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Abstract

Operation of an unvented combustion appliance indoors can elevate
pollutant concentrations. Indoor air ﬁollution caused by using unvented
gas-fired space heaters (UVGSHs) was investigated under controlled field
conditions. Four UVGSHs were tested in a 240-m> research house with
0.36 to 1.14 air changes per hour. Based on measurements near steady
state, we projected steady-state pollutant and oxygen levels: 1930 to
11,100 ppm for COZ;
to 1.46 ppm for NO,; and 19.1 to 20.7% for 0,. Concentrations of Co,,

1.0 to 26 ppm for CO (for well-tuned heaters); 0.40

CO, and NO2 were sometimes observed to be above their outdoor or occupa-
tional guidelines. Analysis showed that CO, NO, and NO2 emission rates
can Vary with time and that while short—-term emission rates derived from
earlier laboratory tests were consistent with initial emission rates
observed in the field, they did not always gorréspond to steady-state

emission rates.

Keywords: air shutter, combustion, carbon dioxide, carbon monoxide,
emission rates, formaldehyde, indoor air pollution, nitric
oxide, nitrogen dioxide, nitrogen oxides, pollutants,

submicron particles, space heater, tuning, unvented.
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INTRODUCTION

It has been demonstrated that operating unvented combustion appli-
ances indoors increases the indoor concentration of several

po]..lutants.l-'5

One such appliance currently of interest to the U.S. Con-
sumer Product Safety Commission. and the‘U.S. Department of Energy is the
unvented gas-fired space heater (UVGSH). The indoor pollutant levels
resulting from the use of UVGSHs depend on a wide range of factors
includihg appliance type, appliance tuning, usage patterns, and building

parameters (e.g., volume and air exchange rate). The two goals of this

- phase of our study were to determine if earlier short-term emission.

rates derived from the laboratory phase of this project would be appli-
cable to field situations and to measure pollutant levels from the use

of UVGSHs in a residential setting.

I

Earlier laboratory tests of UVGSHs conducted by Girman et al. meas-
ured the pollutant emission rates from eight UVGSHs and conducted exten-
sive tests on the effects of tuning these UVGSHs.6 - The laboratbry
results showed that UVGSHs emit carbon dioxide (CO,), carbon monoxide‘
(CO0), nitrogen dioxide (NOZ)’ nitric oxide (NO), formaldehyde (HCHO),
and respirable particles. In addition, operation of UVGSHs reduced

indoor oxygen (02) levels. Predictions applying laboratory emission

‘rate data to projected conditions of use showed that levels of CO, CO,y»

‘NO,, and HCHO could exceed outdoor or occupational air quality standards

of state or federal agencies or guidelines of scientific organizations.

All the pdllutént emission rates, except for co,, were dependent on the

tuning of the UVGSH. The tuning or "state-of-tune" of an UVGSH is
ad justed with a simple butterfly valve located at one end of the burner
assembly. The butterfly valve controls the air/fuel ratio of the appli-
ance, which in turn controls the pollutant emission characteristics of

the flame.

This field study ofvindoor air pollution from UVGSHs is a continua-

-tion of the 1laboratory study.6 The laboratory study investigated the

effects of appliance type, fuel consumption rate, and tuning on pollu-
tant emission rates; this field study primarily investigated the appli-

cability of using short-term laboratory-~derived emission rates and an

-1~



indoor air quality model to predict indoor pollutant levels in an actual
residence. In addition, the effects of air exchange rate, appliance
tuning, and duration of combustion were investigated under controlled

field conditions.
EXPERIMENTAL

For the field tests, four representative unvented gas-fired space
heaters. were selected from thé eight tested in the laboratory phase. The
heaters were purchased in 1981; they were not equipped with oxygen-
depletion sensors. All heaters burned natural gas that was similar in
composition to the natural gas used in the laboratory study. The fuel
ratings of the heaters used in this study ranged from 12,000 Btu/h
(12,600 kJ/h) to 30,000 Btu/h (31,600 kJ/h).

All measurements were made at an unoccupied 107-m2 (1150—ft2) one~-

3. Figure

story experimental research house having an air volume of 240 m
1 depicts the floor plan of the house as well as the air quaiity sam-—
pling sites and heater locations. The air sampling sites were located
1.5 m above the floor. The fireplace and all furnace ducts were sealed
so that the interior air volume was well defined. No mixing fans were
used. Air exchange rates, typical of the U.S. housing stock, were
obtained by opening doors and windows from 0.5 e¢m to 3.2 cm, creating an

additional leakage area in the building envelope between 400 cm2 and

1400 cm? and a total air exchange rate between 0.36 h~1 and 1.14 0L,

All interior doors to rooms were open during all field tests.

Most measurements were made with the Lawrence Berkeley Laboratory’s
Mobile Atmospheric Research Laboratory (MARL), which is capable of
remote multipoint sampling of COZ’ co, NOZ’ NO, 02, temperature, dew
point, and wind speed (see Figure 2). All MARL data were initially
recorded at one-minute intervals. COZ’ co, N02, NO, and O, concentra-
tions in the outdoor, kitchen, living room, and bedroom air were meas-
ured on a rotating basis. Each site was monitored for six minutes. Data
generated during this rotating cycle were analyzed by discarding the
first three points and averaging the last three data points to obtain
one observation every six minutes, i.e., 24 minutes elapsed between

observations at each site. To eliminate sample-line purge time, air was



continuously drawn into the MARL from each saﬁpling site. The air drawn
from the house into the MARL increased the air exchange rate by approxi-
mately 0.01 h-l. Temperature and.dew point, measured at each of the
four locations, and wind speed, measured at the top of the house, wefe
recorded every minute. A more complete dgscription of MARL is contained

in the report on laboratory invest:igatiqns.6

Formaldehyde. and submicron particulate measurements were made v
independently of MARL. Formaldehyde levels were measured using a refri-
gerated bubbler sampler to collect the formaldehyde for subsequent
laboratory analysis.7 Sampling times were one or two hours and, in most
tests, one sample was taken near the time the appliance was turned off,
when the pollutant concentrations were high. The concentration of
suspended particles below 0.5 Pz in diameter were measured using an

electrical mobility anaiyzer. Typically, particulate measurements,

made in the living room only, were recorded every 10 minutes.

A UVGSH was operated in either the.living room or the bedroom as
shown in Figure 1. The fuel consuﬁption rate was measured with a
diaphragm gas meter directly upstream of the heater. Fuel line pressure
was set witﬁin manufacturers’ specifications. As in laboratory tests,
precautions were taken to prevent the heater’s pilot light from burning
until the main burner was 1lit. A piezoelectric sparker was used to
ignite the burner. In each experiment, background indoor and outdoor
pbllutanF>concentrations were measured for approximately one hour before

turning on the UVGSH to be tested.

Modeling

Throughout the text, references will be made to a single-equation
indoor air quality model based on mass balance. This model has been
successfully used by many researchers for predicting indoor air pollu-
tion levels, as well as for determining indoor air quality parameters,
such as pollutant emission rates, which can affect such levels.?»6,9-11
The model is repeated here for referénce. The reader is referred to our

earlier laboratory report on UVGSHs for more information.6



The mathematical expression for the change in whole—-house average

indoor pollutant concentration is:

dc = PaC_ dt +-‘S,-dt -(a + k) C dt, (1)

where: »

= indoor pollutant concentration (ppm);

= fraction of the outdoor pollutant concentration that

.penetrates the building shell (tnitless);

= air exchange rate in air changes per hour (ach) (h-l);
= outdoor pollutant concentration (ppm);
= time (h);
indoor pollutant source strength (cm3/h);

= volume (m3); and

FOE T /> I o S o S '}
[}

= net rate of removal process other than air exchange (h_l).

For particles, C and Co'are in units of rxg/m3 and S is in units of Pg/h.
Assuming Co’ P, a, S, and k are constant over the time period of

interest, Eq. 1 can be solved for C(t) to give:

PaC + S/v [1 ) e_(a + k)t:l

e—(a + k)t
a + a + kK *

c(t) + C(0)

(2)

The pollutant emission rate E (Pg/kJ for particles and vcm3/kJ for
gases) of an appliance can be determined by solving Eq. 2 for S, divid-
ing it by the fuel consumption rate R (kJ/h), and letting T equal the
duration of appliance operation:

[C(T) - C(O)e-(a+k)T] VPaCo

s _V
E=g=x (@) T =(@HOT) -x s @

For gases, E in cm3/kJ can be converted to Pg/kJ by using the ideal gas
law. For calculations involving the above equations, the penetration

factor P was assumed to be 1.0 for gases and 0.4 for particles.11

Because average concentrations of the entire house are reduired “for
the model and for the determination of air exchange rates and pollutant
reactivity, this report frequently gives averages of the gas-phase pol-

lutant data from the three indoor locations (kitchen, living room, and



bedroom). This technique produces an estimate of the whole-house average

gaseous pollutant concentration every 24 minutes. -

The air exchange rate of the house was determined for each test by
taking a time-weighted average of the air ekchange rate computed during
both the rise and fall of the CO, concentration. The "rise" air exchange
rate was determined by using a generalized leas;-squares‘computer pro-
gram to fit the co, rise data to Eq. 2. Fbr this procedure we set P
equal to 1 and k equal to 0, and used the laboratory-derived source
strength of CO, (51,100 Pg/kJ x fuel consumption rgte). The "de;ay" air
exchange rate was also determined from Eq. 2 using generalized least
squares, but in this case the C02 source strength was zero. The differ-
ence between the decay and rise air exchange rates averaged Q.04 £+ 0.10

h~!, which is not significantly different from zero.

Test Description

Eighteen tests were conducted on four heaters. Two of the heaters
were tested under several air exchange>rates varying from 0.37 to 1.14
air changes per hour (ach). The average coefficient of variation of the
rise and decay air exchange rates was 10%Z, which gives a combined esti-
mate of the uncertainty in the air exchange rate measurements and/or -the
variation of the actual air exchange rates. A description of the basic
parameters of each test is contained in Table 1. Each test is given an
identification code that will be used throughout this report. The first
two numbers followed by a letter represent the specific heater used in
the study. The coding of the heaters is the same as that used in the
laboratory report.6 The first two numbers, when multiplied by 1000, are
the manufacturers’ heat input rating in ﬁnits of Btu/h (1.054 kJ/h); the
letter represents one of the three heater manufacturers, coded as A, B,
or C. The indoor/outdoor temperature difference when the UVGSH was
turned off varied from 4.6 °C (8.3 °F) to 22.6 °C (40.7 °F), values that
are typically encountered in real situations. Table 1 provides a con-

venient listing of the experiments but is not in chronological order,



RESULTS AND DISCUSSION

Pollutant, temperature, dew point, and wind speed data are graphi-

cally represented in Appendix B.

During the field tests it was observed that the pollutants mixed
rapidly throughout the house. This was presumably due to the convective
forces of the heater. For example, just before the UVGSH was turned
off, the kitchen, 1living room, and bedroom €0, concentrations were
within 147 of their mean for all tests and, on average, were within 87,
lending wvalidity to our use of whole-house average data throughout this

report.

It 1is useful to discuss the field results by pollutant because vari-
ous parameters affect individual pollutants differently (e.g., CO emis-
sions are very sensitive to tuning while CO2 emissions are not). It 1is
also useful to compare the observed pollutant levels to outdoor and/or
occupational guidelines because there are no promulgated residential air

quality standards.

Carbon Dioxide and Oxygen

The final measured concentrations and estimated steady-state concen-
trations of CO2 and O2 are listed in Tables 2 and 3, respectively. The
final concentrations represent the last whole-house measurement made
before the UVGSH was turned off. All final concentrations for CO2 and
095 less background levels, were within 117 and 20%, respectively, of
the theoretical values obtained using Eq. 2, the CO2 and 02 laboratory-
derived emission/consumption rates, and the COz—derived air exchange
rate, On average, the final values were within 4% of the theoretical

values for CO2 and 7% for 02.

In theory, steady-state concentrations are never reached. There-
fore, for all tests, the final pollutant value was a percentage of the
steady-state concentration. That percentage was theoretically deter-
mined by inserting the house air exchange rate, assumed to be constant
throughout each test, and the combustion time into Eq. 2. A "projected"

steady-state value was then determined from the final whole-~house



concentration. At least 77% of the projected steady state was reached
in every experiment except for the two short, two—hour experiments (Test

#30C-1, #12a-1).

Graphs of the projected steady-state concentrations for C02 and 0,
versus the house air exchange rate are shown in Figures 3 and 4, respec-—
,tively. The curved lines drawn on Figures 3 and 4 represent empirical
fits of the data to the reciprocal of the air exchange rate fof the
30A/30C heaters and the 16B heater. The curves, less background, are
straight lines in "log-log" space with an intercept equal to 1ln (S/V).
Because V is known, S was calculated. For C02, the emission rate (S =
fuel consumption rate) was calculated to be 51,600 Pg/kJ for the 30A/30C
heaters and 53,500 Pg/kJ for the 16B heater. These values are within 5%
of both the laboratory-derived emission rate of 51 100 Pg/kJ and the
theoretical emission rate, determined from the chemical composition of

the natural gas, of 51,000 Pg/kJ.

?he O2 consumption rates were analyzed from the data in Figere 4 in
a similar manner. The results show 0, consumption rates of 68,900 Pg/kJ
for the 30A/30C heaters and 65,200 Pg/kJ for the 16A heater. These
values are within 97 of the laboratory-derived 0, consumption rate of
70,900 Pg/kJ and within 117 of the theoretical 0, consumption rate of
73,200 pg/kJ.t
NOZ’ and NOx are shown in Appendix C.

The modeled concentrations of CO2 and O2 as well as CO,

Although the depletion of 0, at the levels observed is not expected
to be a health hazard, CO2 levels from some tests exceeded existing air
quality standards and guidelines. The U.S. Occupational Safety and
Health Administration (OSHA) has promulgated a time-weighted average CO2
occupational standard of 5000 ppm for an eight-hour exposure.12 The
American Society of Heating, Refrigerating, and Air Conditioning
Engineers, Inc. (ASHRAE) has recommended a co, "continuous guideline" of
2500 ppm.13 The steady-state CO2 levels generated from the 30A/30C
heaters are above the OSHA standard for all experiments below 0.8 ach
and above the ASHRAE guideline for every experiment. The stea&y-state
CO2 levels generated from the 16B heater approached the OSHA standard at
0.46 ach and exceeded the ASHRAE standard for all experiments below 0.9



ach.

Carbon Monoxide

The final measured CO concentrations were below 25 ppm, ranging from
1.0 to 23.2 ppm, with the exception of one test of a maltuned heater
(test 30A~9), in which concentrations reached 89.4 ppm. Table 4 1lists
the final CO concentrations measured before the heaters were shut off
and the projected steady-state concentrations. Projected steady-state
concentrations were caiﬁulated in the same manner as for CO2 and 02 and

are shown graphically in Figure 5.

As shown in our laboratory studies, carbon monoxide emission rates
are not constant from heater to heater or for an individual heater if
the air/fuel ratio changes. These facts necessitated a different

analysis strategy for CO than that used for CO2 and 02.

One of the primary goals of this study was to investigate the appli-
cability of short~term (10 to 30 minutes of combustion) laboratory-
derived emission rates to field conditions in which heaters were
operated for 1longer periods of time. To accomplish this task, "aver-
age'" CO emission rates were calculated from the field data by wusing a
constrained least—-squares technique on the rising portion of the pollu-—
tant profile. The source strength, S, of C0 was allowed to vary while
the air exchange rate was constrained to be the value determined using
CO2 and listed in Table 1. It was necessary to constrain the air
exchange rate because, at steady state, the generalized least-squares
technique cannot simultaneously separate the pollutant source strength
and the air exchange rate. Since we fix the first theoretical point to
be equal to the measured initial concentration, our procedure gives less
statistical weight to the early points than to the later points. Table
4 lists these "average'" emission rates (also called regression-derived

emission rates).

In addition to the "average'" emission rates determined by regres-
sion, estimates of the CO source strength were made between every two
whole-house CO data points (i.e., every 24 minutes except for the ini-

tial estimate). These estimates were made in two steps. First, the two



_ sequential whole-house CO and CO2 concentration estimates were inserted

into Eq. 3 as C(0) and C(T). (The other parameters in Eq. 3 were deter-
mined previously.) This step yielded "uncorreéted" CO and co, "semi-
continuous" emission rate values at 24-minute intervals., Second, the
uncorrected CO emissioﬁ rate values were adjusted by multiplying them by
thé ratio of”_51,100 Pg/kJ, ;he known CO, emission rate, and the
uncorrected C02 emission rate. This second step increased the accuracy
of our semi-continuous CO emission rate by reducing the effect of incom-
plete mixing since CO2 should mix in the same manner as CO., Incomplete

mixing was a pfoblem primarily that occurred before steady-state was

approached.

The results of this semi~continuous source strength analysis are
compiled in Appendix A and summarized in Table 4. Representative tests
are shown graphically in Figure 6. The results show that CO emissions
can change'with time. The initial emission rate of CO can differ greatly
from the regression-derived "average" emission rate or the final emis-
sion rate, defined as the average of the last three semi-continuous
emission rate points that are within the 1last 72 to 85 minutes of

combustion.

In general, the CO emission rate profiles were not monotonic (see
tests. 30A-2 ‘and 30A-6 on Figuré 6). This allows the possibility that
the average CO emission rate is not found between the initial and final
values. The factors that affect CO emission rates over time are not
well understood. 1t appears that the CO emission rate during some
heater tests drops after an initial warm-up period (see tests 30A-2,
30A-6, 30C-1, and 12A-1 in Figure 6). After the warm-up period, chang-
ing 02, COZ’ and HZO concentrations may also affect the temporal CO
emission rate profile by slightly changing flame temperature or other
characteristics. This may explain the rise in the CO emissiqn rate for
the 30A-2, 30A-6, and 30C-1 tests between approximately 20 and 90

minutes.

The regression-derived emission rates of the 30A heater under well-
tuned conditions ranged from 2.4 to 16 Pg/kJ. This is lower than the 25

Pg/kJ measured in our laboratory tests with a combustion time of



épprokimately 10 minutes. - However, thé average of the initial CO emis-
sion rates was 25 %+ 6 Pg/kJ, which agrees well with our laboratory test

results.

The 30A "closed shutter" tests (30A-6, 30A-7, and 30A-8) showed
dramaticaliy lower field CO emission rates than did the laboratory test.
The field rates varied from 18.8 to 57.7 Pg/kJ, whereas the laboratory
rate was 159 Pg/kJ. Part of this discrepancy can be attributed to the.
reduction of the CO emission rate with time, but it appears that, with
the air shutter closed, the 30A heater emitted less CO in the field than

in the laboratory.

The regression-derived CO emission rate and initial CO emission rate
of the 30A under the excess air condition (shutter 69% open) of 620
Pg/kJ and 780 Pg/kJ, respectively, were above the 1laboratory-derived
emission rate of 517 Pg/kJ under the fully open shutter condition.
Although this comparison is not fully justified due to the different
shutter settings, it illustrates that high CO emissions can be obtained

at shutter openings greater than 69%.

The CO emission rates of the 16B heater were stable over time, espe-
cially when compared to those of the other heaters. The laboratory emis-
sion rate of 190 Pg/kJ appears to agree more with the emission rates
determined from the tests conducted in the bedroom (tests 16B-3 through
16B-7) than with the tests conducted in the living room (tests 16B-~1 and
168-2). The mean of the regression-~derived emission rates for tests
16B-3 through 16B-7 was 200 + 10 Pg/kJ, and the mean of the initial
emission rate wvalues was 200 + 30 Pg/kJ, which illustrates this agree- -

ment.

The regression-derived CO emission rate of the 30C heater was 12
Pg/kJ; the initial rate was 15 Pg/kJ. For the 12A heater the initial CO
emission rate of 130 Pg/kJ was consistent with the 1laboratory rate of
114 Pg/kJ. The "average" and final emission rate values were much
lower, demonstrating the large change over time in the CO emission for

this heater.

-10-



Carbon monoxide emission rates can vary substantially from heater to
heater, from test to test, and with time. The reasons for the variation
in CO emission rates are not well understood, but clearly tuning (i.e.,
the air/fuel ratio) plays a major role in the variations observed within
tests of a single heater. It is also apparent that the CO levels in a
house with a UVGSH can exceed outdoor long-term and short-term stan-
dards. Nine of the 18 tests had projécted steady-state CO levels that
exceeded the Environmental Protection Agency’s eight—hour standard of 9
ppm.14 Seven of these tests were conducted with the 16B . heater. The
EPA’s one~hour standard was ekceeded once when using the 30A heater

under the excess airv(maltuned) condition.

Nitrogen Oxides

The measured and calculated results for NO, NOZ’ and NOx are
reported in- Tables 5, 6, and 7, respectively., Observed levels ranged
from 0.00 to 5.14 ppm for NO; 0.23 to 1.35 ppm for NO,; and 1.21 to 6.36
ppm for NO . To compare the pollutant levels observed in the field with
those based on short-term (10 to 30 minutes of combustion) laboratory
tests, it was neceséary to derive "average" field emission rates and
semi~continuous emission rates for NO, N02, and N (of NOx). This was
accomplished in a manner similar to that used for CO, with the exception
that a reactivity term was needed. The reactivity, as defined by our
model, 1is the net first—-order rate of removal of a pollutant by means
other than air éxchange. Therefore, the difference between the decay
rate of a reactive pollutant and that of an unreactive pollutant (e.g.,
COZ) after the source is turned off yields the first-order reactivity
rate. 1t was assumed that reactivity rates measured during the pollutant
decay periods applied throughout the test. Measured reactivities are
listed in Tables 5, 6, and 7. .

The average reactivity rates for NO and NO_, 0.04 + 0.08 hl and
0.08 + 0.08 h-l, respectively, are similar to those observed by Traynor
E£“E£°5 in the same house using a gas—-fired range as the pollutant
source, but the NO2 reactivities were much lower than those reported
earlier. The average NO2 reactivity of the tests in this report was
0.20 %+ 0.13 h™! whereas the earlier study reported 1.29 + 0.67 nl,

-11-



Major differences between the two studies are that the earlier study
boiled water during the test and that the interior of the house was
painted between the two studies, suggesting that water vapor or the NO2
deposition rate on painted surfaces may play a role in the overall NO2
reactivity rate. However, there was not a major difference between the

average relative humidity levels of the two studies.

Using calculated reactivity rates and the air exchange rate made it
possible to determine how close our final whole-house concentration
measurement was to steady state. The N02vlevels for the 30A and 16B
heater tests reached between 83.4% and 99.9% of steady state (see Table
6). Projected steady-state levels were calculated and are shown in Fig-

ure 7.

The semi-continuous emission rate data for NO, NOZ’ and N (of NOX)
are listed in'Appendix A and summarized in Tables 5, 6, and 7. Selected
tests are shown graphically in Figure 8 for No, and Figure 9 fpr N (of
NOX). For N (of NOx), there is a consistent trend where the emission
rate increases for an initial warm-up period, peaks between approxi-
mately 15 and 60 minutes of operation, then gradually decreases with
time. Although not all the factors that affect the temporal N (of NOX)
emission rate profile are known, it appears to be affected by at least
two phenomena. First, the N (of NOX) emission rate rapidly increases
while the heater is warming up and presumably, the flame temperature is
increasing. Second, the N (of NOx) emission rate decreases as the O2
level decreases and the COZ’ H20, and other combustion product concen-
trations increase. This change in supply air composition may cause
cooling of the flame, thus accounting for the general decrease in the N
(qf NOx) emission rate. Although consistent with the temporal CO emis-
sion rate profile of some tests, this explanation is speculative, and
further research is needed to test such a hypothesis. The NO, temporal
emission rate profiles are more complicated than those of No, probably
because the NO2 emission depends on many factors while the NOx emission

rate is driven primarily by the flame temperature.
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The mean of the regression-derived emission rates for N (of Nox)
from the '30A, heater under well-tuned conditions was 15.7 + 2.2 Pg/kJ,
which is slightly above the laboratory rate of 13.6 Pg/kJ. The initial
emission rates for the same tests averaged 13.7 + 1.4 Pg(kJ, a value
closer to the laboratory-derived rate. The mean of the regression-
derived NO, emission rates for these tests was 7.5 + 1.9 Pg/kJ, which
was lower than the laboratory rate of 11.4 Pg/kJ. ‘However, the initial
NO, emission rate, averaging 10.4 + 3.0 Fg/kJ, is more consistent with

the laboratory rate.

Similar results were obtained from the excess-fuel tests with the
30A heater (tests 30A-6, 30A=7, 30A-8). The average initial emission
rate for N (of NOx), 11.1 £ 0.3 Pg/kJ, is closer to the laboratory rate
of 11.2 Pg/kJ than is the mean of the regression-derived emission rates,
12.8 = 0.7 Pg/kJ. And the average initial NO2 emission rate of 11.6 +
2.2 Pg/kJ is closer to the laboratory rate of 13.7 Pg/kJ than is the

mean of the regression-derived emission rates, 9.0 = 1.7 Pg/kJ.

When the 30A heater was operated with the air shutter 697 open, no
increase in NO levels wés observed; thus the emission rate for NO was
below 0.1 Pg/kJ, which agrees with the laboratory-derived emission rate
of 0.04 Pg/kJ when the heater air shutter was 100% open. The initial N02
and N (of NOX) emission rates of 3.0 Pg/kJ and 9.7 Pg/kJ, respectively,
- were within 20%7 of the laboratory rates of 3.4 Pg/kJ for NO, and 11.5
Pg/kJ for N (of NOX). However, the NO, and N (of NOy) "average'" and

final emission rates were approximately twice the initial value.

The average initial NO, NOZ’ and N (of NOx) emission rates for tests
16B~1 through 16B-7 were 16.3 %+ 3.6 Pg/kJ, 18.3 + 2.8 Pg/kJ, and 13.2 ¢
2.4 Pg/kJ, respectively, and agreed with the laboratory-derived rates of
13.9 Pg/kJ, 18.1 Pg/kJ, and 12.3 Fg/kJ for NO, NO,, and NO_, respec-
tively. The regression-derived NO emission rates averaged 20.4 %+ 3.4
Pg/kJ, approximately 25%7 higher than the initial emission rate. The
regression-derived NO, emission rates averaged 17.8 + 1.9 Pg/kJ, about

the same as the initial values.
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Results from the 30C and 12A heater tests showed high initial NO2
emission rates and low initial NO emission rates compared to the "aver-
age'" rates. The laboratory-derived emission rates for NO and NO, emit-
ted from the 30C heater were 19.3 Pg/kJ and 9.6 Pg/kJ, respectively,
below initial NO and NO, gmission rates of 24.1 Pg/kJ and 12.0 Pg/kJ,
respectively. The laboratory-derived emission rates from the 12A heater
were 9.6 Pg/kJ for NO and 19.7 Pg/kJ_for NO,, similar to the initial
field emission rate values of 8.4 Pg/kJ for NO and 19.0 Pg/kJ for NOZ'

Of NO, Noz, and NOX, only NO2 is regulated by outdoor standards.
The only outdoor short-term NO2 standard promulgated by a state or
federal agency is the California short-term standard of 0.25 ppm for a
one~hour average.15 The projected NO2 steady-state concentrations
exceeded the California one-~hour standard for every test (see Figure 7).
All but one of the measured final NO2 concentrations also exceeded the
California short~term NO2 standard. The lone exception was for test
12A-1, 1in which the UVGSH consumed only 9510 kJ/h and was operated for
only two hours. The final NO2 level reached in test 12A-1 was 0.23 ppm,

just below the California short-term standard.

Particulates and Formaldehyde

Particulate and formaldehyde concentrations were generally low. The
highest sustained submicron particulate concentration was approximately
4 r.lg/m3 during test 30A-1. This value is well below the long-term EPA

outdoor standard of 75 rxg/m3 for total suspended particulates.14

Of all the tests in which formaldehyde was measured, only one (test
30A-9) had formaldehyde levels above the most stringent of formaldehyde
standards, 0.10 ppm.16 A concentration of 1.3 ppm was reached during
that test. It was also the test that produced high CO levels and the
only test conducted with a heater under excess air (maltuned) condi-
tions. An estimate of the HCHO emission rate was made by assuming a
reactivity rate of 0.4 h~! based on earlier chamber studies.11 The field
HCHO emission rate was 14 Pg/kJ, which is lower than the 20.3 Pg/kJ
measured in the laboratory with the shutter 1007 open. There were
insufficient data to calculate semi-continuous emission rates for HCHO.

Since the shutter on test 30A-9 was only 697 open, the two values are
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consistent.

Additional Discussion

One of the more interesting observations made from this study was
the very rapid mixing that occurred during all tesﬁs, as demonsﬁrated by
the similar pollutant concentrations observed at the kitchen, 1living
room, and bedroom monitoring sites throughout the tests (see Appendix
B). This even occurred durihg tests conducted in a bedroom with the
door open. In general, the attainmeﬁt of uniform temperature in various
parts of the house was not as rapid. This is explained by the thermal
storage in the walls and other interior surfaces that can buffer changes

in temperature,

Because the air in the house mixed rapidly, our model’s assumption
of well-mixed air is a good one. On the other hand, our assumption that
the source strength and emission rates from UVGSHs are constant is not
'always met. When the assumption of a constant source strength is met,
the field and laboratory results are in good agreement. When the emis-
sion rates are not constant, the initial field emission rates usually
agree with the laboratory~derived rates. The assumption of a constant
source strength is appropriate for CO2 and 02, but, in general, is less
appropriate for CO, NO, NOZ’ and NOX. However, the modeled final pollu-
tant concentrations for. CO, NO, NOZ’ and NOx using the regression-
derived emission rates were, on average, within 107 of the measured
value. The regression~derived emission rates, which yield average emis-
sion rates over an extended period of time, may be more useful than ini-
tial or final emission rates in the absence of information about consu-

mer usage patterns.
CONCLUSIONS

The two primary goals of this study were to determine if
laboratory-derived emission rates were applicable to a field situation
and to determine actual indoor pollutant levels caused by wusing an
unvented gas-fired space heater in a real house. With respect to the
first goal, results showed that short-term laboratory emission rates

are, 1in general, applicable to initial field emission rates. However,

-15~



they are not generally representative of long-term emission rates except
when the emission rates are constant over time, such as for C02 and 02.
For some heaters, under certain tpning conditions, CO, NO, and NOZ may
also be reasonably constant. For those conditions under which NO, NOZ’
NOX, and CO emission rates are not constant with time, the use pattern
~of the UVGSH becomes an important factor in determining pollutant con-
centrations. However, using a single long-term emission rate value can
adequately characterize pollutant concentrations near steady state.
This study also confirmed the importance of the effect of tuning on

emission rates. This holds true especially for CO, NOZ’ and HCHO.

With regard to the second goal, we observed levels of CO2 and NO2 at
or above existing standards or guidelines during most controlled field
tests., NO2 levels were consistently higher than the California one-hour
outdoor NO2 standard (0.25 ppm).lsv CO levels were often observed to be
above over the EPA eight-hour standard (9 ppm)14 under well-tuned condi-
tions and once were observed to be over the EPA one-hour standard (35
ppm)14 under a maltuned condition, C02 levels were above the OSHA occu-
pational eight-hour standard (5000 ppm)12 when the 31,600 kJ/h (30,000
Btu/h) heaters were operated with a ventilation rate less than 0.8 ach.
HCHO levels greatly exceeded the American Industrial Hygiene
Association’s guideline (0.10 ppm)16 during one maltuned test, but were
low in all other cases. The lowest projected steady—state'o2 level dur-

ing the field tests was 19.08%; all measured levels were above 19.48%.

Based on NO2 findings alone, we must conclude that UVGSHs may pose a
potential threat to the health of occupants of houses where such appli-
~ ances are used. Depending on such factors as heater size, state of
tune, house volume, house air exchange rate, and heater use pattern,
occupant exposure to other pollutants such as C02, CO0, and HCHO may also
exceed: current recognized health standards and may pose an additional

health hazard.
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Table 1. Description of Controlled Field Tests.
Alr Duration Fuel? Indoor/outdoorb Alr
exchange of consumption temperature shutter State

Test Heater rate combustion rate difference setting of
code  location (hh (min) (k3/h) (°c) (% open) tune
30A-1 1living room 0.37 270 31,300 19.0 18 well-tuned
30A-2 1living room 0.49 270 31,200 19,2 18 well-tuned
30A-3 1living room 0.57 508 31,600 22.6 18 _ well-tuned
30A-4 1living room 0.69 300 31,500 20.4 18 well-tuned
30A-5 1living room  1.08 270 31,200 14.6 18 well-tuned
30A-6 1living room 0.45 300 31,700 21.8 0 excess fuel
30A-7 1living room 0.57 402 31,300 16.8 0 excess fuel .
30A-8 1living room 0.70 377 31,400 18.0 0 excess fuel
30A-9 1living room 0.76 300 31,900 18,6 69 excess air
16B~-1 1living room 0.46 300 16,900 4.6 66 well-tuned
16B-2 1living room 0.64 300 16,900 8.7 66 well-tuned
16B~-3 bedroom 0.47 300 16,800 15.8 66 well-tuned
16B~4 bedroom 0.52 346 16,600 12.8 66 well-tuned
16B-5 bedroom 0.61 300 16,800 14.9 66 well~-tuned
16B-6 bedroom 0.79 300 16,800 7.3 66 well-tuned
16B-7 bedroon 1.14 300 16,800 14.6 66 well-tuned
30C-1 1living room 0.36 120 31,200 10,9 90 well-tuned
12A-1 1living room 0.39 120 9,510 5.8 25 well-tuned

8Heat content of natural gas used = 31,4 kJ/L.-

bAverage of kitchen, living room, and bedroom values

minus the outdoor value; computed at end of combustion.



_Oz_

Table 2. Carbon Dioxide Results from Controlled Field Tests.

Elapsed®
Alr time to Measured” Projected Modeledd
exchange final final Theoretical® steady state final Model®

Test rate concentration CO2 % of €0, Cco error
code (x~h (min) (ppm) steady state (ppm) (ppm %)
30A-1 0.37 245 8,150 77.9 10,400 8,340 2.4
30A-2 0.49 250 6,810 87.0 7,780 7,130 4.9
30A-3 0.57 488 7,120 99.0 7,190 7,220 1.5
30A-4 0.69 274 5,460 95.8 5,680 5,720 5.1
30A-5 1.08 251 3,810 98.9 3,850 3,860 1.4
304-6 0.45 274 7,720 87.2 8,800 7,820 1.4
30A-7 0.57 388 7,150 97.5 7,330 7,070 -1.2
30A-8 0.70 370 5,940 98.7 6,010 5,920 ~0.4
304-9 0.76 273 5,150 96.9 5,300 4,780 -7.7
16B-1 0.46 274 4,490 87.8 5,070 4,220 -6.5
16B-2 0.64 273 3,370 94.6 3,540 3,290 -2.6
16B-3 0.47 275 4,290 88.4 4,800 4,250 -1.,0
16B-4 0.52 321 3,820 92.8 4,090 4,040 6.3
16B-5 0.61 274 3,650 93.8 3,870 3,450 -6.0
16B-6 0.79 275 2,990 97.3 3,060 2,860 -4.9
168-7 1.14 274 1,920 99,5 1,930 2,090 11
30C-1 0.36 106 5,420 47.1 11,100 5,360 -1.2
12a-1 0.39 106 1,770 49.8 3,230 1,840 4.8

3Time from ignition to last whole-house average concentration during combustion,

b

for all tests was 320 + 30 ppm.

Last whole-house average concentration during combustion,

Average background C02 concentration

‘a - e_at) x 100 where a is air exchange rate and t is elapsed

combustion time.

dCalculatéd concentration at time of last whole-house average concentration during combustion

-using indoor air quality model; used €O, emission rate of 51,100 Pg/kJ (laboratory average).

€ Error of modeled final CO2 concentration compared with measured final CO, concentration,

Background (outdoor) level was subtracted before error calculations were made.



._'[Z_.

Table 3. Oxygen Results from Controlled Field Tests.

Elapseda ) d
Alr time to Measuredb Projected Modeled

exchange rinal final Theoretical® steady state ~ final Model®
Test rate concentration 0 Z of 0 V] error
Code (h™%) (min) (i3 steady state (is (fs (2)
30A-1 0.37 245 19.48 7.9 19.08 19.35 9,0
30A-2 0.49 250 19.60 87.0 19.40 19.53 5.3
30a-3 0.57 488 19.77 99.0 19.75 19.61 14
30A-4 0.69 274 19.90 95.8 19.86 19.91 -1.0
30A-5 1.08 251 20.29 98.9 20.28 20,28 1.6
30A~-6 0.45 274 19.45 87.2 19.24 19.41 2.7
30A-7 0.57 388 19.57 97.5 19.54 19.62 =3.7
30A-8 0.70 370 19.89 98,7 19.88 19.86 2.9
30A-9 0.76 273 20,02 96.9 19.99 20,01 1.1
16B-1 0.46 274 20,08 87.8 19.97 20.17 -11
16B-2 0.64 273 20.37 94.6 20,34 20.35 3.6
16B-3  0.47 275 20.17 88.4 20.08 20.12 6.7
16B-4 0.52 321 20.26 92.8 20,21 20,22 6.1
16B-5 0.61 274 20.32 93.8 20,20 20.35 -5.0
16B-6 0.79 275 20.48 97.3 20,47 20.48 0.0
16B-7 1.14 274 20.67 99.5 20,67 20.62 20
30C-1 0.36 106 20.08 47.1 19.16 19.99 11

12A-1 0.39 106 20.71 49.8 20.53 20.72 -4.8

3Time from ignition to last whole-house average concentration during combustion.

bLast whole-house average concentration during combustion. Average background Oi concentrations
for all tests was 20.92% + 0.05%.

¢(1 - e~3t) x 100,

dCalculated concentration at time of last whole-house average concentration during combustion
using indoor éir quality model; used 02 consumption rate of 70,900 Pg/kJ (laboratory average).
€ Error of modeled final 02 concentration compared with measured final 02 concentration.

Background (outdoor) level was subtracted before error calculations were made,
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Table 4. Carbon Monoxide Results from Controlled Field Tests,

Elapsed? N "average"d Init1al® Finalf :
Alr time Measured Projected Cco Cco co Modeled®
exchange to final final Theoretical® steady state emission emission emission final Modell

Test rate concentration Cco % of Cco rate rate rate co error
code (™ (min) (ppm) steady state (ppm) (Pg/kJ) (Pg/kJ) (rg/kJ) (ppm) %)
30A-1  0.37 245 4,1 17.9 5.1 16 29 14 3.9 -4.9
30A-2 0.49 250 3.8 87.0 4.2 15 32 18 3.4 -11
30A-3  0.57 488 1.0 99.0 1.0 2.4 17 4.7 0.9 -10
30A-4  0.69 274 1.5 95.8 1.6 8.7 27 9.1 1.8 20
30A-5 1.08 251 1.5 98.9 1.6 12 19 13 1.6 6.7
30A-6  0.45 274 8.3 87.2 9.5 34 110 36 8.1 -2.4
30A-7  0.57 388 12.4 97.5 12.8 58 100 58 11.7 -5.6
30A-8 0.70 370 2.8 98.7 2.8 19 62 14 3.1 11
30A-9 0.76 273 - 89.4 96.9 92.4 620 780 590 92.0 2,9
16B~1 0.46 274 17.9 87.8 20.3 140 92 140 16.8 -6.1
16B-2 0.64 273 15.3 94.6 16.1 160 120 160 14.5 -5.2
16B-3  0.47 275 23.2 88.4 26.2 210 250 190 24.4 5.2
16B-4 0.52 321 20.5 92.8 _ 22.0 200 170 190 21,2 3.4
16B-5 0.61 274 19.1 93.8 20.3 190 200 190 18.5 -3.1
168-6 0.79 275 . 16.8 97.3 17.3 190 180 190 15.4 -8.3
168-7 1.14 274 10.9 99.5 . 11,0 220 210 220 12,4 14
30C-1 0.36 106 ' 2.3 47.1 4.5 12 15 8.3 1.8 =22
12A-1  0.39 106 1.9 49.8 3.1 32 130 4.9 2.2 16

3Time from ignition to last whole-house average concentration during combustion.

bLast whole-house average concentration during combustion. Average background CO concentration
is 0.40 + 0.24 ppm.

€(1-e™2%) x 100.

dDetermined by generalized least squares,

®First emission rate value within 5 to 11 minutes of ignition.

fTime—weighted average of three emission rate values within 72 to 85 minutes of end of combustion.

8Calculated concentration at time of last whole-house average concentration during combustion
using indoor air quality model; used "average" CO emission rate listed on this table.

MError of modeled final CO concentrations compared with measured final CO concentration.
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Nitric Oxide Results from Controlled Field Teéts._

Table 5.
Elapsedb "Average Initialf  Final® h
Alr time Measured® Projected NO NO NO Modeled 1
exchange Reactivitya, to final final Theoreticald steady state emission emission emission final Model
Test rate T concentration NO Z of NO rate rate rate NO error
code (™ (h™h) (min) (ppm) steadv state (ppm) (Pg/kJ)' (PB/kJ) (PS/kJ) (ppm) (xX)
30A-1°  0.37 0.09 245 5.14 84,7 6.07 29.8 21.7 24.5 5,78 12
30A-2  0.49 -0.03 250 4,70 85.3 5.51 26.8 25.1 22,2 5.28 12
30A-3  0.57 -0.02 488 4.60 98.9 4,65 26.5 22,1 22.9 5.17 12
30A-4 0.69 -0.06 274 3.59 96.7 3.71 25.0 21.8 25.6 4,08 14
30A-5 1.08 0.11 251 2,94 99.3 2.96 35.3 22,4 33.2 3.07 4.4
30A-6  0.45 0.06 274 3.62 90.3 4,01 20.6 16.3 17.0 3.96 9.4
30A-7  0.57 0.06 388 3.24 98.3 3.30 21.7 15.2 19.5 3,71 14
30A-8 0.70 0.09 370 3.03 99.2 3.05 22.3 16.9 21.1 3.33 9.9
30A-9 0.76 - 273 <0,01 - - <0.1 <0.1 <0.1 - -
16B-1 0.46 0.02 217 2,07 89.1 2,32 20.5 13.5 17.0 2.18 5.3
16B-2  0.64 -0.04 273 1.55 93.5 1.66 18.0 10.9 15.8 1.62 4.5
16B-3 0,47 0.12 275 1.99 93.3 2.13 22.6 22.3 20.2 2.11 6.0
16B-4  0.52 -0.06 321 1.82 91.5 1.99 17.1 15.5 15.4 2.00. 9.9
16B-5 0.61 0.07 274 1.81 95.5 1.89 21.5 17.9 20.8 1.73 -4.4
16B-6 - 0.79 -0.09 275 1.41 96.0 1.47 17.0 15.9 16.1 1.38 =2.1
16B-7 1.14 0.22 274 1.02 99.8 1.02 26.3 18.0 27.3 1,10 7.8
30C-1 0.36 0.08 106 3.67 54.0 6.79 29,0 24.1 26,6 3.77 2.7
12A-1  0.39 ~0.01 106 0.98 48.9 2,00 24,2 8.4 27,0 0.99 1.0

2Mean = 0.04 + 0.08 h™!,

b,

€Last whole-house average concentration during combustion.

d(1 - e~(a + )ty 4 100,

€Determined by generalized least squares.

fFirst emission rate value within 5 to 1}l minutes of ignition.

Time from ignition to last whole-house average concentration during combustion.

8Time-weighted average of three emission rate values within 72 to 85 minutes of end of combustion.

hCalculated concentration at time of last whole-house average concentration during combustion using indoor air quality model;

used "average" NO emission rate listed on this table.

1Error of modeled final NO concentration compared with measured final NO concentration.

Average background concentration = 0.01 + 0.01 ppm.
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Table 6.

Nitrogen Dioxide Results from Controlled Field Tests,

Elapsedb "Average"e Initlalf Final® h
Alr time Measured® Projected NO, No, No, Modeled 1
exchange Reactivity?, to final final Theoretical™ steady state emission emission emission final Model
Test rate kl concentration No, X of NO, rate rate rate NO, error
code (h™ ) (h™%) (min) (ppm) steady state (ppm) (Pg/kJ) (Pg/kJ) (Pg/kJ) (ppm) %)
30A-1 0.37 0.07 245 1.22 83.4 1.46 10.1 13.4 8.2 1.26 3.3
30A-2 0.49 0.02 250 0.99 88.1 1.12 8.6 13.3 7.2 0.96 ~-3.0
30A-3 0.57 0.20 488 0.58 99.8 0.58 6.0 6.3 4.4 0,44 =24
30A-4 0.69 0.03 274 0.48 96.3 0.50 S.4 9.2 4.5 0,48 0.0
30A-5 1.08 0.12 251 0.43 99.3 0.43 7.4 9.7 6.1 0.39 -9.3
30A-6 0.45 0.20 274 0.79 94.9 0.83 8.1 11.4 6.1 0.76 -3.8
30A-7 0.57 0.29 388 0.82 99.6 0.83 10.9 13.9 9.3 0.83 1.2
30A-8 0.70 0.40 370 0.51 99.9 0.51 7.9 9.5 6.0 0,42 - -18
30A-9 0.76 0.42 273 1.35 99.5 1.36 20.0 9,7 21.0 1.37 1.5
16B~1 0.46 0.32 274 0.86 97.2 0.88 17.9 15.7 16.3 0.81 -5,.8
16B-2 0.64 0.25 273 0.66 98.3 0.67 15.8 16.1 14.1 0.63 -4.5
168-3 0.47 0.35 275 0.90 97.7 0.92 20,5 23,5 18.6 0.91 1.1
16B~4 0.52 0.19 321 0.99 97.8 1.02 20.3 20.3 19.5 1,02 3.0
16B-5 0.61 0,27 274 0.76 98.2 0.77 17.0 17.2 16.0 0.69 -9,2
16B~6 0.79 0.16 275 0.64 98.7 0.65 16.0 18.8 12.5 0,58 -9.4
16B-7 1.14 0.20 274 0.45 99.8 0.45 17.2 16.7 16.1 0.48 6.7
30C-1 0.36 0.05 106 0.54 51.5 1.02 7.4 12.0 4.4 0.64 19
12a-1 0.39 0.04 106 0.23 53.2 0.40 8.6 19.0 6.9 0.22 ~4,3

8Mean = 0.20 + 0.18 h™ 1,

b.

€Last whole-house average concentration during combustion,

d() - ela + K)ty 4 j00.

®Determined by generalized least squares.

f

First emission rate value within 5 to 11 minutes of ignition. .

Time from ignition to last whole-house average concentration during combustion.

Average background concentration = 0,03 + 0.0]1 ppm,

gTime-weighted average of three .emission rate values within 72 to 85 minutes of end of combustion,

hCalculated concentration at time of last whole-house average concentration during combustion using indoor air quality model;

used "average" NO, emission rate listed on this table.

lgrror of modeled final NO2 concentration compared with measured final NO2 concentration.
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Table 7.

Nitrogen Oxides Results from Controlled Field Tests.

Elapsedb “Average"® Initialf Final® h
Alr time Measured® Projected N (of NOx) N (of NOx) N (of NO,) Modeled i

exchange Reactivitya, to final final Theoretical steady state emission emission emission final Model
Test rate kl concentration NO, X of NOx rate rate rate No, error
code (™) (n™4 (min) (ppm) steady state (ppm) (Pg/kJ) (Pg/kJ) (Pg/kJ) (ppm) (%)
30A-1 0.37 0.09 245 6.36 84,7 7.50 17.0 14.2 13.9 7.04 11
30A-2 0.49 -0.03 250 5.68 85.3 6.65 15.1 15.8 12.5 6.24 9.9
30A-3 0.57 0.01 488 5.18 99.1 5.23 14.2 12.2 11.4 5.60 8.1
30A-4 0.69 -0.05 274 4,07 94,6 4,30 13.3 13.0 13.3 4,56 12
30A-5 1.08 0.11 251 3.46 99.3 3.48- 18.7 13.4 17.3 3.46 0.0
30A-6 0.45 0.09 274 4.52 91.5 4.83 12.1 11.1 9.8 4,72 6.8
30A-7 0.57 0.11 388 4.06 98.8 4,11 13.4 11.3 11.9 4.53 12
30A-8 0.70 0.13 370 3.54 99.4 3.56 12.8 10.8 11.9 3.75 5.9
30A-9 0.76 0.24 273 1.35 98.9 1.36 6.1 3.0 6.4 1.37 1.5
16B~1 0.46 0.10 274 2.93 92,2 3.17 15.0 11.1 12.9 2,98 1.7
16B-2 0.64 0.03 273 2,21 95.3 2,32 13.2 10.0 11.7 2,24 1.4
16B-3 0.47 0.18 275 2.88 94.9 3.03 16.8 17.5 15.1 3.02 4.9
16B~4 0.52 0.02 321 2.81 94,4 2.97 14.2 13.4 13.2 3.02 7.5
16B-5 0.61 0.12 274 2.56 96.4 2.65 15.2 13.6 14.6 2.41 -5.9
16B~-6 0.79 -0.02 275 2,04 97.1 2,10 12,8 13.1 11.3 1.95 =4.4
16B-7 1.14 0.22 274 1.47 99.8 1.47 17.5 13.5 17.6 1.58 7.5
30C-1 0.36 0.08 106 4,21 54,0 7.76 15.8 14.9 13.7 4,41 4.8
12a-1 0.39 0.00 106 1.21 49.8 2.39 13.9 9.7 14.7 1,21 0.0

8Mean = 0.08 + 0.08 h™ ',

1

bTime from ignition to last whole-house average concentration during combustion,

®Last whole-house average concentration during combustion.

d1 - e~(a + )ty 4 00,

€petermined by generalized least squares.

f

First emission rate value within 5 to 1l minutes of ignition.

Average background concentration = 0,04 + 0.01 ppm.

gTime-weighted average of three emission rate values within 72 to 85 minutes of the end of combustion.

Bealculated concentration at time of last whole-house average concentration during combustion using indoor

air quality model; used "average" N (of NO ) emission rate listed on this table.

lError of modeled final NOx compared with measured final NO, concentration,.
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APPENDIX A

Semi-continuous emission rate data for CO, NO, NOZ’ and NOX.

Cco NO NO2 N (of NOX)
Time emission emission emission emission
Test interval rate rate rate rate

code | (min) (pg/kJ) (,ug/kJ) (pg/kJ) (pg/kJ)‘

30A~-1 0-5 29 21.7

13.4 14,2
5-29 15 33.4 11.6 19.1
29~53 * 31.6 8.5 17.3
53-77 14 29.0 6.4 15.5
77-125 18 28.3 10.5 16.4
125-149 8.7 28.8 9.8 16.4
149-173 7.5 25.4 8.2 14.3
173-197 16 24,5 8.3 13.9
197-245 18 23.7 8.1 13.5
30A-2 0-10 32 25.1 13.3 15.8
10-34 6.4 39.2 10.8 21.6
34-58 11 36.4 9.0 19.7
58-82 17 32.1 6.7 17.0
82-106 19 25.7 5.0 13.5
106-130 * 20.0 9.2 12.1
130-154 * 20.7 8.1 12.1
154-178 20 23.7 8.5 13.6
178-202 19 . 23.5 8.1 13.4
202-226 15 20.4 7.6 11.8
226-250 21 22.6 5.7 12.3
30A-3 0-8 17 22.1 6.3 12.2
8-32 1.1 35.9 5.5 18.5
32-56 3.4 31.1 4.6 15.9
56-80 4.6 31.1 4.2 15.8
80-104 3.5 28.6 4,1 14.6
104-128 4,7 28.6 2.1 14.0
128-152 6.0 26.9 8.5 15.1
152-176 4.4 24.3 6.8 13.4
176-200 A 23.7 5.1 12.6
200-224 - 3.4 24.6 6.5 13.4
224=248 4.4 24,3 4.7 12.7
'248-272 4,7 24.8 4.8 13.1
272-296 3.3 23.3 4.5 12.2
296-320 4.4 23.0 4.3 12.1
320-344 5.8 22.3 3.8 11.5
(Cont.)
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co NO NO2 v N (of NOX)
Time emission emission emission emission
Test interval rate rate - rate rate

code (min) (Pg/kJ) (Pg/kJ) (Pg/kJ) (Pg/kJ)

30A-4 0-11 27 21.8 9.2 13.0
11-35 * 35.5 5.9 18.4
35-59 13 27 .6 4.4 14.2
59-83 13 28.6 4.8 14.8
83~-107 9.9 27.0 4.9 14.1
107-131 8.6 25.7 4.9 13.5
131-155 7.9 26.7 4.8 14.0
155-179 5.1 28.8 5.1 15.0
179-203 11 25.5 4.6 13.3

203-227 13 26.6 S.4 14.1
227-251 9.4 25.3 3.6 12.9
251-275 5.0 24.9 4.6 13.0

30A-5 0-10 19 22.4 9.7 13.4
10-34 8.4 39.4 7.6 20.7
34-58 16 35.7 6.4 18.6
58-82 10 35.2 7.3 18.7
82-106 9.3 36.5 6.7 19.1
106-130 9.5 34.0 6.9 18.0
130-154 15 : 31.4 5.8 16.4
154-178 15 32.6 6.1 17.1
178-202 11 - 33.1 6.7 17.5
202-226 17 31.9 5.3 16.5
226-250 11 34.6 6.3 18.1

30A-6 0-10 110 16.3 11.4 11.1
10~-34 12 24.5 8.3 14.0
34~58 22 21.8 7.0 12.3
58-82 29 23.1 7.9 13.2
82-~106 30 22.0" 7.2 12.4
106-130 31 20.7 7.3 11.9
130-154 31 17.8 9,2 11.1
154~178 35 20.0 7.7 11.7
178-202 40 19.0 8.0 11.3
202-226 38 16.7 6.5 9.8
226-250 35 © 16.4 5.4 9.3
250-274 39 18.0 6.3 10.3

(Cont.)

-36-



Cco NO NO2 N (of NOx)
Time emission emission emission emission
Test interval rate rate rate rate

code (min) (|ug/kJ) (Pg/kJ) ' (flg/kJ) (Pg/kJ)_

30A-7 0-7 100 15.2 13.9 11.3

7-31 47 23.7 11.7 14.6
31-55 49 23.6 11.0 14.4
55-79 42 22.5 10.4 13.6
79-103 50 23.1 10.6 14.0
103-127 57 - 22.8 10.6 - 13.8
127-151 61 21.0 10.4 13.0
151-175 57 21.9 10.0 13.2
175-199 58 19.8 8.8 11.9
199-223 58 . 20.9 10.2 12.8
223-367 58 17.7 9.0 11.0

30A-8. 0-10 62 16.9 9.5 10.8
' 10-34 * 26.7 7.7 14.8

34-58 10 24,7 7.6 13.8
58-82 13 23.8 7.2 13.3
82-106 11 24.0 7.7 13.5
106-130 16 . 24,2 6.5 13.3
130-154 14 23.1 7.1 12.9
154-178 15 22.7 7.5 12.9
178-202 16 22.6 6.2 12.4
202-226 18 21.9 7.3 12.5
226-250 10 22.6 7.3 12.8
250-274 - 12 17.7 5.6 10.0
274-298 17 21.8 6.0 12.0
298-322 13 20.4 5.3 11.1
322-346 13 21.1 6.7 11.9

30A-9 0-9 780 <0.1 9.7 3.0

9-33 900 <0.1 ©23.1 7.1
33-57 740 <0.1 27.6 8.4
57-81 640 <0.1 27.1 8.3
81-105 660 <0.1 28.2 8.6
105-129 620 <0.1 24.7 7.5
129-153 620 <0.1 24.6 7.5
153-177 640 <0.1 23.3 7.1
177-201 580 <0.1 23.4 7.1
201-225 610 <0.1 21.8 6.7
225-249 590 <0.1 20.6 6.3
249-273 590 <0.1 20.6 6.3

(Cont.)
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Cco NO NO2 N (of NOX)
Time emission emission emission emission
Test interval rate rate rate rate

code (min) (flg/kJ) ‘ ('ug/kJ) (pg/kJ) (‘pg/kJ)

16B-1 0-10 92 13.5 15.7 11.1
A e 10-34 180 25.0 19.9 17.7
et 34~58 120 24.9 17.8 17.0
- 58-82 120 22.9 18.1 16.2
82-106 83 19.1 16.0 13.8
106-130 140 19.2 15.7 13.7
130-154 160 18.9 16.3 13.8
154-178 140 17.3 16.0 13.0
178-202 130 16.5 15.1 12.3
202-226 125 16.7 14.6 12.3
226-250 170 17.7 19.1 14.1
16B-2 0-9 120 10.9 16.1 10.0
9-33 180 21.8 17.9 15.6
33-57 180 22.7 17.2 15.8
57-81 150 19.3 15.0 13.6
81-105 160 18.9 15.5 13.5
105-129 150 17.6 14.7 1207
129-153 160 17.0 14.7 12.4
153-177 150 16.6 13.6 11.9
177-201 150 17.0 14.1 12.2
201-225 160 16.1 14.3 11.9
225-249 160 15.6 12.9 11.2
249-273 160 15.6 15.1 11.9
168-3 0-11 250 22.3 23.5 17.5
11-35 180 21.9 20.4 16.4
35-59 200 24.0 18.0 16.7
59-107 180 21.7 16.9 15.3
107-131 170 19.6 16.0 14.0
131-155 180 19.6 16.5 14.2
155-179 190 22.0 17.7 15.7
179-203 200 22.2 20.4 16.6
203-227 190 19.5 17.8 14.5
227-251 180 19.6 18.1 14.6
251-275 190 21.5 19.8 16.0

(Cont.)
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Cco NO NO2 N (of NOX)
Time emission emission emission emission
Test interval . rate rate rate rate

code (min) ‘(Pg/kJ) (pe/kd). (pg/k3)  (pg/kd)

16B-4 0-9 170 ~15.5 20.3 13.4
9-33 190 20.2 24,1 16.8
33-57 180 20,2 20.8 15.7
57-81 190 19.9 21.6 15.8

-81-105 170 16.5 19.0 13.5
- 105-129 200 18.2 19.8 14.5
129-153 160 15.2 17.1 : 12.3
153-177 170 15.3 , 16.3 12.1
177-201 190 15.5 19.0 13.0
201=-225" 200 15.9 : 18.4 13.0
225-249 170 15.9 19.1 13.2
249-273 190 15.3 18.6 12.8
273-297 200 16.3 - 19.5 13.6
297-321 180 14.6 20.6 13.1

16B-5 0-10 200 17.9 17.2 13.6
10-34 180 19.8 15.7 14.0
34~-58 190 22.5 : 16.5 15.5
58-82 190 22.5 16.1 15.4
82-106 190 21.4 16.5 ' 15.0

106-130 200 21.1 15.3 14.5
130-154 190 21.7 . 16.5 , 15.1
154-178 190 21.7 16.4 15.1
178-202 180 18.3 14,3 12.9
202-226 200 22.5 17.1 15.7
226-250 170 18.6 14,2 13.0
250-274 190 21.2 16.6 14.9

16B-6 0-11 180 15.9 18.8 13.1
11-35 190 20,7 22.4 16.5
35-59 190 19.9 17.9 14.7
59-83 180 18.7 15.2 13.3
83-107 220 18.6 15.4 13.4

107-131 210 17.8 14.6 12.7
131-155 200 16.7 15.9 12.6
155-179 240 17.7 17.4 13.6
179-203 170 16.8 14,7 . 12.3
203-227 210 16.8 14.1 12.2
227-251 170 15.7 11.5 10.8
251-275 190 15.9 11.9 11.0
(Cont.)
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Cco NO NO2 N (of NOX)
Time emission emission emission emission
" Test interval rate rate rate rate

code (min) (lug/kJ) (|ug/kJ) (pg/kJ) ' (pg/kJ)

16B~7 0-10 210 18.0 16.7 13.5
10-34 190 22.8 16.2 15.6

34-58 220 24.4 15.6 16.1

58-82 180 25.1 14.6 16.1

82-106 220 24.9 15.9 16.4

106-130 180 23.1 13.6 14.9

130-154 210 24.4 14.7 15.9

154-178 230 27.8 15.2 17.6

178-202 200 23.6 14.1 15.3

202-226 220 28.5 16.2 18.2

226-250 230 . 28.3 15.4 17.9

250-274 200 25.2 16.5 16.8

30C-1 0-10 15 24.1 12.0 14.9
10-34 16 31.3 9.3 17.4

34-58 6.0 27.9 7.4 15.3

58-82 9.1 - 25.2 4.1 13.0

82-106 9.8 26.7 1.6 12.9

12A4-1 0-10 130 8.4 19.0 9.7
10-34 48 23.1 9.0 13.5

34-58 5.8 27.0 6.8 14.7

58-82 4.0 26.2 7.3 14.5

82-106 4.9 27.6 6.5 14.9

* .. . . .
High outdoor (background) concentration relative to indoor
concentration invalidated emission rate value.
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APPENDIX B

Appendix B graphically summarizes the pollutant, temperature, dew
point,'and wind speed data for all controlled field experiments. Pollu-
tant data within a single location are 24 minutes apart.‘Temperature and
dew point data represent 10-minute moving averages. Wind speed data

tepreéent 30-minute moving averages.
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APPENDIX C

"Theoretical" and measured whole-house CO, 02, N02, and NO, concen-
trations for all controlled field tests. The theoretical concentrations
were derived using a éingle-eqﬁation indoor air quality model (see Eq.
'2), with some parameters derived from measured data. The air exchange
rate was derived from the CO2 data. The COZIand 0, emission rates were
taken from an earlier laboratory study. An "average" emission rate,

determined by generaiized least squares, was used for CO, NOZ’ and NOx.
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