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Abstract

A major source of particulate matter pollution in Mongolia’s capital, Ulaanbaatar, is emissions from traditional
coal-burning space-heating stoves. Significant investment has been made to replace traditional highly polluting
heating stoves with improved low-emission high-efficiency stoves. Performance testing that has been undertaken
to support the selection of replacement stoves is typically based on manufacturers’ recommended operating
procedures, which may not be representative of the operating procedures used in homes. The objective of this
research is to evaluate factors that influence stove emissions under typical field operating conditions. A
highly-instrumented stove testing facility was constructed to allow for rapid and precise adjustment of factors
influencing stove performance. Tests were performed using one of the improved stove models currently available
in Ulaanbaatar. Complete burn cycles were conducted with coal from the Ulaanbaatar region using various
startup parameters, refueling conditions, and fuel characteristics. Measurements were collected simultaneously
from undiluted chimney gas, diluted chimney gas, and plume gas drawn from a dilution tunnel above the
chimney. Ignition events lead to increased PM emissions with more than 98% of PM mass emitted during the
startup and refueling process. However, emissions during refueling are of particular interest, both because
refueling is common and because refueling associated emissions appear to be very high. CO emissions are
distributed more evenly over the burn cycle, peaking during ignition and late in the burn cycle. We anticipate
these results being useful, in combination with behavioral surveys, for quantifying public health outcomes
related to the distribution of improved stoves and to identify opportunities for improving and sustaining
performance of the new stoves.
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1. Introduction

Air pollution levels in Ulaanbaatar, Mongolia’s capital, are among the highest in the world (World Bank, 2011).
The primary source of particulate matter pollution in and around Ulaanbaatar is wind-blown dust and
combustion products related to transportation, energy, and in-home heating and cooking (Davy et.al., 2011;
Lodoyasamba & Pemberton-Pigott, 2011). The traditional coal-fired space heating stoves used in the Ger (tent)
neighborhoods around Ulaanbaatar are a major source of particulate matter pollution during the winter months
(Allen, et al, 2013; Iyer, Wallman & Gadgil, 2010).

Significant investment has been made to replace traditional space heating stoves with improved low-emission
high-efficiency stoves. Selection of these high-performance heating stoves is based on scripted performance and
emission testing protocols that are often based on manufacturers’ recommended operating procedures. These
idealized test conditions demonstrate the stoves’ optimal performance but they do not account for non-ideal stove
operation by users, and therefore manufacturers’ results may not be representative of true in-field performance
and emissions.

Pemberton-Pigott (2011) summarized a large number of stove performance tests conducted at the Stove
Emissions and Efficiency Testing (SEET) Laboratory in Ulaanbaatar, noting that stove performance was
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impacted by how the stoves were actually being used compared to the recommended operating method.
Furthermore, Lobscheid, Fitts, Lodoysamba, Maddalena & Dale (2014) report that field operation of improved
stoves varies significantly from manufacturers’ recommended operating methods, but emission measurements
for the range of operating methods observed in the field are not available.

Stove performance in the field can vary widely due to differences in environmental conditions and operating
behaviors. For example, a migrating pyrolytic front stove, often called a “TLUD” (Top-Lit/Up-Draft) is designed
to have a stack of fuel batch-loaded into a combustion chamber and then ignited from the top (Figure 1).
Improved emissions performance for this style of stove is achieved by the slow downward migration of the
pyrolytic front. However, this design requires the stove to cool below the fuel ignition temperature before
refueling. If cold fuel is added on top of hot embers, the fuel stack could ignite from below resulting in an
updraft scenario marked by reduced performance and a significant increase in emissions.
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Figure 1. Functional schematic of a "TLUD" heating stove

Lobscheid et al. (2014) observed three main stove operating behaviors for TLUD stoves during a field survey.
These include: 1) cold start in which the stove is empty and cold prior to loading and lighting fuel from the top
(i.e., per manufacturers recommended operating procedure); 2) warm refueling in which cold fuel is added atop
residual embers and ash in the combustion chamber. Residual heat being insufficient for immediate ignition, the
fuel is lit from the top, but the pre-warmed stove could subsequently ignite from below; and 3) hot refueling
where sufficient embers, flames, and heat is present in the combustion chamber at the time of refueling to ignite
the fresh, cold fuel upon reloading with no top-lighting. The frequency of occurrence of each of these stove
operating behaviors is discussed by Lobscheid et al. (2014). Emission factors for each scenario are needed to
support real-world assessments of stove performance and to estimate stove emissions for exposure and health
risk assessments. In addition, field-representative emission factors may help identify opportunities for additional
improvements to stove design.

The combination of stove design, fuel characteristics, and operational factors, along with the complex nature of
the combustion process, leads to significant levels of variability and uncertainty in emission measurements.
Some of the variability is explained by differences in environmental and operational factors (field variability),
but even more may be from measurement error (measurement uncertainty or measurement bias) in the field or in
the laboratory.

Most of the Mongolian stove studies have relied on a measurement technique known as the “chimney method” in
which emissions are sampled directly from the chimney using a custom dilution apparatus (Pemberton-Pigott,
2011). The chimney method involves a number of steps including sampling hot gas from the base of the chimney
just above the fuel bed, applying a constant stream of clean dry dilution air at the inlet of a sample line, cooling
of the gas stream as it travels from the sampling port to the analyzer(s), fog, water and soot condensation
management in the inlet and sampling lines, and determination of undiluted chimney exhaust flows from fuel
burn rates and mass balance calculations. Each of these steps can contribute to measurement uncertainty.
Additionally, the chimney method “freezes” emissions sampled at the base of the chimney using cold dilution air.
However, in a normal chimney, high temperatures, concentrated aerosols, and volatile gases lead to evolution of
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the aerosol inside the chimney; “frozen” aerosol measurements taken from the base of the chimney may differ
from air quality-relevant emissions exiting the top of the chimney. Finally, although the chimney method is used
extensively in Mongolian stove testing projects, there are virtually no published studies validating the robustness
of this method.

In contrast, several published studies explain and support the use of a dilution tunnel approach in which samples
are drawn from a calibrated dilution chamber mounted above the chimney. Advantages of the dilution chamber
approach including (a) the method is focused on emission samples drawn from an ambient air quality-relevant
location—the exit of the chimney and (b) the samples are diluted and measured in a large dilution tunnel rather
than a small tube—an approach that virtually eliminates particle clogging and eases the sample dilution process.
However, the dilution chamber approach is difficult to apply in the field because it requires accessing the top of
the chimney.

A testing facility was designed and constructed at Lawrence Berkeley National Laboratory (LBNL) for
measuring emissions from space heating stoves under simulated field-use conditions. It is important to
understand differences between the sampling methods, therefore the LBNL test facility was instrumented with
both the direct chimney dilution sampler and the top of chimney dilution tunnel. In this paper we report on the
design of the LBNL test facility, the testing methods, and the results of emissions testing conducted on a
Silver-mini (small Turkish) top-lit up-draft (TLUD) stove under several start-up and refuel scenarios. We
evaluate the testing results in the context of three other studies of PM 2.5 emissions from heating stoves used in
Mongolia. These studies differ according to test location (lab, field, or test Ger), measurement technique
(chimney or exhaust dilution), and focus (fuel type, fueling behavior, and climate). We conclude with a
discussion of the sources of variability and uncertainty in emissions testing and a summary of recommendations
for future experiments to improve the estimation of actual emissions from improved space heating stoves.

2. Method
2.1 Experimental Facility

The LBNL test facility combines the direct flue-gas dilution approach (Iyer et.al, 2010; Pemberton-Pigott, 2011)
and the dilution tunnel approach (Gullett, Touati & Hays, 2003; Purvis, McCrillis & Kariher (2000); Pettersson,
Lindmark, Ohman, Nordin, Westerholm & Boman, 2010; Pettersson, Boman, Westerholm, Bostrom & Nordin,
2011; Boman, Nordin, Westerholm & Pettersson, 2005, Boman, Pettersson, Westerholm, Bostrom & Nordin
2011). The experimental facility, illustrated in Figure 2, was constructed inside a large high-ceilinged metal
building. A brief description of the facility is provided below with more details in the Maddalena, Lunden,
Wilson, Ceballos, Kirchstetter, Slack & Dale, 2014).

The test stove is placed on a platform scale with digital readout that records continuous mass during test burns.

The continuous mass is used along with fuel composition to determine flue gas flow rate using a mass balance.

The exhaust from the combustion chamber is vented to a section of chimney (0.127 m diameter x 0.610 m height)
that contains the flue-gas dilution apparatus. A standard metal chimney (0.102 m diameter x 2.428 m height) is

fit to the top of the flue-gas dilution apparatus. The dilution tunnel is suspended above the stove at 2.5 m height

and the chimney extends 0.25 m into the dilution tunnel through a slightly enlarged hole. The chimney is free

standing supported with cables to allow for continuous mass determination during a burn.

The dilution tunnel is constructed from a 1.83 m length of 0.61 m diameter duct suspended horizontally above
the stove. The air inlet to the dilution tunnel on the right side of Figure 2 has an adjustable diameter to allow for
control of the pressure in the dilution tunnel to adjust the chimney draft. The outlet from the dilution tunnel feeds
into a 0.15 m diameter duct that passes through an adjustable damper to an industrial blower before exhausting
from the building through a spark-arresting screen. Flow through the dilution tunnel is controlled and monitored
by the iris damper and pressure inside the dilution tunnel is controlled by the size of the inlet.
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Figure 1. Schematic of LBNL Stove Testing Facility. All stove emissions and effluent from sample lines are
exhausted outside. The flue-gas dilution apparatus is illustrated in Figure 2 and the numbered sampling lines are
shown in detail in Figure 3

The chimney dilution apparatus is made up of two 12.7 mm heavy-walled stainless steel pipes mounted in
adjustable sleeves. The sleeves are affixed on either side of the chimney, and the stainless steel pipes are allowed
to slide so they meet near the center of the chimney. The tips of the pipes are milled so that the pipe delivering
particle free dry air has a small orifice and the receiving pipe has an inverted cone shape. The pipes are mounted
approximately 1 mm apart to allow chimney gas to be drawn into the sampling line. The difference in flow rate
in the delivery line and the sample line are used to control the dilution. The design is based on that of the SEET
lab (Pemberton-Pigott, 2011) where chimney gas is rapidly extracted from the chimney and diluted with dry
particle free air to prevent moisture/acrosol condensation in the sample line and to bring gas concentrations
within operational limits of the analyzers. The particle-free dry air is generated using a continuous flow
compressor (Dewalt model D55146) and the air passes through a coalescing filter, two drying cartridges
(Parker/Watt dryrite model DD15), a HEPA particle filter, and finally a mass flow controller for continuous
metered flow (Alicat 0-20 LPM).

2.2 Instrumentation

There are five sample lines built into the system (see Figure 4) that measure diluted and undiluted gas from the
chimney, diluted and undiluted gas from the dilution tunnel, and room air. In addition, the temperature is
measured continuously in the room, inside the chimney just above the stove, inside the chimney at ceiling height
(8 foot off floor), and in the 6-inch exhaust duct downstream from the upper dilution tunnel (Figure 2). Pressure
is measured in the chimney just above the stove, in the chimney at the ceiling height, and in the exhaust duct on
each side of the FanTech iris damper.
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Figure 2. Detailed figure of the chimney dilution sampling system

Sample line 1 provides diluted chimney gas that passes through a 2.5 micron cyclone before being split to a gas
analyzer (CAI 600 Series Model 602P — CO,/CO/0O,), real time PM mass sensor (TSI DustTrak II model 8530),
an integrated PM mass measurement (25 mm Teflon filters) and excess flow for additional lines to mount other
instruments or gas samples as needed. Sample line 2 is undiluted chimney gas drawn through a coalescing filter
filled with glass beads to reduce static volume followed by a Nafion drying column (MD-110-125-4) with dry air
counter current flow (5 LPM) followed by a second gas analyzer (CAI 600 Series model 602P — CO,/CO/O,).
Line 3 samples room air through a CO, analyzer (Li-Cor model LI-820). Sample line 4 is drawn directly from
the exhaust after it exits the upper dilution tunnel and is sampled through a second CO, analyzer (Li-Cor model
LI-820). The flow through both Li-Cor samplers is controlled by constant vacuum and critical orifice. Sample
line 5 provides a secondary dry particle free source of air for additional dilution of the exhaust before running
through a second real-time PM mass sensor (TSI DustTrak II model 8530).
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Figure 3. Sample lines and instruments
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2.3 Emissions Testing

All emission tests were performed using a Silver-mini (small Turkish) TLUD stove and Nailakh coal, one of the
most commonly used fuels in Ulaanbaatar (World Bank, 2011). The coal was shipped in sealed barrels from
Mongolia to LBNL. The typical test included a cold start with approximately 10 kg of fuel followed by a
refueling event consisting of approximately 5 kg fuel. The cold-start was accomplished by filling the fire-box
with the specified amount of coal, placing a small amount of paper and dry wood on top of the coal and lighting
the paper resulting in a “top lit down draft” condition. The refueling events were conducted at different stages of
the burn with the earliest refueling event occurring as soon as the coal fuel bed collapsed and the latest refueling
conducted while enough embers remained to ignite the coal. Some of the startup events used less than the 10 kg
of coal to explore the impact on emissions during ignition. A summary of experiments is provided in Table 1. A
stove conditioning burn was conducted prior to the first test to remove residues from the stove and to identify
appropriate dilutions for the sampling lines.

Table 1. Summary of Experiments

Test Date Test Name Stages of burn Description of test
20-March Typical burn; Cold-start Typical mass of fuel at both ignitions

early refuel Early hot-refuel =~ Hot refueling performed just after fuel bed collapse
21-March Typical mass of fuel at startup

Typical burn; Cold-start

late large refuel ~ Late hot-refuel Extra fuel used at refucling

Hot refueling performed late in run

27-March Typical burn; Cold-start Typical mass of fuel at both ignitions
late refuel Late hot-refuel Hot refueling performed late in run
28-March Typical burn: Stove did not start initially.
ypreal burn; Cold start Typical mass of fuel used at startup
no refuel
No refuel event
13-June Light load of fuel used at startup
Light burn; Cold-start Typical mass of fuel used at refueling
late refuel Late hot-refuel Refueling performed late in run

Only exhaust dilution line used in PM sampling

2.3.1 Setting the Standard Chimney Draft

When conducting emission testing under laboratory conditions, it is important to set the chimney draft at a
representative value for field conditions. The chimney draft (at ceiling height) for this study is set to be
representative of winter conditions in Ulaanbaatar. We assume that the typical chimney consists of a 10 foot
section of 4 inch pipe extended 1 meter above the roof line (ceiling height of a Ger). The air inlet to the stove is
open at ~ 6 inches above the floor. Indoor and outdoor temperatures are 20°C and -20° C respectively, with a 5
meters-per-second wind speed at the top of the chimney.

The draft in this case is dominated by wind effect where the typical flue wind pressure coefficient is about -0.5
so the pressure gradient caused by wind (dP,,;,,) is estimated as

dPyying = 0.5p * Cp * V2 (M

Where p is the density of air, C, is the specific heat of chimney gases and V' is wind speed at the top of the
chimney. The resulting draft at ceiling height for wind effect is approximately - 7.5 Pa. For stack effect we
assume 1.45 m of chimney is indoors and 1 m is outdoors. With no fire, the temperature of air in the flue is the
same as the room temperature therefore the inside section of chimney generates no stack effect. The outside
section of chimney generates a draft caused by the temperature gradient calculated as

APstack = p X g X h X dT/T (2)

Where p is the density of air, g is acceleration of gravity (-9.8 m/s%), & is the height of the section of chimney and
dT/T is the temperature gradient relative to room temperature (K). The resulting draft for stack effect is
approximately - 1.7 Pa. So the total draft (dP,;,s + dPsu.q) at ceiling height at startup is -7.5 - 1.7 =-9.2 Pa. We
set the draft to a value between -7 and -10 Pa. The draft in the chimney is set by controlling flow in the dilution
tunnel above the chimney.
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3. Results

We found that virtually all of PM emissions (by mass) occur during ignition events (i.e., when the fuel is lit by
the operator or by residual embers/flame in the fire box), while CO emissions were more widely distributed over
different phases of the burn (Table 1). For the ignition events, we found that refueling produced up to five times
more PM emissions than initial cold starts, with the one exception being an early refueling when the temperature
in the fire-box was above 450 Celsius. For the cold starts, it appears that the majority of PM is caused by the
ignition and combustion of wood and paper and only a moderate amount of PM is caused by the ignition of coal.
Not surprisingly, for refueling events, all of the PM emissions result from the combustion of coal.

PM emission factors integrated over the entire burn and measured using the exhaust technique range from 3 — 8
grams per kg fuel consumed (Table 1). Emission factors for the ignition period range from 1 — 16 g/kg fuel
consumed for cold-start conditions and from 7 — 81 g/kg fuel consumed for refuel events. The duration of
ignition phases varied from run to run (range 21 — 89 minutes for cold starts and 20 — 41 minutes for refueling
events.

While fuel consumption was measured directly during this study, measuring fuel consumption in the field during
different phases of a burn is not feasible. Fortunately, particulate emissions result almost entirely from ignition
events and are relatively consistent regardless of the amount of fuel or the duration of the ignition phase (for the
conditions tested in this study). Therefore, we recommend reporting emissions per ignition event, which could
greatly simplify the calculation of source terms for air quality modeling. As such, we found PM2.5 emission
rates of 15 grams per cold start event (= 80% coefficient of variation) and 60 grams of PM2.5 per refuel event (+
80% coefficient of variation).

The large variance in results is due in part to the relatively small number of experiments and large number of
factors that influence emissions. The variance could be reduced with experiments that focus on a small number
of covariant factors. For example, we combined differences in operational behaviors with differences in fuel
characteristics (size, moisture). We also varied the mass of coal loading and the amount of ash removed from the
fire-box prior to refueling. The lack of experimental replicates limits our ability to provide a reliable estimate of
uncertainty, but the largest contributor to uncertainty appears to arise from test imprecision—as suggested by the
wide variation of emission estimates using the chimney technique.

Table 2. Summary of test data

Typical bjgr:)'l(l::tle Typical Typical Light
Test Name and Type burn; early 7" " burn;late burn;no - burn; late
refuel 9 refuel refuel refuel
refuel
Metric Test Type Unit 20-Mar 21-Mar 27-Mar 28-Mar 13-dun
Test Duration min 452 557 508 384 192
5 Initial Mass of Coal kg 10.8 10.6 10.0 10.0 6.0
B Initial Mass of Wood and Paper kg 0.3 0.5 0.4 0.5 0.5
5 Refuel Mass of Coal kg 4.7 6.8 5.0 0.0 4.9
Stove Temperature at Refuel C 638 451 438 NA 364
chimney g 19.7 32.85 NA 3.19 NA
Total PM Emissions During Full Test
5 exhaust g 34.2 107 111 28.6 32.5
£ o . ) chimney % 2.6% 63.7% 99.4% NA NA
= % of Total PM Emissions Occuring During Refuel
m exhaust % 25.3% 83.1% 95.2% NA 96.5%
= o , , o chimney % 99.5%  99.7%  99.4%  98.1% NA
o % of Total PM Emissions Occuring During Ignition Events
t exhaust % 98.5% 99.0% 99.2% 98.3% 99.1%
e o o . chimney  g/kg 1.45 2.30 NA 0.33 NA
PM Emission Factor (PM emissions/fuel consumed) During Full Test
exhaust a/kg 2.52 7.49 7.92 2.97 3.51
e Total CO Emissions During Test g 439 339 282 326 145
58
-g é % of Total CO Emissions Occuring During Startup % 252% 35.2% 14.4% 20.6% 13.1%
o § % of Total CO Emissions Occuring During Refuel % 10.9% 45.6% 57.0% NA 44.7%

4. Discussion

In each LBNL emissions test, the chimney emission estimates are lower than the exhaust emission estimates. As
noted previously, although the chimney method has been the most commonly used measurement technique for
evaluating stove emissions, measurement errors associated with this technique may be large. We observed
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several anomalies with the chimney dilution sample line during the testing and the results are reported only for
comparison and completeness. Several times we noted a significant drop in the measured concentration in the
chimney dilution line. The concentration measured in the chimney dilution line converted to chimney
concentration was almost always lower than the value measured with the exhaust dilution tunnel sample line.
This occurred even after switching the DustTrak particle sampler used on the two lines. The gas phase
measurements from the chimney dilution line did not indicate complete plugging of the line, but particles may
have been lost to the walls of the collection cone in the chimney or the sample transfer line from chimney to
instrument. In addition to errors caused by deposition of particles in the dilution apparatus, we also reiterate our
concern about the practice of sampling aerosol at the base of the chimney before it has had time to fully evolve;
chimney PM may be lower than dilution tunnel PM simply because aerosol did not have a chance to nucleate and
grow before being “frozen” by the dilution apparatus.

A comparison of minute-by-minute PM estimates indicates the frequency with which the chimney method
understated PM emissions compared to the exhaust method in our study (Figure 5). The bold 45-degree line
indicates 1:1 data coorespondance where the exhaust measure of PM equals the chimney measure. Points below
that line indicate exhaust estimates that exceeded the corresponding chimney estimates; points above the line
indicate chimney estimates that exceeded the exhaust estimates. It is immediately apparent that the chimney
estimates were lower than exhaust estimates in all but a few test observations. Of 1,886 emission estimates
shown in the figure, all but 23 fall below the 1:1 line.

This tendency for the chimney method to understate PM emissions appears to be in rough proportion to the
emission level. This is suggested by power regression curves relating chimney to exhaust emissions in four test
runs (Figure 5). The regression curves slant below and away from the 1:1 line at higher emission levels. The
regression coefficients suggest that the chimney method missed about 5% of the PM emissions in the early and
large refuel runs and 17% of PM emissions in the late refuel run, relative to exhaust method estimates.
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Figure 5. Comparison of exhaust and chimney emission detection

The chimney method emission estimates obtained in this study are consistent with the relatively low estimates
reported in other studies using this direct chimney dilution method, including studies by the Building Energy
Efficiency Center (BEEC) (Munkhbayar et al. 2011) and the Asian Development Bank (ADB) (ADB/
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Pemberton-Pigott, 2010). The BEEC study estimated emissions from the Silver mini in different households over
several fuel cycles including, presumably, late and early refueling. The ADB study measured Silver mini
emissions in a laboratory setting without refueling of any type.

Obviously, emission estimates vary widely across these studies (Table 2). Differences in stove use practices
explain much of the observed range. For example, emission estimates applying the chimney method range
between .03 (g/Kg) without refueling and 2.3 (g/Kg) with late refueling. However, differences in measurement
technique error may also explain some of the variation as illustrated in Figure 5. For example, emissions
estimated using the chimney technique are generally lower, and sometimes much lower, than emissions
measured using the exhaust technique.

Table 2. Total PM Emission Factor (g/Kg) --Selected Studies and Measurement Techniques

Emission Factor Estimates Small-Turkish

Studies Study Type Test Type Unit Stoves

No Refuel Early Refuel Late Refuel
LBNL Lab Exhaust a’kg 2.97 2.52 7.49
LBNL Lab Chimney a/kg 0.33 1.45 2.30
BEEC Lab Chimney a/kg 1.70
ADB Lab Chimney g/kg 0.03
Source

LBNL This study.

Munkhbayar et. al. March 2011. "Results of Field Testing for Stoves, Gas and Electric Heater".
BEEC Building Energy Efficiency Center." MCA Mongolia. Tbl 12.

ADB/Crispin Pemberton-Pigott. "Test 115." Stove Emissions and Efficiency Testing Laboratory.
ADB December 2010. Section 6.5. Pg 8.

The finding that much of the observed range of emission estimates may be due to measurement error and bias
suggests, as a policy measure, that priority should be given to increasing the accuracy and relevance of the
techniques used to measure emissions—either through improved calibration of existing measurement techniques
or through development of new techniques.

Based on this evaluation of uncertainty and variability, we recommend additional laboratory study of the
emissions from the Turkish mini and other approved stoves to confirm the accuracy of the exhaust technique in
the lab and improve the accuracy of the chimney technique in the field.
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