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Synopsis 

The LTEE laboratory of Hydro-Quebec, in collaboration with Canada Mortgage and Housing 
conducted an indoor air quality study involving 30 single family detached houses heated with 
electric baseboard heaters in the vicinity of Trois Rivi5res during the 1993-94 heating season. 
The houses were selected according to the measured air leakage at 50 Pa. so as to have a 
sample distribution similar to the distribution of air leakage of houses in the province of 
Quebec. The "source strength" of several air pollutants were calculated from measurements of 
ambient pollutant levels and total ventilation during a one-week test. In addition, the indoor 
C02 and humidity levels were recorded in eight of the houses continuously during the heating 
season. 

The level of C02 in the master bedroom was found to follow fairly closely the C02 level in 
other parts of the building including the basement (within about 200 ppm) except when the 
bedroom door was closed. With the room occupied and the door closed, C02 levels in the 
bedroom increased steadily during the night until morning, when the door was opened, to 
levels in excess of 3 500 ppm with one person, and in excess of 4 500 ppm with two persons. 
Model studies using the measured pollutant source strengths and measured equivalent leakage 
areas of the buildings indicated that the recommended health guidelines for airborne respirable 
solid particles (RSP's), C02 and formaldehyde are exceeded during periods of low total 
ventilation, coinciding with mild outdoor temperatures and low wind conditions. It was 
observed that kitchen and bathroom fans originally installed in some of these houses were not 
operated by the occupants for sufficiently long times to affect the quality of indoor air. 

Various different methods of ventilating some of the houses were tested, including quiet 
replacement exhaust fans, mixing fans for indoor air, and a fresh air intake and mixing system. 
The effects of operating various air handling systems were monitored by keeping track of 
indoor C02 and relative humidity in the master bedroom, and occupancy in person-hours per 
day. Quiet replacement fans noticeably improved indoor air quality when these were operated 
over 50% to 100 % of the time. An area of remaining concern is the fact that exhaust only 
systems accentuate the negative pressure in the basement by raising the level of the neutral 
pressure zone in the building, and may enhance the flow of soil gases into the basement. A 
system which mixed indoor air between the basement and the main floor also reduced the 
average level of indoor pollutants. The system was designed to create a pressure difference 
between the main floor and the basement, causing a slight pressurization of the basement. A 
system designed to introduce 5 Lls of outdoor air and to mix it with 55 Lls of indoor air for 
tempering was installed to draw air from the hallway and deliver the mixed air into each of three 
bedrooms. This system was capable of maintaining C02 levels in the master bedroom below 
1000 ppm with two occupants in the room and the door closed. 



1. Introduction 

Hydro-Quebec initiated a study of air tightness and ventilation of residences to determine 
whether building air-tightness alone could be used as the determining criterion for air-tightening 
the building so as to improve energy efficiency. Using indoor air quality as a measure of 
building's ventilation performance, a field study was undertaken involving 30 houses heated 
with electric resistance baseboard heaters in the Trois-Rivikres area. The houses were selected 
on the basis of their air leakage determined via a blower door test at 50 Pa. By design, the 
sample of 30 houses was selected to have a similar distribution of air leakage as a random 
sample of several thousand houses in Quebec. Figure 1 illustrates the distribution of house 
leakage determined from a very large random sample of the population (Eval-Iso Programme 

/I/), and the distribution of 
leakage in the thirty house 
sample of houses selected. 
The average indoor air 
contaminant levels during a 
one-week period was 
determined in each of the 
houses, along with the 
average (total) ventilation 
during the same period. 

Figure 1. Distribution of Air leakage (ACIH @ 50 Pa.) 
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Instrumentation and 
Measurements Made 

The physical size and shape 
of each house was noted 
along with the leakage 
characteristics as 

determined via the fan pressurization method. During a one week period between December 
and March, air sampling kits as indicated on Table 1 were installed in each of houses for a 
period of one week to determine level of the air contaminants of interest: 

Table 1. Air Contaminants Monitored and sampling Systems Used 

The average contaminant levels along with the house volume and average ventilation rate for the 
test week were used to calculate the "source strength" of each airborne contaminant as follows: 
The source strength S is defined as: 

S = L x A x V  .....( 1) 
where: L = average contaminant level over a one-week period (mglcu. m.) 

A = average air change rate over a one week period (ACM) 
V = house volume (cu. m.) 

Using the indicated units, S would be units of mglhr. 



The average air change rate for each house during the test week was determined using the PFT 
tracer method. The tests in the 30 houses were conducted sequentially in small groups due to 
the limited number of instruments available. Although the weather conditions during the 
determination of average air change rates would not have been identical for the group of tests, 
this is of no concern for the evaluation of pollutant source strength for air contaminants since 
the controlling factors are essentially independent of weather. 

The results of these tests and calculations are tabulated on Table 2. On this table, the natural air 
change rate is expressed in litreslsecond. The accuracy of the source strength estimate is 
affected by the uniformity of diffusion of airborne pollutants throughout the entire building, 
and by the stability of the source strength of each contaminant over time. While it is known 
that some of the contaminants such as formaldehyde are released at a fairly steady rate by 
surfaces and that other contaminants such as carbon dioxide and some of the moisture are 
produced intermittently during occupancy or during certain activities, the average measurement 
during a one-week period is expected to capture a good representative sample of the pollutants 
which naturally occur in a house during a full week cycle. 

Table 2. Source Strength of Airborne Contaminants in 30 Qu6bec Houses 

* House where smoking takes place 
* * House with attached garage *** Epoxy resin used in basement 

Please note that the natural ventilation in AC/H is converted to a rate expressed in Lls (by 
multiplying by the internal volume of each house) for consistency of units in the evaluation of 
the source strength. The results are also presented graphically in the form of histograms for 
each contaminant on Figures 2 to 7. 



3. Ventilation model and implied ventilation requirements 

The source strength estimates can be used to determine the minimum ventilation required in 
order to maintain the air contaminant levels within the recommended maximum levels in all 
houses. Rearranging, equation (1) becomes: 

Air change rate (A x V) = S I L in cu.m /hr ....... (2) 

This equation can now be used to calculate the minimum level of ventilation required in order to 
maintain the indoor pollutant level below the recommended maximum concentration, based on 
the source strength of the pollutant. By substituting for L with the maximum recommended 
pollution level for each contaminant in turn and inserting the observed corresponding source 
strength for each house into equation (2), we obtain the estimated minimum ventilation 
required in units of (cu. rnfhour). By applying the factor (100013600), we convert the units of 
the answer to litreslsecond. The recommended guidelines for long term and short term 
exposure levels to the pollutants of interest are presented on Table 3 below. Taking the 
acceptable long term exposure levels indicated on Table 3, we have calculated the minimum 
ventilation levels in each of the houses in the study in Lls. The results are tabulated on Table 4 

Table 3. Exposure Guidelines 

* Health Canada: "Exposure Guidelines for Residential Indoor Air Quality" 
** ASHRAE Handbook of Fundamentals, 1993, p 37.7 

The minimum ventilation level required to maintain the levels below the recommended 
guidelines has been calculated using equation (2) for each pollutant of interest and for each 
house. The results are presented on Table 4. It is interesting to note that the average amount of 
ventilation required for formaldehyde, RSP's and carbon dioxide (1000 ppm) are nearly 
identical at 22 Lls. 
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Ventilation Model 

A ventilation model which was developed by CMHC, called AQ1, was used to estimate the 
natural ventilation during a one-week period in order to compare the results with the ventilation 
rates actually measured in eighteen of the houses during the 1993-4 winter field test. Once 
"calibrated" to a house, the ventilation model is capable of predicting the ventilation rate and 
pollutant levels on an hourly basis or on a monthly average basis from given house leakage 
characteristics, source strength information and weather data. The model has the capability of 
taking into account the use of ventilation equipment and wood-burning appliances by keeping 
track of schedules of equipment use. The method is more fully explained in Reference 2 
(Appendix). The reliability of the model was tested by comparing simulation results against 
measured air change rates in the test houses measured during the one-week test employing the 
PFT tracer method. These results are presented graphically on Figure 8. The R-squared for the 
relationship between measured and calculated air change rates was 0.65, and the standard error 
of estimate was 0.1 air changes per hour. 



Table 4. Minimum Ventilation Required to Control Pollutants to within 
Recommended Levels in Litreslsecond 

* Assuming the current Health Canada guideline of 3,500 ppm 
** Assuming the current ASHRAE recommended level of 1,000 ppm 



Measured Air Change rate 

Using three different emission rates for formaldehyde covering the range found in the test 
houses, and weather data for Montreal, the AQ1 model was used to predict the average level of 
formaldehyde over an entire year in several houses. For example, using the air change rate of 
House #9, we show the effect of different levels of source strengths. Please refer to Figure 9. 
At the lowest formaldehyde source strength of 1.9 mVh (2.2 mglh), the formaldehyde level 
remained below 0.02 ppm, below the Health Canada long term exposure limit of 0.05 ppm (60 
pglcu m) Assuming the medium source strength of 4.9 rnlhr in the same house, the model 
predicts levels at or over 0.05 ppm from May to September and lower for the colder months. 
Only during the lowest ventilation periods during July and September and at the highest source 
strength encountered in the 30 houses (8 mlhr), was the Canada short term exposure limit of 
0.1 ppm reached in this house. 



4. Ventilation methods tested 

Five different simple ventilation systems were operated and their effectiveness at reducing 
indoor pollutant levels was evaluated. Simultaneous carbon dioxide recordings in various 
locations were used along with occupancy records to determine the movement and dilution of 
the gas over time in each house. The systems could be turned on and off to permit evaluating 
the changes in indoor conditions. The results are presented very briefly in order of decreasing 
effectiveness from the points of view of efficacy and economy. 

1. Outdoor air supply and mixing with indoor air for tempering, combined with return or 
supply of air in each bedroom plus a bathroom exhaust - Best system from point of view of 
comfort and economy. 

2. Simultaneous outdoor air supply and exhaust (air exchange) and mixing with indoor air for 
tempering - air drawn from upper hallway, mixed air released into the basement - Good 
system, but may have to over-ventilate in order to control bedroom pollutant levels. 

3. Two-fan recirculating system installed through the main floor: downflow is greater than 
upflow fan capacity to cause a slight pressurization of the basement. - System does not 
provide sufficient outdoor air, but helps diluting pollutants and reducing average levels. 

4. Replacement exhaust fan of tolerable noise level; operated at high percent on-times. - 
Indications are that the effectiveness is about half of a balanced system due to lack of 
mixing of air within the house and short-circuiting of outdoor air through the fan. 

5. Turbine Ventilation system - an open chimney system utilizing a 15 cm diameter insulated 
duct from the ceiling of the upper hallway, through the attic and roof to the outside, topped 
with a wind-driven revolving head to facilitate air flow under all wind conditions. This 
system has the reverse flow characteristics required, with minimum flow during the 
shoulder seasons and maximum flow during the coldest season. It tends to under-ventilate 
in mild weather and over-ventilate in cold, windy weather. 

5. Movement and distribution of pollutants in a house 

In houses without an air distribution system, pollutants such as carbon dioxide released by the 
occupants redistribute themselves by diffusion and by mixing with air in adjacent open areas. 
Continuous recording of carbon dioxide in several locations of a house can reveal the amount 
of redistribution which takes place naturally with doors open and closed. We found the method 
to be quite sensitive, and was capable of detecting the increase in carbon dioxide production by 
more people in the house, by the use of candles and by the open fermentation of beer and wine. 
Some of the more salient observations are summarized in this section. 

Stratification within a Room 
Recordings of carbon dioxide in occupied bedrooms (without an air distribution system) at 
three levels (floor, 80 cm from the floor and near the ceiling) indicate that there is a small 
difference in C02 levels between the floor and the ceiling while the room was occupied, the 
readings near the ceiling being higher by about 200 ppm while people were present in the 
room. 

Difference in C 0 2  Levels Between Rooms on Same Floor 
Simultaneous records of C02 levels in the living room and master bedroom in house #3 (on the 
same level of the building, at table height) which had no air distribution system operating, 
indicate a difference of 300 to 400 ppm between the occupied and unoccupied room only 
during the sleeping hours, with the level in the occupied room being higher (bedroom door 
open). The rest of the time, while the occupants are moving about the house or are away, the 
room C02 levels are within about 50 to 100 ppm. 



In House #5, the bedroom door was closed regularly during the night. There was no air 
distribution system operating in this house. The difference in C02 levels between the bedroom 
and living room increased steadily from the time that the door is closed around 1 1:00 p.m. until 
the door is opened around 7:00 am., with C02 levels rising to 4000 ppm by morning. Once the 
bedroom door is opened in the morning, it takes approximately 30 minutes for the C02 levels 
in the bedroom and living room to equalize. Please refer to Figure 10. During the day, while 
the occupants are away and the bedroom door is open, the levels in the bedroom and in the 
living room equalize. - 

- 

I I 
Figure 10 Carbon Dioxide Levels in Different Rooms on the Same Floor, 

House #5 

T Bedroom 

Difference In C 0 2  Levels Between Basement And Main Floor 
In houses where new ventilation systems had been installed, the carbon dioxide levels were 
recorded in the master bedroom, in the living room and in the basement for a period of several 
days. In House #4, where two fans had been installed through the floor at opposite ends of the 
house, blowing in opposite directions to mix basement and main floor air, there was an 
indistinguishable difference in carbon dioxide levels among the bedroom, living room and 
basement while the equipment was operating (third system described in Section 4) 

In House #5, a new ventilation and air mixing system was ducted to each bedroom and to the 
hallway (first system described in Section 4). In this house, the occupants normally sleep with 
the bedroom door closed. While the system was operating, there was a small difference of 
between 100 and 200 ppm in the levels of C02 recorded in the bedroom, living room and 
basement. The occupants noted a marked improvement in air quality compared to the system 
being off and the bedroom door being closed, when C02 levels regularly rose above 4,000 
PPm- 

In house #8, where a balanced fresh air supply and exhaust system normally operates (second 
system in Section 4), there are virtually no differences in levels of C02 in the basement, 
bedroom and living room. With the ventilation system off, and the door to the basement in the 



normal "closed" position, the average C02 level in the basement was always lower than the 
levels on the main floor. The difference in C02 levels between upper level and basement 
ranged between 300 and 600 ppm. The difference in levels between the bedroom and living 
room were indistinguishable. 

6. Conclusions 

1. During the heating season, total ventilation (natural plus mechanical) is inadequate to 
maintain indoor pollutant levels below the recommended limits during mild weather in the 
majority of houses tested. During the coldest part of the season, total ventilation is 
adequate in about half of the houses. The main determining factors are pollutant source 
strength and building ventilation (operation of fire-places, exhaust equipment and window 
openings). 

2. The main pollutants which determine the minimum ventilation required are formaldehyde, 
RSP's and C02 (when the maximum desired level of C02 is 1000 ppm). Since there are 
no guidelines for maximum TVOC's, no conclusions can be drawn from the observed 
source strengths of these contaminants. 

3. The correlation between the measured air tightness of houses (ACH~O) and indoor air 
quality is very poor. 

4. Carbon dioxide levels are directly dependent on the person-hours of occupancy, as well as 
on the use of candles. The local levels of C02 and humidity become elevated when the 
door of an occupied room is closed in cases where there is no air distribution system. 

5. Modeling predicts that the worst indoor air quality will occur in spring through to fall. Air 
sealing and controlled ventilation together present a significant opportunity for winter peak 
demand reduction with a small increase in demand the rest of the year. 

6. The stratification of carbon dioxide in occupied rooms demonstrates that there is value in 
mixing air within a building mechanically to improve air quality in the occupied areas. 
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