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1. INTRODUCTION

PEDCo-Environmental is currently providing technical
assistance to four mountain communities in Colorado in
preparing required air quality maintenance plans. These
four communities are vail, Aspen, Telluride, and Steamboat
Springs. preliminary work has shown that fireplaces,
stoves, and restaurant grills are major air pollution
sources in these communities.

Because of the high altitudes in these four areas,
presently available emission factors for the above sources
may not be applicable. Therefore, the current gmission
testing study waé undertaken to-provide emission factors for
use in high altitude areas. _

The emission tests were conducted from September 21 to
30, 1977 on two fireplaces, a stove, and a restaurant grill
exhaust in Vail, Colorado. Tests were conducted under
various operating conditions to establish the probable range
of emission rates. Four potential particulate control
methods for fireplaces were also tested. Measurements were

made of total and condensable particulate, carbon dioxide,

carbon monoxide, and gaseous hydrocarbons as well as the

velocity and temperature of the flue gas.

Available emission estimates for these sources have
been compiled for comparison with the values obtained from
sampling at Vail. '
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2. SUMMARY

-Source tests were performed on a condominium fireplace,
residential fireplace, stove, and restaurant grill exhaust.
A summary of particulate emissions and burning conditions is
presented in Table 2-1. 1In all caées, samples were taken
usivg an EPA Method 5 sampling train with a back-up filter
located between the second and third impinger. A gas sample
was taken from the sampling train between the third and
fourth impingers. Results of the gaseous samples are pre-
S$ented in Table 2-2.

All test results are discussed in terms of grams of

~pollutant per kilogram of fuel burned, due to the variation

in the amount of fuel burned. Using this basis, the results

from each test run can be compared. The particulate emission

rates were calculated using both the front-half and back-

half catch. The condensable portion or back-half averaged

75 percent of the total particulate loadings. The gaseous
portions of total hydrocarbons, shown in Table 2-2, do not
include any estimate of hydrocarbons caught in the condens-
able portion of the particulate.

A total of fifteen tests were conducted on the condomi -
nium fireplace. These tests weré conducted while burning

dry pine, green pine, dry aspen, green aspen, and coal.

Also, tests were run burning dry pine while using various

control measures. No significant differences in emission

rates of any of the pollutants were found between the two
fireplaces, between dry and green wood, or between pine and
aspen. -All four of the controls--a glass screen, auxiliary

air from the outside, underfire air, and an in- stack

2
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Table 2-2. FLUE .GAS

CONDITIONS

| ae,? co, COg,

Test ppmb ppmb ppmb
1 175 315 6856
2 222 269 10634
3 228 593 2780
4 2575 1308 12571
5 1337 1117 8419
6 1018 453 7874
7 731 638 15784
8 4023 1111 6004
9 730 444 ' 7355
10 1042 659 7383
11 2525 606 3587
12 4689 536 7833
13 920 1033 4840
14 2636 791 2636
15 189 881 8624
16 4162 647 8085
17 1507 670 10883
18 451 1001 v 7523
19 3130 8194 115077
20 2533 1618 59386
21 20 788 2000

é HC reported as methane.
Parts per million (ppm) by volume
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electrostatic precipitator--reduced particulate emission
rates. However, the first two controls produced only margi-
nal reductions while underfire air or the ESP reduced emis-
sions by more than 50 percent.

Wood or coal burning in the stove caused higher par-
ticulate emissions than in the fireplace but lower hydro-
carbon emissions. The fuel combustion emissions at high
altitude were consistently higher than published emission
factors from testing at low altitude. However, the res-
taurant grill emissions were approximately the same as other
available emission estimates.

The recommended emission factors for fireplaces are
21.2 gm/kg for particulate and 100 gm/kg for carbon monox-
ide. Test data for gaseous hydrocarbons were highly erratic.
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3. SAMPLING METHODOLOGY

FIREPLACE OPERATION

Tests were conducted under start-up. stable, and burn-
down conditions. Start-up conditions were taken as initial
starting‘of the fire until a stable fire had been achieved.

‘The stoker would start the fire and stoke it as necessary to

maintain a fire. Under the start-up condition, the stack
temperature and velocity were increasing. Stable conditions
were taken to be when a continual flame was present and a
relatively constant stack temperature was maintained. .The
stack temperature would fluctuate cyclically during testing
and was an indication that a stable burn was being main-
tained. Wood was added and the fire stoked when necessary

to maintain the stable burn condition. The burn-down con-

.~ dition was taken to be when there were only periodic surface

flames apparent in the fireplace.

Wwood burning rates were determined from data collected
during each sampling run. Prior to sampling, the wood was
weighed and labeled. The fire was started with a known

amount of wood and more was added to maintain the desired

‘burning condition. Weight of the wood and the time the wood

was added were recorded by the stoker. At the end of each
test run, the stoker would estimate the amount of wood
burned during the test run. It should be pointed out that
the amount of wood burned during a test run could only be
estimated because the amount remaining at the end of the

test could not be weighed. Each day of sampling was begun
with a clean fireplace.



Samples of each type of wood were taken to the labora-

tory for analysis of moisture content, percent ash, and

‘heating value. These values are summarized in Table 3-1.

As indicated by data in Table 3-1, the green pine burned in
these tests was not freshly cut; there is a local ordinance
in vail pPreventing cutting of a live tree.

SAMPLING APPARATUS

Sampling procedures followed those described in Method
5 of the Federal Register.l

The particulate sampling train used in these tests met
désign specifications established by EPA and was assembled
by PEDCo personnel. It consisted of:

Nozzle - Stainless steel (316) with a sharp, tapered,
leading edge and accurately measured round opening.

Probe ~ Pyrex glass with a heating system capable of
maintaining a minimum gas temperature of 250°F at the
exit end of the probe.

Pitot tube - Calibrated type S attached to the probe to
monitor stack gas velocity.

System capable of maintaining a filter temperature of
approximately 300°F,

‘Back filter holder - Pyrex glass located between the
second and third impingers, at ambient temperature.

Draft gauge - Anp inclined manometer made by Dwyer with
a readability of 0.001 in. of H,0 in the 0-0.25 in.

range was used.

Impingers - Four impingers connected in series with
glass ball joints. The first, third, and fourth
impingers were of the Greenburg-Smith design, modified
by replacing the tip with a 1/2 in. I.D. glass tube
extending 1/2 in. from the bottom of the flask.

Metering system - Vacuum gauge, leak-free pump, ther-
mometers capable of measuring temperature to within
i50°p, dry gas meter with 2 percent accuracy, and

7
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Table 3-1. WOOD AND COAL ANALYSIS, AS

RECEIVED
= Moisture, Ash, Sulfur, ‘
Sample 3 % % Btu/lb
Coal 5.7 14.15 .94 10,681
Dry pine 7.49 0.16 a 8,065
Green pine 7.70 0.22 a 7,945
Dgy aspen 7.16 0.72 a 7,689
Greén aspen 20.18 0.59 1‘ - a . 0,729

a Analyses for sulfur in wood samples were not performed.




related equipment to maintain an isokinetic sampling
rate and to determine sample volume. The dry gas meter
is made by Rockwell and the fiber vane pump is made by
Gast. |

Gaseous sampling equipment - Leak-free vacuum pump
connected to a Tedlar bag (5 cu ft capacity) to take a
sample from the sampling train between the third and
fourth impinger.

SAMPLING PROCEDURE

Two sampling trains were employed simultaneously in 12
of the 15 tests at the condominium fireplace to provide
duplicate samples.

After selecting the seapling site and the number of
traverse points, the stack pressure, temperature, moisture,
and range of velocity head were measured according to pro-
cedures described in the Federal Register.

Approximately 100 gm of silica gel were weighed in a
sealed impinger prior to each test. Only 100 ém of silica
gel was used due to the low moisture content expected.
Glass fibér filters (Gelman Type A 3" diameter) were desic-
cated for at least 24 hours and weighed to the nearest 0.1
mg on an analytical balance. One hundred ml of distilled
water were placed in the first two impingers; the third
impinger was initially dry; the back-up filter was placed
between the second ang third impingers; and the fourth
impinger containing the silica gel was placed next in
series. The train was set up with the probe as shown in
Figure 3~1. fThe sampling train was leak checked at the
sampling site prior to sampling by Plugging the inlet to the
nozzle and pulling a 15 in. Hg vacuum. At the conclusion of
the sampling, the sampling train was leak checked at the
highest vacuum reached during the test. Leakage rates of
less than 0.02 cfm were recorded in all cases. - Crushed ice
was placed around the impingers to keep the temperature of
the gases leaving the last imbinger at 68°F or léss.

9
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During samplihg; the stack gés and sampling train data
were recorded at each sampling point and when significant
changes'in stack flow conditions occurred. Isokinetic sam-
Pling rates were set ﬁhroughout the sampling period with the
aid of a nomograph. All test results reported were col-
lected within %10 percent of isokinetic conditions.

SAMPLE RECOVERY PROCEDUR};

The sampling train was moved carefully from the test
site to the cleanup area. Samples of the acetone and dis-
tilled water used in sample recovery were taken for use as
blanks. The sample fractioﬁs were recovered as follows:

Container No. 1 - The front filter was removed- from its
holder and placed in a petri dish. :

- Container No. 2 Loose particulate and acetone washings
from all sample-exposed surfaces prior to the filter
were placed in a glass jar and sealed. Particulate was
removed from the probe with the aid of a brush and
acetone rinsing.

Container No. 3 - The back-up filter was removed from
the holder and placed in a pPetri dish and sealed.

jar. The back half of the front filter holder, all the
connecting glassware, and the first three impingers
were rinsed with distilled water and the washings were
Placed in the same glass jar.

Container No. 5 - The back half of the front filter
holder, all the connecting glassware, and the first

transported to the lab to be analyzed. The Silica gel
from the fourth impinger was weighed ang discarded.

11



haaat o I o

Chd B -

ANALYTICAL PROCEDURES .

The following procedures were used to analyze the

sample fractions:

Container.No. 1 and 3 - The front and back-up filters
and any loose particulate matter from these containers
were placed into a tared glass weighing dish, desic-
cated to a constant weight, and weighed to the nearest
0.1 mg.

Container No. 2 and 5 - The acetone rinses were placed
in tared glass beakers, evaporated to dryness at ambi-
ent temperature, desiccated to a constant weight,

and weighed to the nearest 0.1 mg.

Container -No. 4 - An ether-chloroform extract was made
on the impinger water and water washings. The ether-
chloroform extract was placed in a tared beaker,
evaporated at ambient temperature, desiccated to a con-
stant weight, and weighed to the nearest 0.1 mg. The
remaining water was evaporated, desiccated to a con-
stant weight, and weighed to the nearest 0.1 mg.

Container No. 6 - The gas sample was analyzed for total
hydrocarbons (as methane) using a flame ionization
detector and the carbon monoxide and carbon dioxide
concentrations were determined using an NDIR analyzer.

Blanks were taken on the acetone, ether, chloroform, and

distilled water samples and subtracted from the respective
sample results.

12
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4. RESULTS

EMISSIONS FOR VARIOUS OPERATING CONDITIONS

The calculated emission rates for each of the tests are
presented in Table 4-1. For six of the tests in which valid
duplicate samples were obtained, both values are shown in
the table. These double values were averaged in Table 2-1.
F&rkthe other six tests where duplicate samples were taken,
some problem was encountered with one of the samples causing
it to be voided.

Particulate Matter

The particulate emission rates for duplicate samples
differed by an average of 24.1 percent, so any variations in
emission rates under different fireplace operating condi-
tions would have to be of at least that magnitude in order
to be significant.

The average uncontrolled particulate emission rates for
the two fireplaces that were tested--condominium and resi-
dential--were 20.6 and 23.4 gm/kg. This is only a 12.7 per-
cent difference and indicates that emission rates from dif-
ferent fireplaces are approximately the same.

Average emissions from burning aspen and pine were 24.2
and 19.9 gm/kg, respectively, a difference of 19.5 percent.
Again, this difference does not appear to be significant.
Most of ‘the wood burned in the Vail area is pine.

As indicated in the preceding chapter, the "green" pine
used in the tests was not much different in composition
(moisture content, Btu value) than the seasoned or dry pine.

Therefore, a significant difference in emission rates

13



fable 4-1. EMISSION RATES FOR SOURCE TESTS

Particulate

Emission rates, gm/kg

|

Test HC Co
1 23.2 18.8 14.6 12.7 44.6 41.7
2 16.6 13.1 27.8
3 9.8 22.4 102.2
4 15.3 83.3 74.0
5 15.3 18.1 17.6 97.8 80.6 88.1
6 —Cso- 14.4 138.0 107.5
7 9.1 9.9 10.4 59.4 49.5 57.1
8 19.1 296.9 143.5
9 34.5 73.0 77.7
10 14.7 16.9 56.8 68.8 74.8 64.2
S 11 35.9 18.6 296.3  503.9 160.8 175.2
12 22.2 625.2 125.1
13 20.0 54.9 108.0
14 19.4 219.7 115.4
§ 15 7.8 9.6 5.7 7.7 47.0 62.6
@ 20.8 385.0 104.7
717 23.1 141.3 109.9
18 26.3 26.7 103.6
#’19 28.3 44.4 203.5
20":»34‘3)' 1600 56-3 ' 62.9

14
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would not be expected. This was confirmed by average emisg-

sion rates of 21.4 gm/kg for green wood and 21.1 gm/kg for
seasoned wood.’ )

Samples taken during the‘three stages of the fire--
start-up, stable, and burn down--showed more variation than

- any of the comparisons above. The average emission rates

for the three stages were 25.9, 20.2, and 18.8 gm/kg. The
difference between the highest and lowest rates is 32.8
percent. However, this variation-is still not of a magni-
tude that would warrant A correction to the emission factor,
especially considering that the emission rate during stable
burning conditions is near the time-~weighted average of the
three stages.

The recommended value for a particulate emission factor
for wood burning in fireplaces is 21.2 gm/kg. This is the
mean of the 13 tests run without coﬁtrol techniques on fire-
Places in vail. '

The single test for wood bﬁrning in a stove produced a
higher particulate emission rate than the average rate for
fireplaces. The value was 28.3 gm/kg. ‘This higher apparent
emission rate may have beén influenced somewhat by the
sampling location; the probes had to be inserted in the pipe

directly above the stove rather than at the flue outlet on
the roof. ‘ '

rate of 14.4 gm/kg, so the stove again produced the higher

emission rate,. Only one test was run for each of the coal
burning: periods. .

The weight of Particulate matter collected on the two
filters in the sampling train was, on the average, divided
about 25 percent on the first filter and 75 percent on the
second one (in the impinger section). In other words, 75
percent of the Particulate was initially emitted as a gas

15
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and then céndensed when cooled to form particulate matter.

A previous comprehensive study of fireplace emissions at low
altitude reported an average of 66.3 percent of particulate
emissions was from the back half of the sampling train.2

Hydrocarbons

The hydrocarbons (HC) measured by the procedure des-
cribed in Chapter 3 are gaseous HC leaving the sampling
train. This would not include all HC originally emitted
because some would be condensed, caught on the second £fil-
ter, and measured as condensable particulate.

The duplicate HC samples for six of the tests showed
highly erratic readings. The average Variation between the
data pairs for the same test was 65.6 percent. There were
also very large variations in emission rates for the differ-
ent tests, as shown in Table 4-1. None of the test oper-

ating conditions appeared to be responsible for these
variations:

Av HC emission

Test conditions rates, gm/kg % difference
Different fireplaces 178.2, 184.3 3.4
Aspen vs pine 208.2, 166.9 22.0
Green vs seasoned . 244.7, 138.9 55.2
Fire stages (start-up, 237.3, 140.1, 214.1 49.3

stable, burn down)

The mean HC emission rate for all the fireplace tests
without controls was 180 gm/kg; the median rate was 73
gm/kg.

The HC emission rate for wood burning in a stove was
44.4 gm/kg. Coal burned in a stove produced 56.3 gm/kg of
hydrocarbons. 1In a fireplace, coal emitted 138.0 gm/kg.

16
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Carbon Monoxide

There was much less variation in CO emission rates than

"in HC rates. The average difference between duplicate

samples was only 13.6 percent and the range of rates for the
13 tests was 28 to 168 gm/kg. The mean value and recom-
mended emission factor is 100 gm/kg.

The CO emission rate does not appear to vary exces-
sively with any of the operating conditions:

Av CO emission

Test conditions rates, gm/kgq 2 difference
Different fireplaces 98.0, 106.1 7.9
Aspen vs pine 114.7, 93.3 20.6
Green vs seasoned - 119.1, 87.9 | 30.1
Fire stages (start-up, 82.0, 95.3, 128.5 45.6

stable, burn down)

CO concentrationg (ppm) in the stove exhaust gases were
an order of magnitude higher than in the fireplace exhaust,
as shown in Table 2-2, CO2 concentrations were also much

higher for the Stove. Although the lower flow rate par-

tially explains the higher concentrations, the emission rate
of 203.5 gm/kg is still much higher than that for any of
the fireplace tests. The high apparent emission rate may be
related to the sampling location in the stove pipe.

' Coal burning in the stove produces lower emission rates
than wood--62.9 gm/kg. However, coal burned in the fire-
Place emits slightly more CO than wood burning--107.5 gm/kg.

EFFICIENCIES OF CONTROL TECHNIQUES

.

control measures for fireplace emissions: g glass screen,
auxiliary air from outside, underfire air, and an in-stack

17
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electrostatic précipitator. However, the limited data
available indicate that all four controls reduced HC emis-
éion rates substantially (greater than 50 percent) and CO
emission rates marginally (less than 50 percent).

Dry pine was burned under stable conditions in all the
control measure tests, and all were conducted at the condo-
minium fireplace. As indicated_above, the average particu-
late emission rate for fireplace burning with no controls in
Vail is 21.2 gm/kg.

Particulate emission rates for each of the tests
employing controls are as follows:

Glass screen _ - 15,3 gm/kg o
Auxiliary air from outside - 16.7 . '
Underfire air . - 9.5

Electrostatic precipitator - 8.7

all four values showed some reduction from the uncontrolled
emission rate. Emissions with the glass screen and outside

~air were only marginally lower--27.8 and 21.2 percent,

respectively--and may not be significant in view of the 24
percent average difference in duplicate particulate samples
for the fireplace tests. Howéver, underfire air and the
electrostatic Precipitator showed substantial reductions in
partiéulate emission rates of 55 and 59 perxcent, respec-
tively.

The underfire air was provided by a commercially-

available blower connected by a manifold to the tubular

grates used to increase heat transfer from fireplaces. The

cost of the blower/grate combination is about $90. Small

holes were drilled in the sides of the tubes and the other

end of the tubes were capped. ‘ . ;
The_électrostatic Precipitator Was also a commercially-

available unit (Smog-Hog, Model 10XB, United Air Special-

ists, 10000 cfm). Tts selling price is about $850. A

18
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diagram of the precipitator is shown in Figure 4-1. During
the test, the unit was mounted in a stack extension. Per-
manent installation of such a unit in an existing fireplace

would present a more difficult problem.

RESTAURANT GRILL EMISSIONS

One test was run on the exhaust from the hood over a
gas-fired grill, griddle, and oven area in a restaurant
kitchen. The flow rate through the exhaust duct was about
7000 acfm, higher than average for grills. Emission rates

for the test were:

Emission rate,

~ Pollutant : A 1b/hr
Particulate _ - 0.539
HC 0.30
co ' 20.4

During the 60 minute sampling period, approximately 2.6
kg of meat were cooked on the grill; the griddle was not in
use. The emission rate determined for the sampling period
would only occur during peak cooking times, estimated to be
about 6 hours per day.

COMPARISON OF MEASURED EMISSION RATES WITH OTHER
EMISSION FACTORS

The emission rates for the testing at Vail were checked
by comparing them with other available emission data. It
was anticipated that the values obtained at Vail would be
higher than previously reported emission rates because of
incomplete combustion that occurs at high altitudes.

Emission rates from the sampling at Vail and other pub-
lished emission factors are summarized in Tables 4-2, 4-3,

and 4-4 for wood burning, coal burning, and restaurant

19
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grills, respectively}

The expectation of higher emission rates at high alti-
tudes was proven out in the case of wood burning fireplaces
and stoves. For particulate and CO, emission rates in Vail
were approximately twice that of values found in the liter-
ature. Hydrocarbon emission rates were even higher in
comparison with published values. Because of the erratic
nature of the HC test readings, it is recommended that the
median value of 73 gm/kg be used as an emission factor
rather than the mean value of 180 gm/kg.

Coal burning in fireplaces and stoves also pfoduced
generally higher emission rates at high altitudes. Particu-
late emissions were higher than factoré shown in EPA's
Compilation of Air Pollution Emission Factors3 and an EPA

source assessment document still in preparation,4 but 1less
than the average emission rate measured in a recent compre-
hensive fireplace testing'study.2 Since the data in the
former documents may have been developed from emission tests
on residential furnaces rather than fireplaces or stoves,
the high altitude emission factors are actually lower than
the most appropriate other emission factor. However, both
the HC and CO emission rates were considerably highef than"A
previously reported values. The ratios of the high altitude
" rates to normal rates are roughly the same as corresponding
rates for wood burning in fireplaces and stoves.

- The particulate emission rate for the restaurant grill
in Vail is approximately the same as other results for
‘similar types of cooking equipment. There was no data for
mass emission rates of HC, but one reference reported con-
centrations in the exhaust gas of 30 ppm.5 This corresponds
well with the 20 ppm measured in the grill exhaust at Vail.

CO emission rates were considerably higher than those shown
for previous studies.
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