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A Study of Wood Stove Particulate Emissions

Samuel S. Butcher and Edmund M. Sofenson

Bowdoin College
Brunswick, Maine

Particulate emission factors for two wood stove modeis have been
determined for two types of fuel and a range 'of operating conditions.
The emission factors range from 1 g/kg (fuel) to 24 g/kg. A model
is presented which represents the emission factor as a simple function

of the ratio of fuel load to combustion rate, or the length of time be-

tween réfuellng. This model Is felt to be appropriate for evaluating
the impact of wood-based residential space heating on amblent air
concentrations of particulate matter if certain assumptions can be
made about stove operating conditions. An application of the emission

factor model to a typical community suggests that the contribution
of wood stoves to ambient particulate levels might reach 100 ug/m?
if the entire heating load were carried by wood.

Preliminary analyses of the particulate matter indicate that benzene
extractables range from 42 % of the total particulate mass at short
refuel times to 67 % at longer refuel times. About 45 % of the mass
of benzene extractables appeared in the neutral fraction of acid base
extractions. Polycyclic aromatic hydrocarbons are expected to be
Included in this neutral fraction.

Recent surveys have shown that substantial amounts of in-
digenous fuel wood are being used to supplement conventional
energy sources (oil or electricity) for residential space heating
in northern New England. These surveys indicate that 11, 28,
and 37 million Btu equivalents of wood per residence were
used in the winters of 1975-76,1 1976-77,2 and 1977-78,3:4
‘respectively. The Btu equivalent of fuel oil required to
maintain the entire heating load for this area is about 170
million Btu per residence year.1-> These surveys also point out
that the most common wood heating unit is a small stove,
rather than a fireplace or a wood-fired furnace. Although small
stoves differ considerably in size (less than 20,000 to more than
100,000 Btu/hr), and design of the combustion chamber
(baffled or not, firebrick lined or not, single or multiple drafts,
etc.), most of them have a passive draft system. The com-
bustion air intake in these stoves is driven solely by the
buoyancy of the hot flue gases and the rate of combustion is
generally controlled by limiting the air supply. This method
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of controlling the combustion rate may lead to incomplete
combustion at low firing rates as a result of inadequate air or
temperatures which are too-low. :

Our preliminary study® showed that particulate emission
factors increased as draft settings were reduced. These studies
have been extended with further measurements and a simple
model is proposed to represent the emission factor for par-
ticulate matter as a function of stove operating parameters.
The results of preliminary chemical analyses of the particulate
matter are also included.

Figure 1. The Jotul Model 602 wood stove.

Experimental Methods

A Jotul #602stove and a Riteway # 2000 stove* were used
in these studies, see Figures 1 and 2. The sampling method
used in this work is a slight modification of that used in our
earlier work.® The flue system consisted of about 3 meters of
15 cm diameter steel stovepipe connected to a tile-lined
chimney with an inside dimension 20 X 20 ¢m and a length
above the stovepipe of about 2.5 m. No flue damper was
used.

* Mention of a trade name should not imply a recommendation by the authors or the orga-
nizations with which they are associated.
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The sampling method consisted of collecting all stack
emissions for measured time intervals with a high volume
sampler. The smoke from the chimney was drawn through'a:

1 m section of 15 cm stovepipe to the high volume sampler.
The collecting section of stovepipe was supported just above
the chimney and no effect of the sampling system on the
combustion rate could be observed. The flow rate of air

through the sampler started out at about 110 ft3/min for each

sampler run and decreased as the filter became loaded with
particulate matter. The flow rate remained above 90 ft3/min
for most filter samples and very seldom dropped as low as 70
ft3/min. The flow rate of gas through the chimney at a fuel
combustion rate of 3.4 kg/hr and 50% excess air is about 13
ft3/min, substantlally less than the high volume sampler flow
rate. ;

Figure 2. The Riteway Model 2000 wood stove.

The temperature of the flue gas at the point of sampling was
not monitored. The temperature in the stovepipe near the
masonry flue was recorded. This temperature reached 250°C
in some of the burns at full draft, but was generally less than
120°C, The temperature at the top of the chimney was judged
to have been less than 100°C for most runs and the dilution

air in the collection system would have further reduced the

flue gas temperature.

Each burn was conducted by adding a weighed charge of

wood (as 3-5 pieces of wood) to a bed of live coals from a pre-
vious burn. The draft setting (or the thermostat control in the
case of the Riteway # 2000) remained constant throughout
the burn with two exceptions: The door was opened briefly a
few times during each burn to judge the amount of fuel re-
maining. The end of the burn was the point at which the
amount of live coals remaining in the stove was judged to be
similar to that at the start of the burn.

The particulate matter samples were collected on a series
of 8 X 10 in. glass fiber filters. The sampling times for indi-
vidual filters ranged from 30 seconds to 6 minutes with most
of the sampling time falling in the 1-2 min range. Typically,
10 to 20 filters were used for each burn.

The filters were dried in a desiccator for 24 hr and re-
weighed. The emission rate was determined as the amount of
particulate matter on a filter divided by the sampling interval
for that filter. The dependence of emission rate on time during
a typical burn is shown in Figure 3. The total amount of par-
ticulate matter emitted during the burn was determined by
integrating the emission rate over the time of the burn by the

July 1979 Volume 29, No. 7

1.0 T T T T T T
E\E
E 8.8 \a B
E
~
g ; : : |
5 0.6 . : -
o :
o
£ o2 , 1
0 1 I | Por 2% % emm—

1] 10 20 30 40 50 60
Time {minutes)
Figure 3. Emission during the combustion of 2.27 kg of oak. -

trapezoidal method. The sources of error involved in the de-
termination of the emission factors have been discussed in the
preliminary study.® Errors in the measurement of particulate
emissions amount to about 25% of the emission factor. The
measurement of the length of the burn is uncertain by about
10 min; this affects the determination of the combustlon rate
more than the emission factor.

Eastern white pine and red oak were used in these experi-
ments. The moisture content of the fuel was determined by
drying at 105°C to constant weight (usually two days). It is
reported here as the percentage of weight loss relative to the
pre-dried weight.

Selected filters were extracted with 350 ml of benzene in a
Soxhlet extractor for 24 hr. The solvent was then removed at
25°C with a rotary evaporator and the extracts evaporated to
constant weight at room temperature. The filters were re-
weighed to determine the weight loss and in some cases the
extract was weighed. The agréeement between the weights
obtained by the two methods was generally quite good for
these purposes (10 to 15% difference at most). The change in
filter weight is used for further calculations in this section.
This is referred to as the benzene-extractable weight.

Selected benzene extracts were subjected to the following
acid-base extraction scheme: 1) a bicarbonate extraction to
remove carboxylic acids and compounds with similar acid-
base properties; 2) a sodium hydroxide extraction to remove
phenols and similar compounds; and 8) a hydrochloric acid
extraction to remove organic bases. The residue from this
series of extractions was termed the neutral fraction and would
be expected to contain the aromatic hydrocarbons and other
compounds lacking marked acidic or basic properties.

A Particulate Emission Model

The results for 26 burns with oak and pine are collected in
Table L. The draft setting for the Jotul stove is defined as the
fraction of the distance between the fully closed and wide open
position of the rotating sector draft control. The fuel load is
the amount of wood added at the start of the burn. The
emission factor is represented as the grams of particulate
matter collected per kilogram of fuel. For those burns recorded
as <Y draft, the draft was varied between Y, draft and %; draft
in order to maintain a stable fire.

It may be seen that there is considerable variation in the
emission factor even in a series of burns which have the same
draft setting and similar fuel loads. It seems likely that much
of this variation results from differences in fuel geometry and
whether or not ignition occurs quickly following addition of
the fuel. It is also likely that the same variations occur in
residential heating units.

A number of attempts have been made to relate the emis-
sion factor, E, to easily determined parameters which define
the manner in which the stove is operated. The parameters
chosen here are the initial fuel load, m (wet weight in kg); and
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Table I. Total particulate emission factors.

‘Emission
% Fuel load Lengthof = factor
Stove Wood moisture Draft (kg) burn (hr) - (g/kg)
Jotul Oak 23.8 1 2.15 1.72 13.31
Jotul Oak 23.8 1 . 2.66 0.67 2.31
Jotul Oak 23.8 Iy 2.75 1.55 9.40
Jotul Oak 23.8 L 3.18 1.56 5.21
Jotul Qak 23.8 A 2.32. - 1.42. 10.39
Jotul Oak 23.8 A 2.69 1.23 ©.10.14
Jotul Oak 23.8 Yy 2.69 1.77 8.24
Jotul Oak 23.8 A 2.27 1.05 6.75
Jotul Oak 22.8 A 1.42 0.48 2.46
Jotul Qak 22.8 A 3.40 1.38 3.36
Jotul Oak 22.8 A 1.28 0.62 2.52
Jotul Oak 19.8 A 0.492 0.262 1.822
Jotul Oak 8.7 Yy 2.69 0.87 4.85
Jotul Oak 8.7 Y, 1.22 0.65 4.90
Jotul Qak 8.7 Y, 1.05 0.45 1.27
Jotul QOak 8.7 v, 272 1.10 ©:10.87
Jotul QOak 23.8 <Y, 2.07 1.70 15.72
Jotul Oak 23.8 <Y, 2.01 1.95 24.35
Jotul Oak 238 <Yy 1.67 1.80 12.82
Jotul - Pine 42.4 A 2.04 0.98 10.37
Jotul - Pine 42.4 R 323 140 10.79
Jotul Pine 424 <Y, 1.67 133 18,52
Jotul Pine 42.4 <Yy 1.50 1.52 15.33
Jotul  Pine 424 <Y, 139 073 960
Riteway Oak 22.8 b 5.23 1.52 11.85
‘Riteway Pine 424 c 4.10 1.20  13.26

2 These figures are averages for a burn in which 3.94 kg of fuel, divided
into eight portions, was burned in 2.05 hours.
b These figures are averages for a burn in which the thermostat setting

remained fixed and 15.71 kg of fuel, in three pOIthI’lS was burned in

4.58 hours.

< These figures are averages for a burn in which the thermostat setting
remained fixed and 12.30 kg of fuel, in three portions, was burned in
3.59 hours. :

the average combustion rate, ¢ (Btu/hr). The combustion rate
is defined here as the heat of combustion of the load of fuel
(the low value, corrected for moisture) divided by the length
of the burn. The heat of combustion is taken to be 17,970 —
203 X P in Btu/kg, where P is the percentage moisture.

The simple relationship £ = A + B(m/q) accounts for much
of the variation of the emission factor with fuel load and draft
setting. The least square line for the data in Table I is shown
in Figure 4. The points in this figure are coded so the rela-
tionships of oak to pine and Jotul to Riteway stove may be
compared. The negatlve value for A should amplify the im-
portance of not using this model outside the range represented

25 — — . : . . .
0 QOak,~ 20% moisture, Jotul
® Qak,~ 9% moisture, Jotul

20+ = Qak, Riteway ‘ .
A Pine, Jotul A
A Pine, Riteway
15} £=—1.18+10.73 m/q e =
r=+0.80 .
)
g 10# .
w
5+ e e 4
. D/ o
o =% o
0 //e —
-5 N N N e 1 o o

0 02 0.4 0.6 0.8 1.0 1.2 1.4

m/q ___(kg) k ) ;
(104 Btu/hr

- Figure 4.~ Emission factor as a function of m/q.

726

by the data. In this regard it should be noted that the regres-
sion line was obtained by assigning unit weights to the points
for the 0.49 kg load in the Jotul and the two burns for the
Riteway stove even though these points represent averages
for more than one charge of wood. In particular, increasing the
weight of the 0.49 kg load point (which has the lowest value
of m/q in Figure 4) brings the value of A closer to zero. It may
be seen that the model represents fairly well the emission
factor for oak and pine; dry and wet wood; Jotul and Riteway
stove. The data from the preliminary study are also consistent
with this model.

The variable m/q was chosen as the mdependent varlable
in the regression analysis because it should be related to the
inverse of the bulk fuel temperature. The emission factor was
also regressed against several other functions of m and q.
These analyses yielded correlation coefficients similar to or
less than the value obtained for the m/q regression, +0.80. The
regression of E against 1/q gave a correlation coefficient of
+0.78 when only the Jotul stove data were used but these re-
sults did not accommodate the data from the larger Riteway
stove nearly as well as the m/q regression. m/q is directly re-
lated to the length of the burn, for a given fuel moisture con-
tent, and the uncertainty in this parameter is the same as the
uncertainty in the length of the burn.

The data from this study and the earlier work were also
segregated by fuel type (pine and oak) and treated by separate
regression analyses. These gave the following results: E (pine)
= 4.18 + 6.88(m/q), r = 0.53 (N = 17); E(oak) = —2.21 +
11.41(m/q), r =0.83 (N = 47). The dimensions of m and q are

Table II. Benzene-extractable particulate matter.

Burn # ~ o1 2 3 4 5
Fuel " Qak - Oak  Oak Oak  Pine
% Ha0 e : 23.8 238 87 23.8 424
Draft ~ FullD . %D YD %D YD
Fuel o 2.66 3.18 .- 1.22 2.01 2.04

charge (kg). ‘ :
Total particulate 6.16 16.5 5.97 49.0 21.2
matter (g) :

Benzene-extractable 2.91 9.28 2.51 326 128
particulate matter (g)

the same here as in Figure 4: kg and 10*Btu/hr. The difference
between oak and pine is not large and must be checked by

further measurements.

The data from this work and our earlier work indicates that
the combustion of very dry wood at low draft settings occa-
sionally leads to higher-than-expected emission factors. This
is consistent with observations by Shelton” of reduced com-
bustion efficiencies when very dry wood is burned in small
stoves.

Benzene Extracts

Over 50 filters from 5 burns in a Jotul # 602 stove which

- covered a range of burning conditions and fuel types were

selected for extraction with benzene. Using the weight of
material extracted from the filters, the rate of emission of
benzene extractables was determined as a function of time
during the burn. This rate of emission of extractables was then
integrated over the period of the burn in the same manner as
has been done for the total particulate mass. This gave the
total amount of benzene-extractables emitted during the burn,
which could be compared with the total mass emitted and to
the amount of fuel burned. These numbers are collected in
Table II for the 5 burns analyzed here.

As may be seen in Table II, there is a tendency for the burns
with larger emission factors to also have a larger fraction of
benzene-extractables. This may result from the increased
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importance of pyrolysis for the slower, air-poor burns. Also,
the only run with very dry fuel yielded the lowest value for
percentage of benzene—extractabjes.

In order to examine the role of pyrolysis further, the fraction

of benzene extractable material was examined during the

course of each of these 5 burns. These numbers are collected
in Table III as a function of the approximate time into the
burn. (Although a more exact time was used in all calculations
of emission factors, an approximate time is used in this table
to permit a simple tabulation of the data.) It may be seen that
there is a general trend for the fraction of the extractables to
decrease during the course of a burn. Burn #4, which is the
most air-poor of these burns, is.a notable exception; the
fraction of benzene-extractables is quite hlgh and fau‘ly con-
stant for this burn:

of carbon monoxide, gaseous hydrocarbons, and particulate
matter resulting from the combustion of pine needles under
open burning conditions. Prakash and Murray® demonstrated
that emissions of carbon monoxide, hydrocarbons; and par-
ticulate matter from the controlled combustion of wood waste
were strongly temperature- dependent for combustlon zone
temperatures less than 600°C. . ~

The estimation of the worst case amblent partxculate matter
contribution from wood smoke is subject to several uncer--
tainties which can only be resolved by examining how stoves
are used. First, emission rates may not be obtained from a
casual use of emission factors and fuel use rates. Rather, the
rates depend on whether the stove operator refuels frequently
with small loads (operating at smaller values of m/q) or enjoys
the convenience of longer refuel times (larger fuel charges and

A

Table III. Percentage benzene-extractable of total emissions.

Approximate
time (min) Burn1 2 3 4 5
-2 54.1 59.9 41.0 67.9 63.6
5 52.5 65.5 44.3 69.1 62.8
8 50.5 61.5 47.5 64.9

10 30.4 38.9 69.8 64.2
13 40.5 62.5

16 36.5 64.2 33.5 62.7
20 385 59.4 68.0  56.4
25 30.3 574 29.6 67.4 494
30 30.7 56.8 17.8 70.2 51.3
35 End 54.0 End 67.6

40 . 50.8
45 40.6 68.0

50 55.4
55 28.3 53.8 End
65 22.4 59.8

80 315 65.8

90 22.6 66.9

100 End 68.5

110 72.5

The benzene extracts from the four burns with oak were
placed into groups according to whether they were collected
early in the burn (near the maximum of the emission rate), late
in the burn (where mostly coals remained), or were collected
at an intermediate time. Composite samples were then formed
from these extracts and subjected to acid-base extractions.

No significant variation of the relative amounts of the four
fractions from the acid-base extractions were seen when
comparing the four burns or when comparing different phases
of a single burn. The averages for all acid base extractions are
shown in Table IV. The percentages are the ratio of each acid.
base fraction to the sum of weights of all acid base fractions.
The figure may misrepresent the composition if the small
transfer losses were not distributed proportionately over the
four fractions.

TableIV. Average composition of the acid-base
fractions of the benzene extractables.

Carboxylic acid fraction 15%
Phenol fraction 40%
Neutral fraction 45%
Organic base fraction ~1%

Discussion

The near-zero value of the intercept in the emission factor
model means that the emission factor is approximately in-
versely related to the combustion rate for a constant fuel load.
Sandberg8 obtained a similar result for the emission factors
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larger values of m/q). Emission rates will also depend on the
fuel moisture content (a higher moisture content will increase
m/q for a given draft setting). As a second major area of un-
certainty, there is little data available on the way in which
wood displaces oil and what the potential for wood use might
be. It has been assumed here that displacement of oil by wood
occurs on a Btu equivalent basis (with a small correction for
differences in combustion efficiencies), but there are at least
two reasons why homeowners may get by with fewer wood Btu
equivalents. The stand-by requirements for oil-fired furnaces
are usually larger than those for wood stoves and small wood
stoves may also be more efficient in delivering heat to the
point of need.

The ohservation that E is nearly proportional to m/q, given
certain other assumptions, leads to an interesting conclusion
about emission rates. If the stove user maintains a constant
value of m and varies q with the heating demand by control-
ling the draft, the emission rate will be nearly independent of
the heating demand. During times of high demandsthe fuel use
rate will be high and the emission factor low; during times of
low demand the emission factor will be high and the fuel use
rate low.

An estimate of worst case ambient particulate concentra-
tions was made using meteorological factors similar to those
used earlier.5 (Wind speed was taken to be 1.6 m/s; the wind
direction was uniformly distributed over a 90° sector; atmo-
spheric stability was distributed as 15 hr of F stability and 9
hr of C stability.) The emission data were 4.72 kg/hr/residence
of 20% moisture oak with a refuel time of 1 hr. This gave an
emission rate of 7.9 mg/s/residence. It may be shown that
worst case 24 hr average ambient concentrations of up to 100
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pg/m3 may be expected for wood smoke particulates for a
housing density of 400-500 residences/km? spread over 4 km?2
or more if the entire heating load is carried by wood.

Qualitative analyses of the chemical constituents of wood
smoke have been the subject of many studies by others be-
cause of its importance to food processing.!® Most of these
studies produce wood smoke by heating sawdust in controlled
smoke generators and are not felt to be directly applicable to
wood stove emissions. Gerstle and Kemnitz!! reported that
65% of the mass of particulate matter from the open burning
of lawn and tree trimmings was soluble in benzene, a result
consistent with the range 42-67% reported here. Further work
is needed to resolve the chemical species present in the par-
ticulate matter. Polycyclic aromatic hydrocarbons may be
expected to occur in the neutral fraction of the benzene ex-
tractables. The present data suggest that emission factors for
these compounds will increase as m/q increases.
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