Lawrence Berkeley National Laboratory
Recent Work

Title
THE EFFECTS OF INFILTRATION AND INSULATION ON THE SOURCE STRENGTHS AND INDOOR
AIR POLLUTION FROM COMBUSTION SPACE HEATING APPLIANCES

Permalink

https://escholarship.org/uc/item/7z2695s8

Author
Traynor, G.W.

Publication Date
1987-06-01

eScholarship.org Powered by the California Diqital Library

University of California


https://escholarship.org/uc/item/7z26q5s8
https://escholarship.org
http://www.cdlib.org/

LBL-22061
Preprint

Lawrence Berkeley Laboratory

UNIVERSITY OF CALIFORNIA

APPLIED SCIENCE
DIVISION

Submitted to Journal of the Air Pollution Control Association

The Effects of Infiltration and Insulation on
the Source Strengths and Indoor Air Pollution
from Combustion Space Heating Appliances

G.W. Traynor, M.G. Apte, A.R. Carruthers, J.F. Dillworth,
R.J. Prill, D.T. Grimsrud, and B.H. Turk

June 1987

APPLIED SCIENCE
DIVISION

Prepared for the U.S. Department of Energy under Contract DE-AC03-76SF00098



el

i

LBL-22061 o
Preprint

Lawrence Berkeley Laboratory

UNIVERSITY OF CALIFORNIA

APPLIED SCIENCE
DIVISION

CEIVED
rEL \‘I\;i‘:"vlCE

Br-n A k{ 5. ARORATOR\(

Submitted to Journal of the Air Pollution Control Association OcT 19 1987

The Effects of Infiltration and Insulation on LIBRAHY AND
the Source Strengths and Indoor Air Pollution
from Combustion Space Heating Appliances

G.W. Traynor, M.G. Apte, A.R. Carruthers, J.F. Dillworth,
R.J. Prill, D.T. Grimsrud, and B.H. Turk

June 1987

TWO-WEEK LOAN COPY

ThIS is a lerary Clrculatmg Copy :

; WhICh ‘may be borrowed for two weeks.

¥ S e

T . . il

APPLIED SCIENCE
DIVISION

DOCUMENTS SECTION

Prepared for the U.S. Department of Energy under Contract DE-AC03-76SF00098

>

7

l9aey ~ 1]



DISCLAIMER

This document was prepared as an account of work sponsored by the United States
Government. While this document is believed to contain correct information, neither the
United States Government nor any agency thereof, nor the Regents of the University of
California, nor any of their employees, makes any warranty, express or implied, or
assumes any legal responsibility for the accuracy, completeness, or usefulness of any
information, apparatus, product, or process disclosed, or represents that its use would not
infringe privately owned rights. Reference herein to any specific commercial product,
process, or service by its trade name, trademark, manufacturer, or otherwise, does not
necessarily constitute or imply its endorsement, recommendation, or favoring by the
United States Government or any agency thereof, or the Regents of the University of
California. The views and opinions of authors expressed herein do not nccessarily state or
reflect those of the United States Government or any agency thereof or the Regents of the
University of California.



Submitted to ' ' LBL-22061
J. Air Pollution Control Association

THE EFFECTS OF INFILTRATION AND INSULATION ON
THE SOURCE STRENGTHS AND INDOOR AIR POLLUTION
FROM COMBUSTION SPACE HEATING APPLIANCES

by

Gregory W. Traynor, Michael G. Apte, Andrew R. Carruthers,
James F. Dillworth, Richard J. Prill, David T. Grimsrud,
and Bradley H. Turk

Indoor Environment Program
Lawrence Berkeley Laboratory
University of California
Berkeley, California 94720

June 1987

This work was supported by the Bonneville Power Administration under Interagency
Agreement No. DE-A179-83BP12921 and by the Assistant Secretary for Conservation and
Renewable Energy, Office of Building and Community Systems, Building Systems Division of
the U.S. Department of Energy under Contract No. DE-AC03-76SF00098.



ABSTRACT

Many energy conservaﬁon strategies for residences involve reducing house air exchange
rates. Reducing the air exchange rate of a house can cause an increase in pollutant level.s if
there is an indoor pollution source and if the indoor pollutant source strength remains constant,
However, if the indoor pollutant source strength can also be reduced then it is possible to
maintain or even improve indoor air quality. Increasing the insulation level of a house is a
" means of achieving energy conservation goals and, in addition, can reduce the need for space
heating and thereby reduce the pollutant source strengths of combustion space heaters such as
unvented kerosene space heaters, unvented gas space heaters, and wood stoves. In this paper,
the indoor air quality trade-off between reduced infiltration and increased insulation in
residences is investigated for combustion space heaters. Two similar residences were used for
the experiment. One residence was used as a control and the other residence had infiltration
and insulation levels modified. An unvented propane space heater was used as the source in
this study. A model was developed to describe the dependence of both indoor air pollution
levels and the appliance source strengths on house air exchange rates and house insulation
levels. Model parameters were estimated by applying regression techniques to the data.
Results show that indoor air pollution levels in houses with indoor combustion space heating
pollution sources can be held constant (or lowered) by reducing the thermal conductance by an

amount proportional to (or greater than) the reduction of the air exchange rate.



INTRODUCTION

Energy conservation strategies for residences often include retrofits to reduce the air
exchange rate between the conditioned indoor air and the unconditioned outdoor air. This
action can increase the indoor concentration of pollutants if there is an indoor pollution source
‘ and if the pollutant source strength is not reduced. One class of indoor air pollution sources is
unvented or partially vented combustion appliances used for space heating. Such appliances
include unvented kerosene heaters, ﬁnvented gas space heaters, wood and coal stoves, and
malfunctioning vented appliances (e.g., gas forced-air furnaces, gas wall heaters, and gas floor
heaters). It is possible to reduce the source strengths of this class of indoor pollution sources
by reducing the space heating requirements of a house, e.g., by increasing the insulation. This
paber explores and quantifies the relationship between air exchange rates and insulation levels
and the effects of this relationship on combustion appliance usage rates and resulting indoor

air pollutant levels.

EXPERIMENTAL METHODS

Test and Control Houses

Two, éonnected, single-story residences, one control and one test, located in Albany,
Oregon, were used for this study. The test and control houses, both unoccupied, had floor
areas of 62 m2 (670 ft2) and volumes of 151 m?3 (5330 £t%). House volumes were determined
by injection of known amounts of carbon dioxide into the living spaces. Since this technique
reqhires the air to be well mixed, fans were used throughout the houses. Tape measurements
confirmed the volumes of the houses. The residences’ garages were connected to each other,
but the garage doors were kept open to effectively eliminate any heat flow between structures.
Figure 1 shows the test- and control-house floor plans, the air quality sampling sites, and the
locations of the heaters used as sources. in this study. The fireplaces were sealed to ensure that
the interior air volumes would be well defined. All interior doors were left open.
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Combustion Appliances

Two matching unvented gas (propane) space heaters (UVGSH) were used for the study.
The heaters had a fuel input rating of 32,000 kJ/h (30,000 Btu/h or 8.8 kW) but were used at
approximately half of their full input rating. Fuel-line pressuré was checked and set to

manufacturer’s specifications.

The heaters were controlled by thermostats and had pilot lights. Each house had one
thermostated heating system. The indoor thermostat setting was approximately 19 °C (66 °F).
Although this temperature appears to be low, it was assumed that an occupied house would
have internal heat sources (e.g., people and electric lighting and appliances) that would raise

the indoor temperature closer to traditional comfort levels.

The UVGSHs were used in combination with 1.5-kW (5400-kJ/h) electric heaters in order
to reduce the indoor air pollution concentrations to protect the research staff and to obtain
pollutant decay periods of éufficient lengths to allow calculation of house air exchange rates.
Each test was conducted using two modes of heating (see Figure 2). Each mode lasted three
hours. During mode 1, a combination of one propane UVGSH and one electric heater was
used. The propane UVGSH was located in the living room, and the electric heater was located
in the master bedroom. Both heaters were controlled by the same master thermostat, which
was located in the living room. During mode 2, the propane UVGSH was automatically
switched off (except for its pilot light), and two different electric heaters were used in its
place. These heaters were located next to the UVGSHs in each house and were also controlled
by the systems’ master thermostats. This mode allowed us to obtain pollutant concentration
decays to determine air exchange rates. The heating modes were controlled by an electric
timing system. There were four pollutant source periods (mode 1) and four pollutant decay

periods (mode 2) during each 24-hour "test."



Figure 2 is an idealized representation of indoor CO, concentrations versus time. It shows
that during mode 1, the thermostat‘ cycles the propane-electric combination to maintain the
thermostat setpoint, and the pollutant concentration rises whenever the heaters were on. In
mode 2, the thermostat cycles three electric heaters to méintain the set point, but the pollutant

concentrations decay throughout. The indoor temperature was held constant for both modes.

Total electric-heater outputs were calculated by multiplying the total time the heater was
on by the calibrated heater output rate. The heater on time was recorded by electrically
sensing the thermostat controller. Propane-heater outputs were calculated by multiplying the
volume of gas consumed (as measured by dry test meters) with the calorific value of propane,

87 kJ/L (0.69 kWh/ft3).

Air Quality Monitoring Instrumentation

Most of the air ‘quality monitoring instrumentation was contained in the Lawrence
Berkeley Laboratory’s‘ Mobile Atmdspheric Research Laboratory (MARL).2*2 The MARL was
set up to measure CO, COZ, NO, NO, and O, concentrations remotely at 5 locations using an
automated timing system to switch between monitoring sites every six minutes. There were
two monitoring sites in each house and one outside (see Fig. 1). Air was drawn into the
MARL continuously from all five sites to minimize the overall instrumentation response time.
Data were recorded every minute. The first three minutes of transition data obtained after
switching between sites were discarded, and the next three minutes of data were averaged,

yielding one set of pollutant-concentration data points per site every thirty minutes.

Teflon filters were placed at the inlets of all sampling lines to protect the lines and
instruments from particulate matter. All instruments were calibrated, and the sampling-system

integrity was tested at noon every day using diluted tank standards.2



Indoor and outdoor temperatures, dewpoints, and outdoor wind speed were also monitored

and recorded by the MARL data-acquisition system.

Model Description

A single-equation, mass-balance model has been used successfully to predict indoor air

pollution levels as well as to determine indoor air quality parameters that can affect such

levels.!™

The mathematical expression for a change in the average indoor gaseous pollutant

concentration of a whole house is:

dC =PaC, dt + S dt -(a + k) C dt 1
A%
where:
C = indoor pollutant concentration (ppm);
C0 .= outdoor pollutant concentration (ppm);
P = fraction of the outdoor pollutant level that penetrates the building shell (unitless);
a = air exchange rate in air changes per hour (h'l);
t = time (h);
S = indoor pollutant source strength (cm3/h);
V = volume (m3); and
k = net rate of removal process other than air exchange (h‘l).

By setting P=1 for gases and assuming C,s @, S, and k are constant over the period of interest,

Eq. 1 can be solved for C(t) to give:
/
aC0 +S/V

C(t) = [1 - e—(a+k)t] + C(O) e—(a+k)t (2)
a+k




The result (Eq. 2) describes the spatial average concentration of a pollutant in an enclosed
space of a given volume. The steady-state form of Eq. 2. follows:
~aC, +S/V

C= 3)
a+k

The tests conducted in this report were long term (24 hours each), and data from the first
day of a seriés of tests were discarded; therefore, the steady-state form of the mass-balance
model was used. Short-term differences between the living-room and bedroom sampling
locations ranged from 0 to 40%, whereas 24-hour average concentrations were generally within
10% for the test house and 20% for the control house. The presence of strong convective heat
sources in the houses resulted in well-mixed air; therefore, the single-zone model described
above was used. Pollutant concentrations reported in this paper represent averages of the

living-room and master-bedroom sampling locations.

The average pollutant source strength, S, is directly proportional to the average amount of
propane consumed during a one-day test. The average amount of propane consumed is
proportional to the total energy (electric and propane) required to maintain the indoor air

temperature. In equation form,

S = E, (Qy/Q Q | @
E = E)(Q,/Q) &)
S=EQ v _ (6)
Q=bo+b1UAT+b2aAT @)
S=E (b, + b, UAT + b, a AT) 8
where:

Ep = pollutant emission rate per calorific value of propane consumed (cm3/kJ);

Qp = calorific value of propane consumed (kJ);

Q = total heat (propane and electric) required by‘house (kJ); .
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E = equivalent pollutant emission rate per unit of heat required by house (cm3/kJ);

by, by, by = linear regression coefficients;

U = thermal conductance of house shell [kJ/(m2 h °C)];
AT = indoor/outdoor temperature difference (°C); and

a = house air exchange rate (h™1).

Finally, we can combine Eqs. 3 and 8 to obtain the following:

. 2ot (o +bUAT+ b,aAT)E/V ©)

a+k

For a nonreactive pollutant (i.e., k=0), the indoor/outdoor concentration difference (AC = C-
C,) can be described as follows:
E

AC = (b, + b,UAT + b,aAT) (10)
ay v

Test Protocol

The experimental protocol was designed to provide estimates of bo, b,, and bz.'
Preliminary testing of the houses revealed that they were very tight with air exchange rates
near 0.2 h™!, and that, with the exception of the attic in one house, they were uninsulated.
Before testing began, most of the windows of both houses were opened approximately one cm
to achieve air exchange rates closer to 0.5 h™!, a value more typical of the housing stock. In
addition, the insulation in the attic of the one house was removed. Under such conditions

these houses were likely to benefit from a energy-retrofit program.

The testing was divided into three phases. During Phase I, eight days of background tests

on both houses were conducted; however, the first day was discarded (as with subsequent



ph‘ases) since sfeady—stafe conditions had not been reached. Therefore, seven usable "tests"
were conducted dﬁring Phase 1. Before Phase II began, the windows of the test house were
closed, and additional house tightening procedures were implemented. Phase II yielded six
usable test days. Before Phase III, the attic, floor, and walls of the test house were insulated.
Phase III yielded seven usable test days. The control house remained unchanged throughout
the testing period. The retrofits were designed to exaggerate the effects of typical

weatherization retrofits.

Test-average (daily) air exchange rates were calculated by averaging the air exchange rates
calculated during the tracer decay periods (heating mode 2). Carbon dioxide was used as the
tracer, and the effect of the pilot-light emissions was accounted for. House U-values were
estimated using a co-heating method5 during the night-time hours when there was no solar
heat gain. Table 1 shows the house air ekchange rates and thermal conductance of the house
shells. Tablé 1 also shows the R-values of the house sheli in units commonly used in the
Uhited States and the average indoor/outdoor temperature differences, which were similar for
all three test phases. The standard deviations reported on Table 1 represent deviations between

tests (using test-average values), not within tests.

RESULTS AND DISCUSSION

Table 2 summarizes the average indoor CO, NOZ, and CO2 concentration results, less the
indoor background concentrations due to outdoor air pollution, for the control and test houses
for all three phases of testing. For CO and COz, average indoor background concentrations
.were equal to the average outdoor concentrations. For NO,, the average indoor background
concentrations were less than the average outdoor concentrations and were calculated using Eq.
3 with S equal to zero and k, based on measurements, equal to 0.36 h™! for the control house

and 0.25 h™! for the test house.



Table 2 shows that both the control and test houses had very similar pollutant
concentrations during Phase I. All pollutant levels in the test house rose dramatically after the
test house was tightened from 0.43 to 0.071 air changes per hour. The control house shows no
pollutant-concentration increase during the same period. All pollutant concentrations dropped
in the test house during Phase III, when the house was insulated, causing a reduction in
thermal conductance from 4.8 to 2.0 kJ/(m2h°C) [4.3 to 10 (ft>h°F)/Btu in United States R-

value units].

The CO/CO, and NO,/CO, ratios are not always constant, as demonstrated by the test-
house results shown in Table 2; CO and NO2 emission rates depend upon the composition of
combustion air, including oxygen levels as well as the duration of each burn.® Both of these
parameters changed in the test house between phases. However, the Co, erﬁission rate is
independent of these two parameters and is only dependent upon the fuel composition. The
Co, emission rate (Ep) for propane is 33 cm®/kJ at 19 °C and 1 atm. The overall emission
rate per unit of combined propane plus electric heat (E) was 13.7 cm3/kJ; CO, is used for

further modeling efforts because of its stable emission rate.

Figure 3 summarizes the average indoor minus outdoor CO, results versus the air exchange
rate for the test and control houses. The COZ concentration in the test house rose when the
home was tightened and then dropped when the house was insulated. The lines shown in Fig.

3 are discussed later.

Evaluating bo, b,, and b2 in Eq. 7 is the key to quantifying the relationship between air
exchange rates, insulation levels (i.e., thermal conductance of building shell), heat requirements
of the houses, and the resulting indoor air quality. A multiple regression of Eq. 7 was run to
allow estimation of these regression coefficients. The regression utilized 40 observations, 20

from each house.



Of the twenty observations used from each house, seven were from Phase I, six from
Phase II, and seven froin Phase III. _ Indoor/outdoor temperatures, air exchange rates, and total
heat (electric and propane) requirements of the house were quantified for each individual
observation (i.e., forty AT’s, a’s, and Q’s were used in the regression analysis). Only one U
value, an average of several tests, was used for all phases of the control house tests, and two U
values, also averages of multiple tests, were used for the test house, one for Phases I and II
and one for Phase III (see Table 1). The results showed b0 = -1200 + 760 kJ/h; b, = 217 + 14
m?; and b, - 207 + 69 kJ/°C. The r2 for the multiple regression analysis was 0.916.

The regression intercept, b., is not significantly different from zero at the 95% confidence

o
level. If it were significant it would represent approximately one °C rise in house temperature'
due to 1200 kJ/h of "free" heat, such as solar gain. In an occupied house with electric
appliances and humans generating "free" heat and/or in houses with significant solar gain, b,
would be expected to be negative and significantly different from zero. The houses used in
this study were located in Albany, Oregon and measured in April. The location and time of

year and the fact that the sky was cloudy during many test days all indicate that the solar heat

gain was minimal.

The regression coefficients b, and b, are both significantly different from zero at the 95%
confidence level. Theoretically, b1 should represent the surface area of the building shell, and

- b2 should represent the volume of the houses times the heat content of air.

Calculations based on plans of the housés yielded an indoor surface area of 205 m2 for
both houses, which is within the 95% confidence interval (189 to 245 mz.) of the regression
estimate for b,.. The heat content of air is approximately 1.0 kJ/(kg°C). Using an air density
of 1.2 kg/m?3 yields an air heat content of 1.2 kJ/(m3°C). Multiplying the heat content of air
by the house volume yields a theoretical b, value of 181 kJ /°C. This number is within the 95%
confidence interval (67 to 347 kJ/°C) of the estimate for b,.
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The relative standard error for b, is 6%, whereas the relative standard error for b, is 33%.
In other words, agreement betweén theory and measurement is better for the estimate of b,,
the house surface area. This is consistent with the fact that the blUAT component of Eq. 7
accounted for approximately 90% of the heat requirements of the study houses. However, this
particular result cannot be generalized. Another house, more typical of the U.S. housing
stock, might have a volume around 300 m3, a surface area of 400 m2, an air exchange rate
near 1.0 h™!, and a U-value around 1.4 kJ/(m2h°C) equivalent to a U.S. R-value of 15
ft2h°F/Btu. Under these conditions the infiltration heat loss, accounts for 40% of the total

heat loss and the thermal conductance component of heat loss accounts for 60%.

We can now rewrite Eq. 7 as follows:

Q=-Q+AUAT+qVaAT (11)
where

Qf = —b0 = house "free" heat (kJ/h);

A = b, = house surface area (m?);

a = b,/V = heat content of air (1.2 kJ/m3/°C); and

V = b2/q = house volume (m3).

The lines in Fig. 3 show the theoretical dependence of indoor air pollution concentrations
(CO, in this case) on air exchange rate for two different insulation levels using the test house.
The lines are derived from Eq. 10 as modified by Eq. 11 using an effective CO, emission rate
of 13.7 cm3/kJ. One reason Phése I and II test-house results lie on the same theoretical line is
the AT for both phases is almost identical. The theoretical line would be shifted if the ATs
were different. Our theory is consistent with the measured data. If the air exchange rate of
the test house was reduced by 50%, from 0.43 h™! to 0.22 h™?, and if we decreased the thermal

conductance as shown on Table 1 from 4.8 to 2.0 kJ/(m2h°C), then the indoor air quality in

10



the test house would have improved, and optimistic energy conservation goals would have been

achieved.

To allow calculation of the general air exchange rate and insulation level trade-off, Eq. 10
has been rewritten to reflect the new definitions of by, b, and b,
E

AC = (-Q¢ + AUAT + qVaAT) (12)
av .

Ignoring free heat (i.e., letting Qp = 0), letting a, and U, equal the initial air exchange rate
and thermal conductance, and letting a_ and U, equal the retrofitted values, we obtain the

following equations for ACi and ACr.

EAT |

AC; = (AU, + qVa) (13)
a,v
EAT

AC = (AU_ + qVa) (14)
avVv

r

Setting AC; equal to AC_ and simplifying the equation, we obtain the following:
A(U,/a) +qV = A(U /a) +qV (15)

Simplifying more we obtain the following:

= (16)

Equation 16 shows that the indoor air pollution levels in houses with indoor unvented

combustion space heating sources will remain constant (or improve) if the thermal conductance

11



is reduced by an amount proportional to (or greater than) the reduction of the air exchange

rate.

When a and U are both lowered, the presence of free heat improves the air quality in the
house. At a very low air exchange rate and a very low thermal conductance, all of the heat
needed to warm the house would be provided by free heat, and no space heating appliance
would be needed. If the pollutént is reactive, the indoor pollutant levels would also be lower
in the case described by Eq. 16. Only a fraction of the percentage reduction in the air
exchange affects the total removal rate of reactive pollutants since the indoor reactivity rate of

the pollutant remains unchanged.

One effect that could increase indoor air pollution levels, given Eq. 16 conditions, would
be an increase by the house occupants in their indoor temperature after the retrofit. It is not
known how prevalent this action is. A second effect that could degrade the indoor air quality
would be a reduction in appliance flue exhaust rates caused by the house tightening

procedures.

CONCLUSIONS

In homes with indoor space-heating sources of combuStion pollutants, the adverse indoor
air quality impact of reducing air exchange rates (and/or infiltration rates) can be offset by
increasing the house insulation level by the same relati!ve amount, or more. In general, this
result should apply to any indoor combustion pollutant source that has its usage rate driven by
the heating requirements of the house. Such sources include unvented kerosene space heaters,
unvented gas space heaters, wood stoves, coal stoves, and malfunctioning gas forced-air
furnaces, wall heaters, and floor furnaces. Some second-order effects, such as the presence of
"free" heat and a non-zero pollutant reactivity rate, would improve the indoor air quality of a

retrofitted house, whereas other second-order effects, such as an increase in indoor house

12



temperature and the reduction in appliance flue exhaust rate, would degrade the indoor air

quality of the retrofitted house.

A model describing the first-order effects of air exchange rate and insulation level on
indoor air pollutant concentrations was developed and verified in a test house. The model was

generalized and can be used in a variety of different structures.
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Table 1. Air exchange rates, thermal conductance, and indoor/outdoor temperature differ'ences

for the test and control houses.

United Indoor/
Air Thermal States Outdoor Energy
No. Exchange  Conductance R-value Temperature  Consumption
of Rate (kD (£12h°F) Difference Rate
Days (hh) (m*h°C) (Btu) °Cc) (kJ/h)
Control
House:
Phase I 7 0.42 £ 0.04 9.6 £ 0.6 8210 £ 900
Phase I 6 0.46 £ 0.11 40+ 0.3 5104 10,0 £ 1.8 9060 £ 1930
Phase III 7 0.48 + 0.08 106 £ 1.3 8940 + 1310
Test
House:
Phase I 7 0.43 £ 0.07 : 9.6 £ 0.5 8720 + 590
48 £ 0.6 43 £ 0.5
Phase II 6 0.071 £ 0.013 : - 9.7+ 1.8 9180 £ 2090
" Phase III 7 0.050 + 0.004 2.0+ 0.7 10+3 10.2 £ 14 3100 £ 470
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Table 2. Average CO, NO,, and CO, concentrations for the control and test houses.®

Cco NO, co,
(ppm) (ppm) - (ppm)
Control House:
Phase I 1.2+02 0.29 + 0.06 1,910 + 480
Phase 1I 1.1 £ 0.1 0.28 + 0.03 1,870 £ 170
Phase III 1.0 £ 0.1 0.26 + 0.03 1,680 + 230
Test House:
Phase I 1.0+ 0.3 0.33 £ 0.10 1,900 + 590
Phase II 6.6 £ 0.9 0.86 + 0.07 10,240 + 520
Phase III 5.1+03 0.54 £ 0.05 5,640 + 230
a

Indoor background concentrations due to outdoor air pollution have been subtracted.
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Figure 1. Schematic of the test- and control-house floor plans, air quality sampling sites, and

heater locations.



8T

5000

%)

x

S 4500 |- MODE 1= ~2 PROPANE + } ELECTRIC
> MODE 2 = ALL ELECTRIC
S 4000 |

=

2 3600

3

c

§ 3000

-.(—U' .

S 2500

&

8 2000

c

®)

O 1500

Q

Q. 1000

S 500 -

U .

E o 1 I 1 l 1 l e l 1 l 1

0 2 4 6 8 10 12
Time (h)

XCG 875-6914

~ Figure 2. Idealized representation of the indoor CO concentration versus time for mode 1
(heat provided by approximately two-thirds propane and one-third electric) and mode 2 (all
electric). Thermostated on/off cycles were shorter than the 3 hours duration of each heating
mode.



12 000

» (;."ontrol HTest

o— ouse ouse

£ I v - |

8-. O B Phase ]
~— 10 000 L A\ A Phase 1]

g o ® Phase III
=]

O o

= | kJ

cC -

= 4.8

8 s8o00 F V=48 oo

cC (ft2h°F)
O U.S. R-value = 4.3 ]
Q) " Btu

o

O 6000 -

o)

o i

O

.

8 4 000 |

(7))

o | N

£

E 2000

O

8 lU=20

£ {U.S. R-value = 10)

0 | | ] | |

0.0 0.1 0.2 0.3 04 056 0.6
Air Exchange Rate (h™)

XCG 875-6915

Figure 3. Indoor minus outdoor CO, concentrations versus air exchange rate for the test and
control houses. The lines represent the theoretical dependence of indoor/minus outdoor CO
concentration versus air exchange for an indoor/outdoor temperature difference of 10 °C ané
overall CO, emxssxon rate of 13.7 cm3/kJ.
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