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Emissions from Slash Burning and 16

The Influence of Flame Retardant Chemicals

D. V. Sandberg and S. G, Pickford

Pacific Northwest Forest and Range Experiment Statioh

and

E. F. Darley
University of California

Poiitants sampled during the burning of 30 Ib ponderosa pine fuel
beds yielded emission factors for €0, hydrocarbon gases, and par-
ticulate mottor of 146, 8.4, and 9.1 Ib/ton of fuel, respectively.
When similar beds were troated with diammonium phosphate
flame retardant, thesa tactors increased to 166, 11.7, and 19.3
in/ton of fuel, respectively.

Gas chromalcgraphic analysis of hydrocarbon gases showed
thai 15-40% of this malterial was composed of methane and eth-
ylene. Ethane and acetylene were the next most abundant materi-
als, with pholochemically important materials constituting minor
portions of this gaseous component: Fuel beds treated with flame
relardant produced more olefins, and ihis production lasiad.
throughout the smoldering phase of burning.

These lasts showed that the smoidering phase of combustion is
of major importance to air pollutant production during slash burn-
ing. The initial 80 % of the fuel burned accounted for only 20-30%
of HC and CO emisslons. This suggesis that a rapid mop-up of
slash burns could substantially reduce air pollutant production.

Air pollutants from the open burning of logging slash have
received attention since the early 1960’s.}-> The Environ-
mental Protection Agency (EPA)8 published data based on
reported factors indicating that emissions from wildfires
and slash burning made up 9% of air pollutants in 1969.7
Both slash burning and wildfires produce the same types of
crmissions and ordinarily sccur at some distance from urban
centers. Slash is often burned to reduce the hazard of acci-
dental wildfire, but the need for regulating air quality must
be weighed against the hazards from wildfire. Thus, evalua-
tion of this pollution source depends on a detailed knowl-
edge of the nature and amounts of emissions from slash
“burning.

The use of flome retardants in slash burning has been
previously investizated.®® Philpot et ¢l.19 reported the ef-
fecis of two different retardant chemicals on the produc-
tion rate and total amounts of particulate emissions from
slash hurning. Our paper describes the emission of hydro-
carbon zases, CO, and total particulate matter from-open

. lmmmg of pandercas pine logging slash; as well as the ef-
 Iecim o e s oo inerruml-dicusmenium phesphate (D lam
AL, oot | By mre oo osp m(. ..-\P) flame

Because slash burning is not a steady-state process, it is
not well described by simple emission factors alone, This
paper also describes the changes in emission rates with
time and the effects of these changes on total emissions.

Methods

Nineteen fuel beds were constructed from ponderosa
pine logging slash which was collected on the San Bernardi-
no National Forest and transported to the U. S. Forest Ser-
vice Fire Laboratory at Riverside, California. Twenty
pounds of needles, twigs, and small branches were weighed
onto a 3.6 ft square of hardware cloth, followed by 10 Ib of
larger branches and stems. These small fuel beds were the
equivalent of a 50 ton/acre fuel loading, similar in size and
distribution to actual logging slash.

Nine of the resulting beds were treated with a water so-
lution of Phoschek 259,*% a commercial DAP flame retar-
dant. The retardant solution was sprayed onto the beds in
three replicates of three DAP treatment levels: 1.8, 3.6, and
7.1% DAP on air-dry weight basis, corresponding to rates of
3, 6, and 12 gal/100 ft2 of fuel bed surface, respectively. All
three fuel beds in each treatment level were treated in the
afternoon and burned the following morning to minimize
variations in drying time. The remaining 10 beds were left
untreated as controls.

The fuel beds were burned at the University of Califor-
nia, Riverside, campus. The burning table, tower, and in-
strumentation used in this study have been fully described
elsewhere.! Continuous measurements were made of stack
temperature, stack volume flow, fuel weight, CO, CO-, and
HC concentrations in the stack effluent during the burning
of each fuel bed. Total particulate matter production for
each firé was estimated from a sample collected on a glass
fiber filter mat. .

Combustion gases were drawn from the tower, filtered,
and collected in 250 cc glass cylinders for later analysis by
gas chromatography.!

These grab samples were collected from two untreated
fuel beds and one treated fuel bed in each application rate.
Samples were collected from these beds at the time of max-
imum stack temperature and again at the time of maxi-
mum hydrocarbon (HC) analyzer reading. An additional

. sample was collected during the final smoldering phase

from one treated and one untreated fuel bed.

= Use of htand names in this paper does not canstitute an endorsement of the product by
the U. 8. Forest Service. .
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iinbignl; air temperature and relative humidity were
measured before each pile was burned. Fuel moisture, just
before burning, was measured by weight loss after oven
drying for each fuel bed. Each fuel bed was ignited with a

propane torch. Measurements were taken continuously
from ignition until flaming had completely subsided (about
45 min). The burning table and tower were allowed to cool
after each fire. Burning was restricted to the hours between
:00 a.M. and 12:00 noon to minimize disturbance by wind.
No burning was done jf there was noticeable wind.

Results

Al fuels had been cured in dry weather for at least 2
weeks. Moisture contents of the needles were 4 to 11%, of
twigs 3 to 8%, and branches over 2 inches in diameter were
3 to 14%. Relative humidity varied from 41 to 80%, and
temperatures varied from 70° to 90°F.

Fire intensity (energy release rate per unit area) is a
function of rate of weight loss from the fuel bed. We, there-
fore, used the rate of weight loss as an expression of fire in-
tensity. The peak fire intensities of the untreated fuel beds
averaged 5.8 + 0.6 Ib/min. Peak intensities for the lightest
to heaviest retardant application averaged 5.0 + 0.2,2.8 2
0.4, and 1.9 = 0.6 1b/min, respectively. No differences in
fire intensity between untreated fuel beds were observed
which we could positively associate with differences be-
tween fuel beds or weather conditions. Treated fuel beds
had lower fire intensities, and one fuel bed with heavy re-
tardant application (64°F ambient temperature and 84%
humidity) failed to sustain flaming and was excluded from
further analysis.

The particulate emissions from all untreated fuel beds
averaged 9.1 £ 1.4 1b/ion of initial fuel (Table I). Total HC
emissions and CO were 8,4 £ 2.0 and 146 = 10 1b/ton of ini-
tial fusl, respectively. The average CO/CO;z ratio was 0.051
%+ 0.009.

—  Only about two-thirds of the fuel was consumed in each
test, so emission factors for untreated fuel beds, based on
the actual weight of fuel consumed, were also calculated.
These emission factors were 12 £ 2,11 4+ 2, and 195 + 18

“Th/ton of fuel burned for particulate, HC and CO, respec-
tively.

There was no significant difference between the emission
factors based on initial fuel bed weight for the three levels
of DAP treatments, so all treatments were considered to-
gether. For DAP treated fuel beds, the emissions per ton of
initial fuel weight were 19.3 £ 3.3, 11.7 + 3.1, and 166 + 28
Ib for particulate, HC, and CO respectively. The average

" CO/CO; ratio for retardant treated beds was 0.064 + 0.014.
Only the particulate emissions from treated fuel beds were
significantly different from untreated fuel beds when ini-
tial fuel weight was the basis for comparison.

The effect of DAP was more pronounced when emissions
were compared on the weight of fuel burned because the
untreated fuel beds burned more completely. The emission

factors determined in thi: way were all significantly in-

creased by DAP application (Figure 1, Table I).

We were interested in the distribution of emission inten-
sities during the course of burning. In a fuel bed such as
logging slash, the fine fuels (twigs, needles) are rapidly con-
sumed and the fire more slowly reduces the larger stems
and branches. However, reduction of the hazard of wildfire
in this slash is accomplished by removal of the twigs, nee-
dles, and smaller branches-—a small proportion of the total
fuel bed weight. We, therefore, plotted the cumulative
weights of CO and HC emissions against cumulative weight
loss from the fuel bed (Figure 2). We would have liked to
make similar comparisons for particulate matter produc-
tion versus cumulative weight loss. This would require a
sampling system similar to Philpot’s et al.,19 which we did
not have. - : -
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Figure 1. Particulate and hydrocarbon emission fac-

tors for untreated fuel beds and fuel beds treated with
various levels of DAP. Mean and standard deviations
of observations indicated by dot and vertical bar, re-
spectively.

The results of the gas chromatographic (g.c.) analysis of
the grab samples are given in Table IL. The two major com-
ponents of the stack gases in nearly all cases were methane
and ethylene. Ethane and acetylene were the next most im-
portant components, and the remainder appeared to be
quantitatively minor constituents. Of these minor gases,
gmpylene and 1,3-butadiene were the most generally abun-

ant. : . .

We collected these samples at three different stages of
burning: maximum plume temperature, usually about 5
min after ignition and corresponding to maximum smoke
plume development; peak HC analyzer reading, which oc-
curred as the fire was dying down some 10-15 min later;
and a final sample when the fire was just smoldering. This
latter phase usually lasted for 15-30 min during each test.

Table I. Emission factors for carbon monoxide, particulate
matter, and hydrocarbon gases as determined in this study.

3 gal/ & wal/ 12 qal’
Untreated 100 ft* 100 I¢° 100 1t°
Lb/ton of initial fuel bed welsht®
Particulate 9+ 1 19 - 4 20 = 3 = 3
Hydrocarbon 8§ + 2 114 1= 2 12+ 3
gases .
Carbon 146210 174 17T 1T £ 12 143 ¢ 55
monoxide ’
. Lb/ton of fuel rned®
Particulate 12 + 2 25 = 3 0.2 5¢1
Hydrucarbon 1 +2 15 = 4 18 = 2 22:3
gases .
Carbum 193 = 16 233 2 27 272 - 24 266 ¢ 39
manoxide
exfean and standard deviation of atl observations,
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Figure 2. Relation of the proportion of total fuel consumed
to the proportion of total poliutant emitted for nine untreaied
fuel beds.

When plume temperatures were the highest, the 3 and 6
gal/100 ft2 treatments showed a general increase in both al-
kanes and alkenes. All DAP treatment levels showed an in-
crease in alkenes, but not alkanes, at the time of maximum
hydrocarbon evolution. The increase in isoprene with in-
creasing DAP was the most pronounced trend we found.
The overall differences in composition between treatment
Jevels were rather slight in comparison with the differences
between treated and untreated fuel beds. We, therefore,
used the average of all three treatment levels for comparing
treated with untreated fuel beds (Table I1I).

When stack temperatures peaked, the untreated fuel
beds produced a greater proportion of the identified hydro-

carbons. However, when the HC analyzer peaked, the
treated beds produced greater proportions of olefins, and
compounds other than ethylene constituted half of this in-
crease. During final smoldering, the treated fuel beds pro-
duced greater proportions of the three classes of hydrocar-
bons; but only two samples were taken during this phase,
and the differences may not be typical.

Our data indicate that the smoldering phase of fire activ-
ity is extremely imporfant to the pollution potential of a

fire. The contribution of hydrocdrbons released from the

last 3% (by weight) of fuel burned was as great as from the
first 80% of fuel burned at high fire intensity (Figure 2).
DAP appears to decrease the relative propottion of uniden-
tified gases during this stage. Smoke from smoldering wild-
fires and prescribed burns often drifts near the ground and
may reach populated areas. Compositional changes caused
by DAP could be important in such instances.

Discussipn

Previous measurements of emissions from burning log-
ging slash have made no attempt to approach actual field

. conditions. The most similar tests are from the burning of

landscape residue at the Riverside installation.3 Qur exper-
iment used fuel beds similar in fuel loading and geometry
to logging slash areas. Table IV shows that our emission
factors for particulates and hydrocarbons from the experi-
ment are somewhat lower than those used by EPA.S Our
data also show distinct differences in pollutant emissions
between DAP treated and untreated fuel beds.

Emission factors for wildfires and prescribed burning
lump all carbon-containing gases into the single category of
“hydrocarbons.” Of greater importance, however, is the
composition of this material. Qur data show that the olefins
with up to five carbon atoms (other than ethylene) consti-
tute a minor fraction of the emission factor for HC. Ethyl-
ene, although present in amounts up to 20%, is less impor-

Table II. Gas-chromatogrﬁphic analysis of hydrocarbon gases collected at various times during burning (%).

6 2al/100 it* 12 gal /100 it*

Control 2 Control 3 3 £al/100 ft° retardant retardant retardant
Max. Max. Smolder Max. Max. Max, Max, Smolder Max. Max. Max. Max.
temp. HC*® phase temp. HC* temp. HC® phase temp. HC® temp. HC?
(all units are ppm)
‘Total HC® by HFID 55 130 3 52 90 130 420 97 250 350 100 240
analyzer

Methane 25.63 8.40 1457 18.63 18.01 13.01 12,41 30.51 11.56 10.87 11.18 12.92
Ethane : ’ 1.41 101 1.64 13.19 10.24 8.40 1.79 3.38 0.64 6.72 7.35 5.80
Propane . 0.02 0.26 0.45 0.15 0.23 0.14 0.34 0.84 0.26 0.38 0.26 0.61
in-Butane 0.12 0.05 0.09 0.13 0.12 0.08 0.10 0.21 0.08 0.10 0.18 0.50
iso-Butane - 0.16 0.06 0.04 0.05 0.06 0.02 0.02 0.06 0.02 001 0.03 0.035
u-Pentane 0.00 0.00 0.00 0.00 0.00 0.00 0.00 0.00 0.00 0.00 0.00 0.00
iso-Pentane 0.00 0.03 0.06 0.09 0.05 0.12 0.05 0.11 0.02 0.01 0.05 0.04
- Hexane 0.00 0.00 0.00 0.00 0.00 0.13 0.08 0.00 0.00 0.00 0.00 0.00
Ethylene 15.2¢ 9.89 1.05 11.44 19.98 11.60 14,81 6.38 11.93 13.42 9.52 13.22
Propylene 2.45 2.00 0.89 1.82 2.13 221 3.90 2.74 3.67 3.84 1.87 4.38
I-Butene : 0.38 0.29 0.22 0.25 0.42 0.29 0.70 0.56 0.47 0.69 0.30 0.85
{- 2-Butene 0.00 0.03 0.06 0.09 0.00 0.03 0.13 0.15 0.08 0.12 0.03 0.16
- 2-Butene 0.00 0.00 0.00 0.06 0.00 0.13 0.12 0.11 0.06 0.08 0.06 0.11
Z2-Methyl-butene- 1 0.00 0.00 0.00 . Q.00 0.00 0.08 0.07 0.11 0.08 0.09 0.00 0.17
3-Methyl-butene~ 1 0.00 0.00 0.09 0.13 0.07 0.10 0.14 0.13 0.08 0.11 007 0.16
2-Methyl-butene 0.00 0.00 0.00 0.00 0.00 0.11 0.13 0.00 0.06 0.08 0.00 0.12
{.:-‘-Butadiene 0.8 "~ 0.63 - 0.20 0.28 0.60 0.88 1,42 0.53 1.01 1.58 0.46 1.63
' iso-Butene 0.47 0.36 0.12 0.32 0.48 0.40 0.73 0.40 0.57 0.80 0.35 0.92
i-Pentene 0.00 noo 0.00 . 0.7 0.00 0.06 0.19 .0.09 0.10 0.12 0.00 0.15
€+ 2- Pentene 0.00 : 0.00 .00 0.00 0.00 0.00 0.03  0.00 0.00 0.08 0.00° 0.03
-‘-_.‘-.Penlone ' 9.00 =000 7 000 0,00 0.00 0.00 0.13 0.00 0.09 0.09 0.00 0.18
:.‘;‘;}S;:?o- » .17.23 o729 0.20  12.76 9.47 8.38 6.72 1.07 7.11 6.70 7.41 5.72
m.wsw,“;:uuivhve- . 038 .. 021 005 - 0.26 0.27 0.30 0.43 0.11 0.35 0.42 0.32 0.42
. 0000 047 - 000 000 000 071 083 048 065 152 000 164
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<« Ta2lz M. Average % of total gaseous hydrocarbon emissions

“represented by various clzsses of compounds in grab samples
taken at three stages of burning.

Stage of Burning

Peak stack :
temp. Peak HC conc.® End of fire
Compound Un- Un- . Un-
or class treated Treated treated Treated treated Treated
Methane 22.23 11,87 12.33 1200 14.57 30.51

Saturates other 7.49 4.58 5.27 5.15 2.28 4.60
than methane

Total saturates 29.72 1645 17.60 1%7.15 16.85 35.11

Ethylene 13.42  11.3¢ 14,02 13.95 1.05 6.38

Olefins other 3.71 5.62 3.84 9.16 '1.58 5.32
than ethylene

Total olefing 17.13 16.85 17.85 23.11 2.63 11.70

Acetylene - 13.07 733 8.8 6.48 0.20 1.07

Alkyres other 0.31 0.53 0.26 042 0.05 0.11
" than acetylene
Total alkynes 15.38 7.86 8.44 6.90 0.25 1.18

Total identified 62.24 41.26 43.89 47.16 19.73 47.99

°HC—total hydrocarbons.

Tzble IV. Comparison of emission factors derived in this study
with those from Gerstle and Kemnitz? and the EPA.¢

Gerstle and
This study Kemnitz EPA
(Ib of emission/ton of initial fuel bed weight)
Particulates 91 17 17
Hydrocarbons 82 30 20
Carbon monoxide 146 = 10 65 60

tant as a component of photochemical reactions than 4-car-
bon olefins. However, ethyiene will caiise direct injury to
vegetation and is an important air pollutant in that respect.
Thus, while the application of DAP to woody fuel increases

the proportion of non-ethylene olefins, this increase seems.

unimportant.

The composition of HC gases in the fraction not ana-
lyzed in our study is important to the air pollution poten-
tial from wildfire and prescribed burning. We would expect
this uncharacterized fraction to contain organic acids, al-
dehydes, ketones, phenols, and heterocyelic compounds
such as the furans. Knowledge of the effects of flame retar-
dants on the production of these compounds is incomplete,
but the size of this fraction suggested by our results should
warrant further study.

The 24 gases identified by gas chromatography represent

ong-half or less of the total amount of carbon-containing

gases detected by the HC analyzer. This flame ionization
detector should respond linearly to increasing homologs of
methane. However, the response is nonlinear with respect
to unsaturation, brancaing, and oxygen-containing mole-
cules. Thus, the amount of material unidentified during
g.c. analysis is only an indication of the amounts of the uni-
dentified gases in the stack effiuent.

" Conclusions

The use of DAP to reduce the pollution potential was
largely disappointing. This retardant increased all pollu-
tants, especially the particulate fraction, even though less
fuel actually burned in treated fuel beds.

The main objective of slash burning is to eliminate the
fine fuels that constitute a risk of wildfire. Our results show
not only that this objeetive-is met. prior to the smoldering
fire phase, but that-most of the gaseous emissions occur
during the latter-phase. Fire management techniques that
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encourage maximum plume development ignore the contri-
bution from the long smoldering phase. Large amounts of
gaseous pollutants are released after the plume has-disinte-
grated, and these emissions may find their way into urban
areas via surface winds. Methods of burning which increase
the proportion of high intensity burning or the rapid extin-
guishment of slash fires after burning the fine fuels should
result in a pronounced decrease in amounts of gaseous pol-
lutants. -

"The fuels in this experimen't were free of living herb;é:-
ceous vegetation, moist duff material, and soil that is al- -

ways ingorporated in real fuel beds. The fuels were cured in

desert sun and approached the lower fuel moistures that -

would naturally occur in logging residue. For these reasons,
the emission factors which we report are suggested as lower
limits of what might reasonably be expected from broad-
cast slash burning. - - ) t

Emission factors based on initial fuel weight do not fully
describe the pollution potential from forest burning, Fire
intensities vary widely during the burning period and are
associated with corresponding changes in the composition
and quantity of emissions. Varying proportions of the ini-
tial fuel weight are consumed, depending on wind, fuel
moisture, fuel size and arrangement, etec. Hydrocarbons
and carbon monoxide emissions are much more important
during the die-down and smoldering burning periods than
a simple emission factor may suggest. Therefore, further
refinements to emission factors, per se, will add little to our
knowledge of air pollution from slash burning. But better
knowledge of the changes in emission rates during burning,
as well as of various types and conditions of fuels, will re-
sult in a more rational basis for control regulations, if need-
ed, and may also suggest practical ways to minimize air pol-
lution from slash burning. : -
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