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ABSTRACT

The U. S. Environmental Protection Agency has decided to
develop a New Source FPerformance Standard (NSPS) for wood burning

stoves. During the development pro~ess several 1ssues must be
resolved. One of the more critical issues 1s the selection of an
emission sampling method and stove operating procedure. This

report addresses the comparison of three candidate sampling
methods: the EPA Modified Method S (MMS), the Oregon Method 7
COM7y ,and the ASTM proposed Method P'luo, It alsu addresses the

etfect emission format (g/hr, g/kg wood burned, ug/J heat output)
has on the 1ntermethod correlations.

Five stoves (1.e., two catalytic, one noncatalytaic generic,
one noncatalytic high efficiency, and one catalytic fireplace
insert) were tested. The stoves were nominally operated

according to the State of Uregon’s certification procedure.
Simultaneous tests were conducted using MMS and OM7 1n the stove
tlue and MMS, UM7, and ASTM 1n the (A3TM) dilution tunnel.
Luality assurance tests using duplicate sampling trains were
also conducted. Proportional sampling, using S0O2 as a tracer

gas, was conducted in the flue, and i1sokinetic sampling was
conducted i1in the dilution tunnel.

Results ahowed good correlations between the total train
em1s5s510n% obtained with each method. The strength ot the
correlations varied with the =2mission format: the grams per hour
tormat showed the strongest correlation. POM emissions showed a
general (but weak) correlation with total emissions when the
grams per hour format was used: there were no correlations when
the emissions were expressed 1n either of the other two formats.
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SECTION 1

INTRODUCTION

SAMPLING METHODS

The three sampling methods (MM5, OM7, and AST™M) have slightly different
objectives which May account for slight differences in the actual emissions
measured. EPA MM5 was designed to collect isokinetic samples of particulate
and condensible angd semi-volatile organic components., The method captures
the semi-volatile organic fraction on a sorbent resin.

The Oregon sampling method was designed for the collection of Particles
and condensible organic matter, Inokinetic sampling is not required for samp-
ling woodstove emissions, but the method does require proportional sampling.

The AST™ method makeg the assumption that the particles in the di luted
gas stream are small and behave ag a gas. The sample rate ig held constant
(+ 2%) throughout the tesgt and gas measurements are taken at varying time




intervals depending on the burn rate. Since the sample is collected at
basically ambient temperature and moisture conditions the sample train filter
is not heated. The AST™ method specifies that the sample rate be based on
the filter loading and the filter face velocity (2 to 30 ft/min). During
these tests, all sampling trains were operated at fixed points in the stack
or dilution tunnel as appropriate,

DESCRIPTION OF FACILITIES

The five stoves tested included three catalytic stoves (a Timber-eze
Model 477, a Blaze King Catalyst Stove - King Model KEJ-1101, and a Fisher-
Tech IV fireplace insert), one conventional non-catalytic stove (Lakewood),
and one low emission non-catalytic stove (BOSCA).

PROJECT PARTICIPANTS
Project participants and their goals and responsibilities included:

0 EPA AEERL - to evaluate stove emissions and available control strat-
egies for the purpose of standards development.

O EPA OAQPS - to evaluate the procedures used in the collection of
eXisting data and select a representative and reliable procedure for
future testing of woodstove emissions,

O Radian Corporation - to specify woodstove design and operating param-
eters that should be tested in order to provide the necessary infor-
mation for this program and to perform analyses on all samples col-
lected by the MM5, OM7, and ASTM sampling methods.

O Engineering-Science - to develop a detailed stove operation and emis-
sion test and quality assurance approach to fulfill the goals of
AEERL and OAQPS; to Ooperate the woodstoves and collect emission sam-
ples according to those plans; and, to summarize the conditions,
methodologies, and results of the test program,

TEST LOCATION

All tests were conducted at the ES test facility in Research Triangle
Park, North Carolina. An air conditioned trailer was used to house the con-
tinuous analyzers and data recorders.



SECTION 2

SUMMARY OF RESULTS

Sampling problems and inconsistencies (discussed in Section 5) resulted
in each data point being calculated using three different approaches.
Briefly, those approaches are as follows:

Tables 1a, 1b and 1c: The stove heat outputs and stack flows were
calculated using the Oregon woodstove test method of carbon, hydrogen,
oxygen balance (CHO balance). The dilution tunnel flows and mnisture
contents were determined for each of the samples collected at that
location. Possible problems with the CEMS data and definite problems
with the tracer gas method made the CHO balance results suspect. Diffe-
rences in the methods for measuring dilution tunnel flows and moisture
specified by the different sampliny methods introduced minor differences
in calculaticns of the emission rates measured simultaneously in the
dilution tunnel.

Tables 2a, 2b and 2c¢c: The stove heat outputs and stack flows were
calculated as described for Tables ta, 1b and 1c. The dilution tunnel
flows and moisture contents were standardized to those results of the
OM7 train, which uses EPA Reference Method 4 for moisture measurements.

Tables 3a, 3b and 3c: The stove heat input was determined from the
xilograms of dry wood burned per hour and the analyzed heat content
of the fuel. The stack flow rate was calculated using F,, and F factor
for wood (40 CFR 60.45, July 1985). Dilution tunnel flows and moisture
contents were standardized to the OM7 train as in Tables 2a, 2b and 2c.

The results of the 22 test burns are presented in three emission formats:
grams per hour (Tables la, 2a and 3a, grams per kilogram of wood burned {Ta-
bles 1b, 2b and 3b) and micrograms per joule (Tables 1c, 2c and 3c). Dupli-
cate sample results are included below the matching sample run.

Some of the data have been gqualified in the summary tables. Those data
include the following:

o All sample runs conducted during test burns "Blaze King" 3 and "BOSCA"
-3 (High Efficiency -3). These burns could not be sampled to comple-
tion. This prohibited calculations according to the Oregon woodstove
test procedure and did not provide an emission measurement represen-
tative of a canplete burn., Results were calculated using the Fg
factor and are reported in Tables 3a, 3b and 3c.
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© Anisokinetic sampling conducted for M7 and MM5 sample runs in the
dilution tunnel were designated with an "H" when sample rates were
over 110 percent of isokinetic and an "L" when sampling rates were
below 90 percent of isokinetic,

O Two torn second filters in M7 sample trains (located between the
third and fourth impingers) were identified with an "x",.

0 Two test burns were not adequately conducted under the Oregon wood-
stove test procedure stove operating guidelines. The doors were
opened during sampling and the coals and woodpieces stirred during
two Timber-eze test burns.

O Several OM7 and MM5S sample runs were conducted with the heated filter
box temperature below the specified lower limit of 223°F. 1In all of

those cases €xcept BD-0M7-5 the average temperatures were between 200
and 223°F,

These conditions are discussed in greater detail in Section 5.

Total gravimetric emissions for each of the sampling methods are com-
prised of the cambined individual analyses of the following fractions:

© MM5 - front half MeCl,; rinse drydown residue
filter catch
XAD extraction
semi-volatile organics (extracted from back-half water) by GC
plus water drydown residue
semi-volatile organics (in rinse solvent} by GC plus solvent
drydown residue condensate extraction semi-volatile organics
by GC plus drydown residue

O OM7 - front half solvent rinse drydown residue
front filter catch |
back half extraction drydown residue !
back half water drydown residue 3
back half rinse drydown residue
back filter catch

O AST™ - front half and between-filter solvent rinse drydown residue
front filter catch
back filter catch

conducted on MM5 samples for total chromatographable organics (TCO), phenol “-
and POM. TCO were detemmined on the cambined back half fractions of the MMS
samples. POM and phenol were analyzed in combined aliquots from all front

and back half fractions of the MM5 samples.

Table 4 presents arithmetic averages on a per stove basis for the
results presented in Tables 3a through 3c. Averages were calculated for all
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pollutants measured by each method. None of the data gualified with @, X
L or A in Tables 3a through 3c were used in calc
age. The number of samples used to determine ea
in the table.
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SECTION 3

TEST FACILITY AND STOVE DESCRIPTIONS

both the Oregon and ASTM facility requirements (Figure 3)., The test stove
was mounted on a platform scale. The accuracy of the scale used for most of
these tests was 0.2 pounds. The 8-inch stove pipe was equipped with a water
seal which isolated the sampling location from the stove and scale. This

minimized interference with the weight measurements by sampling activities
in the stack.

stove. The dilution tunnel was constructed of 8-inch stove pipe. Sampling
was conducted in a downcomer upstream of the blower, The blower was operated
at a constant rate during the test program.

APPLICANCE TESTID AND TEST CONDITIONS

Five stoves were tested under this test program. The units are identi-
fied below:

O Timber-eze Model 477 Catalytic Heater

© Blaze King Catalyst Stove - King Model KEJ-1101

© Lakewood Cottager (non-catalytic)

© Bosca - Model 500 (high efficiency noncatalyst stove)
© Fisher Tech 1V Fireplace Insert (catalytic)

Test charges for the Timber-eze were approximately 8,2 kg, Blaze King 13.7
kg, Lakewood 7.9 kg, Bosca 4,2 kg, and Fisher 7.¢ kg. Fuel moisture was
checked prior to each test. Air dried Douglas fir having a moisture content
between 19 and 25% on a dry basis was used for all tests,

Stove operation followed the Oregon procedures with a few exceptions,
Those exceptions are presented in Section 5 under "Other Considerations".

SELECTION OF SAMPLING LOCATION

The test locations were selected according to the M7 and ASTM criteria,
The stove pipe test location was 8 feet above the scale platform (Figure 3).
The MM5 and the M7 trains sampling in the stack were located at the same
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DIMENSIONS: m

SCALE /

L 3
0.15 S0,
y “-JT—ANALYZER
I STOVE PIPE
// 0.20 DIA \
3.05
._:’ SOZ _+
INJECTION

~—+—02.CO, CO,
0.81 WET/DRY BULB TEMP

| OM7—Eﬂ>~| #MMS
PITOT—+—' 3

WATER SEAL

STATIC 1.60
244 PRESSURE

OoM? Ur—Mms

SCALE

0.41
STOVE ASTM |
—FLOW —o
DILUTION
SCALE FAN

Figure 1. Schematic of stove exhaust and dilution system with sample locations,
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elevation to avoid any possible discrepancies in results because of loss of
particulate on the stack wall or other reasons. No traverse was attempted
due to the small duct diameter and multiple sample probes (OM7 and MMS) being
located at the same elevation.

The wet bulb and dry bulb thermometers were located approximately 10
inches downstream of the sampling probes. The continuous analyzer sample
probe was at the same elevation as the thermocouples.

The SO; tracer gas injection was 36 inches downstream of the OM7 and MM5
sampling points as specified in the method. The stack height allowed the 50,
gas sample to be extracted at a point 46 inches downstream of the injection
point which does not meet the 8 duct diameters criteria of the method.

The test location in the dilution tunnel was selected to meet ASTM cri-
teria except that the sampling trains were 8 duct diameters downstream of
the pitot tube. Three sample probes were at the same elevation (AST™, OM7,
and MM5) in the tunnel. The AST™™ method specifies that the pitot tube be lo-
cated approximately 2 tunnel diameters (16 inches) downstream of the pitot
tube. The various draft EPA procedures (1A, 2C, 5C) which deal with sampling
small ducts dictate 8 duct diameters of undisturbed flow upstream of both the
pitot and probe locations. EPA criteria were followed for selecting the di-
lution tunnel test points. The sample probes were inserted at 90° angles to
each other. Nozzles were inserted 2 inches into the stack. The thermocouple
was inserted 6 inches downstream of the sample probe,
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SECTION 4

SAMPLING PROCEDURES

Due to the nature of the test program and the source category to be
tested, some compromises were required between the specifics of the various
test procedures. The basic procedures followed were:

© Modified Method 5 prepared for EPa, ORD, EPA Project Officer Raymond

Those methods are referred to in this document ag MM5, OM7, and AS™, re-
spectively. Certain other reference and draft procedures were usged in con-
junction with those basic me thods. The specific ancillary methods used
varied with the test location,

© Stack MM5 - Epa Method 3 - molecular weight
EPA Method 4 - moisture
EPA Method S5C - particulate matter in small ducts

O Stack OM7 -~ OM4 - moisture
OM5 - particulate matter emissions
OM7 - condensible matter emissions
EPA Method 10 - co, Co,
EPA Method 20 - OoXygen
AST™M D3286,77 - higher heating value
or ASTM D2015.77 - higher heating value
oM4 - alternate, wet bulb/dry bulb

© Dilution Tunnel MM5 - EPA-2C - velocity in small ducts
EPA-3 - molecular weight
EPA-4 -~ moisture
EPA~5C - particulate matter in small ducts

© Dilution Tunnel OM7 - M4 - moisture
OM5 - particulate emissions
OM7 - condensible matter emissiong
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o Dilution Tunnel AST™M - as specified in the method

Figures 2, 3, and 4 illustrate the MM5, OM7, and ASTM sample
trains, respectively.

The emissions sampling on the Timber-eze stove began within 5 minutes
after the stove was loaded with the fuel charge. This was a deviation from
the Oregon procedure and was corrected for all subsequent burns. All other
test burns were conducted with the emissions sampling starting one minute
or less before the stove test charge was placed in the firebox.

SAMPLE RECOVERY

The solvents specified for M7 sample recovery are acetone (front half)
and acetone and water (back half). For the AST™M method acetone and methanol
are specified. Those recoveries were made according to the procedures. 1In
addition, a methylene chloride rinse of the OM7 front and back halves was
made ard recovered separately,

The MM5 train was recovered using methylene chloride. Methanol was used
on runs H-2, H-3, H-4, and H-5 after the MeCl) rinse because the MeCl, did not

seem to clean the trains satisfactorily. Those fractions were recovered sepa-
rately,

Following sample recovery, all samples were sealed and safely stored
until transported to the laboratory for analysis. Samples were delivered to
the lab within 1 week of their collection.

Sample containers were borosilicate glass bottles with Teflon® lined
caps. Prior to the test program all sample containers and sample train glass-
ware were washed with soap and water rinsed with distilled water and a final
rinse with methylene chloride.

Filters for the test program were tare weighed by ES. Tare weights were
given to Radian for determination of final weights.

EPA-MM5

Two front half fractions and four back half fractions were collected
for the MM5 sample trains. The fractions were:

© Front half
methylene chloride probe and front half
rinse
- filter
o Back half
- condensate, including rinse of all glassware between the filter

and the XAD-2 mondule and the MeCl, rinse of the condensate impinger
bottle
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Stack Wall Filter Holder

g
Probe Water Jacketed Condenser
Water Jacketed
g *}::‘:d ™ XAD Sorbent Module

E_J

Recirculation Pump

Condenser

Orifice ;

Vacuum Line

Air-Tight Pump
Dry Gas Meter

Figure 2. Schematic of Modifled Method 5 Sample Train
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- XAD-2 module

- back half water from the second and third impingers including
a rinse

- silica gel

OoM7
The OM7 sample recovery resulted in the following fractions (OM7, 8.0):
© Front half
- acetone rinse of probe and front half
- filter
-~ MeCl) rinse of probe and front half (in addition to OM7 procecdure)
© Back half
- water catch and impinger water wash
- acetone rinse of back half
-~ MeCly; rinse of back half (in addition to OM7 procedure)
- filter
- silica gel
AST™

Sample fractions from each AST™ train included (AS™, 10.11, 11.12):

o Front half:

- acetone/methanol rinse of probe and front half

- first filter

- second filter

- MeClp rinse of front half (in addition to AST™M procedure)

o Back half
- none

Although the AS™ method does not specify, the glass surfaces exposed to the
sample between the two filters were rinsed with acetone then methanol and
both rinses added to the front half acetone/me thanol rinse bottle.

SAMPLE IDENTIFICATION AND LOG

Each sample fraction was given an identifying code number which desig-~
nated the sample location, stove number, method type, sample fraction and run
number. Application of the code simplified tracking samples throughout the

collection, handling, analysis and reporting processes,

The sample numbering system had S components which were applied in the
following order:

© Stove ID - Sample lLocation - Method -~ Fraction - Run Number
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The specific codes are listed below:

o Stove 1ID: - Blaze King

- Timber-eze

Generic (Lakewood)

- High Efficiency (Bosca)

- Fisher

HTn O3
|

o Sample locations:

w
'

- Stack
D - Dilution Tunnel

o Method: MM5 - Modified Method 5
OM7 - Oregon Method 7
AST - AS™
o Fraction: PR - Probe and Front Half Rinse
F - Filter
F2 - Second Filter (AS™ and OM7)
C - Condensate and Glassware Rinse

BH - Back Half Water Rinse (with MeCl, impinger
rinse for MM5)

BR - Back Half Acetone Rinse (OM7 only)

X1 - XAD Module

PM - Probe and Front Half MeCl, Rinse (OM7 only)

BM - Back Half MeCl, Rinse (OM7 only)
o Run Numbers: - First Burn Rate
~ Second Burn Rate
~ Third Burn Rate
Fourth Burn Rate
- Fifth Burn Rate
- Blank

o v abh Wy -
]

SAMPLE ANALYSES

All sample analyses were conducted by the Radian Corporation under a

separate contract. A copy of the laboratory report is provided in Appendix
D. Analytical Methods are described there.

CO/CO,5, OXYGEN ANALYZERS

Carbon monoxide (CO) and carbon dioxide (CO,) were monitored using an
Anarad Model AR-412 infrared analyzer. The analyzer has a 0 to 5 percent CO
range and a O to 20 percent CO, range. The O, analyzer was an MSA stack gas
analyzer which uses a fuel cell detector. That instrument has a range of 0 to
20.9 percent. The gas sample was extracted using a stainless steel probe
bent into the gas flow. A glass fiber filter was used to remove particulate
material. A gas sample conditioner including two impingers with water in an
ice bath, was upstream of the filter,

The instruments were calibrated with gases certified to be within + 2
percent of the specified cylinder value. The gases were in concentrations to
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generate analyzer responses of approximately 20-30%, 45-55% and 70-80% of
full scale. Daily pre- and post-test calibrations were conducted by direct
introduction of the zero and span gases to the analyzers. The analyzer
operation was acceptable if the analyzer response was + 2% of the cylinder
value. After the pretest multipoint calibration, a single span gas was
introduced at the sample probe according to EPA Method 20, Figure 20-1. This
latter calibration check demonstrated performance of the system. If any
calibration checks did not comply with the + 2 percent criteria, corrections
to the system were made and the calibrations repeated. Span checks were made
using a single gas every 2 to 3 hours during each test and after each test,

An evaluation of the CEMS, Q03, 0y, and 0O data is presented in Section 5.
Drift problems did occur during most test burns. Corrections were made for
each span or zero drift but the accuracy of the CEMS data remains suspect
based upon a fuel factor test as described in EPA Reference Method 3, 40 CFR
60 Appendix A, July 1985, This is discussed further in Section 5.

SO, TRACER GAS

SO; was injected into the stack 32 inches (4 duct diameters) downstream
of the OM7 sample point. The S0, was injected at a rate that resulted in a
downstream concentration of less than 5000 ppm (OM7 6.3). A critical orifice
was used to control the injection rate. The orifice was calibrated using bub-
ble meters prior to the test program.

The procedure followed for the tracer gas analyzer calibration was sim-
ilar to that followed for CO, COy and 0,. Span gases were on hand to cal-
ibrate the instrument to 1000 ppm. Calibration gases were certified by the
manufacturer to be + 2 percent of the cylinder value.

Problems with the tracer gas system were identified after the first test
but it was not until an audit was conducted that the problem was determined
to be apparent reactions of the S0y in the system. The 505 was used as a guide

for proportional sampling but the accuracy of the actual values collected are
suspect.

TEMPERATURES

Type K thermocouples were used to monitor flue gas temperatures in both
the stack and the dilution tunnel. The ASTM procedure specifies measuring
the stack gas temperature 8 feet above the top of the scale using an array of
5 thermocouples (AST™M 6.12). That array would interfere with the OM7 and MMS
sample systems and was not used for this test program.,

Flue gas temperatures were measured at the center of the stack approx-
imately 1 duct diameter downstream of the sampling location. The dilution

tunnel temperature was measured at a similar point in that duct,

Thermocouples were calibrated as per EPA Method 2.
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am of the stack sample collection point (oM 3.3, 3.8).

Moisture catch in the OM7 and MM5 sample trains were also used to deter-
mine stack gas moisture according to EPA Method 4 and Oregon Method 4. A

comparison of stack gas moisture measurements resulting from the three methods
is presented in Section 5.

The dilution tunnel moigture content was measured using the M7 and MM5
samples,

FUEL HEAT CONTENT AND DENSITY

The heat content of the fuel was determined for each plece of wood burned
during the test program. Sawdust was collected when the wood was cut to build
fuel cribs, The shavings were Placed in plastic bags and labeled to identify
the specific cribs constructed from that particular board, Blocks of wood
were also collected at the same time and sealed in plastic bagg.

The dust and wood blocks were Ssubmitted to a subcontract laboratory for
heat content ang density analysis respectively. The heat contents for each
crib were used in the Fs calculations discussed in Section 2. The laboratory
report is provided in Appendix D.
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