present study and in a study by Ramakrishna et al. (1989), were found in both cases to 
have some instability in the field. Longer-term averages may be more reliable from the point 
of view of instrument performance.  

 
iii. Cost and benefit. The relationship between sample averaging time and required sample size 

indicates that any sampling scheme where relatively short-term means are to be assessed with 
reasonable accuracy will require a large number of samples. Phinney & Newman (1972), in 
an early study, prove this point by relating the size of the 90% and 95% confidence interval 
of a monthly mean (of total suspended PM in Indianapolis) to the sampling frequency (i.e. 
number of days per month sampled). As the sampling frequency was increased from 8/30 to 
20/30, the length of the confidence interval was reduced to 40% of its original value. 
Therefore, careful consideration must be given to the temporal resolution required, and 
whether or not the increase in resolution justifies the addition in sampling, and therefore cost, 
involved. 

 
iv. The cyclical nature of the release. Most environmental pollutant releases have predictable 

temporal cycles, either because they occur as a result of human behaviors that are somewhat 
regular (such as cooking), or because they are related to the diurnal cycle, or features like 
ambient temperature and precipitation that vary seasonally. When the nature of systematic 
variability of this sort is known, efforts should be made to accommodate that information 
into the sampling scheme. 

 
v. Comparison with relevant standards.  When a measurement is conducted to test for 

compliance, its averaging time will be dictated by the averaging time of the standard it is to 
be compared to.
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 Table 5.1. Factors used (in reviewed studies) to explain variations in household CO levels 
 
Factor  Variable observed Reference Metric  Intra Inter 
Emission-related 
Type of stove and 
fuel 

Traditional vs. 
improved  

[reviewed 
previously] 

   √ 

 Subject compliance 
(multiple stove use) 

   √  

Condition of 
stove/mode of use 

A.M.(moist, cold 
stove) (+) P.M. 

Menon 
(1988) 

Ratio of 
means 

1.4 √  

 Stove wall height 
(+) 

Menon 
(1988) 

Correlation 0.14  √ 

 Pot fit (-), flue 
cleanliness (-)  

Reid et al. 
(1986) 

Ratio of 
means 

16, 9 √ √ 

Condition of fuel Monsoon (dry 
wood), winter (wet 
wood) (+) 

Menon 
(1988) 

Ratio of 
means 

1.3 √  

 Fuel type: wood, 
dung, wood & dung 
(+), crop residue (-) 

Menon 
(1988) 

Correlation 0.19 √ √ 

Fuel use rate Winter (fuel used 
for cooking and 
heating) (+), 
summer 

Norboo et 
al. (1991) 

Ratio of 
means 

2.6 √  

 Breakfast (-), lunch 
(+), dinner 

Naeher et 
al. (2000b) 

Ratio of 
means 

1.9 √  

Related to dilution of emitted pollutants 
Ventilation Roof type: tiled (+), 

pucca, thatch 
Menon 
(1988) 

Correlation 0.45  √ 

 Mud roof (+) tile 
roof, thatch 

Ramakrish-
na et al. 
(1989) 

   √ 

 Kitchen volume (-) Bruce et al. 
(2004) 

Multivar. 
regression 
coefficient 

0.99  √ 

 Eaves space: none, 
large (-) 

Bruce et al. 
(2004) 

Multivar. 
regression 
coefficient 

0.69  √ 

Kitchen location Indoor (+) 
protected/outdoor  

Ramakrish-
na et al.  
(1989) 

   √ 

Meteorological 
conditions:  

Indoor relative 
humidity (+) 

Menon 
(1988) 

Correlation 0.154 √  

 Morning, Evening 
(inversions) (+) 

Reid et al. 
(1986) 

Ratio of 
means  

4.7 √  

Monitoring 
location 

Source dist. (-), 
height off floor (+) 

Norboo et 
al. (1991) 

Ratio of 
means 

1.4 √  
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APPENDIX A 
 
Adjusting CO HOBO Data to Account for Observed Loss in Sensitivity 
 
There are two sources of information about possible instrument (nuisance) trends in time with 
regards to the CO monitor: 1) the calibrations at the beginning and end of the experiment and 2) 
the raw CO data vs. time which might also give information about possible trends. The second 
source of information is ignored in this analysis. Using the two calibration curves, we follow 
these steps: 
 
1. Fit a total calibration curve that is a function of absolute time.  Specifically,  
 

xtttxxtY )()( 32103210 ββββββββ +++=+++=          (Equation 1) 
 

where t is the time when the calibration curve was done, Y is the true [CO], and x is the [CO] 
measured using the device during the calibration experiments.  This results in a data set that has 
both calibration experiments in it (one on top of the other), as shown in Table 1. 

 
TABLE 1 
y (true conc, ppm) x (measured conc, ppm) t (hours used in the field) 
0.5 0.2 0 
10.3 9.51 0 
24.9 26.28 0 
60 57.8 0 
0.5 0.2 557.9 
10.3 4.68 557.9 
24.9 17.96 557.9 
 

 
2. Fit the above model (Y vs. x, t and t*x) using the STATA commands: 
 
gen xt x*t 
regr y x t xt 
 
This regression yields estimates of the coefficients for Equation 1 along with p-values for the 
significance of each coefficient.  As we expected due to the small number of data points, only the 
coefficient for measured concentration was statistically significant.  
 
3. Once the coefficients are estimated, one can estimate Y by plugging in X (the measured) and t 
(time it was measured). In addition, we get an estimate of the uncertainty of Y. The relevant 
STATA commands are: 
 
predict y 
predict se_y, stdp 
 


