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Exposure to combustion byproducts from cooking is a major health concern globally. Alternative stoves may
reduce the burden of disease associated with exposure to household air pollution. We subsidized Ugastove-
brand rocket stoves to 54 households in six rural Ugandan villages. We monitored kitchen concentrations of
fine particles (PM2.5) and carbon monoxide (CO) before and one month after introduction of the Ugastove.
Temperature data-loggers were affixed to each Ugastove and to the traditional stove (three‐stone fire) during
the 1-month Ugastove acclimation period to record temporal patterns in stove use and adoption. Household sur-
veys were administered to collect household information that may impact stove use or indoor air quality. PM2.5

kitchen concentrations were 37% lower after introduction of the Ugastove (mean reduction: 0.68 mg/m3; 95%
confidence interval [CI]: 0.2–1.2; p b 0.01). Changes in CO concentrations were small (8% lower; mean reduction:
1.4 ppm, 95% CI: –5.2–7.9) and not statistically significant. During the 1-month acclimation period, 47% of house-
holds used primarily the Ugastove, 12% used primarily the three stone fire, and 41% used both stoves in tandem.
PM2.5 concentrations were generally lowest in households that used primarily the Ugastove, followed by house-
holds that used stoves in tandem and that primarily used a three‐stone fire. In summary, introduction of the
Ugastove in 54 rural Ugandan households was associated with modest reductions in kitchen concentrations of
PM2.5 but not CO. Objective measures of stove use reveal that short-term stove use varied by household.

© 2015 International Energy Initiative. Published by Elsevier Inc. All rights reserved.
Introduction

Roughly half of the global population (including ~80% of rural
households in the developingworld) relies on biomass fuels for cooking
(IEA, 2006). Exposure to the byproducts of incomplete combustion is
associated with numerous adverse health outcomes including chronic
obstructive pulmonary disease, acute respiratory infections (especially
in children), higher blood pressure, lung cancer, low birthweight, infant
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mortality, and pneumonia (Baumgartner et al., 2011, 2014; Bruce et al.,
2000; Dherani et al., 2008; Ezzati and Kammen, 2002; Kurmi et al.,
2010; Smith-Siverstsen et al., 2009). Exposure to indoor air pollution
correlates with cooking practices; in low-income countries cooking is
primarily conducted by women and children (Balakrishnan et al.,
2004; Bruce et al., 2000). The World Health Organization estimates
that indoor air pollution is the 4th most important risk factor globally
for morbidity (108,084,000 Disability-Adjusted Life Years; Lim et al.,
2012).

Switching to cleaner fuels is a promising strategy for improving
indoor air quality (Grieshop et al., 2011; Siddiqui et al., 2009). However,
in rural areas of developing countries, access to (and ability to pay for)
clean fuels is often limited. Strategies to improve indoor air quality
therefore generally focus on improved combustion (i.e., more efficient
stoves) or altering the cooking environment (e.g., increased ventilation
or constructing detached kitchens) (Hutton et al., 2007). Emissions for a
variety of alternative-design stoves have been characterized in a con-
trolled setting (Bhattacharya, et al., 2002; Jetter and Kariher, 2009;
Roden et al., 2006, 2009). Field measurements of indoor air quality for
community-scale alternative stove interventions have been reported
in many areas of the world (Albalak et al., 2001; Edwards et al., 2007;
.
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Smith et al., 2007). Exposure assessments have focused on a variety of
strategies, including estimating kitchen concentrations before and
after interventions (Chengappa et al., 2007; Dutta et al., 2007; Masera
et al., 2007; Pennise et al., 2009) and personal sampling of household
members during a stove intervention (Clark et al., 2010; Northcross
et al., 2010).

Stove use and adoption are often evaluated using information from
self-report surveys; a limited number of interventions use objective
measurements based on recording stove temperatures (Ruiz-Mercado
et al., 2008; Smith et al., 2007). Studies of adoption rates are sparse
and the factors that may influence adoption are largely unknown
(Lewis and Pattanayak, 2012); there is a significant need for better col-
laboration between public health officials and researchers to gain clarity
on what drives cookstove adoption (Gall et al., 2013). Few studies inte-
grate real-time objective measurements of both air pollution and stove
use (Ruiz-Mercado et al., 2011).

This study evaluates the introduction of awood burning rocket stove
made by Uganda StovesManufacturers Ltd. (hereafter referred to as the
Ugastove) to 54 households in six villages in rural southwestern
Uganda. We assess the effectiveness of this intervention via before-
and-after measurements of indoor air quality (fine particles [PM2.5];
carbon monoxide [CO]) and short-term (i.e., 1-month) stove use. Our
studymakes useful contributions in two areas: (1) deploying integrated
objective measurements of indoor air quality and stove use, and
(2) evaluating a widely distributed, locally manufactured stove in
Uganda.
Fig. 1. Location of the study site (Kyetum
Data and methods

Study site description

This study was conducted in villages surrounding Kyetume
Village near Masaka, Uganda (population: ~500) during June–
August of 2010. Kyetume is located in southwest Uganda, approxi-
mately 50 miles west of Lake Victoria and 40 miles north of the
Uganda-Tanzania border (Fig. 1). The villages lack access to basic
infrastructure (e.g., drinking water, sanitation systems, health care).
Electricity is available, but intermittently, in only one of the villages
(Kyetume). Residents in the study area use primarily three stone fires
for cooking.

Stove selection

During an assessment trip in January of 2010, we introduced four
stoves to community leaders and focus groups: two wood-burning
rocket stoves (Ugastove; StoveTec), a charcoal stove (Ugastove-
brand), and a solar oven (Minneapolis Solar Oven Society). Commu-
nity members showed an overwhelming preference for the wood
burning stoves. Between the two wood-burning stoves, the Ugastove
was preferred because it is larger (most households in rural Uganda
are large: ~10 people), has a fixed pot skirt (to prevent spills), and is
the tallest of the alternative stove options (less bending over while
cooking). Based on community feedback we chose the wood fueled
e Village and surrounding villages).
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Ugastove for this intervention (see Supplemental Information for
details).

Ugastove produces a variety of stoves at its manufacturing site in
Kampala, Uganda (see Supplemental Information for details). Working
with the USA-based non-governmental organization Impact Carbon,
Ugastove secured financing from a carbon offset program (Gold
Standard) and is expanding its manufacturing facilities and distribution
area (Gold Standard, 2006). Best practices for design of more efficient
cookstoves (e.g., that burn less fuel) have been well documented
(EAP, 2004; PCIA, 2006; 2009); various organizations (e.g., Gesellshaft
fur Internationale Zusammenarbeit [GIZ]) are involved in promotional
and educational efforts to improve the energy efficiency of cooking in
Uganda (GIZ, 2014). For example, initial field tests of the Ugastove (by
Impact Carbon) in Kampala, Uganda found a ~50% reduction in fuel
use compared to a three stone fire (Haigler et al., 2007).

Locally constructed alternative stoves (built from clay and ant hill
dirt) cost 15,000–30,000 shillings (US$7–US$15) near Kyetume
(Fig. 2). The wood-fueled Ugastove costs 35,000 shillings (US$17). We
subsidized the cost of the Ugastove to meet our target sample size.
Our locally-based partner organization in Uganda (Uganda Rural Fund
[URF]) suggested a price of 10,000–20,000 shillings (US$5-US$10)
would be affordable in all six villages. We priced the Ugastove at
15,000 shillings (US$7) for this study based on two criteria: (1) the
price is affordable for most households and (2) households that see no
value in the stove are unlikely to enroll.

Study design

We used a before-and-after study design which included an inter-
vention group but not a control group (i.e., observational study) to eval-
uate changes in indoor air quality associated with the introduction of
the Ugastove. This approach allows for use of paired statistical tests
and minimizes intra-household variability (time and resource con-
straints did not allow for expanding the study to include a control
group). We monitored kitchen concentrations of two air pollutants
(fine particles [PM2.5], carbon monoxide [CO]) and stove adoption and
usage rates, based on temperature data loggers affixed to each stove.

Following recommendations by Edwards et al. (2007), we calculated
our target sample size (~50 households) to allow for detection of statis-
tically significant differences in kitchen air pollution concentrations
(based on expected reductions [~20%]). Our target sample size is con-
sistent with similar studies in Ghana (Pennise et al., 2009), India
(Chengappa et al., 2007), Mexico (Masera, et al., 2007), and Guatemala
(Bruce et al., 2004).

Household selection

Weworkedwith URF to identify households interested in purchasing
a subsidized Ugastove and participating in the study. URF facilitated this
A B

Fig. 2. Thewood-fueled rocket stove (Ugastove) used in this intervention (A& B). Three types of
dirt stove, three stone fire, and the Ugastove.
process via monthly meetings with women's empowerment groups
which were already established in each village. The study team worked
with students at the URF-sponsored primary and secondary schools to
establish a group of student community mobilizers called the “Clean
Air Team”. The Clean Air Team participated in several lectures on indoor
air pollution and learned how to properly use the Ugastove. Since the
students lived in the study villages, they acted as liaisons between the
study team, URF, and community members.

Members of the study team and Clean Air Team visited each house-
hold and administered a screening survey to ensure that all households
were willing to participate and that they were appropriate candidates
for inclusion; namely, if households were (1) currently using wood
fuel for cooking, (2) willing to pay for a new stove, and (3) willing to
participate in air quality and stove use monitoring. We administered
questionnaires to determinewhich householdmemberswere primarily
responsible for cooking and cooking-related activities.

Prior to our study, most households used a three stone fire for
cooking. A small number of homes had a large stove built from clay
and ant hill dirt; however, owing to their size these stoves are typically
used only for special occasions (holidays). Cooking is performedmostly
in poorly ventilated detached kitchens to protect the fires fromwind or
rain and to conserve wood use. Materials and construction of kitchens
varied; some kitchens were vented near the roof while others were
only open via a doorway (see Fig. 3). Typical cooking durations are
1–5 h per event. Descriptive statistics of reported cooking habits are
listed in Table 1.

Air pollution monitoring and exposure assessment

Air quality monitoring occurred for 48 hours (PM2.5) and 24 hours
(CO) per session; monitoring sessions occurred once before and once
after introduction of the Ugastove. A 1-month acclimation period was
scheduled before carrying out the “after” monitoring period to allow
households to adjust to use of the new stove.

Our study involved fifteen sets of monitoring equipment; each set
contained one particle monitor (UCB; Berkeley, CA) and one CO data
logger (Dwyer®; DW-USB compact series) deployed in tandem in
each household. The UCB was designed specifically for use in studies
like ours, i.e., measuring concentrations in cooking environments with
an open fire. Dwyer CO data loggers were used because of their small
size, long battery life, and price. The UCB has been validated in field
and laboratory tests (Chowdhury et al., 2007; Edwards et al., 2006;
Litton et al., 2004) and deployed in a variety of studiesmeasuring indoor
air quality (Chengappa et al., 2007; Dutta et al., 2007; Masera et al.,
2007; Pennise et al., 2009). Air pollution measurements were logged
in 1-minute (2-minute) intervals for PM2.5 (CO) during eachmonitoring
period.

We followed the methods presented in previous studies to deploy
our air pollution equipment (Dutta et al., 2007; Pennise et al., 2009).
C

stoves present in each study village (C) from left to right: locally produced clay and anthill
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Fig. 3. Examples of a more open (A) and a more closed (B) kitchen. Monitoring equipment in a kitchen (C).
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Our aimwas to locate the instruments in the breathing zone of the cook.
Eachmonitorwas placed in the same location before and after introduc-
tion of the alternative stove.

Short-term adoption rates of alternative stoves

We evaluated 1-month use and adoption of the Ugastoves via tem-
perature data loggers (ThermoChron ® iButtons) placed on each stove
and near each three stone fire to differentiate when one or both of the
stoves were being used. The temperature data loggers were placed in
close proximity to (but not in contact with) each stove. The data loggers
were attached to the Ugastove handle using metal wire and were 2–3
Table 1
Self-reported cooking behavior (n = 54 households).

Survey question Mean or frequency

Mean age (primary cook) 40.3
Mean household size 7
Sex (primary cook)
Male 2%
Female 98%
Time spent tending fires (h/day)
b1 6%
1–3 32%
4–5 23%
N5 38%
Firewood collection rate (collections/week)
b1 4%
1–3 53%
4–6 10%
N6 33%
Firewood collection time (h/collection)
b1 13%
1 18%
2 31%
3 11%
N3 27%
Firewood collection time (h/week)
b2 11%
2–9 57%
10–20 18%
N20 14%
inches from the stove; for the three stone fire, data loggers were
attached to a ¾ inch steel pipe and driven into the ground ~24 inches
from the center of the fire and 2–3 inches above the ground. Tempera-
ture data points were logged in 22-minute intervals allowing for a
~1-month monitoring period without a researcher visiting the site.
The iButton temperature data loggers have been used in other similar
studies (Ruiz-Mercado et al., 2008).

Surveys were given simultaneously with the deployment of the
temperature and air quality monitors as well as after the 1-month accli-
mation period. Our surveys focused on: (1) household demographics
(size of household, cooking and firewood collection responsibilities),
(2) cooking behavior (number of meals, cooking duration, fuel use,
cooking outdoors), (3) self-reported health impacts (change in smoke,
coughing, and irritated eyes), (4) feedback on the Ugastove perfor-
mance, and (5) characteristics of the kitchen (construction material,
size, presence of windows or other ventilation). See the Supplemental
Information for the full surveys.

Statistical analysis

Indoor air quality
Wedistributed Ugastoves to 54 households; of those 54 households,

we obtained complete data (i.e., no equipment malfunction) for 42
households (78%) for PM2.5 and 48 households (89%) for CO. To provide
the most meaningful comparison for a consistent set of households, we
exclude 3 households (6%) that did not complete payment and 11
households (20%) whose kitchens could not be classified as an indoor
environment (for example, some kitchens had only a roof and no or
few walls). Our final sample sizes for statistical analysis are n = 28
(PM2.5) and n = 34 (CO).

We calculated 48-hour (PM2.5) and 24-hour (CO) mean kitchen
concentrations for each sampling period and each household. We used
a parametric statistical test (paired t-test) to assess whether there
were statistically significant reductions in kitchen concentrations
among all households.

Temperature data loggers
We collected ~1 month of stove usage data for the Ugastove and

three stone fire for 32 households. An additional 4 (6) households had



Table 2
Summary statistics of pre- and post-intervention air pollution measurements.

Pollutanta n Before After p-Valueb % change
in mean

Mean SD Mean SD

PM2.5 (mg/m3) 28 1.84 2.21 1.16 1.28 0.007⁎⁎⁎ 37%
CO (ppm) 34 16.6 10.8 15.3 16.4 0.68 8%

a PM2.5measurements are 48-hourmean kitchen concentrations; COmeasurements are
24-hour mean kitchen concentrations.

b Asterisk denotes level of significance (paired t-test). ⁎ for p b 0.1, ⁎⁎ for p b 0.05, and
⁎⁎⁎ for p b 0.01.
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data for the three stone fire (Ugastove) only. We define any measure-
ment that was N30 °C as a period of stove use (all ambient daily high
temperatures were b30 °C during the sampling period). Since we do
not have data on ambient kitchen temperatures we may misclassify
stove use if stoves are placed in very close proximity. We performed a
sensitivity analysis on our choice of 30 °C as the threshold for use; we
report the base-case here (see the Supplemental Information for details
on the sensitivity analysis).

We calculated mean minutes of stove use per day for each stove
and for each week to compare trends in short-term adoption rates.
We classified households as primarily Ugastove users if ≥80% of
total household stove use minutes during the 1-month acclimation
period were from the Ugastove; similarly, if ≥80% of total stove use
minutes were from the three stone fire, households were classified
as primarily three stone fire users. If neither stove accounted for
≥80% of total stove use minutes, households were classified as tandem
stove users.
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Results

Kitchen air quality pre- and post-intervention

Table 2 shows mean kitchen concentrations before and after intro-
duction of theUgastove (see the Supplemental Information for a sample
of the real-time household data). We observed a statistically significant
37% reduction in PM2.5 concentrations (p-value b0.01). The reduction in
CO concentrations (8%)was not statistically significant (p-value=0.68;
Table 2); we did not quantitatively measure fuel use to explore if the
amount of wood burned differentially affected PM2.5 and CO concentra-
tions. Scatterplots of before vs. after measurements for each pollutant
are shown in Fig. 4.

We did not find strong correlations between mean PM2.5 and mean
CO concentrations among households (before measurements: R2 =
0.16; aftermeasurements: R2=0.10; Fig. 4).We found slightly stronger
correlations when removing two outlier households (before measure-
ments: R2 = 0.30; after measurements: R2 = 0.53).

Temperature data loggers and short-term stove adoption

Short-term stove use patterns varied by household. Based on our
classification scheme (cutoff: ≥80% of total stove use minutes), during
the one month of data collection the Ugastove was the primary stove
in 47% of households, the three stone fire was the primary stove in
12% of households, and the Ugastove and three stone fire were used in
tandem in 41% of households. On our survey, 65% of households report-
ed using a stove other than the Ugastove during the acclimation period;
that value is similar to our objectively-based classification (i.e., 53%
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Table 3
Pre- and post-intervention kitchen concentrations by stove use classification.

Household
classification

Pollutanta n Before After p-Valueb % change
in mean

Mean SD Mean SD

Primarily
Ugastove

PM2.5

(mg/m3)
10 1.11 0.89 0.69 0.51 0.07⁎ −38%

CO (ppm) 11 12.2 11.5 14.2 19.4 0.66 16%
Primarily
three stone
fire

PM2.5

(mg/m3)
4 3.30 3.29 1.94 1.34 0.31 −41%

CO (ppm) 4 23.5 3.5 16.9 10.9 0.35 −28%
Tandem stove
use

PM2.5

(mg/m3)
8 1.52 1.07 1.05 0.50 0.29 −31%

CO (ppm) 10 20.5 12.9 15.3 21.6 0.60 −25%

a PM2.5 measurements are 48-hour mean kitchen concentrations; CO measurements
are 24-hour mean kitchen concentrations.

b Asterisk denotes level of significance (paired t-test). ⁎ for p b 0.1, ⁎⁎ for p b 0.05, and
⁎⁎⁎ for p b 0.01.
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Fig. 5. Example household data from temperature sensors using a temperature threshold of 30 °C to indicate stove use. Top-left panel: a household that primarily used the Ugastove;
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either three stone fire or tandem users). We employed a sensitivity
analysis to test our method for classifying stove use (i.e., incrementally
increasing the threshold temperature used to define stove use). The
sensitivity analysis resulted in classifyingmore households as primarily
Ugastove users and fewer households where both stoves were used in
tandem (see Supplemental Information); this result is likely attribut-
able to the fact that we could not place the temperature data loggers
as close to the three stone fire as we could to the Ugastove.

Examples of real-time temperature data for households that primar-
ily used the Ugastove, primarily used the three stone fire, and used both
stoves in tandem are shown in Fig. 5. Stove usewas relatively consistent
during the 1-month acclimation period. There was a statistically signif-
icant difference in stove use between the Ugastove and three stone fire
(paired t-test; p b 0.05) for weeks 1 and 2. We did not observe a statis-
tically significant difference in mean minutes per day of stove use
between stove types during the last week of the acclimation period.
There was only one week to week difference which was statistically
significant: week 2 to 3 for the three stone fire.

Factors influencing kitchen air quality

To explore how short-term stove use patterns affected kitchen air
quality, we stratified our sample by our stove-use classification. Partic-
ulate and CO concentrations were lowest in households that primarily
used the Ugastove (mean PM2.5 = 0.9 mg/m3, n = 10 households;
mean CO = 13.2 ppm, n = 11 households), followed by tandem stove
users (mean PM2.5 = 1.3 mg/m3, n = 8; mean CO = 17.9 ppm, n =
10), and the three stone fire users (mean PM2.5 = 2.6 mg/m3, n = 4;
meanCO=20.2 ppm, n=4).However, stratifying on stove use reduces
the sample size; changes in kitchen concentrations (before versus after
the intervention) were not statistically significant if analyzing each
stove use group separately (Table 3).

Discussion

Our study observed short-term (1-month) patterns of stove use and
indoor air quality associated with the introduction of an alternative
cookstove in rural Uganda.We looked at how stove use changed during
the weeks of our study (see Fig. 5, bottom-right) but were unable to
examine long-term stove use patterns.

Our study design (i.e., matched-pair measurements of indoor air
quality) accounts for intra-household variability (e.g., differences in
housing structures, household size, income, behavior, etc.) but does



Table 4
Comparison of kitchen concentrations reported in the present study to select previous studies.

Study Country Stove type PM2.5 (mg/m3) CO (ppm)

n Before After Reduction n Before After Reduction

Chengappa et al. (2007) India Fixed-stove (with chimney) 30 0.52 0.33 36% 37 7.88 5.38 32%
Dutta et al. (2007) India Fixed-stove (mixed chimney use) 87 1.25 0.94 24% 98 10.82 6.65 39%
Masera et al. (2007) Mexico Fixed-stove (with chimney) 33 1.02 0.34 67% 32 8.88 3.02 66%
Northcross et al. (2010) Guatemala Fixed-stove (with chimney) 138 0.9 0.34 62% 145 7.73 2.81 64%
Pennise et al. (2009) Ghana Rocket stove 36 0.65 0.32 50% 36 12.3 7.4 40%
This study Uganda Rocket stove 28 1.84 1.16 37% 34 16.6 15.3 8%
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not account for differences that affect all households over time
(e.g., seasonal fluctuations in fuels used,moisture content of fuel, differ-
ences in foods cooked). Our study was performed during a single dry
season, which should mitigate many of the seasonal effects. For exam-
ple, daily temperature and humidity were relatively constant during
the study period and foods cooked (and thus cooking and emission pat-
terns) in this area of Uganda (e.g., matooke [steamed green plantain],
rice, beans) remain relatively constant throughout the year.

Measuring stove use via temperature data loggers may result in
misclassifying stove use under certain conditions.We used temperature
sensors in close proximity to each stove as a proxy for stove use; how-
ever, when one stove is used, temperatures of the sensors on the
other stove are likely elevated too, whichmay result inmisclassification
of stove use for the stove not used at that meal. Recognizing that
this type of misclassification would be more common in households
where stoves are in close proximity to each other, the sensors were
located as far apart as possible in these situations.

Objective measurements of stove use allowed for insight into differ-
ences in kitchen concentrations when stoves are used alone or in tan-
dem. In future studies that employ objective measures of stove use,
it may be beneficial to focus survey questions on supplementary infor-
mation that may impact exposure (rather than focus questions on
stove use and adoption). For example, we asked households whether
they cooked outdoors during either of the air quality sampling periods
(i.e., moved stoves outdoors to cook). Fourteen households reported
cooking outdoors at least once. To test the sensitivity of our core results
to outdoor cooking events we removed those households from our
dataset and recalculated mean changes in kitchen concentrations
among remaining households; we found little difference in the core
results: 36% reduction in PM2.5 (n= 21; p-value = 0.03); 3% reduction
in CO (n = 27; p-value = 0.91) (see/Supplemental Information for full
results). Another aspect that warrants future research is objectively
assessing fuel use. We did not observe a decrease in CO concentrations
as would be expected when fuel use is decreased; exploring how fuel
use affects emissions of different pollutants in future studies would be
helpful.

Our study population was subject to biases demonstrated in other
similar studies (Chengappa et al., 2007; Dutta et al., 2007; Masera
et al., 2007; Northcross et al., 2010). For example, our study population
may show selection bias since users were pre-screened and interested
in using the Ugastove; therefore, short-term adoption rates may be
higher than in the general population. Similarly, our results may be
affected by participant bias since stove user's behavior may have been
altered in the presence of the research team. Despite these limitations
our study offers useful information on short-term stove adoption rates
(and associated impacts on indoor air quality) for a locally produced
stove in rural Africa.

Table 4 compares our findings against select prior publications. We
observed relative reductions in kitchen concentrations that are consis-
tent with similar studies for PM2.5 and less than previous studies for
CO. In general, we found higher mean kitchen concentrations than
other studies; that finding could be attributable to factors such as poor
kitchen ventilation or longer cooking events than other study areas.
Kitchen concentrations in our study were significantly higher than
World Health Organization guidelines for PM2.5 (final [interim] target:
10 [35] μg/m3) and CO (24-hour average target: 7 mg/m3 [~6 ppm];
WHO, 2014).

Conclusion

We evaluated one-month adoption rates and changes in indoor air
quality associated with the introduction of a locally produced alterna-
tive stove in rural Uganda (Ugastove). We successfully recruited and
distributed the Ugastove to 54 households in six villages. We found
statistically significant reductions (37%) in kitchen PM2.5 concentrations
among the households that received the Ugastove; CO did not exhibit a
statistically significant change. We found that objective stove use data
has the potential to describe patterns of stove adoption and use. Our
sample suggests that not all households initially adopt alternative
stoves and that a significant share of households will use traditional
and alternative stoves in tandem.
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