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a b s t r a c t

A simple Monte Carlo single-box model is presented as a first approach toward examining the rela-
tionship between emissions of pollutants from fuel/cookstove combinations and the resulting indoor air
pollution (IAP) concentrations. The model combines stove emission rates with expected distributions of
kitchen volumes and air exchange rates in the developing country context to produce a distribution of
IAP concentration estimates. The resulting distribution can be used to predict the likelihood that IAP
concentrations will meet air quality guidelines, including those recommended by the World Health
Organization (WHO) for fine particulate matter (PM2.5) and carbon monoxide (CO). The model can also
be used in reverse to estimate the probability that specific emission factors will result in meeting air
quality guidelines. The modeled distributions of indoor PM2.5 concentration estimated that only 4% of
homes using fuelwood in a rocket-style cookstove, even under idealized conditions, would meet the
WHO Interim-1 annual PM2.5 guideline of 35 mg m�3. According to the model, the PM2.5 emissions that
would be required for even 50% of homes to meet this guideline (0.055 g MJ-delivered�1) are lower than
those for an advanced gasifier fan stove, while emissions levels similar to liquefied petroleum gas
(0.018 g MJ-delivered�1) would be required for 90% of homes to meet the guideline. Although the
predicted distribution of PM concentrations (median ¼ 1320 mg m�3) from inputs for traditional wood
stoves was within the range of reported values for India (108e3522 mg m�3), the model likely over-
estimates IAP concentrations. Direct comparison with simultaneously measured emissions rates and
indoor concentrations of CO indicated the model overestimated IAP concentrations resulting from
charcoal and kerosene emissions in Kenyan kitchens by 3 and 8 times respectively, although it under-
estimated the CO concentrations resulting fromwood-burning cookstoves in India by approximately one
half. The potential overestimation of IAP concentrations is thought to stem from the model’s assumption
that all stove emissions enter the room and are completely mixed. Future versions of the model may be
improved by incorporating these factors into the model, as well as more comprehensive and repre-
sentative data on stove emissions performance, daily cooking energy requirements, and kitchen
characteristics.

� 2011 Elsevier Ltd. All rights reserved.
1. Introduction

Emissions from solid fuel cookstoves used in the developing
world result in indoor air pollutant concentrations orders of magni-
tude higher than those typically found in developed world environ-
ments. The resulting exposures havebeenestimated to cause 3e4%of
the global burden of disease (Lopez et al., 2006; Smith and Mehta,
2003), with specific health impacts including acute lower respira-
tory infections, chronic obstructive pulmonary disorder, increased
: þ1 510 295 2664.
hnson).
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blood pressure, cataracts, low birth weight, tuberculosis, and lung
cancer amongst others (Bruce et al., 2000; McCracken et al., 2007;
Naeher et al., 2007; Pokhrel et al., 2005; Pope et al., 2010).

The relationships between stove performance metrics (such as
emission factors and thermal efficiency) and indoor pollutant
concentrations, however, are not well characterized. While many
studies have demonstrated that improved stoves can reduce
exposures by reducing emissions or venting emissions outdoors
(Armendáriz Arnez et al., 2008; Pennise et al., 2009; Saksena et al.,
2003), efforts to directly link stove performance metrics to indoor
air concentrations are lacking.

Modeling approaches to predict pollutant concentrations based
on emission sources and environmental conditions are commonly
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used tools in air pollution and climate studies (Bond et al., 2011;
Hellweg et al., 2009; Nicas, 2008), yet have not been relied upon
as tools for informing on the impact of improved stove projects.
Modeling approaches pose several potential benefits, including: 1)
estimating potential impacts on indoor air pollution concentrations
before conducting expensive and time consuming field studies; 2)
evaluating relative importance and impacts of critical stove
performance parameters and environmental variables; and 3)
providing a means to set stove performance benchmarks or stan-
dards which are explicitly linked to air quality guidelines.

There is growing interest in setting standards for stove perfor-
mance as part of international efforts to promote clean cookstoves.
Currently there are globally accepted performance standards for
biomass cookstoves, although the Shell Foundation/Aprovecho
Benchmarks have been used in laboratory testing for guidance and
evaluation of stove design (MacCarty et al., 2010). These bench-
marks, however, are not linked to air quality guidelines and are
normalized to a standardized water boiling test, which has been
shown to be a poor predictor of emissions from normal stove use in
homes (Johnson et al., 2008, 2009; Roden et al., 2009).

This paper presents a first approach toward addressing these
needs with a simple Monte Carlo single-box model, which predicts
indoor concentrations given a stove’s emission performance and
usage, as well as kitchen characteristics. Here we illustrate the
utility of the model by presenting simulated distributions of IAP
concentrations in kitchens based on a series of stove/fuel scenarios,
comparing them with the World Health Organization (WHO) Air
Quality Guidelines (AQGs) for PM2.5 and CO. Finally, the model is
used to predict the stove performance characteristics that would be
required for a given percentage of homes to meet the WHO AQGs.
2 The controlled cooking test is a stove performance test where a typical, local
meal is prepared by local cooks on multiple stoves in order to compare stove
performance metrics to complete a typical cooking task.
2. Methods

2.1. Monte Carlo single-box model

The single-box model employed here predicts room concentra-
tions based on stove emissions and kitchen characteristics. Indoor
air pollutant concentrations were modeled assuming a well mixed
room with single constant emission source. The model assumes
instantaneousmixing with zero backflow to the room, that removal
of the pollutant from the air is dominated by ventilation, and
competing loss mechanisms are negligible (e.g. surface reactions,
particle settling). The model is described mathematically as:

Ct ¼ Gf
aV

�
1� e�at

�
þ Co

�
e�at

�
; (1)

where, Ct ¼ Concentration of pollutant at time t (mg m�3);
G ¼ emission rate (mg min�1); a ¼ first order loss rate (nominal air
exchange rate) (min�1); V ¼ kitchen volume (m3); t ¼ time (min);
C0 ¼ concentration from preceding time unit (mgm�3); f¼ fraction
of emissions that enters the kitchen environment.

The emission rate and cooking duration are functions of the
power, thermal efficiency, and emission factors for a given fuel/
stove combination, as well as the amount of required energy-
delivered for cooking. Emission rate G was calculated as:

G ¼ EF
ED

P; (2)

where EF is the fuel based emission factor (mg pollutant kg fuel�1),
ED is the energy density of the fuel (MJ kg�1)1, and P is the stove
power (MJ min�1). Emission rates were constant during each
1 18 MJ kg�1 for dry wood and 46 MJ kg�1 for LPG (Smith et al., 2000).
cooking event for each respective model iteration. Daily cooking
energy requiredwas split into three equal events, with the duration
(TC) of each determined as:

TC ¼ EDC=3
PðhÞ ; (3)

where EDC is total daily cooking energy required (MJ) and h is
stove’s thermal efficiency (%).

A Monte Carlo approach was used to incorporate the variability
in model parameters, resulting in a predicted distribution of PM2.5

and CO concentrations. 5000 simulations of a day of cooking were
run, with the inputs randomly selected from their respective
probability distribution.
2.2. Model inputs

For the purposes of illustrating the model, we present results
based on inputs selected to represent scenarios specific to the
Indian context, although the model can be applied to any region
where sufficient data is available. Indiawas selected as the available
data for inputs was relatively comprehensive, and it represents
a country with a large number of homes using solid fuel stoves.
Four different scenarios were run to illustrate the utility of the
model: 1) wood-burning traditional chulha with inputs based on
controlled cooking tests2 conducted in Indian homes by regular
stove users; 2) wood-burning Envirofit G3300 rocket stove with
inputs based on controlled cooking tests conducted in Indian
homes by regular stove users; 3) the same Envirofit G3300 stove
with inputs based on water boiling tests3 conducted in the labo-
ratory; and 4) an LPG stove with inputs based onwater boiling tests
conducted in the laboratory. Table 1 provides a summary of the
model parameters and their basis for use in the model.

Air exchange rate distributions were based on three studies
conducted in India, which were estimated from the decay rate of
carbon monoxide after the conclusion of a cooking event
(McCracken and Smith, 1998). Distributions of kitchen volumes
were also estimated based on measurements in Indian homes.
Daily cooking energy for India was obtained from an analysis by
Habib et al. (2004), who combined national survey data for food
consumption with the specific energy required for cooking
common foods. Emission factors, thermal efficiency, and stove
power were drawn from four sources: Inputs for in-home use of
traditional chulhas and the G3300 were from a study by Berkeley
Air Monitoring Group and Sri Ramachandra University in Tamil
Nadu, which was conducted using a series of controlled cooking
tests in 10 rural homes. The lab-based inputs for the G3300 were
from water boiling tests conducted at the Engines and Energy
Conversion Lab at Colorado State University. The inputs for LPG
emission factors, thermal efficiency, and power were from Smith
et al. (2000), with an additional PM emission factor for LPG from
Habib et al. (2008) included in the mean.

All distributions were assumed to be lognormal, which is
common for environmental data. Distributions were truncated at
limits deemed highly improbable for the given parameter, while
still allowing relatively extreme, yet possible data points (e.g. very
small or large kitchens). All truncated distributions contained over
90% of the data of the entire distribution. The fraction of emissions
3 The water boiling test is a standardized laboratory test where water is brought
to a boil and then simmered for 45 min, from which various stove performance
metrics can be derived.



Table 1
Model inputs.

Parameter Unit Mean Min Max COV Basis

Air exchange rate (a) hr�1 25 3 60 0.6 (ARC, 2006; Bhangar, 2006; Brant et al., 2010)
Kitchen volume (V) m3 30 3 100 0.5 (Bhangar, 2006; Brant et al., 2010; Brant et al., 2009;

Saksena et al., 2003)
Fraction of emissions

entering room (f)
Unitless 1 e e e Only non-chimney stoves are presented here

Cooking energy required MJ-delivered 11 3 30 0.5a (Habib et al., 2004)

Stove Power
Traditional Chulha KJ s�1 4.9 2 15 0.7 (Brant et al., 2010)
G3300 In-home CCT KJ s�1 3.8 2 10 0.3 (Brant et al., 2010)
G3300 Lab WBT KJ s�1 3.1 2 10 0.1 (EECL, 2009)
LPG KJ s�1 1.6 0.5 5 0.1 (Smith et al., 2000)

Thermal Efficiency
Traditional Chulha % 14 5 35 0.1 (Brant et al., 2010)
G3300 In-home CCT % 22 10 45 0.3 (Brant et al., 2010)
G3300 Lab WBT % 29 20 45 0.1 (EECL, 2009)
LPG % 54 40 60 0.1 (Smith et al., 2000)

Emission factors
Traditional Chulha PM2.5 (g kg�1)b 5.2 1 10 0.2 (Brant et al., 2010)

CO (g kg�1) 64 10 100 0.2 (Brant et al., 2010)
G3300 In-home CCT PM2.5 (g kg�1) 5.0 0.2 10 0.2 (Brant et al., 2010)

CO (g kg�1) 47 10 90 0.2 (Brant et al., 2010)
G3300 Lab WBT PM2.5 (g kg�1) 1.6 0.5 5 0.5 (EECL, 2009)

CO (g kg�1) 34 5 80 0.3 (EECL, 2009)
LPG PM2.5 (g kg�1) 0.36 0.05 1 0.4 (Habib et al., 2008; Smith et al., 2000)

CO (g kg�1) 15 2 40 0.2 (Smith et al., 2000)

a Notes: The coefficient of variation on a home-by-home basis was not available for this distribution. 0.5 is used a reasonable estimate for this parameter.
b PM emission factors from these studies were measured as total suspended particulates. Size distributions for combustion particles are generally small with almost all mass

from particles less than 2.5 mm in diameter, so we report these as PM2.5 for simple comparison with AQGs.
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entering the room (f) was conservatively set at one, given that
modeled scenarios were for non-chimney stoves. The initial kitchen
concentration (C0) was set to zero so that the model concentrations
accounted for only those stemming from stove emissions, although
the model easily accommodates discrete or distributions of back-
ground concentrations.
3. Results

3.1. Model output

Fig. 1 shows an example of minute-by-minute kitchen concen-
trations for 20 simulations of a single cooking eventwith the G3300
stove. Each simulation is characterized by a rapid increase in PM2.5
concentrations at the onset of cooking, reaching a steady state
when the loss rate equals that of the emissions contribution, then
decaying after the cooking event is over. The variability in simula-
tions is a result of random selection of values from the given
distributions for the input parameters. Differences in cooking event
Fig. 1. Example output of the G3300 for a single cooking event.
times are the product of variability in cooking energy required,
stove power, and thermal efficiency, while the maximum PM2.5
concentration is a function of these parameters as well as the
magnitude of the emission factors, ventilation, and kitchen volume.
The full model for a given fuel/stove scenario includes three cook-
ing events over 24 h with 5000 simulated runs, which is what was
used to tabulate the summary statistics and output distributions
described below.

Table 2 presents summary statistics and the percentage of
simulations which met respective WHO AQGs for each fuel/stove
input scenario. The modeled distributions of PM2.5 and CO kitchen
concentrations were highest for the traditional chulha, followed by
the G3300 with in-home and laboratory inputs, respectively, with
LPG resulting in the lowest concentrations. This is also illustrated in
Fig. 2, which shows the modeled distributions of PM2.5 and CO
kitchen concentrations, with selected AQG markers provided for
reference. All distributions are positively skewed as a result of the
lognormal input distributions. This skewness also resulted in the
means exceeding the respective medians for each distribution (see
Table 2). The differences in the distributions of kitchen concen-
trations correspond with the inputs, as the traditional chulha had
the lowest thermal efficiency and highest emission factors, while
the other scenarios were sequentially higher in thermal efficiency
and lower in emission factors of PM2.5 and CO.

This trend also is reflected in the percentage of simulations
which resulted in output concentrations meeting the WHO
AQGs. Only the G3300 (laboratory-based inputs) and LPG
produced distributions with simulations which met any of the
PM2.5 guidelines, although even LPG resulted in only w50% of
simulations meeting the strictest final guideline of 10 mg m�3.
Higher percentages of modeled kitchen CO concentrations fell
within WHO standards for all stoves. All simulations of LPG
usage met the CO AQGs, and even the traditional chulha’s inputs
resulted in w17% of simulations meeting the 24-h CO AQG of
7 mg m�3.



Fig. 2. Model output distributions of PM2.5 (top) and CO concentrations.

Table 2
Summary statistics of model output and percent of simulations meeting WHO Air
Quality Guidelines for four different stove scenarios.

Traditional
chulha (wood)

G3300 field
inputs (wood)

G3300 WBT
inputs (wood)

LPG

Particulate matter model output
Mean (mg m�3) 1975 1266 328 15
Median (mg m�3) 1320 831 197 10
10th percentile

(mg m�3)
429 258 55 3

90th percentile
(mg m�3)

4107 2718 717 33

Percent of simulations meeting WHO PM2.5 guidelines
24-h Int 1

(75 mg m�3)
0% 0% 17% 98%

24-h Final
(25 mg m�3)

0% 0% 2% 84%

Annual Int 1
(35 mg m�3)

0% 0% 4% 91%

Annual Final
(10 mg m�3)

0% 0% 0% 52%

Carbon monoxide model output
Mean (mg m�3) 25 12 7 1
Median (mg m�3) 16 8 4 0
10th percentile

(mg�3)
5 2 1 0

90th percentile
(mg�3)

51 26 14 1

Percent of simulations meeting WHO carbon monoxide guidelines
24 h (7 mg m�3) 17% 46% 69% 100%
8 h (10 mg m�3) 9% 33% 56% 100%
60 min (30 mg m�3) 12% 33% 56% 100%
30 min (60 mg m�3) 31% 58% 80% 100%
15 min (100 mg m�3) 53% 80% 93% 100%

Notes: AQGs are from (WHO, 2006, 2010).
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4. Discussion

4.1. Model performance

4.1.1. Accuracy
The model appears to perform well when compared with pub-

lished kitchen concentrations of PM and CO for traditional stove
users in India. The meanmodeled 24-h concentration for PM2.5 was
1975 mg m�3, and published 24-h PM4 concentrations from 11
studies ranged from 108 to 3522 mg m�3 with a mean of
1313 mg m�3 (Saksena et al., 2003; Smith et al., 2007). Similarly for
CO, the mean of the modeled distribution assuming chulha inputs
was 25 mg m�3, which fell within the range of 4e59 mg m�3 for
published India-specific data and was slightly higher than the
18 mg m�3 mean from these studies (Saksena et al., 2003; Smith
et al., 2007).

In general, we suspect the model overestimates kitchen
concentrations relative to the assumed magnitude of stove emis-
sions. In addition to the higher modeled mean concentrations
compared to published data cited above, we analyzed two sets of
data for which emission rates and indoor air pollution concentra-
tions of CO were simultaneously monitored. In a set of eight
kitchens in Kenya, we found the model to overestimate measured
CO concentrations by 8 fold for charcoal stoves and 3 fold for
kerosene stoves. For the same in-field study which provided the
stove performance inputs based on cooking in Indian homes,
however, we found that the model underestimated measured CO
concentrations by approximately one half5. The source for these
discrepancies may arise from several factors, although perhaps the
most likely cause is the assumption that all emissions enter the
room and are completely mixed, which we discuss more thor-
oughly in the following sections.

4.1.2. Sensitivity
The factors which contributed to most of the variance in kitchen

concentrations between simulations were exchange rate, kitchen
volume, and cooking energy, ranging from 34 to 42%, 23e28%, and
20e25%, respectively. Emission factors and thermal efficiency
contributed 4e22% and 1e9% of the variance in PM2.5 simulations
and 4e9% and 1e8% for CO simulations, respectively. While these
relative contributions to output variance suggest that kitchen
volume and ventilation have a large impact on kitchen concentra-
tions and are therefore of great importance for model accuracy,
they should be considered relatively constant within each respec-
tive home for which a stove intervention would take place. So
although they are responsible for much of the variability in IAP
concentrations, the stove performance factors are the most critical
ones for assessing potential impacts.

4.2. Assumptions and limitations

4.2.1. Inputs
There are several areas where the model could be improved

with more comprehensive data and/or refinement of the assump-
tions. As with any model, the quality of the output is limited by the
quality of the inputs. There is very little published data available for
daily cooking energy needs in developing regions, and here we
were reliant on a single source for India (Habib et al., 2004). Clearly
a wider range of sources would provide a more solid basis for
required cooking energy. Kitchen volumes and ventilation rates
4 These studies included PM2.5, PM4.0, and total suspended particulates.
5 A more detailed description of these findings as well as results for individual

test events from India and Kenya can be found in the Supplementary Data section.



Fig. 3. Minute-by-minute concentrations of CO, showing the stratification across four
vertical heights in an Indian kitchen during a cooking event.

M. Johnson et al. / Atmospheric Environment 45 (2011) 3237e3243 3241
were drawn from multiple sources (ARC, 2006; Bhangar, 2006;
Brant et al., 2010, 2009; Saksena et al., 2003) covering a range of
Indian homes. Here, we are reasonably confident in our estimates,
although these parameters will vary considerably depending on
housing type and weather conditions, and therefore application of
the model for a specific location will require region-specific inputs.

We are also confident in the quality of the inputs related to stove
performance: thermal efficiency, emission factors, and power. The
critical consideration for these inputs, however, is not the quality of
the data, but rather how representative the inputs are of normal
stove use. We presented the output from the G3300 based on both
laboratory and field conditions to highlight the difficulties in pre-
dicting real stove performance using controlled laboratory testing
(see Fig. 2). The idealized fuel and fire-tending conditions of labo-
ratory testing likely led to higher thermal efficiency and lower PM
and CO emission factors for the G3300 compared to those from the
controlled cooking tests in homes. Even the controlled cooking
tests may overestimate stove performance as the fire is constantly
tended and the fuel is relatively uniform. Thus, a major challenge
moving forward will be to determine how to fairly interpret
modeled kitchen concentration estimates should they be based on
laboratory testing, given that the value of the model is undermined
if extensive field testing is required. Other testing approaches,
which attempt to account for a broader range of stove use condi-
tions have been proposed (Johnson et al., 2009; Prasad et al., 1985)
and may provide better inputs for modeling approaches.

4.2.2. Emission sources
For the sake of simplicity, themodel assumes that the source of all

IAP is from a single stove source with a constant emission rate, and
that all emissions fromthat source enter the room. In reality, there are
generally several sources of indoor air pollution, and in many homes
multiple stoves are used for various tasks, some of which do not
involve cooking (e.g. boiling bathwater). Contributions fromoutdoor
air pollution were not included, although these clearly do impact
indoor air pollution concentrations and can be input into the model
as a discrete or a distribution of values. Contributions from outdoor
sources generally make small relative impacts on IAP concentrations
for traditional stove users, but could be a larger relative source of IAP
for homes with cleaner cooking technologies.

While we assumed here that all emissions from the assumed
single stove enter and are mixed throughout the room (f ¼ 1 in Eq.
(1)), in many kitchens stoves are placed under ventilationwindows
or other openings which immediately vent considerable fractions
of emissions outdoors before they are mixed throughout the room.
The fraction of emissions that ultimately becomes mixed in the
kitchen is an especially difficult parameter to measure in homes,
and thus, we opted to conservatively assume that all emissions vent
indoors and aremixed in the room. Running themodel including an
input distribution for the fraction of emissions entering the room
with a mean of 0.5 (half the emissions enter the room) and COV of
0.5, for example, resulted in mean CO concentrations w40% less
than when all emissions were assumed to enter the room.

Assuming a constant emission rate is also unrealistic e especially
for solid fuel stoves, although the model can be adapted to allow
input of minute-by-minute emission profiles. Minute-by-minute
emission profiles would likely provide more accurate pollutant
concentration results over shorter time periods (e.g. 15 min and
30min).When examining 24-h, 8-h and 1-h average concentrations,
however, a constant emission rate is a reasonable assumption.

4.2.3. Stratification of IAP concentrations
To keep the model simple as a first approach, we have assumed

that the emissions instantly and completely mix throughout the
room. In real kitchens, the IAP concentrations can be highly
stratified, especially vertically, due to the emission plume’s upward
convection. For example, an IAP study in India found that total
suspended particulate concentrations in the kitchen at 1.5 m were
approximately double those measured at 0.5 m (Kandpal et al.,
1995). We also investigated the level of stratification in five rural
India kitchens during 70 cooking events, for which GasBadge Pro CO
monitors (Industrial Scientific, Oakdale, USA) were spaced
0.5e1.0 m apart across four vertical and four horizontal positions
(eight monitors in total). Fig. 3 shows an example of the vertical
stratification during a cooking event, for which CO concentrations
sequentially increased with height. The median CO ratio of the
highest to lowest positioned monitor was 16 for all cooking events
(n ¼ 70), indicating the difficulties using a single concentration to
represent the kitchen.

Standard protocols developed for measuring IAP for household
energy projects call for kitchen concentrations to be measured one
horizontal meter from the center of stove and at a height of 1.5 m
(Rouse, 2008), which is supposed to represent an approximate
exposure height for someone standing near the stove. To evaluate
how representative IAP concentrations measured at a height of
1.5 m are of the kitchen’s average IAP concentration (which
represents the model’s theoretical output), we calculated the
weighted average or integrated kitchen concentration from the
eight CO monitors, weighting each by the relative volume of
kitchen air represented by thatmonitor. Themedian ratio for the 70
cooking events of the integrated kitchen concentration to the 1.5 m
concentrationwas 0.95 which suggests for this study that the 1.5 m
location was representative of overall CO concentration in the
kitchen. Thus themodel’s theoretical output, which is an integrated
concentration, as it assumes complete mixing throughout the
kitchen volume, would appear to be a reasonable proxy for the
standardized 1.5 m height in these specific kitchens.

Kitchen concentrations, however, are clearly not well mixed,
which suggests the model can produce estimates with substantial
error. The model’s overestimation of CO concentrations measured
at 1.5 m high in Kenyan kitchens (eight fold for charcoal and three
fold for kerosene), for example, could very well arise from the
model not accounting for stratification. While we can only specu-
late, the eight fold over prediction for charcoal and three fold for
kerosene is suggestive that stratification is a primary cause for
error, as the charcoal stove’s plume likely has greater upward
convectionwhereas the kerosene stove’s plumemay be more likely
to be mixed.

Other models (e.g. multi-box model, eddy diffusion model, and
single-box with mixing factors) may ultimately provide better
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estimates (Keil and Nicas, 2003; Nicas, 2000; Sahmel et al., 2009).
As a first approach, however, we chose a single-box model because
of its transparency and relative simplicity (Hellweg et al., 2009).
This allowed for the investigation of different stove and kitchen
scenarios while minimizing the need to utilize unjustified
assumptions and parameters required in more complex models.
4.3. Emission limits to meet AQGs

The model can also be used to estimate the emission factors (or
emission limits) necessary to meet a given AQG. Here we demon-
strate this utility by estimating emission factors that would result in
50%, 75%, and 90% of Indian homes meeting WHO Guidelines for
PM2.5 and CO. The emission limit is reported as PM2.5 or
CO MJ-delivered�1, as this metric combines a stove’s thermal effi-
ciency with the fuel based emission factor to provide a single
number better suited for use as a benchmark. The annual PM2.5
guideline was selected as a reference point since exposure to
biomass smoke is a chronic experience for stove users, and the
interim 1 level (35 mg m�3) was selected as a more realistic goal
than the final AQG (10 mg m�3), which is already exceeded by
ambient concentrations in many environments of developed
regions. The 24-h CO AQG was considered here, as the WHO
currently does not have a recommended annual CO AQG.

Table 3 shows the PM2.5 and CO emission factors for which the
model predicted 50, 75, and 90% of homes would meet the AQGs.
Even the least conservative estimated PM emission factor bench-
mark (0.055 g MJ-delivered�1), for which only half of the homes
meet the WHO AQG, is w6 times lower than that of the G3300
under idealized laboratory conditions (0.31 g MJ-delivered�1), and
even slightly lower than the emission factor reported for an
advanced, wood-burning gasifier fan stove tested in the laboratory
(0.07 g MJ-delivered�1) (MacCarty et al., 2008). Having 90% of
homes meet the guideline, according to the model, would require
an emission factor (0.018 g MJ-delivered�1) nearing that of LPG
(0.007e0.019 g MJ-delivered�1) (Habib et al., 2008; Smith et al.,
2000).

The G3300’s CO emission factor assuming laboratory conditions
(6.5 g MJ-delivered�1) was less than the emission factor predicted
for 50% of homes to meet WHO 24 h CO AQGs (10.9 g MJ-deliv-
ered�1). The G3300’s emission factor, however, was still approxi-
mately double that of the emission factor predicted for 90% of
homes to meet the CO AQG (3.6 g MJ-delivered�1).

Even allowing for considerable model error, these emission
factors suggest that benchmarks based on WHO AQGs, especially
for PM2.5, present a high bar for biomass stoves. The matter of
appropriate standardized testing, which would in some form be
required for evaluating stoves against the benchmarks, would also
have to be addressed. Fig. 2 demonstrates, as does prior research
(Bailis et al., 2007; Johnson et al., 2009; Roden et al., 2009), that
differences in stove performance between the laboratory and in
Table 3
Emission factors (g MJ-delivered�1) required to meet selected WHO AQGs.

% Meeting WHO AQG

50% 75% 90%

WHO Annual Int. 1 PM2.5 Guideline (35 mg m�3)
g MJ-delivered�1 0.055 0.030 0.018
Mean Concentration (mg m�3) 52 28 17
Median Concentration (mg m�3) 35 19 11
WHO 24 hr CO Guideline (7 mgm�3)
g MJ-delivered�1 10.9 6.0 3.6
Mean Concentration (mgm�3) 10 6 3
Median Concentration (mgm�3) 7 4 2
homes are substantial. These differences will need to be reconciled
through new testing and/or modeling approaches should attain-
ment of a given performance benchmark by a stove be expected to
translate into similar field performance.

5. Model improvements

The simpleMonte Carlo single-boxmodel presented here can be
used to predict kitchen concentrations of air pollutants given
emission performance data for various stove/fuel combinations and
information about typical cooking needs and kitchen characteris-
tics. This capacity can be a useful approach for preliminary, cost-
effective evaluation of a stove’s potential IAP impacts, as well as
linking health-based air quality guidelines to stove performance
standards. Moving forward, however, there are improvements that
could be made to increase model performance:

� Better accounting of pollutant mixing would help address the
stratification of IAP concentrations in kitchens. Incorporation
of a mixing factor into the model, preferably derived through
more field evaluations, would be an important refinement to
increase the accuracy of the model.

� The quality of the model could be improved with more
comprehensive input data. Data on daily cooking energy
required, as well as kitchen volumes and ventilation rates are
relatively scarce and, to our knowledge, there have been no
efforts to characterize the fraction of emissions that vent
outdoors before being mixed throughout the kitchen.

� More studies reporting emission factors during normal daily
stove use from various stove/fuel combinations being used
around the world would provide a baseline and valuable
context for model results. Ideally these studies could be
combined with real-world kitchen concentration data to
inform on emissions-IAP concentration relationships and help
validate the model.

� Current standardized tests are poor indicators of stove
performance in homes. Understanding and reconciling the
differences between stove performance in the laboratory and
field will be a necessary step for accurately modeling IAP
concentrations based on laboratory testing.
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