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The use of indoor combustion appliances can cause an increase in the levels of many different pollutants.
The work presented here shows the usefulness of a model for extrapolating environmental chamber
results on pollutant emissions from combustion appliances to determine indoor pollutant concentrations
in actual residences. In addition, the effects of infiltration, whole-house ventilation, and spot ventilation
on pollutant levels are investigated. The resubts show that a range hood is the most effective means of
removing pollutants emitted from a gas-fired range; removal rates varied from 60% to 87%.

Introduction

Laboratory measurements have clearly indicated that
during the operation of combustion appliances a wide
range of pollutants are emitted, such as carbon monoxide
(CO), carbon dioxide (CQO,), nitrogen oxides (NO. =
NO + NO,), sulfur dioxide (SO;), formaldehyde
(HCHO), and respirable particulates (Cote ef al., 1974;
Himmel and DeWerth, 1974; Yamanaka ef al., 1979;
Traynor ef al., 1982). Field studies have shown that the
use of unvented combustion appliances may cause ele-
vated indoor concentrations of many of these pollutants
(Hollowell et al., 1977; Palmes et al., 1977; Melia et al.,
1978). Many factors can affect the indoor pollutant con-
centrations from combustion appliances; an important
one is ventilation, achieved by infiltration, a mechanical
ventilation device, and/or natural ventilation, i.e., the
opening of doors and windows.

This study investigates the effect of infiltration and
two types of mechanical ventilation on indoor CQ, CO,,
and NO, concentrations from a gas-fired range. The two
types of mechanical ventilation studied are spot ventila-
tion and whole-house ventilation. A range hood was
used to evaluate spot ventilation and a ducted ventila-
tion system, with three exhaust sites and five inlet sites
that incorporated an air-to-air heat exchanger (Roseme
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et al., 1979), was used to evaluate whole-house ventila-
tion. Results obtained in these studies are compared to
those derived from an indoor air quality model. In addi-
tion, the degree to which such pollutants are dispersed
throughout the living space, an important factor both in
determining sampling protocol and in assessing the ef-
fects of occupant activity on pollutant exposure, is in-
vestigated by determining initial pellutant transport
times and final (whole-house) mixing times.

Model

The basic indoor air quality model as outlined by
Alonzo et al. (1979) and recently used by Dockery and
Spengler {1981) and Traynor ef af. (1982) is based on
mass balance and describes indoor pollutant concentra-
tion in terms of a spatial average. The mathematical ex-
pression for the change in indoor pollutant concentra-
tion is

dC = PaC,dt + S dt —(a + k) Cds,

4 (1
where
C = indoor pollutant concentration (ppm or mL
m-);
C., = outdoor pollutant concentration (ppm or mL
m);
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P = fraction of the outdoor pollutant level that
penetrates the building shell (unitless);

a@ = air exchange rate in air changes per hour (ach)

(h*);

indoor pollutant source strength (mL h?);

volume {m?);

= net rate of removal processes other than air ex-
change ¢(h™). \

S
V
k

Assuming C,, P, @, S, and k are constant over the time
period of interest, Eq. (1) can be solved for C(¢) to give:

C(t) = PaCo + S/V 11 — e-evnq 4 C(0) e-ta + 0,
a+k )

Based on results from earlier studies conducted in an
environmental chamber (Traynor ef al., 1982}, P was
assumed to be 1.0 for all gases measured, and & was
assumed to be zero for CO and CO,.

There are two ways that ventilation effects are ac-
counted for in Eq. (2): The first involves the amount of
ventilation air and is reflected direcily in the air ex-
change rate a; the second involves the location of the
ventilation site(s) and is reflected in the source-strength
term §. For example, the use of a range hood increases
the air exchange rate a, as well as reducing the rate at
which pollutants enter the living space S, whereas in-
filtration affects only the air exchange rate.

Experimental

All measurements were made at an unoccupied
107-m? (1150-ft3) one-story experimental research house
with a volume of 260 m*. Figure 1 shows the floor plan
of the house, as well as the air quality sampling sites, the
location of the range and range hood, and the location
of the exhaust and inlet sites for the whole-house ven-
tilation systern. The air sampling sites were located 1.5 m
above the floor. The range hood was located 0.64 m
above the range and the exhaust and supply sites of the
ventilation system were located in the ceiling. The fire-
place and ali furnace ducts were sealed and no mixing
fans were vsed.

Measurements were made with the Lawrence Berkeley
Laboratory's Mobile Atmospheric Research Laboratory
(MARL), which is capable of remote multipoint sam-
pling (see Fig. 2). All data were recorded every minute.
CO, CO;, and NO, concentrations in the outdoor,
kitchen, living room, and bedroom air were measured
on a rotating basis every six minutes except during the
actual operation of the range when only the kitchen was
monitored.

Data generated during this rotating cycle were
analyzed by discarding the first three data points and
averaging the last three data points to obtain one obser-
vation every six minutes, i.e., 24 min elapsed between
observations at a single site. In order to eliminate
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Fig. 1. Floor plan of experimental research house.

sample-line purge time, air was continuously drawn into
the MARL from each site using one of several pumps
located in the pump box. Temperature and dew point
were measured every minute in each of the four loca-
tions.

The stove was installed by a commercial service man
and no special tuning procedure was performed. Gas
consumption was measured with a dry test meter placed
in the gas line immediately upstream from the gas range.
For all experiments reported, 425 L (15 ft’} of natural gas
were burned with the oven set at 180 °C (350 °F) and
the two top burners set on high flame. A water-filled pot
was placed on each burner. The mean burn time was 315
+1 min. '

Figure 3 shows profiles of the fuel consumption and
the pollutant source strengths for the gas range operated
as described above. Actual fuel consumption was mea-
sured at the research house, whereas source-strength
profiles were based on laboratory measurements made
on the gas range used in this study. The technique for
calculating these source strengths employs an equation
similar to Eq. (2) (see Traynor ef al., 1982). To describe
the poliutant source-strength profiles over the full time
period of range operation, three nonzero source strengths
must be used, one for each constant source-strength
period. Figure 3 shows the three periods of constant
source strength during the operation of the oven and top
burners. The three periods reflect the initial burn cycle
of the oven, (¢t = 0-10 min), the interim cool-down
period (¢ = 10-20 min), and the steady-state operation
(f = 20-35 min). Since Eq. (2) assumes the source
strength to be constant, three separate equations (coupled
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Fig. 2. Schematic of instrumentation in the Mobile Atmospheric Research Laboratory (MARL}.

by boundary conditions} are needed to describe pollut-
ant concentration profiles during the period of range
operation. To describe pollutant concentration profiles
after the range is turned off (i.e., when pollutant source
strength becomes zero), a fourth equation’ is needed.
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Fig. 3. Fuel consumption and pollutant source strength profiles for
gas range operated under laboratory-controlled conditions.

(The source strengths shown on Fig. 3 should not be
considered typical for actual residences, especially in the
case of CO which is sensitive to appliance tuning. These
experiments were not conducted to assess the pollutant
concentrations to which the public at large may be ex-
posed but, rather, to evaluate the impact of different
ventilation schemes on indoor poliution.)

The air exchange rate of the house, a, was measured
by using the range-generated CO as a tracer gas. {Air ex-
change rates determined with CO, as the tracer agreed
with those using CO but were less precise because of
relatively high background levels.) The net rate of other
removal processes, k, was calculated for NO, from the
difference between the CO exponential decay rate and
the NO, exponential decay rate.

To assess the effects of different ventilation schemes,
three types of experiments were performed, all under
mild weather conditions. The first type used no mechan-
ical ventilation, and experiments in this category are
referred to as “infiltration-only” experiments. In these,
the air exchange rates varied from 0.14 to 0.30 ach. The
second type used a whole-house mechanical ventilation
system which incorporated a heat exchanger. In these
experiments, the air exchange rates varied from 0.69 to
1.03 ach. Changes in the position of the system’s variable
damper and changes in infiltration accounted for the
variation in air exchange rates from experiment to €x-
periment. The third type of experiment used the range
hood as the only mechanical ventilation system. Air ex-
change rates from these experiments ranged from 0.7 to
1.6 ach. Here, varying the fan speed in the range hood
produced different rates—from ~ 150 m* k! (90 ft?
min*) to ~420 m® h* (240 ft* min '}— which accounted
for most of the variation in air exchange rates.
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Results

We compared the results of these experiments with
those derived from the indoor air quality model pre-
viously discussed, and assessed the effectiveness of the
two types of mechanical ventilation.

Figure 4 compares the measured and model-derived
CO concentrations for an infiltration-only experiment.
(Note that although the concentration profile modeled
represents the whole-house average, the kitchen was the
only room actually moenitored during range operation.)
It was expected that, while the range was in operation,
the concentrations in the living room would be near the
modeled level and the concentrations in the bedroom
would be below the modeled level because of incomplete
mixing. As evident from Fig. 4, when the house air is
well mixed (i.e., when the levels of CO are uniform
throughout the living space), the average indoor concen-
tration of CO predicted by the model correlates well
with measured values. This correlation also would prob-
ably hold before the house air is mixed, although our
data does not show it since the living room and bedroom
were not menitored during combustion.

Figure 5 shows the measured and modeled congentra-
tions of CO for an experiment where whole-house me-
chanical ventilation was used while the gas range was in
operation. Although the air exchange rate is almost triple
that of the experiment depicted in Fig. 4, the CO peak
derived from the model was reduced by only 20%. This
phenomenon occurs because the initial rise in indoor
pollutant levels is dominated by the S/ V term in Eq. (1)
and relatively independent of the air exchange rate
which, over time, plays an increasingly greater role.

Figure 6 compares NO, concentrations as measured
in the research house and as derived from the model for
an experiment in which the heat exchanger was in opera-
tion. Again, during combustion, the model underesti-
mates kitchen pollutant levels and, presumably, over-
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Fig. 5. Comparison of measured and model-derived CO concentra-
tions (1.0 ppm = 1.0 mL m%) in research house (volume = 260 m?*)
resulting from burnping 425 L of natural gas in 4 range with whole-
house mechanical ventilation (0.83 ach).

estimates bedroom levels. (Because earlier results from
chamber experiments showed that NO, emissions were
more repeatable than NO or NO,, whose ratio can vary
widely from experiment to experiment, NO, was modeled
alone.)

Figure 7 shows the measured NO, concentrations
when a range hood was used during gas-stove operation.
As is evident, while this spot ventilation increased the
air exchange rate to about twice that obtained with
whole-house ventilation (see Fig. 6), it reduced NO,
levels in the kitchen to about one-sixth of those ob-
served in the whole-house ventilation experiment.
Range hood experiments were not modeled in the same
manner as infiltration-onty and whole-house mechanical
ventilation experiments. For the latter two ventilation
schemes, it was assumed that all the pollutants from the
gas stove entered the living space and that the pollutant
source strengths are as reported on Fig. 3. For modeling
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Fig. 4. Comparison of measured and model-derived CO concentra-
tions {1.0 ppm = 1.0 mL m™?) in research house (volume = 260 m?)
resulting from burning 425 L of natural gas in a range without mechan-
ical ventilation (0.30 ach}. Outdoor CO concentration < 0.1 ppm.

Time {minures|

Fig. 6. Comparison of measured and model-derived NO, concentra-
tions (1.0 ppm = 1.0 mL m™*} in research house (volume = 260 m*)
resulting from burning 425 L of natural gas in a range with whole-
house mechanical ventilation {0.83 ach).
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Fig. 7. Measured NO, concentrations (1.0 ppm = 1.0 mL m™®) in
research house (volume = 260 m® resuliing from burning 425 L of
natural gas in a range using a range hood (1.5 ach).

range hood experiments, the source strength was treated
as a variable so that we could determine the fraction of
pollutant emissions actually entering the living space.

To evaluate both the poliutant removal efficiency of
the range hood and the usefulness of the model for pre-
dicting indoor pollutant concentrations, we estimated
the average peak pollutant concentration throughout
the house. The estimate was accomplished by first esti-
mating the indoor pollution level at each individual
sampling location at the time the range was turned off
(i.c., the time the whole-house average indoor pollutant
concentration peaked). The estimates of the individual
kitchen, living room, and bedroom levels were obtained
by extrapolating from their pollutant concentration
decay curves after the range was turned off. Finally, the
estimated indoor pollution levels at the three sampling
sites were averaged to arrive at a peak estimate for the
whole house.

Figure 8 shows how this estimate of the pollutant
peak for the whole-house deviates from the peak pre-
dicted by the model for infiltration-only and whole-
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house mechanical ventilation experiments. The devia-
tions in Fig. 8 represent an average of the deviations for
the three pollutants (CO, CO,, and NOG,}. Very good
agreement between estimated and modeled peaks was
obtained for the infiltration-only experiments. For
mechanical ventilation experiments, the estimated peak
was 10% below the modeled peak. This discrepancy
may be attributable to the fact that one of the exhaust
ducts for the mechanical ventilation system was located
in the kitchen and served to reduce the pollutant source
strength by about 10%.

Using the above procedure to analyze range hood ex-
periments would produce a large negative deviation,
since the pollutant source strength would be greatly
overestimated. Instead, the source strength was allowed
to vary and the deviation of the estimated pollutant
peak from the modeled peak was fixed at zero. Measure-
ments from six experiments showed that the range hood
reduced the average source strengths of CO, CO;, and
NO, by 60%-87%. Macriss and Elkins (1977), using
comparable range hood flow rates and monitoring NO,
only, reported reductions of 40%-50%. This disparity
is probably due to an important difference in the criterion
used to determine range hood effectiveness; theirs was
based on the reduction of the ratio of NO, levels in the
kitchen to NO, levels in the whole house, whereas ours
was based on the reduction in source strength.

The initial pollutant transport time, the time at which
the living room and bedroom first “see” the pollutants
from the gas range, was determined from the dew point
data which clearly showed when the water vapor began
increasing at each indoor air-sampling location. Results
from infiltration-only and whole-house mechanical ven-
tilation experiments show that pollution levels in the liv-
ing room start to rise 2.4 =1.5 min after the gas stove
is ignited. (Ignition time is determined from the initial
rise of pollutant levels at the kitchen probe location—1.5
m from the range top). Bedroom pollutant levels rise
8.4 +£4.3 min after range ignition. The “shortest-path”
distances from the living room and bedroom probes to
the kitchen probe are 5.6 m and 10.0 m, respectively. No
statistically significant correlation was found between
initial pollutant transport time and ventilation scheme
or air exchange rate.

Whole-house mixing times, defined as the time it
takes for pollutant levels in the kitchen and bedroom to
be within 5% of their average (10% spread) after the
stove is turned off, were determined for infiltration-
only and whole-house mechanical ventilation experi-
ments using CO as the tracer. The data distribution was
approximately log normal, with a geometric mean of 46
min, The distribution spread, based on the standard
deviation of the log-normal distribution, was 11-202
min and the actual data ranged from 4-345 min. As with
imitial transport times, no statistically significant cor-
relation was found between mixing time and ventilation
scheme.
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The indoor reactivity of NO., defined as &£ in Eq. (1),
was 0.166 £0.089 h*' for 11 experiments; no range
hood experiments were incleded. NO and NGO, reac-
tivities were also estimated separately. The NO reactiv-
ity was not significantly different from zero (—0.004
+0,082 h'') whereas the NO; reactivity was 1.29 +0.67
h™. (The peak NO;-to-NO ratio observed in these exper-
iments was 0.44 +0.08.) These reactivities are consis-
tent with those measured by Wade et al. (1975) who ob-
served reactivities of 0.06 and 0.83 h™ for NO and NQO,,
respectively. They were also consistent with the findings
of Mochandreas and Stark (1978), namely, 0.00 h™
for NO and 1.39 h™* for NO,.

Conciusions

We have shown that a single-equation model based,
in part, on laboratory-derived pollutant emission rates
can adequately predict average whole-house pollutant
concentrations. By substituting actual appliance-use
data for those assumed in laboratory studies, “real”
source strengths can be determined and input into the
model to estimate indoor pollutant concentrations from
combustion appliances. The main deficiency of the
model is that it assumes the house is a single cell and, as
such, does not address the spatial variation of pollutant
levels, At the cost of increased complexity, a multi-
chamber model could address these variations; how-
ever, in studies that do not include detailed data on oc-
cupant activities, the lack of spatiality does not represent
a drawback.

Qur results also show that spot ventilation, as repre-
sented by a range hood, is very effective in removing
pollutants from a point source such as a gas stove; in
fact, it is much more effective than increasing whole-
house ventilation because it removes pollutants before
they can enter the living space.

Acknowledgentent — This work was supported by the Director, Office
of Energy Research, Office of Health and Environmental Research,

Human Health and Assessments Division of the U.S, Department of
Energy under Contract No. DE-AC03-765F00098.

References

Alonzo, I., Cohen, B. L., Rudolph, H., Jow, H. N, and Frohliger,
1. 0. (1979) Indoor-outdoor relationships for airborne particulate
matter of outdeor origin, Atmes, Environ. 13, 55-60.

Cote, W, A,, Wade III, W. A., and Yocum, ]. E, (1974} A study of
indoor air quality. Report EPA-650/4-74-042, U.S. Environmental
Protection Agency, Washington, DC,

Dockery, D. W, and Spengler, 1. D. (1981) Indoor-outdeor relation-
ships of respirable sulfates and particles, Atrmos. Environ. 18,
335-343,

Himmel, R. L. and DeWerth, D. W. (1974) Evaluatjon of the pollut-
ant emissions from a gas-fired range. Report No. 1492, American
Gas Association Laborateries, Cleveland, OH.

Hollowell, C. D., Budnitz, R. J., and Traynor, G. W. (1977) Com-
bustion-generated indoor air pollution, in Proceedings of the
Fourth International Clearn Air Congress, Tokyo, Japan, 16-20
May, 1977, pp. 684-687. Japanese Union of Air Poflution Preven-
tion Associations, Tokyo.

Macriss, R. A. and Elkins, R. H. (1977) Control of the level of NO, in
the indoor environment, in Proceedings of the Fourth Interna-
tional Clean Air Congress, Tokyo, Japan, 16-20 May 1977, pp.
510-514. Japanese Union of Air Pollution Prevention Associa-
tions, Tokyo.

Melia, R. J. W, Florey, C. du V., Darby, 8. C., Palmes, E. D., and
Goldstein, B. D. (1978) Difference in NO; levels in kitchens with
gas or electric caokers, Atmos. Environ, 12, 1379-11381,

Mochandreas, D. J. and Stark, J. W. C. (1978) The Geomet indoor-
outdoor air poilution model. Report EPA-600/7-78-106. U.S. En-
vironmental Protection Agency, Research Triangle Park, NC.

Palmes, E. D., Tomczyk, C., and DiMattio, J. (1977) Average NO,
concentrations in dwellings with gas or electric stoves, Afmos. -
Environ. 11, 869-872.

Roseme, G. D., Berk, 1. V., Boegel, M. L., Hollowell, C. D., Rosen-
feld, A. H., and Turiel, I, (1979} Residential ventilation with heat
recovery: improving indoor air quality and saving energy. Report
LBL-9749, Lawrence Berkeley Laboratory, Berkeley, CA,

Traynor, G. W., Anthon, D. W., and Hollowell, C. D. {1982} Tech-
nique for determining poliutant emissions from a gas-fired range,
Atmos. Environ. 16, 2979-2988.

Wade III, W. A., Cote, W. A, and Yocum, J. E. (1975) A study of
indoor air quality, J. Air Pollut. Control Assoc. 25, 933-19,
Yamanaka, 8., Hirose, H., and Takada, 5. (1979} Nitrogen oxides
emissions from domestic kerosene-fired and gas-fired appliances,

Atmos. Environ, 13, 407-412.




