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Abstract

This project was conducted in support of the Integrated Air Cancer Project (IACP) to provide data on
the specific effects of appliance type and operating variables on woodstove emissions. Samples of particulate
material and volatile organic compounds (VOC) were collected. Particulate samples were analyzed for
different organic fractions, including specific polynuclear aromatic hydrocarbon (PAH) compounds.
Inorganic matter on the filters was also analyzed. Results were calculated for pollutant concentrations,
emission rates and emission factors. Twelve test runs were conducted on a conventional stove, and two runs
were conducted on a catalyst-equipped stove. Operating variables included fuel type (oak and pine), altitude
(80 meters and 800 meters) and burn rate (high and low).

Test data were analyzed using analysis of variance and linear regression procedures. Although the data
does not show strong statistical significance due to variability of results, some general trends do appear to be
present and conclusions can be drawn as to the effects of various operating variables on woodstove emissions.
At the 99% confidence bound (CB), oak fuel reduced emissions of total PAH compounds relative to pine fuel.
Emissions of carbon monoxide showed a significant decrease from low to high burn rates, and a small
decrease when oak, rather than pine, fuel was used. The catalytic stove (with a used combustor) reduced
emissions of carbon monoxide, but did not show significant reductions of total particulate material at the
99% CB. No altitude effects were noted at the 99% CB,

At the 95% CB, oak fuel reduced the concentration, emission rate and emission factor for many
individual PAH compounds, and reduced the emission factor for total PAH compounds. Marginal decreases
in benzene were also attributed to the use of oak, rather than pine, fuel.

This report was submitted in fulfillment of EPA Contract Number 68-02-4277 by OMNI Environmental
Services under the sponsorship of the U. S. Environmental Protection Agency. This report covers a period
from June 1987 to November 1987, and work was completed as of May 1988.
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Section 1

Introduction

During the winter of 1986-87, the U.S. Environmental Protection Agency (EPA) conducted an emission
measurement program in Boise, Idaho as part of the Integrated Air Cancer Project (LACP). This program was
designed to identify the potential mutagenic impact of residential wood burning on ambient and indoor air.
One aspect of this field sampling effort involved obtaining emission samples from chimneys serving wood
burning appliances in Boise. As a companion to the field source sampling, a paralle]l project was undertaken
in an instrumented woodstove test laboratory to quantify woodstove emissions during operations typical of

Boise usage.

The purpose of this laboratory project was to quantify the effect of several variables on emissions from
woodstoves so that operational conditions of stoves in the field could be inferred by existing data bases. The
variables included: fuel species, burn rate and altitude (barometric pressure). A conventional woodstove,
typical of many existing stove models in the Boise areca, was used as the test appliance. Limited testing was
also conducted on a catalytic woodstove. A modified half-factorial test matrix was used to obtain test results
most useful to the IACP.

A woodstove dilution sampler (Woodstove Sampling System, or WS2) was used to collect particulate
samples, while a modified ambient sampler was used to collect aldehyde and volatile organic compound
(VOC) samples. Particulate samples were analyzed for total mass, polynuclear aromatic hydrocarbons
(PAH), total chromatographable organic compounds (TCO), and inorganic compounds. Concentrations of
carbon monoxide, carbon dioxide and oxygen in flue gases were recorded. Samples of wood fuel and residual
ash were analyzed for elemental composition.
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Section 2
Conclusions

Fourteen tests were conducted on woodstoves to document the effects of stove appliance type and
operating variables. Test variables included stove type (conventional and catalytic), fuel (oak and pine),
altitude (80 meters and 800 meters) and burn rate (target rates of 1.6 kg/hr and 3.2 kg/hr). A modified half-
factorial test matrix was used, with replicate tests under most conditions. Testing was conducted for
particulate emissions, polynuclear aromatic hydrocarbons and volatile organic compounds.  Particulate

emissions were analyzed for semivolatile and condensible organics and for inorganic constituents.

Results of most tests were variable, with pollutant concentrations, emission rates and emission factors
showing close agreement in some sample pairs and widely separated values in other pairs. As a result of this
variability, defining the effect of specific test conditions was difficult. Analysis of variance (ANOVA) results
showed relatively few “main effects,” or statistically significant differences, for total pollutants. Most main
effects occurred with carbon monoxide and individual PAH, VOC or elemental species. Oak, in comparison
to pine, fuel was the variable which most frequently resulted in main effect decreases in pollutant
concentrations, emission rates, and emission factors from the conventional stove. High burn rates, relative to
low burn rates, also showed main effect decreases for many pollutants. The altitude variable did not show any
main effects at the 99% confidence bound, and nominal or scattered results at lower confidence bounds. None
of the variables resulted in main effects on the total particulate material emission rate, although a weak main
effect was shown for the total particulate material emission factor at the 95% CB and the total particulate
material concentration at the 90% CB.

The stove variable (catalytic stove versus conventional) showed a main cffect decrease in CO (%) at the
99% CB and in CO (g/kg) at the 95% CB. A significant decrease (~452 mg/hr) in total PAH compounds was
shown at the 95% CB, although the main effect was relatively weak (due to a high standard deviation).

The cold-start procedure used in this testing is thought to be a major factor in the variability of pollutant

emission rates. The variability is apparently a real phenomenon, as was observed in recent field testing of
woodstoves.?2 In the absence of statistically significant effects of stove variables, it may be appropriate to use
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the mean of emission values. Mean values should be used with upper and lower bounds to define probable

cmission rates and factors.

Total PAH emission rates measured in this testing were similar to previously reported results from the
same conventional stove.! Emissions of volatile organic compounds (VOC) were lower than expected, based
on previous testing.!? Methane and cthylene represented the largest fraction of total VOC emissions.
Benzene showed main effect decreases in concentration, emission rate, and emission factor when oak fuel was

used rather than pine in the conventional stove.

The variability of test results indicates that several factors may affect stove emissions simultancously.

Isolating specific causes for particular emission rates may therefore be difficult,

Page 3



' Section 3

Recommendations

Based on the variability of emission rates observed in replicate tests, several modifications are
recommended for future testing efforts. The sample size of future studies should be increased or the number
of variables decreased. Fewer variables would allow more replicate tests to be conducted, which would better
define representative emissions under given conditions. The cold-to-cold burn cycle used for this testing, in
which sampling begins when a fire is i, is thought to represent realistic stove operation. However, the cold-
to-cold cycle is also a probable cause of the large variability observed in many test pairs. If cold-to-cold test
cycles are used, more replicate tests should be made.

The woodstove sampler (WS2) caused concerns over the representativeness of some samples due to
occlusion of the sample inlet venturi The venturi opening is about 3 millimeters in diameter. Even with
heating tape maintaining a sample inlet temperature of about 120°C, heavy deposition of tarry material was
noted on virtually all runs. On two tests, it was apparent that the venturi had been plugged during sampling
and had to be opened with a rod. When the venturi is blocked, the accuracy of all emission measurements can
be significantly affected. It is difficult with the current sampler design to determine when the venturi is
becoming blocked. Modifications should be made to the WS2 before any future testing, or another sampling
method, such as EPA }.viodiﬁcd Method 5, should be used.

The plugging of the venturi can also affect the accuracy of other sampling systems which pull off the WS?2
gas stream, such as the volatile organic compound (VOC) and aldehyde samplers used in this project. Until
the potential for occlusion of the sample inlet is eliminated, other samplers should opcrate independently of
the WS2,

Careful recording of sampler operation time is necessary with the WS2, VOC and aldehyde samplers

used in this testing. For this reason, a pump run time counter is recommended for the samplers. This is
especially important because of the 2 to 5 filter changes, and associated down time, during each test.
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Stack flow rates are relatively constant when hot-to-hot burn cycles (such as thosc used in EPA
Reference Method 28) are used. Cold-to-cold cycles can result in periods of high emissions when stack flow
rates are fluctuating. A proportion sampler, or one that is relatively insensitive to flow fluctuations, may be
more appropriate for future cold-to-cold burn cycle testing.

To ensure collection of valid aldehyde samples, lower sampler flows or tubes with greater sample
capacity should be used. It is apparent from the exhaustion of the DNPH tubes that aldehyde emissions from
woodstoves are significant. Future research should be planned accordingly.

All fires were started with no ash in the firebox, which permitted collection of residue at the completion

of the run. This procedure may have contributed to variability of stove emissions. If collection of combustion
residue is not required, future testing should be conducted using an ash bed in the firebox.
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Section 4
Experimental Procedures
Variables
Due to the large number of variables which can potentially affect stove performance, a comprehensive,
full-factorial testing plan was not realistic. Instead, a modified half-factorial testing program was developed
which incorporated four major factors: burn rate, fuel species, altitude (barometric pressure) and stove type.

The test matrix was designed to provide data most useful to the IACP. In most cases, replicate tests were

performed to ensure the representativeness of samples. The test matrix is presented in Table 1 below:

Table 1. Modified Half-Factorial Testing Matrix

Sample Code Stove Fuel Altitude | Burn Rate
SOLL-1 Conventional (Scott) Oak Low Low
SOLL-2 Conventional (Scott) Oak Low Low
SOLH-1 Conventional (Scott) Oak Low High
SOLH-2 Conventional (Scott) Oak Low High
SPLL-1 Conventional (Scott) Pine Low Low
SPLL-2 Conventional (Scott) Pine Low Low
SPLH-1 Conventional (Scott) Pine Low High
SPLH-2 Conventional (Scott) Pine Low High
SPHL-1 Conventional (Scott) Pine High Low
SPHL-2 Conventional (Scott) Pine High Low
SPHH-1 Conventional (Scott) Pine High High
SPHH-2 Conventional (Scott) Pine High High
EPHL-1 Catalytic (Earth) Pine High Low
EPHH-1 Catalytic (Earth) Pine High High
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The sample code represents the variables used in testing. The first letter represents the stove type (Scott
for conventional, Earth for catalytic), the second letter represents the fuel type (oak or pine), the third letter
represents the test site elevation (low or high) and the fourth letter represents the burn rate (low or high). The
number following the letter code denotes the first or second replicate test at the specified conditions. SOLL-1,
for example, represents Scott stove (conventional)/oak fuellow altitude/low burn rate/first replicate test run.
Each of the variables is addressed individually below:

Stove

A primary objective of this testing program was to measure the stove performance of stoves thought to
be typical of the Boise, Idaho region, where IACP field sampling was conducted in the winter of 1986-87.
Research into “typical” or “conventional” stove models in Boise showed that no stove make or model was
dominant* Additional research showed the performance of conventional stoves to be a function of firebox
size.>> Therefore, since a large number of stove models were in use in Boise, but their performance was
primarily a function of stove size, a single stove model was selected as representative of stoves used in the

Boise region.

A “step top” freestanding stove manufactured by Scott Stove (an Idaho-based firm) was used for all
conventional-stove tests. It had a steel firebox partially lined with firebrick with a 68 liter combustion chamber
capacity. Air was supplied through a single manual “spin draft” control located in the lower third of the fuel
loading door. The stove exhausted into a 15 centimeter (6 inch) diameter flue. The single wall steel chimney
totaled 5.5 meters (18 feet) from the flue collar, or 6.25 centimeters (205 feet) from the base of the stove.
Chimney height was identical at both the low and high elevation test sites.

Two tests were also conducted on a catalytic stove to gain information on the performance
characteristics of catalytic stove technology. The catalytic stove was an Earth Stove 1000 C, with a Corning
“Long Life” catalytic combustor. It was not determined whether the emissions from this stove are
representative of all catalytic stoves, but the stove’s size and design arc consistent with many catalytic stoves
currently being used. The combustor had about 6,000 hours of use at the time of testing, as this stove had been
used in prior EPA research of combustor longevity. The 1000 C had a firebox capacity of 60 liters.

Fuel
Two fuel species were used in the testing program. Eastern red oak from North Carolina was used for

four tests, all of which were conducted at the low elevation test site. Moisture content of the oak ranged
between 27.2% and 42.4% (dry basis) and averaged 33.2%. Lodgepole pine from the Boise area was used for
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a total of four low clevation tests and six high elevation tests. The pine averaged 24.3% moisture (dry basis),
ranging from 18.0% to 35.1%. Fuel moistures were intended to represent seasoned firewood. The oak had a
slightly higher moisture content, as the hardwood dries slower and cquilibrates at a higher moisture content
than the pine. All fuel was split cordwood with bark intact. Fuel size was held relatively constant, with each

picce having a cross-sectional area of 65 to 130 square centimeters.
Altitude

Testing was conducted at two elevations. The low elevation testing was performed at an altitude of 80
meters (258 feet) in the woodstove certification laboratory facilities of OMNI Environmental Services located
in Research Triangle Park, North Carolina. The high elevation testing was conducted at 800 meters (2620 feet)
in the woodstove development laboratory of the Buck Stove Company in Spruce Pine, North Carolina. This
site was selected to approximate the elevation of Boise (915 meters, 3000 feet) where ICAP field measurements

of woodstove emissions had been made.

Standard barometric pressure is 1013 millibars (29.92 inches mercury) at sea level. Barometric pressure
changes in a linear fashion with altitude; standard pressure is 1003 millibars (29.62 inches mercury) at 80
meters and 913 millibars (26.97 inches mercury) at 800 meters. Actual barometric pressure is affected by
meteorological conditions; the range of actual pressures was 1006 millibars to 1018 millibars at the low
clevation test site and 926 millibars to 935 millibars at the high elevation site.

Burn Rate

High and low burn rates were used in the testing program. Burn rates were selected to represent average
burn rates thought to be typical of the Boise region.>® The low burn rate target (1.6 kilograms per hour [dry])
was equivalent to a heat output of about 4.4 kilowatts from a woodstove, which is typical of the average heating-
requirements in Boise. The high burn rate target (3.2 kg/hr [dry]) was intended to provide data on burn rates
which may be commonly used to heat a house which has been cool, simulating start-up burning conditions.

Constants
The variables listed above were selected as factors with a high probability of affecting emission rates.

Other factors, which may also affect stove performance, were held constant as much as possible. These
factors are listed below:
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Fuel Moisture

As mentioned above, moisture content of the oak averaged 3329 (dry basis) and 24.3% for the pine.
These represent average moisture contents taken in random measurements of 10% of the fuel picces burned
during testing. The moisture content of green, unseasoned wood can range much higher, and wood stored in a
heated indoor area can equilibrate at moisture contents well below 20%. The moisture content of fuel for this
testing was kept as uniform as possible. Fuel moisture was measured using a Delmhorst RC-1C moisture
meter and an oven drying method (ASTM D2016) on fuel samples in the laboratory.

Fuel Size

Fuel size can affect emission rates due to differences in the surface area-to-volume ratio. Small picces
have a higher ratio and can release volatile components of the fuel more quickly than larger pieces. Fuel size
was kept as constant as possible, averaging 65 to 130 square centimeters (10 to 20 square inches) in cross

section. Piece length was approximately 41 centimeters (16 inches).

Fuel Load

Based on woodstove field testing studies®6 an average fuel load of 0.088 kg/l (5.5 Ib/ft3) was used for all
testing. This is somewhat smaller than the 0,112 kg/1 (7.0 Ib/f3) fuel load used in EPA woodstove certification
testing’ but was more representative of the fuel loads typically seen in the field. The Scott (conventional)
stove was started with a total fuel load of about 6.0 kg (132 Ib), which is equivalent to a 0.088 kg/1 fuel load
density in the 68 liter firebox. When the fuel had burned down to 1.8 kg, more fuel was added to bring the fuel
load back up to a total fuel Ioad of 6.0 kg.

The catalytic Earthstove, with a firebox volume of 60 liters, was charged with fuel loads of 5.3 kg.

Burn Cycle

Stove testing conducted in accordance with EPA Method 28 uses a “hot start,” in which a hot glowing
bed of embers is used to ignite the test fuel load, thereby minimizing test-to-test variability.” However, field
data indicates that many homes in moderate climates do not burn their stoves continuously > A “cold start”
procedure was therefore considered more representative of Boise woodburning practices.
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Prior to starting the test, the stove was burned for at least two bours at the same air setting to be used
during testing to precondition the stove and flue. This step was taken to reduce effects of existing creosote
deposits in the stove and flue which could be revolatilized during testing and result in non-representative
samples. The stove was allowed to cool after the preconditioning and prior to testing. The flue was thoroughly
brushed to remove adcumulated creosote. Ash and combustion residue were removed from the stove, and the

firebox was vacuumed.

At the start of each test, a small fire was built with four sheets of newspaper, 2.0 kg of finely split kindling
(of the same species as the fuel being tested) and four small pieces of fuel (26 cm? to 52 cm? in cross-section).

Four minutes after lighting the fire (T + 4 minutes), the stove door was closed but the air sctting left in
the full open position. At T + 10 minutes, test fuel was added to bring the total fuel load up to the specified
mass. The primary air control was set in a position to yield the desired burn rate.

The stove was refucled when the fuel load dropped to 1.8 kg. Wood was added to bring the total fuel
load up to the specified load (53 kg for the Scott and 6.0 kg for the Earthstove). Burning and refueling were
continued for a minimum of 6 hours, Testing was ended when 5% of the total test fuel mass remained, and the
flue gas temperature dropped below 65° C (150° F).

Page 10



Section 5

Sampling and Analytical Methods

Sampling Methods

The sampling methods used in this project were sclected to duplicate, as closely as possible, the
equipment and procedures used for IACP sample collection in Boise, Idaho. All sampling began when the fire
was lit and continued through the burn cycle. Details of the sampling equipment are provided below. The

overall test arrangement is shown in Figure 1.

Particulate Material Sampling

Particulate samples were collected using the Woodstove Dilution Sampling System, or WS2, which was
used in the Boise IACP work® The WS2 draws a portion of flue gas out of a chimney at a constant
(nonproportional) rate and mixes the sample gas with filtered dilution air (Figure 2). Particles are captured on
20 cm by 25 cm (8" by 10") acid-cleaned Pallflex filters. Organic compounds which pass through the filter are
captured by a cartridge containing about 200 grams of XAD-2 resin. Flows through the sampler are measured
in three locations:

1. Sample flow - The pressure differential across a venturi (between the probe and dilution chamber)
is used to measure flue (sample) gas flow into the sampler (Figure 3).

2. Dilution air flow - The pressure differential across a sharp-edged orifice is used to measure dilution
air flow into the dilution chamber.

3. Exhaust flow - The pressure drop across a sharp-edged orifice is used to measure total gas flow
through the filter and XAD-2 cartridge.

All pressure values are measured with Dwyer pressure transducers.
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A constant sampling ratc was maintained by adjusting exhaust and dilution air blowers (0 compensate for
ncreased filter loadings.  When the pressure drop across the filter became too high, the filter was changed.
This procedure usually required five to ten minutes. Two to five filter changes were required for each test.
Total sample volume was calculated from the flow rate measured at the sample inlet and the total sample

. . t o
period. Down time for filter changes was subtracted from the total sampling tme.

After removal from the sampler, filters were placed in aluminum foil and stored at € 0°C. At the
completion of testing, XAD-2 resin cartridges were capped and placed in Teflon bags, thermally sealed, and
also stored at < 0°C.  All surfaces in the WS2 exposed to samplc gases were rinsed and brushed with
dichloromethane and methanol. The solvent/sample mixtures were placed in acid-cleaned amber glass bottles
with Teflon-lined lids and stored a1t < 0°C. Runs 1 through 8 received the methanol rinse first, and Runs 7
through 16 received the dichloromethane rinse first. Al samples were transferred to an EPA contract
laboratory in Research Triangle Park, North Carolina within several days of testing, where storage at < 0°C
continued until analysis. Samples from the WS2 were used to determine concentrations of total particulate
matcnial;  condensible  (gravimetric) and semivolatile (total chromatographable organic) fractions; and
polynuclear aromatic hydrocarbons (PAH). The elemental composition of the particulate catch was also
determined and reported. Bioassay testing of the particulate samples was conducted, although results were

not available for inclusion in this report.

Volatile Organic Compounds (VOC) Sampling

Concentrations of volatile organic compounds in woodsmoke were measured by obtaining integrated
samples over the test period. Sampling equipment was provided by EPA. A sample was drawn from a port in
the WS? between the fliter and XAD-2 canister and drawn through a heated Teflon “roughing” line. From this
line, a smaller fraction‘ was pumped into an evacuated six-liter SUMMA-polished canister at a constant rate.
Sampling continued throughout the test period. At the completion of testing, canisters were shipped by air
freight to the Laboratory for Atmospheric Research, Washington State University, Pullman, Washington,
where they were analyzed within 36 hours by gas chromatography.

Aldchydes

Concentrations of aldehydes in woodsmoke were measured by drawing a sample through DNPH-treated
tubes. A sample was drawn from a port in the WS2 immediately before the filter, through a DNPH collection
tube in a heated chamber. Dual aldehyde samplers were used. One channel was operated with a sample flow
rate half that of the other channel in an effort to prevent DNPH exhaustion and breakthrough. Sampling rates

were maintained by mass flow controllers, Aldehyde sampling equipment was provided by EPA. Aldehyde
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sample tubes were stored in refrigerated glass tubes prior to and immediately after sampling and were

delivered to EPA for analysis within several days of testing.

Carbon Monoxide

Carbon monoxide concentrations in woodsmoke were measured using an Infrared Industries Model IR-
732 pondispersive infrared analyzer. Readings were recorded at ten-minute intervals throughout the burn

cycle. Carbon dioxide and oxygen values were also recorded at ten-minute intervals.

Other Parameters

Stack flow was calculated using EPA Method 5H> Burn rate was determined by an electronic platform
scale, on which sat the entire stove and chimney. Ash residue was collected from the firebox at the completion
of a test burn and placed in glass jars. Sawdust samples were collected from fuel pieces when test blocks were

cut for oven drying, and also placed in glass jars prior to analysis.

Analytical Methods

Unless otherwise noted, sample preparation and analysis procedures for samples from the WS? were

performed by the Acurex Corporation under contract to EPA.

Preparation of Sampling Media

Filters

All WS? filters were Pallflex filters, acid washed and tared before all sampling. Filters were soaked in a
bath of 0.057"(1:21)0 reagent grade concentrated) nitric acid for 24 hours. The dilute acid was exchanged for
fresh solution and the filters were soaked overnight. The bath was then changed to deionized water and the
filters were soaked overnight. This procedure was done twice. The filters were dried in an oven at 110°C.
Each filter was wrapped in aluminum foil and labeled individually. The wrapped filters were desiccated
overnight and tared before use. The filters were tared on a Mettler top loader balance. This procedure was
necessary because the filters were too large to fit within the compartments of available analytical balances and
was considered acceptable due to the high expected sample loading.
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Adsorbent Resin
XAD-2 resin was cleaned prior to use as per the large scale cleaning process AEERL/ROP#2S. This
procedure consists of the extraction of impurities by sequentially pumping methanol and dichloromethane

through the resin. The remaining solvent is removed from the resin by evaporation with a stream of nitrogen.

Sample Preparation

Filters

All sample filters were desiccated and weighed to determine total particulate capture. All of the filters
used for a single sampling run were then composited and transferred to a single beaker. Dichloromethane was
added, and the beaker was covered with aluminum foil to reduce evaporation and contamination. For each
filter making up a composite sample, 100 milliliters of dichloromethane was used. After 15 minutes of shaking
in an ultrasonic bath, the dichloromethane extract was transferred to a 2 liter round bottom flask. This
process was repeated until a total of 400 ml per filter bad been used. The composited dichloromethane extract
was concentrated by evaporation in a modified Kuderna-Danish apparatus and made up to a known volume.
Concentrated extracts were transferred to 4 dram glass vials for storage prior to analysis. The vials were
scaled with Teflon-lined, septa-equipped screw caps. The joint of the vial and cap was wrapped with Tefion
tape. Concentrated extracts were stored cold. Filters were returned to OMNI for subsequent elemental
analysis.

Adsorbent Cartridges

XAD-2 samples were solvent-extracted in accordance with a pump-through procedure. Each cartridge
was extracted with one liter of dichloromethane. Each fraction was concentrated by evaporation in a modified
Kuderna-Danish apparatus, then made up to a known volume in a volumetric flask. Concentrated extracts
were transferred to 4 dram glass vials for storage prior to analysis. The vials were sealed with Teflon-lined,
septa-cquipped screw caps. The joint of the vial and cap was wrapped with Teflon tape. Concentrated
extracts were stored cold.
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Analysis

Total Capture

This analysis was applied to all filters. Each filter was transferred to a desiccator upon its return from
the field. After a minimum of 24 hours in the desiccator the filter was weighed. The total capture value for
cach filter was calculated as the difference between the final weight and the tare weight. The total capture per
run was calculated as the sum of the values from the individual filters plus the gravimetric and total

chromatographable organic fractions from solvent rinses of the sampler and XAD-2 resin extracts.

Gravimetric (Condensible)

The “micrograv”’ procedure was followed for the analysis of these samples. The “grav” fraction
represents organic compounds with boiling points greater than 300°C. A 0.25 ml aliquot of extract was used in
the micrograv pan. A second “end test” (0.03 milligram gross difference in consecutive weighings or 1%
relative net difference) was added in recognition of the high levels expected in this test.

Two tared micrograv pans were prepared for each sample. A 0.25 ml aliquot of extract was added to
cach pan. The pan plus sample was weighed at 24-hour intervals until the end test was passed. Between

weighings the pans were stored in a desiccator over activated carbon and silica gel.
The net weight per pan was calculated by subtracting the tare weight. The net weight was multiplied by
four to obtain the extract concentration in units of grams per milliliter. The mass per sample was obtained by

multiplying the concentration by the total extract volume.

Finally, a QC test was applied to the two analyses. A mean and relative standard deviation were
calculated from the duplicate analyses. If the percent relative standard deviation (percent RSD) exceeded
15% for a quantifiable sample, the sample was repeated.

This procedure was followed for filter, probe rinse and XAD-2 extract samples.
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Total Chromatographable Organics {Semivolatile)

TCO compounds are defined as organics with boiling points between 100 and 300°C. The TCO
determinations were made using a Hewlett-Packard 5880 gas chromatograph (GC) equipped with a Level 4
terminal. An aliquot of each sample extract was sealed in a glass autosampler vial with a Teflon-lined crimp-
scal cap. The samples were then loaded into the sample tray of the autosampler. Sample identification and
other pertinent information was entered for each sample from the terminal. Samples were injected into a 3.0
meter by 025 millimeter fused-silica capillary column coated with SPB-1 as the stationary phase. Column
temperature at injection was 40°C. At three minutes following injection the column oven temperature was
activated, initiating a heating cycle of 8°C per minute to a final temperature of 250°C. The total run time was

45 minutes.

The column was connected to a flame ionization detector (FID) that produced a response approximately
proportional to the weight of organic material present in the sample. Internally, this signal was amplified and
digitized at a sampling rate of 30 data points per second, and baseline corrected. The operating system then
used a sophisticated algorithm to determine the validity of the current data point. The algorithm defined valid
data based upon the first derivative and peak width as a function of retention time. Valid data was stored
electronically until cach analytical run was completed. At that point the TCO program summed together all
valid data due to peaks with retention times between those of the marker compounds heptane and
heptadecane. After duplicate runs of each sample, the TCO program used storage parameters to calculate

TCO mass per sample and simple statistics using the replicate results.
yoc

Hydrocarbon concentrations for species in the C,;~Cs molecular weight range were determined with a
Perkin Elmer 900 gas chromatograph. A packed capillary (20’ by /36" column containing Durapak
n-Octane/Porasil C was used to separate light hydrocarbons. The carrier gas (He) was operated at a flow of
5 ml/min and temperature-programmed from -50°C to 80°C at 24°/minute.

Analysis of hydrocarbons in the Cs~Cg molecular weight range was performed on a Hewlett-Packard
5880 gas chromatograph. A 30 meter DB-1 fused silica column was used in the HP 5880 in conjunction with
the same type of cryogenic concentration procedure used for the light hydrocarbons. The higher molecular
weight hydrocarbons were determined through retention time comparisons and mass spectral analysis.
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Inorganics

After extraction, proportional fractions of filters were digested in a mixture of nitric and hydrochloric

acids. Solutions were then scanned for heavy metals using a Jarrell Ash Model 975 inductively coupled argon
plasma (ICAP) spectrograph.



Section 6

Results and Discussion

Test Results

Fuel Characteristics and Test Conditions

The test fuel was analyzed to characterize differences between pinc and oak. Table 2 lists proximate and
ultimate analysis results. Table 3 shows the elemental composition of the two fuel types, and Table 4 lists fuel
moistures. Table 5 shows the clemental composition of combustion residue and ash remaining in the firebox
after testing,

The oak fuel had a significantly higher ash content than the pine. The oak averaged 4.22% ash compared
to 0.64% for the pine. The volatile fraction of the pine averaged almost 4.5% higher than the oak. The pine
fuel also had a heat content about 7% higher than the oak.

The clemental composition of the fuels was quite variable, both among pine samples and between pine
and oak. Bascd on the observed variability, it is difficult to determine whether differences were due to normal
variability or to consistent differences between species of wood.

Fuel moisture was measured by moisture meter (Delmhorst RC-1C) and by oven-drying wood blocks
(ASTM D2016). Agreement between the two methods was good, averaging #0.9% (absolute) moisture. Oak
fuel averaged about 33%, while the pine averaged about 26% (dry basis, oven method).

The clemental composition of combustion residuc and ash left in the firebox after the completion of
testing was relatively constant (Table 5). Run 13 on pine showed concentrations of magnesium in residual ash
to be about a factor of 10 higher than other runs. This is thought to be an anomaly, as other pinc samples
show much lower values. The phosphorus (as PO,) content of pine ash appears to be about two to three times
that of oak ash. Other clemental values appear to be variable among similar fuels and between fuels.
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Table 4. Fuel Moisture

Oven Method
Test Run Meter®
Fuel Type | Numbers | Block ID (% DB) | (% DB)® | (% WB)®
Oak (1L,23,4) 1 29.1 319 242
2 328 315 240
3 36.1 30.1 231
4 363 336 252
5 352 424 298
6 338 30.2 232
7 383 389 280
8 38.7 37.7 274
9 30.2 272 214
10 30.2 27.7 217
Mean 34.1 331 248
Pine (56,7, 1 216 20.8 172
8,9,10) 2 189 184 156
3 18.7 18.0 153
4 188 188 158
5 213 212 175
3H 30.0 351 260
4H 24.1 230 18.7
5H 311 34.7 258
6H 20.5 21.7 178
7H 18.7 199 16.6
8H 189 19.7 164
9H 214 242 195
Mean 20 230 185
(10,12, 10H 254 263 20.8
13,14,16) 11H 284 28.1 219
12H 4.7 276 216
13H 238 242 195
6 26 218 179
7 290 314 239
8 262 29 199
9 242 249 199
Mean 255 262 20.7
a - Moisture content of fuel was measured using a Delmhorst RC-1C moisture meter.

b ~ Fuel blocks were dried in an oven at 105°C following ASTM D2016. Moisture is calculated as:

dry basis (DB) = _(mass wet — mass dry)

mass dry

wet basis (WB) = _{mass dry — mass wet)

mass wet
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Test conditions are listed in Table 6. All testing was conducted as described in Section 4 - Experimental
Procedures. Run 2 was terminated aftcr%minutcsduetoalcngthypoweroutagcatthctestfacﬂity. When
clectrical power was lost, 1.9 kilograms fucl remained in the stove, with fluc gas temperatures of about 177°C,
The higher emission values observed for Run 2 in comparison to the replicate run (Run 4, SOLH-2) indicate
that most emissions occur during the carly stages of combustion, and that emissions during the latter stages,
especially with a high burn rate, are considerably lower. Run 2 data are presented in most data summaries,
but they should be considered atypical of stated test conditions.

Stack gas conditions during testing are listed in Table 7. Stack gas flows were relatively consistent
throughout the various tests, averaging about 15 standard cubic meters per hour. Stack gas composition was
variable, with concentrations of carbon monoxide (CO) averaging between 1% and 2% for most runs. CO
emissions ranged between 179 and 578 grams per hour for the conventional stove, and between 63 and 161
grams per hour for the catalytic stove.

Table 8 lists key operating conditions of the WS2. Table values arc reported in English units, as
instrument readings and calculations were all made using this convention. Sample flow rates were typically
about 7 liters per minute (025 cubic feet per minute), with a dilution ratio of about 15:1. Tests required 2 to 5
filters during the test period.

Test results are compiled in Appendix A.

Particulate Material

Particulate samples are reported in three forms: total particulate capture, the total “grav” fraction and
the total TCO fraction (Table 9). Total capture values were substantial, ranging from about 2 to 16 grams of
material.  The grav-plus-TCO values were expected to be similar to the total capture values because of the
high organic content of woodsmoke. However, grav-plus-TCO values were typically 45% to 70% of total
capture values. The inorganic material identified by ICAP on the filters accounted for only a few hundred
milligrams, which is far less than the several grams difference between total capture and grav-plus-TCO values
for the filters. It is not clear why the unextractable fractions from the filter catches were so high. One possible
explanation is that inorganics from the ash were entrained in the gas steam from fuel loading and stirring
operations,sinoctestbumstowhichthescmultsarecomparedwcrcnotloadedandstirreddmingthetesting
cycle.

Table 10 lists particulate emissions (g/m®, g/hr and g/kg) as total capture, grav and TCO fractions. Total
capturc emission rates for the conventional stove ranges from 10.9 grams per hour (pinc fuel, low elevation,
low burn) to 50.7 grams per hour (pine fuel, high elevation, low burn). While some replicate runs showed close
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Table 8. WS? Operation Conditions

Average
Average Dilution
Sample Gas | Chamber | Number of

Test Sample | QSS® | QDS® | QES® | Dilution Temperature! | Pressure® Filters

Number | Code® | (scfm) | (scfm) | (sdfm) | Ratio® (°F) (in. H,0) Used®
1 SOLL-1 | 0.247 | 3.831 | 3.798 15.383 183 -10.7 3
3 SOLL-2 { 0243 | 3742 | 3.929 16.166 183 -22 4
2 SOLH-1 | 0.242 | 3862 | 3.951 16.336 186 —4.1 2
4 SOLH-1 | 0247 | 3650 | 3.930 15938 182 2.6 2
6 SPLL-1 | 0253 | 5249 | 3914 15.456 334 -3.8 2
14 SPLL-2 | 0.246 | 1.076 | 3.966 16.117 266 -29 5
5 SPLH-1 | 0263 | 3962 | 3911 14.859 110 —~48 4
16 SPLH-2 | 0.247 | 4359 | 3.988 16.161 260 =33 3
9 SPHL-1 | 0.238 | 3649 | 3.721 15.624 256 -21 5
10 SPHL-2 | 0249 | 4231 | 3977 15.940 258 21 3
7 SPHH-1 | 0246 | 3910 | 3.763 15277 262 =21 3
8 SPHH-2 | 0243 | 3792 | 3.743 15.409 260 =21 2
12 EPHL-1 | 0.255 | 4.108 | 3972 15577 253 -2.1 2
13 EPHH-1| 0249 | 4.113 | 3977 15947 256 -21 3

a-

Sample codes describe the variables used in testing:

1. First position - Stove type: S =Scott Stove, the conventional-technology stove
E =Earth Stove, the catalytic stove

2. Second position - Fuel type: O =oak
P =pine

3. Third position - Altitude: L =low altitude or high barometric pressure
H =high altitude or low barometric pressure

4. Fourth position ~Burnrate: L =Jow

H =high

QSS - flow of sample gas into WS2 through probe nozzle, ft3/minute, standard temperature and pressure.
QDS - flow of dilution air into WS, ft3/minute, standard temperature and pressure.

QES - flow of total (sample plus dilution) air through WS, ft¥/minute, standard temperature and
pressure,

Ratio of dilution air to sample gas flow. This value, with QSS, QDS and QES were calculated using a
computer program provided with the WS2, Al instrument readouts and data reduction algorithms were
in English units. _ ’

Flue gas temperature at the inlet to the sample nozzle (top of stack).

Average dilution chamber pressure during testing period in inches of water column.

Total number of filters used during testing period. A filter change was performed when exhaust inlet
vacuum was greater than -50 inches water column.
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agreement (Runs 1 and 3, 7 and 8, and 12 and 13), other runs showed considerable differences; Runs 2 and 4,
6 and 14, and 9 and 10 varied by factors of 3 to 4 (Figure 4). Agreement and discrepancies between the

replicate runs were similar when reported as grams per kilogram.

While the semivolatile (TCO) fraction was variable as a percentage of the total particulate emission rate,
the absolute value (in grams per hour) was more consistent (Figure 4). The condensible (grav) fraction (as
grams per hour) appears to be the most variable portion of the total particulate emission rate. The grav
fraction showed good correlation with the total capture values (Figure 5). The discrepancies of measured
parameters between Runs 2 and 4 are probably attributable to the premature end to Run 2. Figures 6, 7 and 8
show the cffect of burn rate on the various particulate fraction emission rates. It appears that a number of
factors can and do affect particulate emissions from woodstoves. The cold start procedure used in this testing
probably contributed to variability of test results, but represents conditions likely to be encountered in actual
stove use. None of the particulate emission parameters of total capture, grav or TCO fractions showed
statistically significant effects as a function of test variables at the 95% confidence bound. Figures 9, 10, 11
and 12 show total particulate emission rates compared by fuel type, stove type, altitude and burn rate.

Another factor in variability of results between test runs is the possible plugging of the sample venturi
during testing. The venturi was often partially or completely occluded during sample recovery, although it was
not always clear when it became plugged. The venturi was cleaned during Run 14 after test personnel noted
discrepancies in flow readings. The design of the sampler makes detection of a plugged sample probe difficult,
as a pressure differential is always evident across the venturi, even if the venturi is plugged, due to vacuum in
the dilution chamber. Partial occlusion of the sample venturi will decrease the flow values calculated from a

given pressure differential and thereby result in under-reporting emission values.

Polynuclear Aromatic Hydrocarbons (PAH)

Most of the measured PAH compounds were lower-molecular weight compounds; high molecular weight
compounds had lower emission rates (Table 11). Naphthalene accounted for almost half of the emissions of
measured PAH compounds in many samples (Runs 4, 6, 14, 16, 10, 7, 8, 12 and 13). A very large fraction of
total PAH compounds were recovered from the filter and XAD-2 resin extract fractions, with a relatively small
contribution from the probe rinse fraction. This is primarily a function of sample gas temperature; the probe

was typically heated to about 80°C, while the filter and XAD-2 resin were maintained at ambient temperature.

Probe rinses from Runs 1 through 8 were not analyzed for PAH compounds. These samples were
recovered with a methano! rinse prior to a dichloromethane rinse, causing uncertainty as to whether any

reactions of the methanol with PAH compounds had occurred prior to analysis. However, once the error in
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Aldehydes
Results from aldehyde testing did not meet quality assurance objectives and are therefore not presented

in this report. Sampling was conducted using dual cartridges, with one operating at a flow rate twice as high as
the other. Poor correlation between the cartridges indicated sample breakthrough.

Statistical Analysis

Calibration Procedures

WSDSS - During initial startup the power was switched on and the transducer box was plugged in and
allowed to warm up for 45 minutes; then the transducer was zeroed with the pressure taps open to atmosphere.
Span check was done by connecting the high side of each transducer in parallel with a manometer, blowing
Lightly into the manometer and adjusting to match the manometer.

Then the braided line was temporarily disconnected from the dilution air blower and plugged into the
connection on the sampler (with a Swagelock™ cap), and a surgical tubing jumper was placed between the
orifice taps. The dilution blower switch was turned on. Speed changes in response to changes in the variac
settings on the control module were noted. Next, the sample inlet on the inlet module was plugged with a cap
and the exhaust pump was turned on. The coarse and fine flow valves for an exhaust inlet pressure (top
Magnehelic gauge) were adjusted to about 100 inches WG and the “AP” sample readout was checked to see if
it read zero. Then the dilution blower was reconnected to the samplerr and the transducer lines to the orifice
taps. The probe was installed into the chimney and connected to the sampler inlet. The probe heater and
thermocouple were plugged into the umbsilical.

Finally, the inlet and probe heaters were turned on and monitored with the readout on the control
console, adjusting for 230°F.

Gas%rs—Gasm!mrsmtumedmandaﬂowedtowamupforwminuw& Then, before
each test, they were calibrated with span gas and checked at the completion. Nitrogen gas was also used to
zero analyzers at the beginning and end of each run. From Run #4 on, the CO, meter would not calibrate to
zerowithnitrogcngassothczcroandspanpointkcyswcreadjustcdtocompcnsatcandthcresultsmrc
adjusted accordingly.

Platform Balance - A certified weight was placed on the platform balance at the beginning and end of

cach test run.
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Barometer Pressure - A mercurial barometer at OMNI’s laboratory was used for low elevations. During

high elevation tests, the barometer pressure was taken from the mercurial barometer at the Suville Airport.

ﬂidrocarbon/Al'dchydc Tube Sample - The hydrocarbon canister and the aldehyde tube sampler were

operated in accordance with instructions provided by EPA. Start and stop times were recorded along with
flow rates and initial and final pressure measurements. No additional information on calibration was
provided.

The ANOVA test matrix shown in Table 14 is developed to conduct the statistical analysis for the one-
half factorial experimental test design. Table values are used to determine contrasts which in turn are used to
calculate effect. Columns AB/CD, AC/BD, and AD/BC represent the fuel x stove, the fuel x altitude, and the
fuel x rate values. The test matrix was evaluated to determine the effects of stove variables on emissions
performance using modified analysis of variance (ANOVA) principles. A Yates table was used to complete
the test matrix for ANOVA analysis.® The conventional stove test matrix represented 3/, of a 23 experiment,
excluding high and low burn rates using oak at a higher altitude (Appendix B). The catalytic stove was used to
provide selected data expected from the Boise area: high and low burn rates using pine fuel at a higher
altitude.

Table 14. ANOVA Test Matrix

Run | Sample Fuel Stove Altitude Burnrate | AB | AC | AD
No. Code (A) (B) © D) CD | BD | BC
13 SOLL 1 (oak) 1 (conv.) 1 (low) -1 (low) 1 1 -1

24 SOLH 1 (oak) 1 (conv.) 1 (low) 1 (high) 1 1 1

6,14 SPLL -1 (pine) 1 (conv.) 1 (low) -1 (low) -1 -1 1

516 SPLH -1 (pine) 1 (conv.) 1 (low) 1 (high) -1 -1 -1

910 | SPHL | -1(pinc) | 1(comv) | -1(high) | -1(low) | -1 | 1 | 1
78 | SPHH | -1(pinc) | 1(conv) | -1(high) | 1(high) | -1 | 1 | -1
12 | EPHL | -1(pinc) | -1(cat) | -1(high) | -1Qow) | 1 | 1 | -1
13 | EPHH | -1(pine) | -1(cat) | -1(high) | I(high) | 1 | 1 | -1
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To facilitate the use of ANOVA procedures, main cffects were calculated for test conditions of the
conventional stove and the catalytic stove scparately. Replicate runs were entered as the mean of paired data
for each test condition. Where only one datum was available the single value was entered in place of the
missing replicate. Tests were run to determine main effects of test variables on the paramcters of particulate
matenial, PAH, VOC, CO and inorganic material. ANOVA tests were conducted on all units of measure:
concentration (mass/volume), emission rate (mass/time) and emission factor (mass/mass fuel). Main effects
were calculated at 99%, 95%, and 90% confidence bounds (CB). Tables 15, 16, and 17 list all main cffects at
cach confidence bound. Computer printouts of parameters which showed main effects at the 999 CB are
shown in Appendix C. Printouts of main effects at the 95% CB are shown in Appendix D, and main effects at
the 90% CB are shown in Appendix E. Appendix F shows all parameters for which the confidence bound for
main effects was less than 90%.

In many cases, the large degree of variability between replicate runs made identifying “real”” main effects

difficult. Natural variability in combustion conditions was exacerbated by the cold-to-cold burn cycles used in
this testing, but is believed to be representative of typical stove use.

Main Effects - 99% CB

Conventional Stove - Most of the main effects at the 99% CB were attributable to changes in fuel and
burn rate (Table 15). The altitude variable did not show any main cffects at the 99% CB, and few effects were

attributable to stove type. Some main effects were observed as expected, such as an increase in stack flow rate

and stack gas temperature at high burn rates.

Oak fuel showed lower concentrations of CO and CO, compared to the pine fuel at the 9% CB with
strong significance ratios. (The significance ratio represents the “strength” of the main effect at a specific
confidence bound; the greater the absolute value, the greater certainty that the main effect is real at that
confidence bound.) Oxygen concentrations were higher with oak fuel, which may account for the higher stack
flow rates recorded with oak fuel (because of higher excess air). The use of oak fuel resuited in decreases in
the total measured PAH compound concentration (-58610 pg/m®) and emission ratc (-849 mg/hr) (with
significance ratios of ~1.0 and -12, respectively) (Figure 16). Based on the analysis of fuel composition
(Table 2), the pine fuel bad about 5% higher volatile fraction than the oak. It also averaged about 20% lower
moisture (Table 4) than the oak. Both of these factors could contribute to a more rapid release of volatile
gascs from the fuel during combustion. Oak fuel also resulted in an increase in the concentration, emission
rate, and emission factor for potassium (K) and lead (Pb), although lead values were very low.
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The high burn rates showed a number of main cffects, especially in stove process parameters. High burn
rates showed significant increases relative to low burn rates in measured burn rate, total fuel burned, stack
flow, stack temperature, and concentrations of CO and CO,. Oxygen concentrations decreased at higher burn
rates. The emission rate of benzo(g,h,i)perylene increased slightly (at a significance factor of 1.0) at high burn
rates. The concentration, emission rate and emission factor for nickel increased marginally with the higher

rates.

The interaction of the fuel variable with altitude and burn rate, and the interaction of altitude with burn
rate, showed slight to moderate main effects for the emission rate and emission factor for several individual
PAH compounds. Decreases in the concentration, emission rate, and emission factor for nickel were also
shown in the fuel/altitude interaction.

Catalytic Stove — Main effects attributable to the use of the catalytic stove were limited at the 99%
confidence bound. Stack flows and average CO concentrations (%) were lower at significance ratios of 1.3
and 23, respectively. Emission factors for three PAH compounds (including benzo(a)pyrenc) increased
marginally when the catalytic stove was used, although significance factors were generally high. The
concentration, emission rate, and emission factor for lead (Pb) increased marginally with the catalytic stove
compared to the conventional stove.

Burn rate main effects with the catalytic stove were limited to burn rate, total fuel burned, stack flow
rate, and the concentration and cmission factor for lead. The stove/burn rate interaction showed marginal
main effects for the concentration and emission factor of lead.

Main Effects - 95% CB

Conventional Stove ~ Main effects at the 95% confidence bound include all the main effects identified at
the 99% CB, but with higher significance ratios (Table 16). Main cffects at the 95% CB attributable to oak
fuel (compared with pine) which were not ideatified at the 9% CB include small to moderate decreases in the
concentrations, emission rate, and emission factor of a number of individual PAH compounds. The emission
factor for total identified PAH compounds decreased at significance ratio of -15. Phosphorus (ug/m3, mgfhr,
and mg/kg) increased marginally with oak, and benzene and toluene showed marginal decreases in emission
rates and emission factors.

Low elevation testing showed a slight (0.3% absolute) decrease in CO concentration (%), and marginal
decreases in the aluminum concentration and emission rate. The burn rate variable yielded the only main
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effect attributable to particulate material at a 95% CB or higher; the emission factor for total particulate and
the grav fraction were slightly lower at the higher burn rates at a significance ratio of -1.0.

The fuelaltitude interaction showed decreases in several individual PAH compounds (ug/m>, mg/hr,
mg/kg). The fuel/burn rate interaction (oak/high burn rate) yielded similar results, with additional main effects
of lower stack flow rates, lower CO concentrations (g/m>), and higher CO, concentrations (%). Significance

factors were low to moderate, and main effect values were generally small relative to sample values.

The altitude/burn rate interaction (low elevation/high burn rate) showed decreases in burn rate, stack
temperature, and CO concentration. The concentrations, emission rates, and emission factors of several
individual PAH compounds showed low to moderate main effects. Increases of methyl ethyl ketone and o-
xylene also showed nominal main effects.

Catalytic Stove - At the 959 confidence bound, main effects included a decrease in burn rate with the
catalytic stove relative to the conventional stove. Total measured PAH compounds (mg/kg) showed a
decrease with the catalytic stove (394 mg/kg, significance factor of 13). Nominal decreases in the emission

rate and emission factor were shown for acetylene.

The burn rate variable showed higher stack temperatures, CO (%), and CO, (%). Other effects were
minor. The stove/burn rate interaction showed few main effects.

Main Effects - 90% CB

Conventional Stove — The concentration, emission rate, and emission factor of several individual PAH
compounds decreased at the 90% CB when oak rather than pine fuel was used. Most of these main effects
showed relatively small valyes, Toluene concentrations also dropped with the usc of oak fuel (significance
ratio of -1.2). Other main effects were nominal. :

Testing at the low altitude site caused a slight decrease (-0.9 m3hr) in average stack flow rates. The
emission rate of total identified PAH compounds increased at low elevations (main effect of 327 mg/hr,

clevation testing.
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Higher burn rates showed significantly lower concentrations of total particulate material as a main effect
(main effect of ~1.4 g/m, significance ratio of -1.0). Decreases of emission factors for TCO and grav + TCO
were also moderately significant at the 9% CB. The emission rate for total identified PAH compounds
increased by 381 mg/hr (significance ratio of 12), while marginal decreases (and an increase) were recorded
for several individual PAH emission factors.

The fuelaltitude (oakflow elevation) and fuelburn rate interaction (oak/low burn rate) resulted in
similar main effects - relatively small decreases in the concentration, emission rate, and emission factor for
several individual PAH compounds and hydrocarbons. The altitude/burn rate interaction (low elevation/high
burn rate) showed an increase in the cmission rate for total PAH compounds. A few other minor main effects

were also noted.

Catalytic Stove - Tests conducted with the catalytic stove showed a lower cmission factor (89 g/kg) for
CO when compared to the conventional stove. Slight decreases in the concentration, emission rate, and
emission factor for several individual PAH were shown as main effects. Total identified PAH compounds
showed a significant decrease (432 mg/hr), but with a significance ratio of just 1.0 due to data variability. A
few other nominal main effects were recorded. Other variables (burn rate and the stove/burn rate interaction)

showed a few minor main effects.
Quality Assurance

A Quality Assurance Project Plan (QAPP) was prepared prior to the testing activities of this project.
The QAPP was reviewed and approved by EPA. All sampling methods, data reporting, and QA procedures

specified by the QAPP were followed.

Data Completeness

Data completeness is defined as the percentage of data planned for collection for which valid data was
collected. Data completeness objectives for most pollutant parameters was 95%. Actual data completeness is
listed in Table 18.

Data completeness objectives were not met in four areas: mass of particles, PAHs, aldehydes, and flue
gases. The loss of particle data in Run 2 and Run 5 does not significantly affect the completeness of the data
since each of these runs had a duplicate run with acceptable data. The loss of the associated variability
between duplicates was also not significant because two other runs were also duplicated.
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The loss of the PAH datainthcprobcrinsconRunslthroughSisnotsigniﬁcanttothcovcrall
completeness of the data, since the probe rinse from Runs 9, 10, 11, 14, and 16 was analyzed and the leve] of
loading of the probe rinse could be estimated for the other runs,

The flue gas data did not meet data completeness objectives but the effect is not significant. Only Run 2
data was affected and the data acquired from other runs is consistent. The additional data would have no
affect on results.

In contrast to the above effects, the aldehyde failure has a major impact on the conclusions of this
experiment, since aldehydes are known to be present in stove emissions and could be significantly affected by

the variables present.
Data Precision

Data precision is determined by the following equation:

Max - Min

P= Mean

100,

| Where: Max = maximum value;
Min = minimum value; and
Mecan = mean of two replicates.

Systemic data precision (based on all factors affecting data reproducibility) for various data parameters arc
listed in Table 19.

Analytical work was performed by contracted laboratories, which reported that all specificd calibrations
and QA procedures were followed.

Internal Quality Control

Information on the internal quality control activities associated with the analysis of the WSDSS and
aldehyde/VOC samples conducted by EPA was not provided. It is assumed that the Quality Control activities
met the requirements of the QAPP plan as approved by EPA.
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Table 18. Data Completeness

Valid Data
Param;tcr Runs | Completeness Explanatory Notes

Mass particles

Total 12 86%*® | Run 5 grav sample lost; Run 2 short

Condensible (grav) 12 86%™" | Run 5 grav sample lost; Run 2 short

Semivolatile (TCO 13 93%° | Run 2 short
PAH 8 43%° Runs 1 - 8 missing probe rinse
vVOC 14 100%
Aldehydes 0 0%° Data did not meet QA objectives
Elemental emissions 14 100%
Fuel characteristics® 14 100%
Asbh residue 14 100%
Flue gases 13 93%° Run 2 short
Burn rate 14 100%

A mantle heater control malfunctioned during laboratory processing of the grav portion of Run 5. The
sample was destroyed.

A power failure was experienced before the completion of Run 2, causing all sampling equipment to go
off. Data are not considered representative of defined test conditions because of the premature end to

testing,
A methanol rinse was used on the probe rinse prior to a dichloromethane rinse on Runs 1 - 8. Analysis

for PAH was not conducted on these samples. However, all other samples collected on the conventional
stove showed the probe rinse to contain 1.3% to 4.0% of the total PAH mass, averaging 2.5%.

Dual aldehyde trains were used at different sampling rates to avoid breakthrough. Results from the dual
trains showed considerable variability. ~ Subscquent tests revealed DNPH exhaustion and probable
breakthrough for many runs.

Includes proximate, ultimate and elemental analyses. Also includes fuel moisture.
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Table 19. Data Precision (Systemic)

Average
Parameter Precision (%) Explanatory Notes

Mass particles (g/hr)

Total 54% Excludes Runs 2, 4, 5 and 16

Condensible (grav) 63% Excludes Runs 2, 4, 5 and 16

Semivolatile (TCO) 63% Excludes Runs 2 and 4
PAH total (mg/hr) 57% Based on Runs 9, 10, 12 and 13
VOC total (mg/hr) 50% Excludes Runs 2 and 4
Stack flow 15% Excludes Runs 2 and 4
Burn rate 17% Excludes Runs 2 and 4
Gas

CcoO 15% All Runs

COo, 12%

0, 10%
Stack temp 20% All Runs
Fuel moisture 5% All Runs
Fuel burned 10% Excludes Runs 2 and 4
Elemental analysis 90% All Runs
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General

No major problems were encountered with data collection or analysis. Specific events which caused
“flagged” or lost data area addressed below:

1. Run 2 - Electrical power to the test lab was lost at 246 minutes into the test run. The test ended
with 1.9 kg fuel remaining (12% of total mass burned) and a flue temperature of about 176°C.
Run 4, the replicate of Run 2, ended with 3.5% of the fuel mass remaining and a flue temperature
of 65°C. Data from Run 2 was presented but flagged as nonrepresentative.

2. Run 5 - A heating mantle controller malfunctioned in the laboratory, resulting in overheating of the
grav fraction of the test. Because the grav fraction is used in total particulate determinations, both
total and grav particulate values were affected.

3. The probe rinses from Runs 1 through 8 received a methanol rinse, followed by a dichloromethane
rinse. These samples were not analyzed for PAH compounds because of concerns of reactivity of
some PAH compounds in the methanol. Probe rinses from Runs 9 through 16 were processed with
the dichloromethane rinse first. The probe rinse fraction of Runs 9, 10, 14 and 16 (conventional
stove runs) showed the probe rinse fraction to average 2.5% of the total PAH mass, ranging from
13% to 4.0%. For this reason, total PAH values for Runs 1 through 8 were factored up by 2.5% to
account for the missing probe rinse mass. These values were flagged with notes explaining the
corrections to the data.

4. The probe rinse gravimetric samples from Runs 14 and 16 did not meet replicate weighing QA
standards, as weight loss between weighings was greater than acceptable limits. Due to the large
total mass of the samples, these values were used, with the last weighing value used as the true

value.
5. No aldehyde values were reported, as values from the dual sampling trains did not meet QA goals.

Probable cause for lack of agreement between trains was breakthrough of aldehyde compounds
from high concentrations in flue gascs.

Page 74



References

1. Burnet, P. Environmental Impacts of Advanced Residential and Institutional (Woody) Biomass
Combustion Systems. Prepared by OMNI Environmental Services for U.S. Department of Energy,
Pacific Northwest and Alaska Bioenergy Program, Bonneville Power Administration, Portland, Oregon,

January 1988.

2. Burnet, P. The Northeast Cooperative Woodstove Studv, Volumes I and I1.
EPA-600/7-87-026a and -026b (NTIS PB 88-140769 and -1407'7). November 1987.

3. Cottone. L. and Messer. E. Test Method Evaluations and Emissions Testing
for Rating Woodstoves. EPA-600/2-86-100 (NTIS PB 87-119897)., October 1986.

4. Edmonsen, E. Woodburning in the Boise Urban Area. Prepared for the Idaho Department of Health
and Welfare, Boise, Idaho, March 1985S.

5. Burpet, P. and Tiegs, P. Woodstove Emissions as a Function of Firebox Size. Presented at the Wood
Heating Alliance Technical Seminar, Baltimore, Maryland, March 1985.

6. Houck, J.,, Simons, C. and Pritchett, L. Estimating CO Air Quality Impacts from Woodstoves.
Prepared by OMNI Environmental Services for U. S. Department of Energy, Pacific Northwest and
Alaska Bioenergy Program, Bonneville Power Administration, Portland, Oregon, July 1987.

7. Standards of Performance for New Stationary Sources, Standards of Performance for New Sources,
Residential Wood Heaters; Listing of Residential Wood Heaters for Development of New Source
Performance Standards; Proposed Rules. Federal Register, February 18, 1987, pp. 4994 — 5066.

8. Merrill, R. and Harris, B. Field and Laboratory Evaluation of a Woodstove Dilution Sampling System.
Paper 87-64.7. Proceedings of the 80™ Air Pollution Control Association Annual Meeting, New York,
June 1987.

9. Hicks, C. Fundamental Concepts in the Design of Experiments. Third Edition. CBS College
Publishing, New York, 1982. ‘

10. Williamson, A., Martin, R. and Harris, B. Measurement of Condensable Vapor Contribution to PM;g

Emissions. Paper §5-14.4. Proceedings of the 78th Annual Meeting of the Air Pollution Control
Association. Detroit, Michigan, June 1985.

Page 75



TEST DATA

APPENDIX A.

SELy
29
(952
95081
812

L621¢
6v228

El uny

89°¢
€572
St
SI°y

€1°¢
16y
12401

€970
L£°0
(o

948°1
162°1

Stt-e

[ 34
el
96°0
621
¥8E £l

9°91

61§°¢

"%l
£1 NNy

0452
0492
051
L6¥11
99¢E
0
86592
10120

21 uny

St
80°1
99°2
S9°y

8y'0
vio
o
09°0

0Lt
1s-o
6852°1
661°2

08
22
6v°0
€01
S0E "0t

o1

199°¢

21
21 Ny

€292
66E€
€495
6v(01
880"

£6205
89¥09

9t
el
60°2
19°¢

52701
69°¢
95°9
[

55°0
020
SE°0
19°0

0§51
655°0
E166°0
SILt

S°9
6°El
82
§61
259°81

|14

12872

8 NN

92tE
€91y
262
15891
9219
9921
ri29y
89498

{ uny

ST°E
't
€0°2
S0°y

£0°01
99°'¢
oy
821

£5°0
61°0

89°0

[ A
§35°0
E¥S6°0
669°1

9
'
61°2
¥02
986°91

ez

108°2

8¢
L N

596¢
(131 ]
"wre
16262
12437

otz
1969

01 uny

00°9
£2°2
(e
"%

8L°6
¥9°¢
[ 387
srU

18°0
00
150
£6°0

11954
0(8°0
'
992

113
8r92
8692
290¢€1
8l

£9906
E¥5S2

6 uny

9 ‘¥
9

0£°92
6y

5§80
6
05° 1€
19705

99°¢
280
L
o'

101°el
226°2

06(1°01
e 91

81t
08
891l

oot

6°9

6(5°€

gi'i
6 NNy

11591
LIgel
(112
109Ly
£€86

940t
{25921

69°91
9’9
[ 15841
1

£6°0
EE'0
09°0
2801

92
166°0
S9LL°1
log ¢

262
ST NNY

vL05
BZSY
14824
18291
"y
vzt
9€0€L
20v8

S uny

[ 394
Ere
00°0

000°0

99
el
661

[ 24
SES° YL

891

616°2

€2
S NOY

(108
68¥¢
reey
14113
6516
0
E10511
894LEt

y[ouny

Q'
9z'y

ot
6€°91

0592
¢
6E° L1
1oe

669°¢
€E2°2
%59r°S
059°6

6°¢
el
L/
611
2r9°01

£2l

"wi'e

191
0NNy

20€
e
[14)1
¥59¢
€6£2

6¥26¢
SLE0§

29°0
61°0
0

606°1
995°0
®e'l
668°2

08
0°2t
"W
731
685711

€21

180°¢

99°1
9 NRY

2641
6161
20

014S
(3171

(13-4}
ZEEQ2

¥ uny

L]
®°1
9t
65°¢L

19°0
{ao
"o

£90°2
195°0

1310

orn
§°6
sZ°1
%1
0w

o

98E°€

60°2
y NNy

9EEL ol
09,1 aun
59 e
9095 £519
€641 £28E
0 0
95991 28296
95062 ofs12
(03123100 Bn)
2 uny £ uny
%€l €6°02
e e
60° 11 1591
W9l ol
09'% 692
s 60°¢
e 6982
SEY 690
€91 16°1
1€°0 220
51 691
162 0w
§16°2  ¥56°9
9%Y0  ¥L0
S619°2  1029°§
149 6229
9'6 el
90t 99
§5°1 91
e 18
UV 290°91
9°01 ru
065°1 1€e'e
65°2 TR
TN € oy

roll
sotl
655
SSEV
502
1147
0
§€s2t

INFuAd
INIHLNVHON S
INIIVUHLNY
INFYHINVNIHG
0N
IN3HLHIVNIDY
INITARLHAVNIY
INIWVHIHINN

SLINS3Y SISATYNY HVd SW/29 XIundov

U uny

9€° L1
6r°¢

{3°el
9 £2

(0%/8) 0oL+AVD
(8%/8) 0ot

(8x/0) avuo

(6x/8) wn1dva WioL

(6%/6) ¥0LIv3 NOISSIMI 1VWOILI¥Vd

Er°E2
we

zLet
%l

(44/6) QoL+avis
(44/0) 001

(44/6) avuo

(44/8) 3unidvd WioL

(44/8) 31vy NOISSINI ILVWOLIWVY

%1
[{%"]
[2 3|
5072

950°§
9l0°t
96E0°Y
$08°9

6°¢1
§°9
€6°0
11l
99t 51

0t

91E°E

SE°T

(cw/0) oAV

(ew/8) g0y

(ew/0) avus
(cw/0)33n14vd WiOL
(€9/6) IM00 2V WOLLNVd

(6) co1+avis

(%) oot

(8) avs

(6) ;n1evy wioy
SSVH 3LV WOT Luvd

(%) Ivuv 20

(x)Ivunv 200

(%) VY 00

(2) RuvuIsal xovis

(4u/e) 014 20V1S$
Yivg A0LS

(9%) 03m¥ng 1303 Wiol

(€W) I0A 3 1aws
O1Lv¥ MOLLNIQ

(+4/8x) 31vy wung



-~ NO O

611
ElE

€415y

651
ot
96
62¢
0L
568
e861
el
8921
0€L
65ES
229

688
viege

656851

62

655
6€¢
6EE
(511
i
sric
rL69
ET NOY

W W DD O N - O
—

[ =
b2y ~

el

9282

[£24¢
20{
62¢L
62y
ovie
616

BI(9

¥£921

ereol

$82

n

2LE

L01g

§59¢
21 NNy

P NG W MM O

SNON—-QN
~m N~ M e
- ™

(s

82
841
191
8L
1224
92y
66
e
0t6
so021
1oz
019¢
6vrl

§28¢1
€3 A%

1417441

8L
£0§
31
12
289
1021
082
866

9 NN

i
4]
9%
ElE
88

§5069
0

9
892
(244
901
61E
809
{35
6891
88l
g8l
1e8
{109
an
2257
10591
6860¢

S6EE61
0

174}
05¢
229
962
268
20(1
¥l
{¥3)
£ NNY

~ Mo w -0

o
— —.

8t
13

61
€2l
92

Pl
ozt

582€9
0

98
i
6€9
22
¥es
1241
6561
OElE
s
9€82
9951
10201
€022
0
9rv6
¥1992

{29181
0

(121
166
¥esl
9t9
S{91
¥99¢
Sivy
2868
Q1 NPy

WM D W AN, NO OO
—_ N

o o o
N -

182
6L

9951t
0

0

0

9st
96
18€1
o8gt
691
wr
82zt
or(
869
059¢
€641
0
2EES2
[{31)

105651
0

0

0

859
e
"o
6209
509
891
6 NNY

otz
{59

92296

1324
0t6
628
12¢
8001
89ST

050v
195S
o6y
rese
15091
SlEe

€LE01
E2E%y

9962

£
6502
6592
256
1662
029y
2052
o2t
91 Ny

Nvw e~ O

n
{
§2
124
£l
6L
0z
6§
95¢
9z

LEOYS

562
08
9.2
L1
(143
§69
1334
wu
1173
0251
ue
S9¥S
reel

risez
112

1L£052
0
ue
%2
124
60€
1201
Y73
yoee
00¥t
S NAY

%0601

4
928
1414
01
1243
£212
6629
109t
162
ore
rigtl
2€001
6£(2

6EVE
6611y

FIETOE

14
1902
o
14,3
oste
660¢

ELETL
o NDY

~ NN~ OO

cmoagwo
o - @ =X
=gt

LL6LE

0
6
S§1
€91
i
919
6911
286
62
ol
(1,14
27}

6EL21
15691

£00L11

£9
662
9
8Ll
10§
0401
6681
299¢
9 NIy

O M O OM MO N O —~MNO O
-0 —

-
- O
-

99891

68
37
62
13

(12
625
195
€2
1891
62,

£66€
89c8

20148

61
10
61
{6
o

1£9
NNy

— AW NN O

O ot D~ ®
~ 0 NN =

861
62

(3413

{9
erl
1124

261
EvZ
£r
1474
6901
ot
1y
92s€
L243¢

Lot
09451

[} 734

{01
922
68¢
21}

98¢
89
6Ll
3 N

A D PO e O o~ OO

ozg22
0

ur
€2
"e
952
i
LAY

82801
1214)

11054

9
ort
152
9
§61
AU
"
0951
€ NNy

3ozggnmm~oooo—-ooo

1986

691
EIET
619
11,14

e

9501€

73
iU

<@

Ser
b My

YAd(POE ‘2" 1)ONIONI
VYHLNY(4 ‘' ®)0ZN3IBIO0
Ju3d( 1 'y’ B)oZNIE
3INFuAd(?)oZN 3
FHINVHON13(1)0ZN3E
JHINVHON14(9)0ZN38
INFYAd(@)ozN3e
INISANHD
INIIVYHLNV(®)OZN3E
YA
INIHINVHON 13
INIIVEHINY
INIUHINVNIHY
3INFH0N 14
IN3HLHAVNIOY
INTTAHLHIVNIV
INIIVHIHIVN

(4y/0m) 3ivy NOISSIWI Hvd

Hvd SW/39 W10L
YAL(PIE*2° 1)ON3ONT
VUHINV(Y ‘' ©)0ZN3IE10
IUY34(1 ‘y‘B)ozn3e

INIYAd(®)0ZN3E
HLNVYIONTI( X)0ZN3S
JHLNVYONT4(Q)0ZN3

3INIYAI(2)0ZNI8
INISABHD
IIVEHLNV(®)0zZN 3
INIYAd
INFHLINVYON 14
INTIVEHINY
INFYHLNVNIHG
3IN¥onT4
INHLHAVNIOV
NI TAHLHIVNIV
INIWHLHIVN

(€w/6n) NOILVHINIONGD WYd

Hvd SW/29 Wioi
WAJ(PE ‘2° 1)ONIONT
VUHINV(Y'®)0ZN3010
3AU3d(5 *4’6)ozne

MIYAL()OINg
HINVY0N13( ¥)0ZN38
JHINVHON13(Q)0ZN38

INIurd(2)0zN38

INISANHD
INIIVYHINY(® )OZN3E

A-2



9€2
114

<

2 €6 £€ 1221 303 e 05, 921 (95 £09 9% NNIYvY o9
1661 £S5 113 16¢ 0s oz 37/ 9 801 09y 085 0 NI LY

0 ¥iAgs Oy
(Ew/Bn) NOLLVEINIONGD WINIMIT3

(=2
o

V23
o
-
-
o
—

(743

o~
~
—
(o
n
-
bt
—

INIZ V2
WIOVNVA A
MAINVLIL VL
NNLINGYLS 43S

NIL us§

v31 94

SNOYOHISOHd Y04
IBOIN N
WII00S *N
3SINVINVH UN
HNIS3INOVH By
WIISSViOd N
NOYI 33

2 ¥34d00 M)
0 WIHO¥HD 42
0 ] 1Wwem 03
0 1 WIINOYD P2
e oy WV )
292 it WiYve va
[ZA] ) WINIHATY (v
] 0 YIS Oy
(INVA 378vL) SHILTI4 40 SISAVWV  WINIMITI

o~

-0 000 OoOowv
-

O W — O ~NOoO
O NO DO~ O ~
O w OO0 COw
oMo o™~ mo
Omov—--—'oa
- 0 0w oo
so-n—no—-oo
S WO —~00
O =W NO

o
a0
-

56¢

"
-

0561 €6

)
X

§9¢ £EY €0zl
4 v
02 3]
€29 1901
] Q
]
0

- OO MO -0

-
o
o~
Q-
o
—
—
—
~

24 4

801l 218 201
43
€1

-—
-

91
31/

~
-
o~
_

o
OQO—QOU‘N:OO—N—QOG
—
~ -—

OO0 OO M~ O N
CO O mmudt A ™

-0 O e

«©
~
—

12s
16y
81E

o
~
<]
o

[=4

s
wy
~
w
w

-~
~
o

—
~
N
<o

o
—
ocozmooomnnmoommo—-cao

— -

—

o

o

o~

<

o~

O —~ WV —O OO
o

o e
- g
g
3
O'\:'\OQOO-—
-
-y
o~
—_
o
o

—
o~
“
pivy
-
~
-
-
-

14

3
©

625 699 §92

-

€92 ”

~
o
—

HYd SW/29 101
¥AJ(PIE ' 2° 1)oN30N]
VUHLNV(Y'®)0ZN3810
I3d(1 ‘4 8)ozN3e

WIAd(®)ozNIE
IHLvHON1I( W) 0zN3e
ILIVION13(9)0ZN38

INIUAI(?)0ZN3E

INISAUKD
INTIVLNV(®)0ZN 38
INAG
IIMINVION 14
INIVUHLNY
INFYHINVNING
3IN3¥0N 13

0 0 INIHLHIVNIIY
9 611 INTUHLHIYNIDY
111 0 1] INTIVHLHAYN
(01/68) ¥OLIVH NOISSINI Hvd

O = —o o
DM - OO
——
W =m0 O NO
p
Q om0 O
O -~Oo0 0

-—
p=rt
—
-
o~

o~ oW oy
-
o~

—
N
~

-

NI O w0 O N am OO N
—
~

L
0
0
0
1
0
i
I
0
1
1
y
£

N Wt DO N im0 O

-
-

~
-
o~
o —
O
~
W
~
—
—
—
-
o
o~

0z
£l

oavco—--s-nvu—-m—nao
o
-
=

N NN D e M e

-
~ NN OO

O™ OO @O omoemie— OO
-«

o

(=3
~
o~
o
OOQNI‘D'NO—-—'OQ—OO%
—

-
-
-_

O @M D N

<
o
o~
o

-
o
—
Q o~ ~ o~
]°ny
o~
e
o~
o
~

—
L -
o
w
o
o
o
(=
f=d
~
o~
~
3

612
€92

o

191

@
o
~
o~
wvi
©
-

961 Q9

o~
w
@
=1
- O
— a0
—
~
Ll

2

509 162 956 £l 19¢ v6¥ 8061 (174 0s1l or 162 9 9ie "l Hvd SW/29 Wi0L
£1 Ny 21 Ny 8 NOY L WY [t 6 NN 91 N S NNy v.z:x oz:x vx:u ~z=¢ nz:u _xax

A-3



000°0
LE2°1
291
985°0

Wiy
0000
000°0
EIAN]
000°0
€900
£52°0
000°0
619°5
9210

(U

6.1
€1 NNy

S¥0°0
206° 1
000°0
000°0
00070

000°0
000°0
000°0
0£0°0
000°0
1st°o
26970
000°0
00070
1120
060°0
€25°E
0%0°0
000°0
000°0
000°0
090°0
0es°2
0000
000°0
000°0

N oMo oo

000°0
¥ee2z
§€9°2
£92°8
00070

o9

000°0
oo
000°0
000°0
§62°0
000°0
[1:1 M1
[42081]
229°1
069° L1
1o
000°0
000°0
000°0
000°0
9L0°¢L
196°¢
9¥6 52
000°0

000°0
a@ars
1e’s
662°€
000°0

¥95' 01
000°0
{(51°0
(1o
{51°0
000°0
oo
000°0
000°0
(5170
20y
€£9° 1€
€970
oo
000°0
000°0
000°0
982°91
(72 1
6701
000°0

[ 204
9991
v
§2

o

858
{ Ry

0€0°0
9e0
or2°o
1E€°0
000°0

989°0
000°0
000°0
000°0
000°0
000°0
961°0
000°0
990y
6¥0°0

162°5
000°0
000°0
000°0
000°0
64070
88570
26€°0
6£5°0
000°0

ory

- o oo

0ol NNY

000°0
2912t
a9 1l
1 34 M4
000°0

£vL°68
000°0
£80°0
£61°0
02z°0
000°0
¥9'0
0000
PILES
SL2°0
86¥%°¢
£9¢°22
188°0
8%€°0
000°0
000°0
000°0
156791
§35°€1
65(°8
000°0

2018

{
02

3]

68y
114
91e
6102
08
43

9621
6 NNy

000°0
6E£8°0
ure
S¥E0
000°0

209°¢
000°0
000°0
000°0

000°0
000°0
wio
66€°E1
o
882°0
969°#1
mwio
000°0
000°0
000°0
000°0
(14 24
6€E°9
600°1
000°0

§€0°0
ue'l
92§°1
el

[{75¢
000°0
280°0
280°0
82€°0
000°0
w20
000°0
£lr-ee
280°0
206°0
[} A
olv0
”io
000°0
000°0
280°0
196°2
124N Y
156°2
000°0

261

w o

114
{
%61
29

{114}
[ 14

(=2~

£02
S N

€20°0
€98°2
(418 ]
w51
000°0

riez
"
65
611
113

c o

250
[ AW 1]

000°0
is2°0
000°0
152°0

OOOOOI‘\OO&OOOOQOOQ
= ~

< O
~

E

o

000°0
696°2
0%0°1
168°0

000°0
S19°y
62y
26E°€
000°0

EZr°¢
000°0
000°0
RIAN]
0000
AN
001
000°0
173 3 ]
2520
9ls 2
2 M/
£00°1
252°0
000°0
000°0
000°0
256°11
69°01
1998
000°0

[13]
2 N

L£0°0
€66°9
8(5°6
19679
000°0

86L°8
000°0

{81°0
ve'o

§15°0
000°0
§62°95
;8o
r"ee
059°6¥
€921
rHE'o
000°0
000°0
-0
215" 11
092°21
e

329
£l
&@Q
{€
€l
£61

313

@

124
£ NDY

000°0 WNINGY) P)
st WDW
o WYV g
089°0 WINIHNTY LY
000°0 YIATS O¥

(0x/6w) YOLIv3 NOISSIHI WINIWITI

650'0 M w7
000°0 WIOVNVA A
00070 WOINVLIL 11
150°0 WNTINOYLS 45
010 1L us
150°0 vl 94
90¢°0 SNOYOHS OHJ¥Od
000'0 TDOIN IN
0LL'% WN100S N
0170 ISINVONVH U
§52°0 WATSINOWM By
659°9¢ WISSVIOd ¥
¥02'0 noyl 33
150°0 ¥34d00 ™
0000 WO 4D
0000 1800 03
000°0 WINOYD PD
660°2 WIIWI 9
198°0 HII¥vE o
816°0 WINIHOWY LY
000°0 YIS v

(44/0m) S31vy NOISSINI WINIMITI

IMNIZ v
WALGVIVA A
WOUINVLLL 1L

WLLNOULS 4§
NI us

31 a4
SNCYOHISOHA ¥Od
TDOIN N

s w100 oM
{ ISINVINWN U
{a HNISINOWN Ow
11,24 WNISSYIOd X
£l NOYI 34
3 Y3dd0 M
0 HWAINONHD 4)
0 1V 0
0 WIINOY) P)
EEL DM "

A4



11158
000°0
000°0
§90°0

EE0°D
0ET'0
000°0
169°2
§90°0
000°0
8€6°€
860°0
000°0
000°0
000°0
€1 NNy

000°0
000°0
00070
€20°0
000°0
€1o
ovt'o
000°0
000°0
6s1°0
990°0
6¥9°2
§¥0°0
000°0
000°0
000°0
21 NNy

§526°1
000°0
000°0
{¥0°0
000°0
000°0
%60°0
000°0
058°€1
o
915°0
¥€9°S
4 M)
000°0
000°0
000°0
8 NNy

085y
000°0
6%0°0
6¥0°0
6%0°0
000°0
8o
000°0
000°0
6¥0°0
082°t
8¥6°6
92’0
8o
000°0
0000
L NOY

2o
000°0
000°0
0000
000°0
000°0
0o
000°0
56%°2
0£0°0
000°0
9Z'e
000°0
000°0
000°0
000°0
01 NNY

¥50°9¢
000°0
04070
€910
8o
000°0
(£5°0
000°0
025°5r
£€2°0
§96°2
§56°81
o
EOE°0
000°0
000°0
6 NNy

"l
000°0
000°0
000°0
000°0
000°0
000°0
690°0
(3,74 ]
6¥0°0
660°0
£60°%
6¥0°0
000°0
000°0
000°0
91 NNY

L
000°0
000°0
%0°0
000°0
000°0
{aro
£20°0
1€6° L1
040°0
S{E°0
089°6
o
60°0
000°C
000°0
NN

9o
000°0
000°0
000°0

000°0
0000

W60
000°0
950°0
2022
000°0
000°0
000°0

9 NNy

€89

€000
9o
20
£00°0
200°0

0867y
"o
e
68L°8¢
1860
262°0
000°0

€ Ny

ssi' R
1st°o
$€0°0
000°0
000°0
1]

INIT V7
NOIGYNVA A
WOINVLIL §1

WALLNOYLS 4§
NIl us

v o
SNOYOHdSOHdYOd
TBOIN N
WNIQOS eN
ISINVONVN up
WISINIVM O
WNISSVIOd ¥
NOU1 ¥4
43400
WIINGYHD 4)
1wvam 03

A-5



[4 27014
§12549
1733
§8E9
et
1113
4873
(1]
869
0.£901
189¢
8046
L1144
413
865
88616
£24]
®ily
2r6L2
95009
26929

958¥E |
95019
€251
ols
9
"

[ ¥¢4
59¢
106Y
Lt

2901
(1.1
9

€9
1895
¢
[1(1
2{S0E
801§
008ES

€l uny

964991
£9¥ER9
el
€90¢1
2991
5959
s
L1141
160%¢
EBE26
65521
2{901
11215
¢6T1
50¢
E6ESY
04621
2195¢e
615002
9262¢1
EEC 186

564081
569v8
43
9901
¥9i
829
1144
0L
690¥
[4218
ELE]
S611
0409
621
9¢
(181
98t
962y
85922
188E1
00196

Z1 uny

592yt
eEe2n
0

§ 24
£ret
eSS
808y
98991
§952¢
£99611
96101
81581
96(8¢
26¢
209
1225y
€999
114,11
E¥6Zi2
W8Ity
2260L Y

EL91ET
€068
0

865
€2l
5¢§
(3]
9L1
{26€
E6SY1L
a@n
9602
268y
4]

6115
0ZL
81401

1959
0092y

8 uny

6y98921
598¥1L
0

€165
(11
9259
1265
F1x44
1241
652651
9SHEl
174
(3110
996
S€9
98155
(473
¥65801
et
Zia6y
S6LE€S

656591
65926
0

1134
651
(£9
925
2012
6160
€6561
0051
oy
€945
o1
0
9€E9
928
9SEET
2581

00EES

vy

SYISKEL
sloivs
66222
19921
0061
£v0L
5965
£1692
010¥§
814851
21091
62c€2
64149
1901
{65
BlETL
2106
18456
06652€
0166¥
82186¢

125¥51
1291t
6452
166
1
999
905
(4124
8629
(2711
1Ll
£562
1S€¢L
2t
€9
§08¢
14,
2621l
6495¢
9605
0018e

o1 uny

§8950LE
LE1¥561
19961
(2019
82£62
08121
EL5LS
65102
66896
€648¢1
01195
00r¥01
106591
yIel
2699
850061
19559
90L¥9
60EvEY
189282
L144¢721

9061y
9.09¥2
e
€L6y
1982
{1911
1005
5592
16211
96991
LIRL)
15911
12981
1114
SIL
02212
{116
1773
S6Y8Y
111,14
0001{1

6 NNY

S92N9EL
826¥501
L102¢
173,11
29
1e48
€6EL
S00¥E
201s¢
809,02
€6E12
§§021
1698¢
58
$09
65L1¢
Sl
22EETT
062¢0¢
1208
{SE60E

£¥5951
13,724
£59¢
sl
(124
8¢
129
§20¢
9e98
891¥2
§522
9eel
€678

€9
U
6EL
{Len
117243
134,
00262

91 uny

§6299¢1
162€601
69961
e9etl
¥6EE
i
18021
(284

10629

wiroz
1374
66261
18998
[ 244
296
15008
¥l
19958
£0555¢
961v9
¥00£92

SLETLL
78344
1112
§96
6%
¢4 )1
L1184
52
08¢
{2852
2592
922
9L10t
16y
601
9666
13
€801
SELLY
1€0¢
0002

§ uny

§¥6L60€
1696161
€990
2069
691
9v925
gteue
esay
£26911
">¥s2
99049
11925
0508¥1
0ces
cote
916891
16260,
w619t
95€425
126691
¥2890!

9190¥¢
9t9Lee
259y
1869
291
898y
922
089¢
SOl
69562
680
$699
£2091
El9
1249
68281
5805
619€1
80§
8L161
000£01

riouny

699rrL
SESSEY
8,7
L
0€61
SSL6
s
91
09¢92
0996
26011
(e
8L05%
65¢
SO
(132
11,1
26452
100811

¥£060€

GEILR
BELLS
6101
S09
161
w6
5
y251
38,3
g2
Ez2l
16€1
(80§
1]
o

[t ]34
(11
9ie
18621
S0€2
0050¢

9 NNy

oo oo0oO0O0O0CO0COO0O

28

€22
{19
9495

81s¢
00091

» NNy

06€86€1
1966801
9016
9nIsE
9SEET
0¥08%
€L612
(e
2562
18611
toL1e
L15¢ES
19258
otle
8951
§255¢
et
098¢8
143131
L0616
EIN0C

(234 ]
[4i1:4)
{01
e
621
625
£14 1
9002
ore
164€1
90€€
1248
016
12
"l
§909
¥561
{6
8245¢
9516
00882

2 uny

9¥EGEST
1628011
8164
2806¢
09252
€086
6E50€
92502
6L6EE
£6006
05655
§¥569
61098
0667
%602
90609
2120¢
696y
9zLL92
609511
§5016¢

9.l
9%51Iv1
€06
9229

928t
106€
"ol
9685
$05¢
1926
029
[ ]1¢4
" 1]
e
994§
26092
RE9TL

€ uny

610604 IH Wi0L
61060( JHN TvioL
[ 24] INIUX-0
114 Tvundund
2111 LLLIEIRTUTE 1) (R
052vs VU TAHL N2
{1091 INOLIN VAHLI UHLMW
0521 N4
224} 3oL
s 3NTIN38
2uest SNOBYVIOUOAH 9
€6ESY S3INIIN3d
92695 S3iing
{114 INViNg-N
$991 wving-1
6% IN3Id0Yd
29941 INVI0Nd
ity IIUL Y
€66481 INFTAHLI
9905¢ INVHL
0 INVHLIN

(€w/0n) SNOBUVIOUOAN £3-12

52516 M WioL
52516 e WioL
1281 IMWINX-0
6092 unduns
12431 Wi TAHIWIQ-§°2
§52¢ NEN3 UHL -2
£in ELJE) IR TVTE T TE 7
6911 win4
022 IM3IN0L
£199 ELEILE ]
8202 SNOBYYOOUGAN 92
wis SINIIN3d
559 S0
§9¢ INVING-N
8t nving-1
6229 INId0Yd
o161 INVIOUd
920§ MIULDV
(2 ¢4 INIUNL3
1,14 VKL
[ INVHI M

(30dd) SNOGUYIGUIAH ¢3-17
1 uny

A-6



iU
051
n

1134 ]

§9591
LE06
91
1)

9

34
n
111/
051
€01
0l
695
ot

969
ott
659
orit
049
825¢

€1 uny

65

66821
9625
96
101
£l
19
or
59
¥92
9L
L6
1}
0y

1749
001
92
551

0E01
£09/

9L
374
821
SEl
{a

89
137

[£13
256
621
118
65§
4

&6¥
vel
{9t
9902
o€l
etiot

21 uny

1728
6ES
62

88.9
(x4

34

111
62
anu
€61
i

o1t
0g2

692
oy
L05
1291

{52
9552

ETET2
982¢ [

SE1

ni
€651

908
9208

g uny

(A1l
sy
92

1317
892¥

13
01
6
11
tel
e
156
08
0ET
1o

L0L€2
CLSET
0

2t
Of
£}
et
124/
9L
r20¢
952
344
{56
el

21
£901
"wi
2902
811
9v6
Setot

L uny

14!
oe2
61

2266
1869
¥t
26
r
4]

8l
96€
nu
L4
Ul
569

925
99

Yoy

L4191
9811l
992
051
X
S8
I
662
6¥9
9061
£61
082
108
€1

L
(41}
8ot
s
e16E
009
S8y

01 uny

902
£ne
124

SBLvE
sl
581
£
1124
(3214
0¥s
92
168
EOET
247
086
1551
24
29
/1
£08
109
Lo
2592
el

niv
9912
[1?
99
§2¢
(1,3
L3
{0
150t
{E91
e
st
8e8I
Srl
173
S012
L]
413
sy
621¢
10961

6 Ny

131
{8t
61

296
{1E¢L
1224
SET

134

$o12

62942
el

y6¢E
£9

€Ll
0st

1251

ot
113
£2

137
6(89
€2t
"
12
69
9
22

§821
LU
12t
5
@3

8¢
6ES
[ix14

rueet
168s1
£82
il
1/
902
9!l
68y
ri6

9EE
182
0921
€9
"n
911
641
1124
{915
£€6
(14,1

§ uny

41
122
12

65€61
| 2424
652
20v
26
SEE
"we
€92
114
§191
[24)
111
Ev6
43
02
Lot
rie
143
19¢€
o1zt
SE69

oteze
6¥L02
(X1
19
€51
09%
80Y
6EY
14121
1692
"

s
29
13
86L1
1247
[ 24]
2198
1202
1911

rl uny

i
5€2
0z

0029
3,13

]
€l
99

rn
861
€09
i

Sie

1231
113
o8t
€08
3
512

3
1505

11
2
el

061
62
{an
621
en
(241

992
s
662
EEET
174
195¢

9 NOY

0et
152
S1

=8
@ N
~N -

DN O0OO0O0Q0COoOOoCO 00O

€r

16€
Se8l
82
08¢l

6448
§695

§—-Q°°°°°°OO°°°
- —

201
i3]
k1113
65
£ese

¥ NNy

2%l
I
1

68101
6L
9
952
L6
€2
091

r"ne
£
€2
06€
129
€2
il
089
ort
119
11124
049
e

0692
04502
194
€99
252
$601
Sty
{3
59
2922
965
ot
6091
6%

sl
€991
rie9
o
128$

¢ uny

"l
061
"

{8991
{6521
0"
[51]
e
9.01
SEE
1124
€lE
(1]
"9
€9¢
1447
117
€2
898
€€
s
{e62
9921
062%

S1912
1 7151
m
(411
1113
et
62¢
we
wr
$921
98¢
ue
$021
0L
62
9ell
"°
669
65(¢
£291
16¥5

€ uny

€2l
91
u

108
1408
&
98¢t
1
"
[2:]
144
(11
919
202
11§
L1

§29
102
131
6€12
111

96801
96801

12s
1174
e
"
61
082
(1]
192
969
174
15

92

12
%9

L2244

1 umy

(0%/6)
(4y/8) 00
(ew/8) 00

IH WioL

N V101
INTUN-0

™UnSENng

NVUNd AHLINIO-G 2
NVEN3 TAHLIW-T
INOLIN TAHLI TAHLM
Nvun4

ININ0L

INIINIY
SNOGYVIOUAN 92
SINANIY

SINIiNg

INVLNG-N

INVING-1

3N340Nd

IWVdoYd

INIWLIY

INFNLI

INVHLI

INVHIM

(/M) SNOGYYIOUTAH (3-1)

2H Wiol

I WioL
NTUX-0

Wanun4

NV TAHLINIO-S ‘2
L PRTUTE T84
INOLIN TAHLT UHIM
avun3

W3INW0L

INIIN3S
SNOGYVIOUQAH 92
SINIINIY

SIiLng

Nving-N

WvLNg-1

INIJ0Ud

NV dON4

NIV
INIUHLI

INVHLI

INVHL N

(4u/0w) SHOGWVIONOAR (31D

A-7



APPENDIX B. STATISTICAL METHODOLOGY

(Revision)

Memo to: R. McCrillis

. From: Ross Leadbetter

Subject: Statistical analysis of woodstove data
Date: May 5, 1988

I enclose the statistical analysis (by Dr. N. L. Johnson) of the parti-
culate emissions data (in g/hr) which Yyou requested. In view of some "lack
of balance” in the experimental design, it has been convenient to analyze
the data in two parts. In the first of these fuel and altitude effects are
studied for one stove, and in the second, the two stoves are compared. The
general conclusion is that fuel and stove differences are large enough to
suggeét that they may be real, though not statistically significant due to
the large vériabi]ity between replicate measurements. We have described

this is detail in the attached analysis.



Analysis of stove experiment data - Particulate emissions (g/hr)

The following analysis applies directly to particulate emissions, but
the principles apply generally. In this the factors are denoted by
A = fuel B =stove C = altitude D = burn rate
In this A can take the levels ao("lower"). al(“upper") and similarly for
8, C, D.

Note that if run 5 had not been aborted the data would represent
(1) two replicates of a 3/4 fraction of a 2° experiment, with B at upper
level (bl) (excluding factor level combinations alcod1 and alcodo).
plus
(ii) two single replicates with B at lower level (bo) and factor level

conbinations aocodo. a

0codl.

The experiment (i) is analyzed first. Since only one stove is used for
this the comparisons apply only to that stove. The data in (i1) is then
augmented by part of that in (i) to compare stoves, at the lower levels of

A and C only.

Analysis for (i):

Tests were not run for the combinations alcod0 or alcodl. The means for

these are labeled x, y respectively and are "filled in" by assuming that ACD
and AC fnteractions are both zero. For simplicity 1t is assumed that the one
value given for aocld1 is the mean of two measurements (that given, and the
missing va]uef, This leads to the following data table.



aocod0

2,¢49

2,¢19%

alcldq
%%
3,69,
3619

a,¢dy

Values
50.666, 11.153
10.905, 30,713
31.535, 34.698
12.873, 11.340
22.540 -
43.575, 15.851

This gives the following “Yates Table"

30.909 + x
53.925
12.7106 + y
52.253

x - 30.909
12.307

y - 12.106
7.173

84.834 + «x
64.359 + y
X - 18.602
y - 4.933

23.016 - x
40.147 - y
43.216 - x
19.279 - y

Difference Mean
39.513 30.909
- X
-19.808 20.809
- 3.163 33.116
1.533 12.106
- y
- 22.540
27.724 29.713
149,193 + x+y
-23.535 + x+y
63.163 - x-y
62.495 - x-y
-20.475 - x+y
13.669 - x+y
17.131 + x-y
-23.937 + x-y

Total

ACD

page 2



page 3

Assuming the interactions AC and ACD and zero we have x - y = +23.937,
X +y=62.495. This gives the following values for the second last column

in the Yates table, viz.

Total 211.588

A 38.960

o 0.668
AC 0

D -44.412

AD - -10.268

CD 41.068
ACD 0

The actual main effects and interaction estimates are obtained by

dividing each value by 4, giving

Main effects and interaction (g/hr):

A C AC D AD CcD ACD
(Fuel) (Altitude) (Rate)
9.74 a7 0 -11.10° -2.57 10.27 0

The e;timated error variance is

o =y5 {(-3.163) + (27.720)% + (-19.808)2 + (39.513)° + (1.533)2)

= 273.461 (s.d. o = 16.54)

The estimated variance for each "mean" in the data table is thus
%-02 = 136.73 (s.d. = 11.69) except for the aoc]d] value for which the

variance is 273.461 (s.d. = 16.54).

B-4



page 4

If there were no missing factor level combinations, the estimated var-
iance of each of the estimators 1in the Yates Table would be %-asz =4 ;2
but due to the missing combinations it is %-Sles =8 ;2.' The variance for
the actual estimated main effects and interactions is thus 8 ;2/16= ;2/2=
136.73, with s.d. 11.7. )

For 5% (one-sided) statistical significance (allowing five degrees of

freedom for error) a main effect or interaction should exceed 2.015x 11.7 =

23.6. (None does.)

Conclusions for (i):

None of the main effects or interactions appear significant (since none
exceed 23.6), but thé main effects of fuel (A) and rate D and their inter-
action (AD) are quite possibly real. The Jarge variability between repli-
cates and omission of two-factor level combinations causes this "insensitiv- -

ity" in drawing conclusions.

Analysis for (ii):

By combining the data in runs (12) and (13) with that in (9) and (10)
and (7) and (8), we have a complete single replicate 22 experiment with fac-
tors B (stove) and D (rate) at the fixed lower levels of A (fuel) and B
(altitude). This gives the following Yates Table:

bodo 6.193 37.102 57.252 Total

bldo 30.909 20.150 28.778 B
bod1 8.044 24.716 -16.952 D
bldl 12.106 4.062 -20.654 BD

The estimates of main effects B, D and interaction BD are obtained by dividing

these by 2, giving the following values:
B-5
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Main effects and interaction:

B D BD
(Stove) (Burn rate)
14.39 -8.48 -10.33

The estimated variance of each term is similarly calculated to be
(2x (3 0%) + 2 6%)74 = 205.10, with s.d. = 14.32  For 5% (one-sided) sig-
nificance the (absolute) value should exceed 2.015 x14.32 = 28.86. Again

none of the entries exceed 28.86 though the B and BD estimates are of mod-

erate size.

Conclusions for (ii): Neither stove effect (B) nor burn rate effect (D)

is significant, though that for stove seems as if it may be real. The stove-
burn rate interaction may also be large enough to be of interest, even though
non-significant by this test. Again the large variability between replicates

could be masking actual differences.

General Conclusion:

The analysis gives somewhat disappointing results, mainly due to the
points mentioned above - large variability between replicates and (to a lesser
extent) the omission of the alcod0 and alcod1 factor level combinations. More
accurate (or more extensive) experimentation might well give signifiqant re-
sults for the main effects B and A, showing real differences between stoves

and between fuel types. The interactions BD and CD may also be real.
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UNITED STATES ENVIRONMENTAL PROTECTION AGENCY

AIR AND ENERGY ENGINEERING RESEARCH LABORATQRY
r . RESEARCH TRIANGLE PARK
teuctt NORTH CAROLINA 27711

July 28, 1988

Mr. Paul Burnet

OMNI Environmental Services, Inc.,
10950 SW 5th Street, Suite 160
Beaverton, OR 97005

Dear Paul:

Ross Leadbetter has discussed the problem of negative estimated
values on the IACP woodstove study with Norman Johnson, also at UNC.
The following is their recommendation for handling those cases where
either or both x and y are calculated to have negative values by the
current model. If both x and y are estimated by the model to have
positive values, then they should be used. In other words, if x > 0 and
Y > 0, the current model works satisfactorily.

Ross used the following simple examples to illustrate their
recommended approach.

First case: x=1.1 Yy = -1.5 as calculated by the
current model

The 3-factor interaction ACD in the last column of the Yates Table
includes the x - y term. The assumption that ACD = 0 is retained.
In this case set

X-y=2.6
and y=20
thus X = 2,6
and X+y=2.6

Second case: x = -1.1 Yy = 1.5 as calculated by the current

model .




The ACD interaction is again assumed to be zero. In this case, set

X -y = -2.6
and x =0
Thus y = 2.6
and X +y=2,6
Third case: x = -1.1 y = -1.5 as calculated by the

current model.

The ACD interaction is again assumed to be zero as before. In this

case set

x -y =0.4
and y=20
Thus x = 0.4
and X +y=0.4

In all instances where the current model gave results illustrated
by the above three cases you need to go back and recalculate the Yates
Table with the new assumptions. The general concept behind Ross'
recommendation is to maintain the three factor ACD interaction at zero
but allow all the two factor interactions, including AC, to be non-zero.
The new assumed values of x and y will eliminate any negative estimated
values. There will obviously be instances where one of the estimated
values is zero. 1 think this can be explained by noting that these are
only estimated values and the fact that sometimes they are zero reflects
the wide variability in the measured values. You will have to be sure to
highlight the fact that throughout the report the values shown for the
ajcpdp and ajcqod) test conditions are only estimates generated to enable
statistical analysis of the data.

Enclosed is a copy of the pages from the draft report with my comments
noted in the margins. As we discussed, I think it would be interesting
to look at the 90, 95, and 99% confidence intervals (or bounds). I realize
funds are short, however.

Please call if you have any questions,

/§in5;rely yours,
{ /r<T> ¢

“Robert C. McCrillis

Air Toxics Control Branch
Air Toxics Research Division (MD-61)
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