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Abstract

Indoor Air Quality (IAQ) parameters such as CO, CO2, relative humidity, 

temperature, radon, particulate matter, formaldehyde, benzene, toluene, hexane, Total 

Volatile Organic Compounds (TVOC) and microbial matter were monitored before and 

after remediation in 36 low-income homes in Alaska (Hooper Bay and Fairbanks). The 

objective was to see if there was any improvement in IAQ with remediation. Hooper Bay 

homes had significantly higher levels of CO2 and relative humidity compared to 

Fairbanks homes both before and after remediation. There was a general reduction in CO2 

with remediation, although it was not statistically significant.

When IAQ in two moderate-income homes in Fairbanks was compared with that in 

the remediated low-income homes, it was observed that indoor CO2 levels were affected 

by ventilation rates and per capita floor area. A single zone model to predict 

concentration of indoor pollutants was constructed, using steady state and transient mass 

conservation, to predict, metabolically produced CO2, and particulate matter when no 

indoor sources were present. The cost of energy to reduce indoor CO2 levels in one of the 

homes by increasing ventilation by either using an exhaust-only system or a Heat 

Recovery Ventilator (HRV) is discussed.
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Chapter 1

i

1.1 Introduction
According to the United States Environmental Protection Agency (USEPA, 1995), 

people spend more than 80% of their time indoors. In extreme outdoor conditions, like in 

Alaska, people are indoors for up to 90% of their time (Division of Air Quality-Alaska 

Department of Environmental Conservation (ADEC), 2005).

In such cases, the less the indoor environment is exposed to the outdoor environment, 

the less energy it takes to maintain the indoor environment. This reduction of exposure to 

outdoor environment is done by tightening the building, which causes reduced 

ventilation. Alternatively, one can utilize a Heat Recovery Ventilator (HRV) to increase 

ventilation at a lower energy loss.

The American Society of Heating, Refrigerating and Air Conditioning Engineers 

(ASHRAE) standard 55-1992 gives conditions that are considered comfortable; 

temperature between 6 8  and 80 °F (20 and 26.6 °C), relative humidity between 30 and 

60%, and clean air. The last condition may vary with individuals. Some of the pollutants 

that are easily felt are the ones that cause immediate discomfort. High carbon dioxide 

(over 1 0 0 0  ppm) is most often felt as stuffiness and discomfort in a closed environment 

(Bright et ah, 1992; Rajhans, 1983; Bell and Khati, 1983). This discomfort is not directly 

associated with exposure to CO2 but with other pollutants that accumulated indoors along 

with CO2. Many pollutants, like radon, cannot be felt even in high concentrations, and 

though they might not cause immediate harm at moderate levels, they cause serious long

term health effects. Carbon monoxide (CO) cannot be noticed easily even at moderate 

concentrations but can cause serious short-term health effects and can be fatal at high 

concentrations.

The ADEC (2005) further states that indoor pollutant levels can be 2 to 5 times higher 

than those outdoors. There are standards for ambient air, like the National Ambient Air 

Quality Standards (NAAQS). Other standards have been set for work places, where 

people spend about eight hours a day, but none have been set for homes where more time
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is spent. The pollutants found in homes and their levels depend on various parameters 

such as size of the house, ventilation rate, strength of indoor sources, occupant behavior, 

ambient conditions, etc.

One reason for lack of residential air standards could be that there are insufficient 

data on the quality of the indoor environment chiefly because pollutant levels depend 

mostly on occupant behavior. Activities like cooking and smoking indoors can expose the 

occupants to increased levels of pollutants. These pollutants are eventually diluted by 

influx of outdoor air, which may be cleaner. How fast the pollutants are diluted by 

outdoor air depends on the ventilation rate of the house, which in turn depends on factors 

such as outdoor temperature, outdoor wind velocity, and leakage level of the house.

The main objective of this thesis is to analyze indoor air quality (IAQ) in Alaskan 

homes and provide suggestions for improving IAQ where necessary. Homes tested 

include those from the Healthy Homes project and two other homes in Fairbanks. The 

Healthy Homes project was conceived with the idea of reducing IAQ related symptoms 

in low-income homes, especially to improve the health of children with asthma. The 

University of Alaska Fairbanks (UAF) teamed up with the Alaska Housing Finance 

Corporation (AHFC) and the Cold Climate Housing Research Center (CCHRC) to 

complete this project. In Hooper Bay, a rural community on the Bering Sea coastline, 

nine client homes (having at least one child with asthma) along with nine control homes 

were selected for this project. In Fairbanks, an urban community, ten client and eight 

control homes were selected. The remediation process consisted of improving insulation, 

replacing windows and doors, sealing air leaks, adding clothes dryers to reduce the 

growth of mold, and installing quiet bath and kitchen fans to remove moist air from the 

house. The hypothesis that the remediation process improves IAQ in homes was tested by 

monitoring air quality in the homes before and after remediation. The methods, analysis 

and results of the IAQ testing are discussed in Chapter 2. Two homes in Fairbanks (house 

A and N), as part of a separate study, were monitored for IAQ and the analysis of the 

results is discussed in Chapter 3.
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Chapter 4 describes the Simulink model based on mass balance to predict 

concentrations of pollutants at three homes. One of the tasks of the remediation process 

in the Healthy Homes was to install an exhaust-only fan. The effect of the fan on energy 

consumed and air quality in one home is described in Chapter 5. Conclusions of a 

comparison of IAQ between moderate-income homes (houses A and N) and low-income 

homes (Healthy Homes) appear in Chapter 6 .

1.2 Literature Review

A number of studies done on indoor air quality are cited in this thesis. A selected few 

highly relevant papers are reviewed in this section. The consulted papers appear in 

chronological order, and their relevance to this thesis and the information used are 

discussed in the review.

Seven papers are referred to for a comparison of IAQ results and their similarity in 

data collection with the Healthy Homes project. The other five papers are consulted for 

the modeling part of the thesis.

Impact of Energy Conserving Retrofits on Indoor Air Quality in Residential 

Housing: (Berk et al.. 1981)

In this study, two houses were tested for radon, formaldehyde, total aldehydes, 

particulates (PM2.5 and PM15), CO2, CO, NO, NOx, ozone and SO2 before and after the 

energy conservation retrofit measures were implemented. Effective leakage area 

measurements were taken at seven other houses before and after the retrofit.

The extent of retrofit varied from house to house, and the measures included 

installing storm windows and doors, weather stripping, installing ceiling, floor and duct 

insulation and moisture barrier. The study concluded that a comparison of the IAQ 

parameters before and after retrofit in the two houses showed no significant difference.
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Effects of House Weatherization on Indoor Air Quality: (Grimsrud et al., 1987)

Forty case homes and eight control homes in the Pacific Northwest were tested for 

ventilation rates, radon, formaldehyde, water vapor, NO2, CO, and respirable particle 

concentrations (PM2.5). The testing was done for a duration of ten days before and after 

weatherization. The study concluded “Indoor pollutants were only modestly affected and 

in some instances, radon concentrations were actually reduced due to the additional 

crawlspace ventilation installed as part of the weatherization process.”

This study was referred to as an example of many other studies done to compare IAQ 

before and after weatherization, all of which concluded there was little or no difference.

Indoor Air Quality Survey of Northwest Territories Housing: (Appin Associates, 

1991)

This study of selected communities in the Northwest Territory was conducted by 

Appin Associates on behalf of the Canada Mortgage and Housing Corporation (CMHC). 

The aim of the project included monitoring IAQ in 60 houses and studying the effect of 

using energy efficient designs in new homes and remediating older homes using similar 

techniques.

The pollutants measured and the methods used are as follows: CO2, CO, NO2 and SO2 

were sampled using Gastec tubes, and formaldehyde was sampled using the Air Quality 

Research Inc. (AQR) sampler. RH was sampled using the Buchan Lawton Parent (BLP) 

system, radon was measured using the RAD system from Rad Elec Inc., U.S.A., 

ventilation rates were calculated using PerFluorocarbon Tracer gas (PFT) technique, and 

particulates were sampled using gravimetric techniques. All samplers used were passive 

and were deployed for about seven days at a time for CO2, RH, radon, formaldehyde, and 

ventilation rates; spot samples were taken for NO2, SO2, and CO.

The results and conclusions of this study are as follows: Formaldehyde levels were 

below the action level of 0.10 ppm set in the exposure guidelines published by Health and 

Welfare Canada (HWC). Twenty-three of thirty houses had particulates above the HWC 

Acceptable Long-term Exposure Range (ALTER) of 40 pg/m3; the main source of
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particulates in the homes was smokers. RH ranged from 9 to 46%, averaging 25%, and 25 

of 54 houses had CO2 levels above the American Society of Heating, Refrigerating and 

Air-Conditioning Engineers (ASHRAE) 62-89 guideline of 1000 ppm However, all 

homes were below the HWC ALTER of 3500 ppm for CO2. Ventilation rates ranged 

from 0.042 to 2.2 ACH, with 35 homes below the rate of the 1990 National Building 

Code of 0.30 ACH. This report was consulted mainly because of the similarity in ambient 

environment in Canada and Alaska.

Ventilation and Air Quality Testing in Electrically Heated Housing: Strieker 

Associates, (1994)

The primary objective of this study was to determine the correlation of natural 

ventilation and IAQ with air leakage in about thirty houses in Quebec, Canada. The 

methods used for measuring various parameters were: Blower door test was used to 

determine the air leakage, and seven day average ACH was measured using a 

PerFluorocarbon Tracer gas (PFT) technique. Seven day PM2.5 was sampled using a 

pumped occupational hygiene filter cassette, and seven day radon was sampled using a 

pumped filter sampler from Canadian Institute for Radon Safety (CAIRS). TVOCs were 

measured by a pumped special multi-absorption tube for a 3-hour period, and 

formaldehyde was sampled using a passive dosimeter. CO2 and water vapor were 

recorded at 10-minute intervals using a YES 203 recorder and monitored for about a year 

in the master bedroom and for one week in the living room in each of the thirty houses. 

Water vapor, or absolute humidity, was derived from recorded indoor RH and 

temperature.

The seven day average PM2.5 ranged from 10 to 92 pg/m . The levels seemed to 

depend not only on the number of cigarettes smoked in each house but also on other 

parameters such as house volume and air leakage of the house. The house with the 

highest number of cigarettes smoked had very low PM2.5, which could have been the 

effect of its very high air leakage. The ventilation rates were between 0.1 and 0.38 ACH.
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TVOCs ranged from 0.2 to 2.5 mg/ m3, and formaldehyde ranged from 0.014 to 0.099 

ppm. Radon levels were between 0.2 and 4.4 pCi/L and CO2 ranged from 570 to 1500 

ppm during the one-week test. In the master bedrooms, CO2 levels were found to be over 

3000 ppm by early morning, before the door was opened. Simultaneous readings of CO2 

in different parts of a house were compared to estimate the communication between the 

different zones. It was found that the levels were almost the same in the different zones 

during unoccupied periods or during occupant activity and when a door between the 

zones was left open. During the night, the levels in the bedroom and living room differed 

by 2 0 0  to 300 ppm. In this thesis, the difference in CO2 between two zones and the 

assumptions made in modeling are discussed in Chapter 5.

The study concluded that, “the correlation between IAQ and measured air tightness 

was poor and that leaky houses as well as airtight houses can experience excessive indoor 

pollution levels.” Another conclusion was that the correlation between air tightness and 

natural ventilation depended on variables such as building characteristics and occupant 

behavior.

“Why CO2” Air Infiltration Review: (Liddament 1996)

This review discusses the convenience of using CO2 to estimate ventilation. CO2 is 

metabolically produced, and its concentration indoors can be related to the presence of 

occupants. CO2 itself is non-toxic, and concentrations up to 1 0 ,0 0 0  ppm have no direct 

health effects; but a metabolically produced level of 1 0 0 0  ppm in an indoor environment 

suggests inadequate ventilation and the presence of other pollutants. Since it is not 

reactive or absorbed by surfaces, the dilution rate of indoor CO2 by outdoor air can be 

used to estimate the ventilation rate.

The paper also gives the production rates of CO2 for different metabolic rates. For 

sedentary work, one person is estimated to produce about 4ml/s, which corresponds to 

about 28.3 gm/hr, and for light activity, one person produces about 6 ml/s (43 gm/hr). In 

this thesis, we have assumed a production rate of 40 gm/hr, which is a weighted average 

of the rates for sedentary and light work.
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Evaluating Building IAQ and Ventilation with Indoor Carbon Dioxide: (Persily, 

1997)

This paper describes the factors that need to be considered to use CO2 concentrations 

as an indicator of the ventilation rate of a building. The assumption of steady state 

conditions when using mass balance equations to compute ventilation rates affects the 

accuracy of the results by up to 50%. According to this paper, it takes about 10 hours (at 

0.25 ACH) for indoor levels to reach steady state if source strength, ventilation rate and 

ambient concentration are constant. The ambient outdoor CO2 value used in the mass 

balance equation should be representative and accurate if the levels are not constant. 

Another aspect of this paper is using CO2 levels as an indicator of IAQ. CO2 can be used 

as an indicator if  the other pollutants are generated at the same rate as CO2.

The Relationship Between Indoor and Outdoor Particles in the Residential 

Environment: (Morawska et al., 2001)

In this study, 16 houses in Brisbane, Australia were monitored for indoor and outdoor 

particle matter using a scanning mobility particle sizer (particle diameter 0.015 to 0.685 

pm), aerodynamic particle sizer (particle diameter 0.54 to 19.81) and a DUSTTRAK 

(PM2.5). All instruments were manufactured by TSI Inc., MN, U.S.A.

One conclusion of this study was that normally 85 to 95% of sub micrometer particles 

in indoor and outdoor air had particle diameters smaller than 0.1 pm. It was also 

concluded that under normal ventilation conditions (0.85 to 1.15 ACH), outdoor particle 

levels could be used to predict indoor levels. In this thesis, a prediction of indoor levels 

from outdoor levels was successfully modeled under minimal ventilation conditions (0 .2 2  

ACH).

Assessment of Indoor Air Quality in Interior Alaskan homes: (Johnson et al., 2002)

The research team in this study started collecting IAQ data in 6 8  homes in Alaska in 

1997. The team conducted a more thorough data collection in eight Fairbanks homes, 

from fall 1998 to spring 2000, where CO2, CO, RH, T, PM2.5, and PM10 were monitored



8

simultaneously. For each home, two sets of data were collected (in two indoor locations) 

for a period of ten days (with data recorded at 15 to 30 minute intervals) during each of 

the four seasons.

Radon data were collected in nine homes using a continuous radon monitor that 

recorded data every four to eight hours and using passive badges before and after active 

sub slab mitigation systems were installed. Radon is an issue to consider because of the 

geological features in the hills around Fairbanks and because of the long cold winters, 

which mean a pronounced stack effect for the majority of the year. The research team 

found that active sub slab depressurization led to an average reduction of over 90% in 

eight homes.

Yearly average CO2 (average of CO2 measured at 1 0  day periods in each home for 

four seasons) ranged from 503 to 2280 ppm, whereas summer averages ranged from 467 

to 877 ppm and winter averages ranged from 438 to 2368 ppm. Relative humidity ranged 

from 33 to 63% in the summer and 15 to 43% in the winter. CO ranged from 1 to 9 ppm 

in the summer and 0 to 23 ppm in the winter.

The CO2 levels in the study were found to be similar to those in other northern 

communities. Levels for CO and particulate matter were found to be acceptable by 

NAAQS, but winter RH (average 27 %) was found to be lower than Occupational Safety 

and Health Administration (OSHA) standards.

A fitness parameter, which is the ratio of the net CO2 convected through a residence 

divided by the average production rate, was calculated using MATLAB.

Fitness parameter F is given by,

r  V[ACH][c—ca\ 
n[s]

where V is the house volume, ACH is the ventilation rate in air changes per hour, C is the 

indoor concentration, Ca is the outdoor concentration (370 ppm), n=effective number of 

inhabitants, and s dot is the generation rate.

For steady state, F should equal one, and the closer the fitness value is to one, the 

better the results from the model. In this study, based on other literature, an adult on
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average in a residence was assumed to produce about 40 gm/hr of CO2. The same 

production rate has been used in this thesis to model CO2 via MATLAB Simulink.

Ventilation rates were calculated using blower door data and CO2 dilution rate. The 

primary method used was via CO2 dilution rate. This was done by first recording the 

natural decay of CO2 after residents left a house and then employing an equation to 

compute the ventilation rate, which is derived from the transient mass balance equation 

with no sources. The same method has been used to compute ventilation rates in this 

thesis, and the method is discussed in more detail in following chapters.

Indoor Air Quality in Houses of Asthmatic and Non-asthmatic Children: (Rumchev 

et al., 2 0 0 2 )

One of the main aims of the Healthy Homes project was to study the difference in 

indoor environments between case homes, which had at least one child with asthma, and 

control homes. This study was referred to because of the similarity in objective to the 

Healthy Homes project and because it presents an opportunity to compare IAQ in 

Alaskan homes with that in Australia.

In this study, 8 8  case and 104 controls were monitored for formaldehyde, VOC, PM10 

and house dust mite allergens twice during summer and winter visits for one year. 

TVOCs samples were collected for 8  hours by a charcoal sorbent tube, and analysis was 

performed by a Perkin Elmer Autosystem XL gas chromatograph equipped with a flame 

ionization detector, which identified benzene, toluene, m-xylene, o,p-xylene, 

ethylbenzene, styrene, chlorobenzene, 1,2-, 1,3- and 1,4-dichlorobenzene. Formaldehyde 

was measured by passive samplers containing glass fiber filters impregnated with 2,4- 

dinitrophenylhydrazone, and the filters were analyzed by gas chromatography.

Dust samples were collected by vacuuming, into disposable bags, a one m2 surface 

area of the child’s bedroom floor and child’s bedding for two minutes. PM10 was 

measured using a DUSTTRAK manufactured by TSI Incorporated, MN, U.S.A. The 

theory and working of the DUSTTRAK, which was used for PM sampling in our study,
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will be discussed in the methods section of Chapter 2. Temperature and RH were 

measured using Tinytalk II data loggers (Scientific House, West Sussex, Australia).

The results averaged for summer or winter were as follows: From the winter 

sampling, formaldehyde was 15.3 and 17.3 pg/m3 in the case and control homes
'X  'X

respectively. TVOCs in the case homes were 11.9 pg/m and 135.7 pg/m in the control 

homes. PMio was 45.5 and 45.8 pg/m3 in the case and control homes, respectively. 

Summer formaldehyde levels were higher than those recorded in the winter (37.8 pg/m3 

in case homes and 23.5 pg/m3 in control homes). TVOCs were 100.7 and 37.1 pg/m3 in 

the case and control homes, respectively. PMio in the case homes was 40.1 pg/m3 and in 

the control homes was 38.2 pg/m3. TVOCs and PMio in summer were lower than those in 

the winter. The study concluded that “case subjects were exposed to higher levels of 

TVOCs, formaldehyde and dust mite allergen levels compared to control homes.”

Are There any Differences in Indoor Environment of Asthmatic and Non-asthmatic 

Persons? A Case/Control Study Performed in Sweden and Estonia: (Frisk et al., 

2002)

Forty-nine case and control homes in Estonia and 49 case and 48 control homes in 

Sweden were chosen in this study to compare indoor environments between homes with 

asthmatic and non-asthmatic occupants. The parameters monitored for one week were 

temperature, RH, internal moisture supply, CO2, formaldehyde and nitrogen dioxide. The 

daytime readings were distinguished from the nighttime readings in this study. 

Temperature and RH were measured using a HygroThermograph, CO2 was measured 

using a photo acoustics instrument, formaldehyde and nitrogen dioxide readings were 

taken using diffusion sampling and internal moisture supply was calculated from 

meteorological data.

Average one week CO2 was over 800 ppm, formaldehyde was over 20 pg/m , RH 

was over 40 % and internal moisture was above 3 gm/ m3 in all homes. No statistical 

difference in measured parameters was found between case and control home
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environments in the Swedish homes, except for internal moisture supply, which was 

higher in the control homes.

In the Estonian homes, “case homes had higher levels of formaldehyde and house 

dust mite allergens than the controls.” There was a significant difference in RH between 

the two groups with higher levels at the case homes.

Acute Respiratory Effects of Indoor Pollutants in Two General Population Samples 

Living in a Rural and in an Urban Area of Italy: (Simoni et al., 2002)

This paper is cited as an example of studies done to compare IAQ between rural and 

urban homes. This study was carried out in 139 homes in the Po Delta (near Venice, 

North Italy) and 282 homes in Pisa (Central Italy). Subjects from Pisa represent the urban 

homes and those from the Po Delta represent rural homes. Nitrogen dioxide and PM2.5 

were measured for one week in both winter and summer. PM2.5 was sampled actively 

using a Dorr Oliver type pre selector, and NO2 was passively sampled (weekly average) 

by Palmes tubes and analyzed by spectrophotometric techniques.

The winter results show that average PM2.5 in the presence of environmental tobacco 

smoke (ETS) was 87 and 96 in the Pisa and Po Delta homes, respectively. The average 

levels in the absence of ETS were 51 and 64 ug/m3 in Pisa and the Po Delta, respectively. 

In the summer, Pisa homes had an average PM2.5 of 57 pg/m3 and the Po Delta had 59 

pg/m3 without ETS. In the presence of ETS, PM2.5 was 42 and 44 pg/m3 in Pisa and the 

Po Delta respectively.

A comparison of the levels shows that PM2.5 was higher in the rural homes than in the 

urban homes, and the levels were higher in the presence of ETS. The study also found a 

greater prevalence of respiratory symptoms in urban homes, in spite of lower pollutant 

levels, than in rural homes. The study attributed this to “the contribution of personal 

exposure to outdoor sources that produced higher concentration of pollutants in urban 

than in rural areas.”
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Use of Simulink for Dynamic Air Quality Modeling in Interior Alaska: (Johnson et 

al., 2005)

The first objective of this study was to study IAQ in two Fairbanks homes. One of the 

homes is used as a place of business with occupants ( 1 0  to 15 persons) typically arriving 

after 6  AM and leaving at about 6  PM. The second home was monitored for IAQ in 1999 

and was tested again in 2003, including the period of smoke during the July 2003 forest 

fires.

The parameters measured at house 1 (house A in following Chapters) were CO2, CO, 

RH, T, radon, elemental carbon (EC), or Black carbon (BC), and PM2.5, sampling at 5 

min to one hour intervals (and an 8  hour interval for radon) and passive samplers for 

radon, formaldehyde, benzene, toluene and hexane were deployed for 8  hours to one 

week. Walk throughs were performed for PMi and TVOCs and tape and dust samples 

were collected to be sent to an outside lab for analysis of microbial matter. The testing 

was conducted for a period of about 3 weeks.

At house 2, indoor and outdoor CO2, CO, RH, T, PM2.5, outdoor soot, and particle 

number density were recorded at 5 to 15 minute intervals for a period of over 4 days in 

June 2003. In July 2003, indoor and outdoor PM2.5, soot, and particle number density 

were recorded for about 5 days, in addition to collecting PM2.5 on a 0.8 um polycarbonate 

filter to determine the concentration gravimetrically. This was done mainly to establish a 

correction factor for the DUSTTRAKs, which tend to over predict PM2.5 when there is a 

large influx, such as during a smoke event.

The results of the tests are as follows: At house 2, the average 4.5 day CO2 level in 

June 2003 was about 700 ppm; RH ranged from 21 to 44% and average indoor and 

outdoor PM2.5 were 12 and 5 pg/m3 respectively. During the smoke event in July 2003, 

average 5 day indoor and outdoor PM2.5 were 45 and 99 pg/m3. There was a statistically 

significant difference between indoor and outdoor PM2.5 during both the test periods 

(p<0.05). Indoor PM2.5 and BC were well correlated during the smoke event (r- 

value=0.63) and there was a good correlation between indoor PM2.5 and particle number 

density as well (r-value =0.96)
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The ventilation rate via CO2 dilution ranged between 0.15 and 0.24 ACH. In the 

Simulink model to predict PM2.5 over a 52-hour period, a time variable ventilation rate 

was used to account for open windows and doors.

A review of this paper is being done chiefly to discuss the Simulink modeling, which 

was done for PM2.5 during the smoky periods and for radon. The same model has been 

used in this thesis to model PM2.5 when no indoor sources were present in house 1 , CO2 

in house N (to be introduced in following chapters) and CO2 in one of the homes from the 

Healthy Homes study (also to be introduced in following chapters).

In modeling PM2.5, a source-strength of 600 pg/hr was assumed for a person indoors 

and the coefficients of penetration, decay and deposition were assumed to be 0 .6 , 0 .0 1  hr" 

', and 0.2 hr'1, respectively. A transient input for penetration factor was also used in one 

simulation of PM2.5. An explanation of the theory and working of the model, as well as a 

comparison of IAQ data from house 1 with that from the Healthy Homes study and 

another Fairbanks home, are done in following chapters.



Chapter 2
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Healthy Homes Project

2.1 Introduction
Thirty-six homes were chosen in Hooper Bay and Fairbanks as client or control 

homes for the Healthy Homes project in Alaska. The main role of our team (UAF) in the 

project was to establish a baseline for IAQ prior to remediation to be compared with post

remediation data. We also wanted to see if there were obvious problem areas that could 

help focus remediation efforts. We wanted to compare the baseline readings with 

National Ambient Air Quality Standards (NAAQS) as well as with IAQ data obtained 

elsewhere and look for correlations between levels of pollutants and key variables such as 

remediation activities and summer vs. winter. This project is also an opportunity to 

compare indoor environments between rural and urban homes and between homes in 

Alaska and elsewhere. Others on our team dealt with influences of intervention in 

building characteristics on children’s health. Such intervention could have an effect on 

the IAQ.

Indoor air quality is influenced by many factors including indoor sources of 

pollutants, outdoor air quality, ventilation rates, and building use patterns. There are no 

overall national standards for IAQ in homes, including those used for business activities. 

Allowable levels of critical constituents in the outdoor ambient air are quantified by the 

NAAQS. The six NAAQS constituents are sulfur dioxide, ozone, nitrous oxides, carbon 

monoxide, fine particulate matter (PM), and lead. Allowable levels are typically around a 

hundred parts per billion (ppb), except for CO at 9 parts per million (ppm) over 8  hours, 

and lead at a few ppb (Johnson et al., 2002). The 24-hour allowable level for PM2.5 is 65 

pg/m3. Major indoor pollutants include radon, formaldehyde, combustion products, 

biological contaminants, tobacco smoke, organic gases, lead, pesticides, and asbestos. 

Researchers established for the first time in the mid-1960s that air pollutants generated 

indoors might be responsible for adverse health effects originally attributed to outdoor air 

(Namiesnik et al., 1992).
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The criteria for choosing a client home was that it would have at least one child with 

asthma related symptoms. In Fairbanks, ten homes were chosen as clients and eight were 

chosen as control homes, while Hooper Bay had nine of each.

The air quality indicators that were monitored are CO, CO2, PM2.5, PMi, RH, 

temperature, formaldehyde, benzene, toluene, radon and Total Volatile Organic 

Compounds (TVOC). Here, PM2.5 refers to the mass concentration of particles less than

2.5 pm in diameter while PMi refers to the number concentration of particles less than 1 

pm in diameter. In addition, dust and tape lift samples were taken for subsequent 

microbiological analysis. CO, CO2, RH, and temperature were recorded by instruments in 

an IAQ package deployed for about 14 days. A walk through was conducted in many 

houses to measure PM2.5, PMj, and TVOCs (as units of isobutylene) using a 

DUSTTRAK, P-TRAK, and PID respectively. The walkthrough lasted for 20 minutes to 

1 hour in each house, and notes were taken about activities in the home during testing. 

Passive badges, deployed for formaldehyde, benzene, toluene and radon, were later sent 

to an outside lab for analysis. A more detailed explanation of the testing and 

instrumentation is discussed in the methods section.

The nine Hooper Bay client homes were tested prior to the remediation process in 

spring 2003, and the results of this test are summarized under “HB-Pre”. Another test, 

conducted in March 2004 while the remediation process was still underway, is 

summarized under “HB-Post-1”. After the remediation process was complete, the client 

homes were tested in November 2004 (HB-Post-2). The Hooper Bay control homes were 

pre-tested in March 2004 and post-tested in November 2004.

The Fairbanks homes, unlike the Hooper Bay client or control homes, were not tested 

simultaneously. The pre- and post- testing of both the client and control homes were 

conducted between March 2003 and January 2005.
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2.2 Methods

2.2.1 Instrument Description

DUSTTRAK: The DUSTTRAK manufactured by TSI Inc., MN, U.S.A, uses the 

relationship among scattered light, aerosol size distribution and refractive index given by 

Mie theory to give the mass concentration of particle matter (PM) in the air. It comes 

with three inertial separators to measure particles of 1 micron, 2.5 micron and 10 micron 

D50. Here D50 is the average diameter of particles collected at 50% efficiency.

An internal pump operating at 1.7 liters per minute draws air and separates particles 

by inertial impaction to the required D50 (1 micron, 2.5 micron or 10 micron). The 

particles scatter light emitted by a laser photometer at a 90° angle, and the scattered light 

is measured by a solid-state silicon photo detector. Thus, the intensity of the measured 

scattered light is inversely proportional to the particle concentration, and for a given 

particle distribution (as calibrated by the manufacturer using standard ISO 12103-1, A1 

test dust), the light intensity measured is analogous to the particle mass concentration.

The DUSTTRAK has a range of 0.001 to 100 mg/m3 with resolution ± 0.001 mg/m3 

at an operating temperature range of 32 to 100 °F (0 and 37.7 °C).

Q-TRAK: This instrument, also manufactured by TSI Inc., can be used to measure 

CO2, CO, RH, and temperature simultaneously.

• CO2: Carbon dioxide molecules absorb light at a specific wavelength in the 

infrared (IR) region (about 4.2 pm). An infrared light source impinges IR light on the gas 

sample confined in the instrument, and the intensity loss with increasing concentrations 

of CO2 is detected by an IR detector. The sensor has a range of 0-6000 ppm with an 

accuracy of ± 50 ppm or ± 3% of reading, whichever is greater.
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• CO: Carbon monoxide is detected by electrochemical sensors in the instrument. 

The range of detection is 0 to 500 ppm and the accuracy is ± 3% of reading or ± 3ppm, 

which ever is greater.

• RH: Thin-film capacitive sensors consist of a polymer or metal oxide coating on 

a substrate with two conductive electrodes on either end. The change in relative humidity 

is proportional to the change in capacitance of the substrate. The accuracy is about ± 3% 

RH.

• T: Thermally sensitive resistors, or thermistors, are a ceramic semiconductor 

exhibiting a negative temperature coefficient. Here, temperature is inversely proportional 

to the electric resistance of the thermistor. The accuracy of the sensor is about ± 1 °F (± 

0.55 °C).

Telaire2001 Sampler: A hand held CO2 monitor manufactured by Telaire, CA, has a 

range of 0 to 4000 ppm and an accuracy of ± 50 ppm or 5% of reading, whichever is 

greater. The method used for detecting CO2 is “dual beam absorption infrared”.

HOBO temperature, RH, and data logger: The RH/Temperature data logging kit 

2077 was used to measure and log internal temperature and RH. The logger also stored 

CO2 data as voltage from the Telaire sampler, where 1 volt corresponds to 1 0 0 0  ppm of 

CO2. The accuracy of the temperature sensor is ±1.27 °F (± 0.7 °C) at 70°F (21.1 °C) 

with a range of -4° to 158°F (-20 to 70 °C). The RH sensor has a range of 25% to 95% 

and has an accuracy of ± 5% RH. The data logger recording the CO2 concentration was 

capable of recording signals indicating concentrations of up to 2500 ppm.

Toxi Ultra: The Toxi Ultra manufactured by Biosystems, CT, uses electrochemical 

sensors to detect CO levels in the range 0  to 999 ppm with an accuracy of the greater of ± 

1 ppm or ± 5% of reading.
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P-TRAK: Alcohol is condensed on to particles to make bigger droplets. The droplets 

pass through a laser beam and produce flashes of light, which are counted by a photo 

detector. The range of measurement of a P-TRAK is 0 to 5 x 105 particles/cm3 at an 

operating temperature range of 32 to 100 °F (0 to 37.7 °C).

ppbRae: This instrument, manufactured by RAE Systems, CA, has a Photo 

Ionization Detector (PID) to ionize chemicals using UV light and a detector to measure 

the charge of the ionized gas, which is proportional to its concentration. The instrument 

has a range of 1 ppb - 2 0 0 0  ppm in isobutylene units.

Alphatrak: The Alphatrak long term radon passive detector manufactured by RSSI 

Inc., IL, is typically deployed for over 14 days and returned to the manufacturer for 

analysis.

3M Organic Vapor Monitor 3500 and 3M Formaldehyde Monitor 3720: These 

are passive badges to measure VOCs and formaldehyde respectively. The badge is 

typically deployed for 8  to 24 hours (formaldehyde) and 7 to 15 days (VOC) and sent to 

an outside lab for analysis.

Aerotech DustChek: These vacuum cartridges (0.8 um) were used to collect dust 

samples from child’s bedding with a Red Devil Ultra hand vacuum.

Summary tables prepared by Jack Schmid (Research Engineer, UAF) of all the 

instruments and their specifications appear in Appendix A, Tables A1 and A2. An IAQ 

survey form (Appendix A, Table A3) was used, in many instances by the person 

conducting the house visit, to document necessary details.
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2.2.2 Sampling Protocol
The duration of the IAQ test was about 15 days in each home. Before deployment, all 

instruments were calibrated at UAF (for Fairbanks homes) according to manufacturers’ 

specifications. The Toxi Ultra CO logger, which is set to record peak CO levels every 30 

minutes, was calibrated first with nitrogen as per the Biosystems manual for zero point 

calibration, then 35 ppm CO in N2 calibration gas was applied to the instruments and the 

values recorded. Using the zero point and the response to the calibration gas, a calibration 

correction factor was then established. For the Telaire CO2 transmitter, nitrogen was used 

as a zero gas and 1 0 0 0  ppm CO2 in nitrogen calibration gas was used to calculate a 

correction factor. Its range is 0 to 10000 ppm with an accuracy of ±50 ppm or 5% of 

reading whichever is greater. A zero filter is used for zero point calibration of the P- 

TRAK and the DUSTTRAKs, which are also factory calibrated using a test dust of 

known distribution of particles. A photo ionization detector (ppbRAE) measuring VOCs 

was calibrated to isobutylene and has a range of 0 to 2000 ppm. The correction factor 

could be manually added to the readings or could be set to auto calibration, which was 

what was done, when the calibration gas is applied.

An IAQ equipment box (plastic box which contained a ToxiUltra, Telaire sampler, 

HOBO logger and a 6  volt dry cell battery) was deployed in each home for about 10 to 15 

days. All instruments were placed approximately 7 feet above floor level to sample 

constituents in similar microenvironments and to avoid biasing results with clouds of dust 

from the floor area. Indoor levels were measured at places of high activity like the 

kitchen and the living room, and outdoor levels were measured at close proximity to the 

house to ensure respresentativeness. Care was taken to place instruments where there 

would be minimal interference from occupants, especially children, in data acquisition. 

Formaldehyde badges were deployed for about 8 to 24 hours and VOC badges were left 

in each home for about 1 week. Walk through sampling of TVOCs, PM2.5, and PMi was 

done for about 2 0  minutes at the beginning of the test to sample air at various locations in 

each house. A test log was maintained (Fairbanks homes) for each home during the test 

to help correlate measured concentrations with their sources. Care was taken not to place
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the PID in close proximity to the P-TRAK, as the alcohol from the P-TRAK atomizer 

affects the measurement of VOCs by the PID.

We followed identical test procedures and used the same instruments during both pre- 

and post- remediation testing to assure completeness and comparability. We also sent our 

passive samples to the same labs for both the pre and post remediation tests. We deviated 

from this norm during only one test done in November 2004 in Hooper Bay when we 

used the Telaire CO2 OEM Module-6004 to record CO2 levels, instead of the Telaire 

7001 used in all the other tests. The accuracy of model-6004 was higher (± 40 ppm or ± 

3% of reading) than that of model 7001 (± 50 ppm). Tape samples were typically taken 

from the child’s bedroom windowsill or bedpost using scotch tape and placed in Ziploc 

bags. Dust samples were collected from the child’s bedding or pillow into a cartridge 

using a hand vacuum.

2.2.3 Data Analysis Protocol

Low CO2 readings: CO2 in ambient air is typically 370 ppm and levels in homes are 

much higher due to generation within. When CO2 levels in the data were less than 370 

ppm, an offset of (370-the minimum) ppm was added.

High CO2 readings: Sometimes, CO2 levels were more than the upper detection limit 

of the instrument. This was recognized by readings close to 2500 ppm (maximum range 

of the HOBO logger). The amounts of time that these readings occurred were reported as 

a percentage of the test period.

Negative CO data: Negative CO data sometimes arises when the instrument tries to 

cope for a sudden decrease in concentration. For ease of analysis, the negative readings 

were set to zero if they occurred for only a few readings. For a large number of negative 

readings, an offset of (+ the minimum) was added to the whole data set.
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2.2.4 Calculation of Ventilation Rates
The ventilation rate was calculated by the dilution rate of CO2 when there were no 

sources present. This can be done using the mass balance equation (Johnson et al., 2005) 

which, without sources, decay or deposition is,

Vdc/dt = Q(ca - c) (1)

where V is the volume of the system, ca is the ambient concentration, Q is the rate of flow 

of air and c is the indoor concentration.

Dividing both sides by V equation (1) becomes,

dc/dt = Q(ca - c)/ V 

let Q/V = Kv (Air Exchange Rate). Equation (2) becomes, 

dc/(ca - c) = Kvdt 

Integrating this equation we get,

-In (ca - c) = Kv t + 0  

Where 0  is a constant

(2)

(3)

Ca »

The initial condition is:

At t = 0, C = C0 

Where, C0 is the original concentration. 

Applying the initial condition, Eqn (3) becomes 

-In (cfl - c0) = 0  

Now substitute for 0  in (3),

-In (cfl - c) = Kv t - In (ca - cG)

Rearranging, we get

-In (ca - c) "t- In (ca - Co) K.v t
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and

In (Cq - co)/ (Cq - c) K-v t

In
c - c
c-c„

= K„ t

(4)

By plotting ln[(co-ca)/ (c-ca)] versus time, the slope of the resulting linear curve 

gives us the ventilation rate. Ambient CO2 (Ca) was assumed to be a constant 370 ppm.

Alternatively,

From equation (4),

In (Cj - Co) / (ca - c) Kv t

or

-In (ca- c) / (ca * Co) Kv t

or

In (ca~ c) / (c a~ Co) -Kv t 

Removing In from both sides we get,

(cfl -c)/(Co -Co) = e - Kvt

or

(c -Co)/(Co-Co) = e-Kvt

or

(c -Co) = (Co-Co)e'Kvt

Thus, plotting (c-ca) versus time and fitting an exponential curve will give us the 

ventilation rate. For example, shown in Figure 2.1 is the curve of c-ca versus time for 

FIB-4009. By fitting an exponential curve and specifying the equation to be displayed in 

Excel, we get the ventilation as the coefficient of x in the equation. Here, the ventilation 

rate is 0.22 ACH. The R2 value in the plot indicates the fit of the exponential curve.



23

C 02 dilution rate at HB-4009 (April 2003)

Time in hours

Figure 2.1 Plot to Calculate Ventilation Rate via CO2 Dilution

2.3 Results

2.3.1 HB Client Pre-remediation Tests
Pre-remediation testing of the client homes in Hooper Bay was conducted in April- 

May 2003. The mean ambient temperature at Hooper Bay during the pre-testing was 28 

to 37 °F (-2.2 to 2.7 °C).

The ventilation rates in two houses were 0.3 to 0.21 ACH (Air Changes per Hour), 

calculated from the steady decay of CO2 during unoccupied periods. Ventilation rates 

were not calculated for the other 6  houses from CO2 decay because the occupancy was 

such that decay, with no sources present, only occurred for short periods of time.

One and 8 -hr CO averages appear in Figures 2.2 and 2.3. One can see that all homes 

but one satisfied the NAAQS for maximum 1 hr levels and all but two for 8 -hr maxima.
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Figure 2.2 Hooper Bay Client Homes Maximum 1 hr CO

Figure 2.3 Hooper Bay Client Homes Maximum 8  hr CO

The high values for house HB-4006 were due to a spike in the CO concentration 

(reaching a maximum of 109 ppm) and lasting 1.5 horn's, as shown on Figure 2.4. Since 

this spike occurred about the same time as a peak in CO2 and a drop in interior T, we can
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speculate that the peaks were caused by a 4-wheeler operating outside with the door 

open.

Figure 2.4 CO, CO2 and Temperature vs. Time in HB-4006 (April 2003)

PM2.5 ranged from 17 to 57 pg/m3, relative humidity (RH) from 33 to 47 %, and T 

from 65 to 76 °F (18.3 to 24.4 °C) with the first an average of one 20-minute batch 

sample and the latter two averaged over two weeks. A summary of all data appears in 

Appendix A, Table A4.

Average 14-day carbon dioxide levels ranged from 879 ppm at HB-4008 to 2189 ppm 

at HB-4002. HB-4008 also had the lowest maximum of 1591 ppm, while the other eight 

homes had maximum levels greater than 2000 ppm. Indoor PMi levels ranged from 175k 

pt/cc to lk pt/cc with spikes in concentration coinciding with the time when a four- 

wheeler was passing by. Ambient levels were significantly different from those in HB- 

4009 (P-value=0), which might suggest indoor activities as the main source of PM). A 

caveat here is that the ambient data were collected for a period immediately after the 

indoor data were collected (only one sensor was available). The Total Volatile Organic 

Compounds (TVOC) ranged from 294 ppb in HB-4004 to 2422 ppb in HB-4005. The
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highest level of 15 k ppb was due to a resident cleaning a firearm using solvents when the 

walk through was being conducted at HB-4005.

Benzene and toluene levels, from the analysis of passive organic vapor monitors 

deployed for about 2 weeks, ranged from 4.4 to 33.7 ppb and 11.7 to 103.8 ppb 

respectively. Formaldehyde levels, also from passive badges deployed for 8 to 24 hours, 

ranged from 10 to 30 ppb.

2.3.2 HB Client Post-1 Tests
The second testing of the client homes in Hooper Bay was done in March 2004 when 

the remediation process was almost complete, with only the installation of ventilation 

controls to be done in some homes. The mean ambient temperature at Hooper Bay during 

post testing in March 2004 was 13 °F (-10.55 °C).

The CO2 levels averaged over the duration (12 days) of the test ranged from 973 ppm 

to 2121 ppm as shown in Appendix A, Table A5. This average is affected by the fact that 

the CO2 logger can record a maximum of 2485 ppm, and for periods when the CO2 

concentration is recorded as 2485 ppm, the actual concentration could be much higher. 

The percentage of the testing duration, for which CO2 levels were recorded as 2485 ppm, 

ranged from 0.7 % to 43% during the pre- test and 0% to 65% during the post-1 test.

Carbon monoxide, averaged over the 12 day testing period, ranged from 1 to 3 ppm; 

the maximum 1 hr CO average ranged from 3.2 ppm to 11.8 ppm, and the maximum 8  hr 

CO average ranged from 2.6 to 5.7 ppm, as shown in Figures 2.2 and 2.3. The 12-day 

average RH ranged from 24 to 36 % and indoor temperature, from 69 to 78 °F (20.5 to

25.5 °C). From the walkthrough testing of about 15-minutes, the average TVOC 

concentration was lowest in HB-4002 at 370 ppb and highest in HB-4006 at 6420 ppb. 

Average PM2.5 was measured for 8 to 15 minutes in each home and ranged from 13 to 

342 pg/m3 and PM] for the same periods ranged from 12 K to 50 K pt/cc. The ventilation 

rate calculated from the decay of CO2 was highest in HB-4003 at 0.35 ACH during the 

post-1 test and lowest in HB-4004 at 0.11 ACH. Data from organic vapor monitors,
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deployed for about one week in each home, resulted in benzene ranging from 3.5 to 15.8 

ppb and toluene ranging from 12.3 to 56 ppb.

2.3.3 HB Client Post-2 Tests
The final post-remediation testing was carried out in November 2004 after some 

ventilation controls were installed in the client homes. Sensors were deployed to record 

levels of CO2, CO, RH, and temperature, but data were lost for HB-4006 due to 

equipment malfunction. The mean ambient temperature at Hooper Bay during the testing 

period in November 2004 was about 24 °F (-4.4 °C).

Carbon dioxide, averaged over the testing period of 12 days, ranged from 619 ppm to 

1525 ppm. Carbon monoxide for the same period ranged from 0 to 1 ppm. The 

maximum 1 hr average was highest in HB-4007 at 33.2 ppm and lowest in HB-4009 at

1.7 ppm. The maximum 8  hr CO average ranged from 8 .6  ppm at HB-4004 to 1.3 ppm at 

HB-4009. The summary data averages appear in Appendix A, Table A6 . The 12-day 

average RH was approximately 30% in 5 homes and about 40% in the other 2 homes. 

Indoor temperature ranged from 71 to 80 °F (21.6 to 26.6 °C).

2.3.4 HB Control Pre-remediation Tests
The pre-remediation testing of nine control homes was conducted in April 2004 to 

monitor CO, CO2, RH, and temperature. The mean ambient temperature at Hooper Bay in 

April 2004 was about 30 °F (-1.1 °C). Unlike the prior tests, batch sampling of PM2.5, 

PMi, and TVOC was not done, nor were dust samples taken for subsequent 

microbiological analysis.

Carbon monoxide, averaged over the testing period of 10 days, ranged from 1 to 2 

ppm as shown in summary Table A7 (Appendix A). One hour and eight hour CO 

averages were below the respective 35 ppm and 9 ppm NAAQS in all but one home (HB- 

4064), where the corresponding maximum 1 hr and 8  hr levels were 41 and 18 ppm. In 

Figure 2.5 appears the 1 hr maximum CO and in Figure 2.6, the maximum 8 hr CO. The 

CO levels were greater than 10 ppm for a period of 5.5 hours in this home. During this
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time, they correlated with the CO2 levels, with an r-value of 0.80, while the r-value for all 

the CO and CO2 data for this home was 0.12.

Figure 2.5 Hooper Bay Control Homes Maximum 1 hr CO

Figure 2.6 Hooper Bay Control Homes Maximum 8  hr CO
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The average CO2 levels over the 10-day testing period ranged from 944 ppm to 2183 

ppm with two homes having CO2 levels reach the upper range of the HOBO logger, 

which is 2485 ppm. HB-4071 had C 0 2 levels at 2485 ppm 50% of the testing time while 

HB-4068 had 2485 ppm CO2 for 8 % of the time. Average indoor RH ranged from 33 to 

41%, while average temperature ranged from 69 to 74 °F (20.5 to 23.3 °C) in the nine 

homes.

2.3.5 HB Control Post-remediation Tests
Post-remediation testing of the nine control homes was done in November 2004 when 

the mean outdoor temperature in Hooper Bay was approximately 24 °F (-4.4 °C). The test 

consisted of monitoring CO, CO2, RH, and temperature for 11 days in each home; the 

data summary appears in Appendix A, Table A8 .

The average 11 day CO2 ranged from 607 ppm to 1838 ppm, and CO ranged from 0 

to 3 ppm. The maximum 1 hour average CO ranged from less than 1 ppm in HB-4063 

and HB-4070 to 123 ppm in HB-4064. The home, HB-4064, also had the highest 8 -hour 

maximum average, among the nine homes, of 29 ppm. No noticeable change in 

temperature, relative humidity, or correlation with CO2 occurred during the four-hour 

period of high CO concentration of more than 10 ppm, averaging 57 ppm at HB 4064. 

HB-4063 and HB-4070 had the lowest 8 -hour maximum average of less than 1 ppm 

among the nine homes. The maximum 1 hr and 8 hr CO are illustrated in Figures 2.5 and 

2 .6 .

HB-4045 had maximum 1 hr CO below the NAAQS of 35 ppm but had maximum 8 

hr CO above the NAAQS of 9 ppm by 2 ppm. This home had consistently high CO 

levels, when compared with the other test homes, which correlated well with the indoor 

CO2 as shown in Figure 2.7. The r-value for the period (11/16/04 1:00 PM to 11/20/04 

2:36 PM) was 0.877 and for the whole test period was 0.55. The indoor temperature 

seemed to track CO2 during this period as shown in Figure 2.8. Indoor temperature, CO, 

and CO2 typically correlate well when indoor combustion of fossil fuels is the source of
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CO and CO2. RH and indoor temperature averaged from 20 to 43% and 65 to 81 °F (18.3 

to 27.2 °C), respectively, during the 1 1-day testing period.

Figure 2.7 CO and CO2 vs. Time in HB-4045 (Nov 2004)

Figure 2.8 CO2 and Temperature vs. Time in HB-4045 (Nov 2004)
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2.3.6 Fairbanks Client Pre-remediation Tests
The pre remediation test data statistics appear in Appendix A, Table A9 and, because 

Fairbanks homes were each tested on different dates, a summary of the test dates with the 

outdoor temperature for Fairbanks appears in Appendix A, Table A14.

The client homes had 14 day average CO2 levels ranging from 533 ppm at Fbks-DE 

to 1623 ppm at Fbks-MC, with four out of the ten client homes having average CO2 less 

than 1000 ppm. Average CO ranged from 0 ppm at Fbks-NA to 5.2 ppm at Fbks-FA. One 

and 8 -hr CO averages appear in Figures 2.9 and 2.10, respectively.

Figure 2.9 Fairbanks Client Homes Maximum 1 hr CO
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Figure 2.10 Fairbanks Client Homes Maximum 8 hr CO

The highest 1 hr average occurred at Fbks-DE due to high concentrations (peak at 43 

ppm) lasting 30 minutes, which affected the maximum 8-hour CO, which was 11 ppm. 

There was no significant change in CO2 and temperature during that period to relate the 

high concentration to any outdoor activity. The average CO level for that home was 1.7 

ppm. Fbks-FA had the highest 8 hour average CO of 18 ppm, and CO levels correlated 

well with CO2 levels in this home as shown in Figure 2.11, suggesting a possible indoor 

source when there was an increase in indoor temperature with CO2 as shown in Figure 

2 .12.



Figure 2.11 CO and CO2 vs. Time in Fbks-FA (Oct 2004)

Figure 2.12 CO2 and Temperature vs. Time in Fbks-FA (Oct 2004)
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Walkthrough monitoring of PM2.5, PMi, and TVOCs was conducted at five homes: 

Fbks-DE, Fbks-KN, Fbks-CO, Fbks-NA and Fbks-SI. Average 20 minute PM2.5 ranged 

from 11 pg/m3 to 44 pg/m3. Indoor PM2.5 concentrations in Fbks-NA increased from 13 

pg/m3 in the living area to 182 gg/m3 in the garage and went up to 352 pg/m3 in the 

vicinity of two smokers in the garage. The average 20 minute PMi values ranged from 3 

K pt/cc at Fbks-DE to 121 K pt/cc at Fbks-KN. At Fbks-KN, PMi levels at the bathroom, 

where candles were lit, was close to 200K pt/cc and the maximum-recorded level of 350 

Kpt/cc occurred in the washer and dryer area. The washer and dryer were operating for 

the duration of the visit, and there was odor and indications of dryer exhaust leak.

The average TVOC levels ranged from 263 to 127K ppb with levels in Fbks-SI 

causing the PID to reach its maximum limit of 200 K ppb. This was attributed to the 

dryer being vented indoors. The average living area TVOC levels at Fbks-SI were greater 

than 3K ppb and were minimal at the kitchen (about 1000 ppb). The levels near the dryer 

caused the PID to reach its maximum, but dropped to 7K ppb when the dryer was turned 

off. Benzene and toluene, analyzed from passive badges, ranged from 4.1 to 25 ppb and 

12.6 to 101.7 ppb, respectively. Formaldehyde levels from badges deployed in three 

homes appear in Appendix A, Table A9. Alpha track radon monitors deployed in two of 

the client homes gave 14 day average levels as 1.2 and 3.4 pCi/1.

2.3.7 Fairbanks Client Post-remediation Tests
The average 14 day CO2 ranged from 6 8 8  ppm to 1440 ppm, and the 14 day average 

CO ranged from 1 to 2 ppm as tabulated in Appendix A, Table A 10. The highest average 

was at Fbks-DE where the remediation crew was still working and contributed to the CO2 

level.

Figures 2.9 and 2.10 show the maximum 1 hr and 8 hr CO respectively; none of the 

homes had 1 hr or 8  hr CO over the NAAQS of 35 ppm and 9 ppm, respectively. 

Walkthrough sampling of PM2.5, PMi, and TVOC was conducted only in Fbks-NA. In 

this home, 20 minute average indoor PM2.5 was at 30 pg/m3 when outdoor PM2.5 was 16 

pg/m3. Also, outdoor PMj (43 K pt/cc) was more than indoor PMi (17K pt/cc) during the
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2 0 -minute walkthrough. TVOC level was 682 ppb, as averaged over the 20 minute test. 

The average 14-day temperature and RH ranged from 64 to 74 °F (17.7 to 23.3 °C) and 

23 to 27% respectively. Results from organic vapor monitors showed that benzene and 

toluene ranged from 5.9 and 10.5 ppb and 23.7 and 73 ppb respectively.

A Met One particle counter along with a Q-TRAK was deployed at Fbks-STILLV 

(Post) for about 18 hours. The average levels over the 18 hours were 21659 counts/liter of 

PMo.3, 2102 counts/liter of PMi, 431 counts/liter of PM2, 180 counts/liter of PM3, 218 

counts/liter of PM4, and 4 counts/liter of PM5. The actual data representing 1 minute 

averages are shown in Figure 2.13.

Figure 2.13 Met One Particulate Levels at Fbks-STILLV (post-)

The particulate levels, along with CO and CO2 each increased around 10 PM, and 

then the particulate number density decayed. The CO and CO2 data appear in Figure 2.14.
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Figure 2.14 CO2 and CO at Fbks-STILLV (post-)

There were noticeable particulate peaks at 8:30 PM, 10:00 PM, and 10:30 PM and 

CO2 peaks around 8:40 PM, 9:30 PM, and 10:30 PM. These peaks may also suggest some 

activity in the vicinity of the instruments by the occupants that was intermittent and of 

short duration. The instruments were near the kitchen/living area, and the occupants were 

one adult and some school age children. These events coincide with a drop in outdoor 

temperature (from —7 °F to -26 °F (-21.6 to —32.2 °C) in 3 hours) as shown in Figure 

2.15, suggesting that a heating source could have been used in the home that caused the 

particle levels to go up. This was a post weatherization test, so the house had been made 

more habitable by reducing air leakage and improving insulation. The indoor temperature 

remained relatively constant with an average of 69 °F (20.5 °C) and standard deviation of 

1 °F (-17.2 °C) for the logging period.
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Figure 2.15 Indoor and Outdoor Temperature at Fbks-STILLV (post-)

2.3.8 Fairbanks Control Pre-remediation Tests
The average 12 to 14 day CO2, as shown in Appendix A, Table Al 1 ranged from 571 

ppm at Fbks-BR to 1104 ppm at Fbks-AND, which was the only one of the eight control 

homes to have average CO2 more than 1000 ppm. Carbon monoxide, averaged over the 

test period, ranged from 1 ppm to 3 ppm, while 1 hr and 8 hr maximum CO, appearing in 

Figures 2.16 and 2.17, were below the NAAQS. The twenty minute walkthrough PM2.5 

average ranged from 4.4 pg/m3 to 196.3 pg/m3; Fbks- WI had the highest average level of 

196 pg/m3, which could be attributed to ETS as the bathroom was being used as a 

smoking area. The outdoor levels were 38 pg/m3 during that time. Fbks-LO had the 

highest level of PM2.5 (49 pg/m3) that was not influenced by ETS, but this was close to 

the outdoor level (46 pg/m3). The 24-hr NAAQS for PM2.5 is 65 pg/m3. The maximum, 

minimum, average and standard deviation of PM2.5 are shown in Appendix A, Table Al 1.

PMi levels over the 20-minute walkthrough ranged from 4.6 K pt/cc to 69 K pt/cc and 

were affected by activities such as cooking or smoking. The levels in Fbks-LO went from 

26 K pt/cc to 171 K pt/cc when the occupant started cooking over an electric range. A 

walk through sample of PMi at Fbks-WI showed a jump to 254 K pt/cc, when recorded in 

the vicinity of a smoker, from an average level of 42 K pt/cc in the house.



Figure 2.16 Fairbanks Control Homes Maximum 1 hr CO

Figure 2.17 Fairbanks Control Homes Maximum 8 hr CO
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The highest average PMi of 69K pt/cc was at Fbks-BR where the occupant was 

cooking over the electric range and the oven was turned on; the maximum-recorded 

reading in this house was 181K pt/cc.

RH ranged from 23 to 32% and indoor temperature, from 6 8  to 75 °F (20 to 23.8 °C) 

(Appendix A, Table Al 1).

Results from passive badges are also tabulated in Appendix A, Table Al l .  Benzene 

and toluene ranged from 1.2 to 5.7 ppb and 9.6 and 20 ppb, respectively; Formaldehyde 

and radon ranged from 0.02 to 0.06 ppb and 1.4 and 7.4 pCi/1, respectively.

2.3.9 Fairbanks Control Post-remediation Tests
The average 12 to 14 day C 0 2 ranged from 496 ppm to 1083 ppm as shown in 

Appendix A, Table A12. The lowest average of 496 ppm was at Fbks-BR, which was 

unoccupied for eight of the twelve days of testing.

Figures 2.16 and 2.17 show all the homes were below the NAAQS for maximum 1 hr 

and 8  hr CO. The average CO over the test period was 1 to 2 ppm in the control homes.

PM2.5 ranged from 2.3 to 27 pg/m3, and PMi ranged from 3.4K pt/cc to 62K pt/cc, as 

averaged over the 20 minutes of the walkthrough. A monitor stove was operating in 

Fbks-KL, which had the highest PMi average of 62 Kpt/cc, but also the lowest PM2.5 

average of 2.3 pg/m3. The TVOC levels, averaged over the period of the walkthrough, 

ranged from 130 to 481 ppb. The twelve to 14 day average RH and temperature ranged 

from 23 to 29% and 61 to 75 °F (16.1 to 23.8 °C), respectively. Benzene levels ranged 

from 2.5 to 31.3 ppb and toluene from 5.4 to 107.8 ppb. Radon from alpha tracks 

deployed in four homes ranged from less than 1.7 to 2.9 pCi/1. Formaldehyde was 

maximal at Fbks-LO (0.04 ppb) and minimal at Fbks-KL (0.01 ppb) during the post-test 

of the control homes.
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2.3.10 Tape-lift Results
Tape lift samples were taken at 17 Fairbanks homes prior to remediation and at 9 

after remediation; the results are summarized in Appendix A, Table A13. Three pre-test 

samples had total fungal spores (TFS) greater than 1000 per cm2, and a total of seven 

samples had greater than 100/ cm2. The total fungal spores per cm2 is shown in Figures 

2.18 and 2.19, from pre- and post- samples respectively.

Fbks-KN, Fbks-DE, Fbks-KL and Fbks-NA had greater than 100/cm2 

Aspergillus/Penicillium-like spores, with Fbks-NA having greater than 400/cm" 

Chaetomium. Fbks-WA and Fbks-AND samples had pollen observed in them. In the 

post-test samples, Fbks-WA had greater than 3000 Stachybotrys/cm2 and more than 4000 

Chaetomium. No other houses had detectable Stachybotrys or greater than 15 

Chaetomium (detection limit). Other spores identified at over 15 count/cm" were 

Ascospores, Basidiospores, Cladosporium, Smuts/Myxomycetes/Periconia, and Torula.

Figure 2.18 Total Fungal Spores/ cm2 in Fairbanks Tape Samples (pre-)
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Figure 2.19 Total Fungal Spores/ cm2 in Fairbanks Tape Samples (post-)

There was occasionally poor correlation between results from duplicate samples taken

and 31 TFS/ cm2 in another duplicate sample. The higher of the two was taken as the 

concentration in that home in this report. The type of spores found in duplicate samples 

was also occasionally different; Fbks-STILLV (post) had Aspergillus/penicillum-like and 

Cladosporium in one sample and none of the two in the other sample.

2.4 Discussion of Results
A comparison of the measured concentrations with data from other studies and 

recommended levels and between the two communities (Fairbanks and Hooper Bay) is 

done in this section. We also discuss events during which any of the measured constituent 

concentrations exceeded recommended levels.

from the same vicinity. For example, Fbks-AND (post-) had 139 TFS/ cm2 in one sample
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2.4.1 Hooper Bay

2.4.1a Hooper Bay Client Homes
Carbon dioxide, in itself is not considered harmful in moderate quantities (500 to 

3000 ppm (Taylor, 1995)), but acts as a surrogate for other pollutants and poor 

ventilation. Although the two week average CO2 levels from the pre-testing data of the 

client homes were over the ASHRAE1 standard of 1000 ppm in most homes, they were 

below the OSHA2 PEL (Permissible Exposure Limit) and ACGIH3 TLV (Threshold 

Limit Values) of 5000 ppm. The OSHA standards govern the workplace where people are 

typically exposed for up to 8 hrs/day. The ASHRAE standards provide guidance to those 

operating public and commercial buildings to help insure adequate ventilation. After 

post-1 remediation, no significant reduction in CO2 was found except in two homes, HB- 

4002 and HB-4003, where average CO2 was reduced by about 40%. Post-2 remediation 

further reduced average CO2 levels from the pre-test levels by 20 to 70% in five homes.

Average carbon monoxide levels were reduced from 1 to 4 ppm to either close to 0 

ppm or close to 1 ppm in all homes after the post-2 remediation process. In a study by 

Howell et al. (1997), about 10% of the homes in 5 villages in Alaska had elevated CO 

levels, for which the most common cause was improperly ventilated hot water heaters.

ASHRAE Standard 55-1981 (revised December 2004) suggests an optimal relative 

humidity for a corresponding summer or winter indoor temperature as shown in 

Appendix A, Table A 16. However, some have suggested that the lower limits in Alaskan 

homes during the winter should be less than (about 10% less than) those in Appendix A, 

Table A 16, partly because of our very dry ambient air in Interior Alaska. During the pre

test, which was conducted in April and May 2003, the indoor temperatures ranged from 

65 to 76 °F (18.3 to 24.4 °C) and the outdoor temperature was 32 °F (0 °C). Hence, RH 

comfort levels for winter indoor temperatures can apply. During the pre-test, the RH for

1 American Society of Heating Refrigeration and Air Conditioning Engineers2
Occupational Safety and Health Administration

3 American Conference of Governmental Industrial Hygienists
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all nine homes was 33 to 47%, which is over the lower limit of 30% of the ASHRAE 

acceptable range. Problems from mold generally occur at a RH more than 60%, at which 

microbial growth is promoted.

During the post-1 test in March 2004 when the remediation process was underway, 

for indoor temperatures of 69 to 78 °F (20.5 to 25.5 °C), the RH was below the 30% 

minimum level in six of the nine homes. After the post-2 process, the RH was below 30 

% for only three homes in spite of the indoor temperature being 71 to 80 °F (21.6 to 26.6 

°C), while the outdoor temperature averaged 24 °F (-4.4 °C). This suggests that after the 

second remediation process the remediated homes were better at retaining humidity.

In Hooper Bay, the pre-test PM2.5 levels were below 40 pg/m3 for 8 of 9 homes, and 

post-1 results showed levels less than 40 pg/m3 in 6 of 9 homes. While it cannot be 

concluded that any homes were above or below the NAAQS for PM2.5 using only data 

from the 20-minute walkthrough, it can be used to see if there are any sources dispersing 

large amounts of PM2.5 indoors during or prior to the walkthroughs. For HB-4004 during 

the post-1 test, 15 minute PM2.5 averaged 342 pg/m3 and the PMi was 42K pt/cc. The 

other homes had much lower PM2.5 (less than 90 pg/m3) with sometimes-higher PMi 

levels. The current NAAQS for 24 hr PM2.5 is 65 pg/m3. PMi and PM2.5 correlate well in 

the presence of tobacco smoke (Simoni et al., 2002). Johnson et al. (2005) found a good 

correlation between ambient PM2.5 and numbers of particles smaller than 2 pm during 

periods of elevated particulate levels due to forest fires, as shown in Figure 2.20.

The TVOC levels during the pre-test were above the State of Washington Building 

Standard of 500 pg/m3, or 215 ppb, for all 9 homes. Normal indoor air has a TVOC level 

of 100 to 400 ppb isobutylene units (RAE Systems, 2002). Wallace (2001) found about 

half of 750 homes sampled in the United States had TVOC levels greater than 1,000 

pg/m3, or 431 ppb. Building materials and consumer products, such as air fresheners, are 

major VOC sources in nonsmoking homes.
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Figure 2.20 PM 2.5 and BC over a Period of 20 hrs (Johnson et al., 2005)

2.4.1b Hooper Bay Control Homes
We found the 10-day average CO levels lower after remediation in all homes except 

HB-4045. The maximum 1 hr and 8 hr average CO for this home was 13 and 11 ppm. For 

this house, CO and CO2 correlated well for the first four days (r-value= 0.87), but neither 

correlated with RH, as might happen when cooking using a gas-fired stove. If the source 

of combustion air for a furnace is interior air (which ultimately comes from the outside), 

then CO2 levels decrease when the furnace fires and causes outside air to be drawn in to 

replace the indoor air supplied for combustion. The CO level was over the 8 hr 

maximum NAAQS for only one instance during the 12 day test, with levels over 10 ppm 

for six hours. Relative humidity was below the minimum 30% ASHRAE standard for two 

homes, for a corresponding indoor temperature range of 65 to 81 °F (18.3 to 27.2 °C).

Appin associates (1991) found winter RH in 60 Canadian homes averaging 25%. 

They also found 23 out of 30 homes falling above the Health and Welfare Canada 

(HWC) Acceptable Long-Term Exposure Range (ALTER) of 40 pg/m3 for PM2.5 

measured over a seven day period using gravimetric techniques. PM2.5 was not measured 

in any of the Hooper Bay control homes.
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2.4.2 Fairbanks Homes
A direct comparison of pre- and post- CO2 shows lower levels after remediation in six 

of the eight client homes for which we had data. For the control homes, post- CO2 was 

lower than pre- levels in only three of the seven homes with data.

Seven of the eighteen Fairbanks homes had pre RH close to the ASHRAE 

recommended level of 30%. Post- RH in all the Fairbanks homes was below the 

ASHRAE recommended 30% except for Fbks-WI. However, we must consider that for 

Alaskan homes, some have suggested an optimum RH of 25 to 30%, and all homes were 

within this range after remediation.

The TVOC levels at Fbks-SI were greater than 3K ppb and were minimal in the 

Kitchen (about 1000 ppb). The levels near the dryer caused the PID to reach its maximum 

(200 K ppb maximum, 100 K ppb average) but dropped to 7 K ppb when the dryer was 

turned off. This correlation of TVOC levels with the operation of the dryer is due to the 

venting of the dryer indoors. In a study done by Kulmala et al. (2000), high TVOC 

concentrations in the washroom were attributed to an aliphatic hydrocarbon solvent that 

was a component of the detergent used.

The United States Environmental Protection Agency (U.S.EPA, 1995) recommends a 

maximum indoor level of 200 pg/m3 (approximately 86 ppb). The TVOC levels at Fbks- 

BR were higher (350 ppb) in the bedroom than in the living room (300 ppb). At Fbks-DE, 

TVOC levels were higher in the living area (500 ppb) than in the garage (129 ppb). 

Similarly for Fbks-LO, TVOC levels were higher in the upper levels (240 ppb), 

especially in the nursery (283 ppb) than in the basement (217 ppb). This higher 

concentration of TVOCs in places where occupants spend their time most suggests an 

anthropogenic source like air fresheners, sanitary products etc. In a study by El-Hougeiri 

and El-Fadel, (2002) of IAQ in 28 non-residential buildings in urban Beirut, TVOC 

levels ranged from 700 ppb (without combustion sources present) to 1200 ppb (with ETS 

sources present). The measurements were taken for 30 to 60 minutes three to four times a 

week. At the locations without combustion sources present, the outdoor levels were close
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to or a little higher than the indoor levels. At locations where TVOCs were measured 

with ETS sources present, outdoor levels were about 50% of the indoor concentrations.

In our study, the two homes known to have indoor ETS sources, Fbks-WI and Fbks- 

NA, had 20 minute TVOCs of 180 to 263 ppb before remediation and 682 ppb at Fbks- 

NA after remediation.

2.4.3 A Comparison between the Two Communities (Fairbanks and 

Hooper Bay)
One of the most obvious differences between Fairbanks and Hooper Bay homes is the 

average CO2 levels. In HB after remediation, the loggers were at the maximum 

recordable level of 2500 ppm for 2 to 66% of the test duration in six of 9 client homes 

and 8 to 51% in 2 of 9 control homes. None of the Fairbanks homes had CO2 levels 

reaching 2500 ppm except Fbks-DE (post-remediation), which had about 2 hours of 

maximum recordable CO2 of the total 14-day test period. The amount of time the 

samplers were reading the maximum levels is expressed as a percentage of the total 

testing duration in Appendix A, Table A15.

In a study done by Appin associates (1991) on IAQ in Canadian homes, the highest 

average seven-day level of CO2 was 2000 ppm, with 25 out of the 54 homes tested 

having levels above the ASHRAE 62-89 guideline of 1000 ppm. The house floor areas 

were much larger than those in Hooper Bay, and there were fewer occupants. Johnson et 

al. (2002) collected data from eight homes in Fairbanks of which six had average CO2 

levels less than 1000 ppm over a one to two week period. The floor area ranged from 400 

to 3000 ft 2 with 2 to 4 occupants, whereas the Hooper Bay homes had about 300 to 700 

ft 2 of floor area with 2 to 8 occupants. The difference in indoor CO2 concentrations 

between Hooper Bay and Fairbanks could be ascribed to building use patterns, per capita 

house floor area, ventilation rate, and heating system used.

The Hooper Bay client post-2 14 day CO2 averages were lower than the post-1 data 

except for HB-4010. The second remediation process consisted of retrofitting ventilation 

controls, which could have contributed to the reduced CO2 averages.
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A recent Canadian study (Parent et al., 1996) involved the measurement of CO2 levels 

in 30 homes heated by electric baseboards during the heating season. The houses were 

chosen to have a similar distribution of air leakage as in a random sample of several 

thousand homes in Quebec. The air changes per hour (ACH) during blower door tests 

ranged from 1.25 to 11.75 with a peak around 4.25 (all at 50 Pa AP). The average indoor 

air contaminant levels (total VOCs, formaldehyde, radon, CO2 and water vapor) were 

measured during a one-week period between December and March. From the data 

presented, one can infer that the gain in C 0 2 above ambient ranged from 264 to 1271 

ppm with an average of 569 ppm. The average occupancy rate was 73 person hours per 

day; the average air exchange rate and house volume were 27.6 1/s and 449 m3, 

respectively. Dividing 27.6 1/s by the house volume results in an average of 0.22 ACH. In 

a study in a Swedish urban community, Norback et al. (1995) found the average CO2 

concentration was above 1000 ppm in 24 percent of the 50 randomly selected dwellings.

The NAAQS for PM2.5 over a 24-hour period of 65 pg/m3 was exceeded by three 

Hooper Bay client homes after remediation. Again, as mentioned in previous section, 

PM2.5 was measured over a period of 20 minutes and the 24-hour concentration could be 

different. Walkthrough testing was not conducted in the Hooper Bay control homes.

The average pre-remediation PM2.5 levels in the two homes (Fbks-WI and Fbks-NA) 

with ETS sources were 44 and 196 pg/m3 during the walkthrough sampling. The post

remediation 20 min average PM2.5 level at Fbks-NA was 30 pg/m3. A similar study 

(Simoni et al., 2002) showed PM2.5 levels were significantly higher in the presence of 

tobacco smoke.

Although there are no NAAQS for benzene, toluene, or formaldehyde, it may be 

useful to compare the levels we found with standards used in the workplace. To that end, 

we have tabulated the OSHA and National Institute for Occupational Safety and Health 

(NIOSH) maximum allowable daily averages for the workplace below (Table 2.1).

The Permissible Exposure Limit (PEL), represents an 8  hour time weighted average 

(TWA) and the Recommended Exposure Limit (REL), a 10 hour average (NIOSH,



48

2005). TWA is the employee's average airborne exposure in any 8 or 10-hour shift of a 

40-hour workweek.

Table 2.1 Allowable Standards

c o 2 1000 ppm (ASHRAE 62 Guideline); 5000 ppm (OSHA-PEL)

CO 1 hr Max: 35 ppm; 8 hr Max: 9 ppm (NAAQS)

RH Minimum level 30% (ASHRAE 55 Guideline)

pm25 24 hr Max: 65 ug/m3 (NAAQS)

PM10 24 hr Max: 155 ug/m3 (NAAQS)

TVOC 200 ug/m3 or 86 ppb in Isobutylene units (USEPA)

Formaldehyde 16 ppb (NIOSH-REL); 750 ppb (OSHA-PEL)

Benzene 1000 ppb (NIOSH-REL); 100 ppb (OSHA-PEL)

Toluene 200 ppm (NIOSH-REL); 100 ppb (OSHA-PEL)

Radon 4 pCi/l (USEPA)

None of the homes tested for benzene in Fairbanks or Hooper Bay had one-week 

average benzene levels more than 34 ppb. Only two homes had toluene over 100 ppb 

(just barely) with one being a remediated home. This home also has indoor tobacco 

smoke sources. Although none of the homes had 24-hour formaldehyde levels over 750 

ppb, 37 out of 46 tests indicated levels over 16 ppb. Some of the tests were on the same 

dwelling after remediation.

The ACGIH Threshold Limit Value (TLV) is 500 ppb for benzene, 300 ppb for 

formaldehyde, and 50 ppm for toluene. Adgate et al. (2002) found 6 day benzene and 

toluene in 284 homes averaged 5 and 25 pg/m3 (1.6 and 7 ppb) respectively. They also 

found homes with smokers or attached garages had significantly higher benzene levels 

than others. Most of these exposure standards were established for a work place, and the 

duration of exposure includes only working hours, which typically is eight hours per day. 

Allowable exposure standards for a home should be lower as the duration of exposure 

could be 24 hours per day.
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When comparing results, we must consider that the pre- and post- testing were 

conducted at different ambient conditions. The outdoor temperature during the test will 

likely influence ventilation rates. A summary of the outdoor temperature during testing in 

each home appears in Appendix A, Table A14. The ventilation rates are typically higher 

during warmer months due to infiltration of outdoor air through open windows. Due to 

the higher ventilation rates, we might find pollutant concentration lower than it would be 

in the colder months.

In a study (Grimsrud et al. 1987) of the effects of house weatherization on IAQ in 

forty Pacific Northwest homes, no significant effect was noticed on the indoor pollutant 

levels. There was, in some cases, reduction in radon levels due to installation of crawl 

space ventilation. Formaldehyde levels in the same study were 0.03 ppm to 0.05 ppm 

from pre and post testing, respectively. The weatherization process caused about 50% 

increase in tightness, and about 58% increase in formaldehyde levels was noticed.

In our study, radon was monitored by passive badges in nine Fairbanks homes before 

remediation and four homes after remediation. Before remediation, values ranged from 

1.2 to 3.5 pCi/1, which are below the maximum recommended levels of 4 pCi/1. There 

was a reduction from 3.3 to less than 1.7 pCi/1 in one home but the other three had a 

difference between pre- and post- levels of less than 1 pCi/1.

We included one or two field or laboratory blank samples when VOC and 

formaldehyde badges were sent to an outside laboratory for analysis. Benzene levels were 

close to 0 ppb from the three blank VOC badges (pre-test samples). Toluene levels from 

the same batch of blank samples ranged from 0.3 to 0.5 ppb. The field samples ranged 

from 0.6 to 33.7 ppb and 3.7 to 103.8 ppb in benzene and toluene concentrations 

respectively. Formaldehyde, in the laboratory blank sent with the Fairbanks-pre samples, 

was 0.126 ppm while the field samples had levels ranging from 0.02 to 0.06 ppm. This 

high difference between the blank and field samples may be an anomaly.

Two field blanks were sent along with the Hooper Bay pre- samples, and 

formaldehyde was less than 0.007 ppm in both. The house samples had formaldehyde 

levels ranging from 0.01 to 0.03 ppm. From the Hooper Bay post samples, the laboratory
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blanks had 0.06 and 0 .0 2  ppm formaldehyde, and the field measurements were from 0 .0 1  

to 0.05 ppm. Fourteen samples, collected in November 2004 from Fairbanks pre and post 

testing, had two lab blanks that had less than 0.014 and less than 0.00035 ppm 

formaldehyde, while the field measurements ranged between 0.00113 and 0.26 ppm. The 

OSHA 8 hour exposure limit is 0.3 ppm.

2.4.3a t-Tests
To compare results from “before” remediation with “after” remediation, we used 

Excel to perform paired t-tests. The results for Hooper Bay and Fairbanks are tabulated in 

Appendix A, Tables A17 and A18, respectively. For a paired t-test, we excluded subjects 

(house or measured constituent) with missing data (either pre, post or both) from the 

analysis. For the CO data, we noticed that the difference in means was less than the 

accuracy of the instrument (± 1  ppm), and thus conclude no significant difference in CO 

means between any of the groups tested.

Comparing the means of IAQ constituents from the HB client pre data with HB client 

post-1 (remediation still underway) data led to only RH being significantly different (p 

<0.05), with the post being lower. When the pre means were compared with the post-2 

(remediation complete) means, RH was again significantly different, with the post now 

being higher. CO2 and RH means were significantly different when the post-1 data was 

compared with the post-2 data for the HB client homes, with the post-2 being lower for 

CO2 and higher for RH. There was no significant difference in means between the pre- 

and post- data of the HB control homes.

From the t-test results for Fairbanks homes (Appendix A, Table A18), we can see that 

pre- RH was significantly different (higher) from post- RH in the client homes and pre- 

PM2.5 was significantly different (higher) from post- PM2.5 in the control homes (p<0.05 

for both). However, as mentioned in the methods and results sections, PM2.5 was 

measured during a walkthrough of about 20 minutes, and in a previous study by Johnson 

et al. (2005) in a Fairbanks home, the levels were found to vary by as much as 293 pg/m 

within a period of 24 hours. Shown in Figure 2.20 is a plot from this study illustrating the
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variation of ambient PM2.5 and Black Carbon (BC) over a period of 20 hours. The latter is 

an indicator of the presence of incomplete combustion products on the particles.

A t-test assuming unequal variances was performed to compare means of IAQ 

constituents between two different groups; like, client and control, Fairbanks and Hooper 

Bay, etc. The results or the p-values are tabulated in Appendix A, Table A19 for the t-test 

performed, where p < 0.05 implies that the means from group-1 was significantly 

different from the means from group-2. Only the t-tests for which there was significant 

difference noted (nine cases) are shown in Appendix A, Table A 19.

In a study (Frisk et al., 2002), the difference between asthmatic and non-asthmatic 

controls was statistically significant only in the variables of internal moisture supply 

and relative humidity. Hooper Bay client homes had RH significantly different (higher) 

from that in the HB control homes prior to remediation. However, for Fairbanks 

homes (pre), the average RH in the client homes was not significantly different from 

that in the control homes, but benzene and toluene were significantly different (higher 

in client).

A comparison between Hooper Bay and Fairbanks homes (Appendix A, Table A19) 

showed that CO2 and RH were significantly different in the client and control homes 

prior to remediation (higher in Hooper Bay). After remediation, RH was significantly 

different when HB client homes were compared with Fairbanks client homes and 

between HB and Fairbanks control homes (again higher in Hooper Bay).

In another study of IAQ in houses with asthmatic (88 cases) and non asthmatic (104 

controls) children in Australia (Rumchev et al. 2002), a higher level of pollutants was 

found in the case homes in summer, but there was no significant difference in winter.

Formaldehyde levels during summer were 37.8 and 23.5 pg/m3 (30 and 19 ppb) in the 

case and control homes, respectively. TVOCs were 100.7 and 37.1 pg/m3 (44 and 16 ppb) 

in the case and control homes, respectively, during the same period.

The means of the pollutant levels were higher in Hooper Bay homes than in Fairbanks 

homes except for TVOCs, benzene, toluene, and sometimes CO. A higher level of 

pollutants in rural homes would not necessarily show more IAQ related health disorders.



52

In a study (Simoni et al., 2002), acute respiratory symptoms were more prevalent in 

urban homes in spite of lower pollutant levels as compared to rural areas. This was 

attributed to the contribution of exposure to ambient levels, which were higher in the 

urban areas.

Some other studies on IAQ before and after remediation concluded minimal 

difference in pollutant levels. One example is Berk et al. (1981), in which seven houses 

were retrofitted using standard weatherization methods that included installation of 

moisture barrier, ceiling, floor and duct insulation, storm doors, and weather-stripping. 

Some of the IAQ parameters measured were CO2, CO, NO2, NO, O3, formaldehyde, 

Radon and RH. There was no significant difference in the parameters measured before 

and after the retrofitting process.

2.4.3b Kolmogorov-Smirnov Test (KS-test)
Since most of the data sets used in the t-test were non-normally distributed, a KS-test, 

which is less sensitive to the distribution of data, was used to see if two data sets differed 

significantly. Using the KS-test, and a statistical package available on the World Wide 

Web1, two datasets, each of a size between 10 and 1024, can be compared to see if they 

came from the same population.

The difference in benzene, toluene, formaldehyde or average pollutant levels (as done 

in the t-test) could not be analyzed using the KS-test because the dataset was less than 10 

numbers in size. To check if CO2 differed significantly when the KS-test was used, CO2 

data from each house from the first ten days of the test was input in the KS-test. The CO2 

data from each house was divided into three sets and their three corresponding averages 

were used. A comparison of CO2 data among Fairbanks, Hooper Bay, Client, and Control 

homes is tabulated in Appendix A, Table A20. Here the D statistic is the maximum 

difference between the cumulative distributions of group 1 and 2 ; the corresponding p- 

value signifies a significant difference if less than 0.05.

1 fittD://www.Dhvsics.csbsiu.edu/stats/KS-tesi.n.Plot form.html (accessed on 7-20-051

http://www.Dhvsics.csbsiu.edu/stats/KS-tesi.n.Plot
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Pre-remediation CO2 in Fairbanks and Hooper Bay Client homes was significantly 

different from the corresponding post-remediation levels (higher pre-). Similar to the t- 

test results, a comparison of Fairbanks and Hooper Bay client homes showed CO2 was 

significantly different before remediation. After remediation, C 02 significantly differed 

between Fairbanks and Hooper Bay control homes.

2.5 Conclusions
1) There has been a general reduction in C 02 with remediation (Appendix A, Tables 

A17 and A18), although a statistically significant difference (t-test) was found 

only between HB client post-1 and post-2 averages. The KS-test showed a 

reduction in CO2 in the client but not the control homes.

2) There was a significant difference in CO2 and RH between Hooper Bay and 

Fairbanks homes before and after remediation. Hooper Bay homes had higher pre 

and post CO2 and RH means than Fairbanks homes (Appendix A, Table A19).

3) Before remediation, Hooper Bay client and control homes differed with statistical 

significance in RH (higher client), and Fairbanks client and control homes, in 

benzene and toluene (higher client). After remediation, there was no significant 

difference between client and control IAQ in Hooper Bay or Fairbanks.

4) None of the homes tested for benzene in Fairbanks or Hooper Bay had one-week 

average levels more than 34 ppb. This is less than the NIOSH Recommended 

Exposure Limit of 100 ppb. None of the homes had toluene levels greater than the 

NIOSH REL of 100 ppm. In fact, the highest level was just over 100 ppb. Thirty- 

seven out of 46 tests indicated 8 or 24-hour formaldehyde levels over 16 ppb (the 

NIOSH REL). Some of the tests were on the same dwelling after remediation. So, 

for these three parameters, only formaldehyde was found to exceed workplace 

standards.
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Chapter 3
IAQ in Moderate-income Group Fairbanks Homes 

3.1 House A

3.1.1 House Description
This two level house situated in Goldstream Valley, Fairbanks was monitored for 

indoor air quality between January and February 2003 for about 20 days.

This house is used as an office space for more than 10 employees who typically come 

in after 6 AM and leave by 6 PM on a weekday, and the place is generally unoccupied 

during weekends. The house is heated by hydronic baseboard and an HRV, which adds to 

its natural ventilation. The HRV, which is typically set on high, supplies about 140 CFM 

outdoor air.

There are three occupied levels, each differing by about 1 m in elevation, with a 

living area of 211 m2. These consist of a midlevel area near the entrance, a lower level 

with three offices, a bathroom, and mechroom where the boiler, water accumulator for 

the well water, and HRV are located. The lower level also has a washing and drying area, 

and at the same elevation is the crawl space. The upper level consists of two offices, a 

conference room, a bathroom, and a kitchen. The house front view schematic is shown in 

Figure 3.1 with all dimensions in meters.

A sub membrane depressurization radon mitigation system was in place covering the 

entire 30 m2 of the crawl space floor area, and the edges were sealed with adhesive or 

tape. The end of the pipe from the suction side of the fan was inserted through a hole cut 

in the membrane. The membrane was sealed to the pipe at the penetration hole using 

vinyl tape to prevent loss of vacuum, and the pipe was routed up the outside wall to 

exhaust above the roofline. The radon mitigation fan used was a Kanalflakt Turbo T2 

90W.
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Figure 3.1 House A Front View Schematic

3.1.2 Instrument Setup
Two Q-TRAKs were used to measure CO2, CO, RH and T for about 20 days at the 

upper level and lower level, and one was located in the basement sampling outdoor air 

supplied through a 0.25 inch Tygon tube by a small diaphragm air pump.

During the same period, two DUSTTRAKs were used to measure indoor PM2.5 and 

PM10 in the upper level and another DUSTTRAK for PM2.5 was located in the crawl 

space to sample outdoor air supplied by a 1.5 m 0.5 inch Tygon tube. An Energy 

Conservatory Automatic Pressure Testing (APT) system, deployed at the mech room to 

measure building pressure, took readings via 0.25 inch vinyl tubes leading from the upper 

level, lower level, crawl space and outdoors. Two Sun Nuclear Continuous Radon 

Monitors (CRM) were deployed at the basement and upper level to log radon levels every 

8 hours. Alphatrak passive radon monitors were placed next to the CRMs to measure 

long-term radon for over three weeks. The principle of working of the CRM is given 

below.
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CRM (Continuous Radon Monitor): Radon gas diffuses into a chamber (that does 

not allow its decay products to enter) until the concentration equals that in the 

surrounding air. Alpha radiation released by the decay of radon produces an electric 

impulse when it comes in contact with a silicon chip in the chamber. The number of 

electric impulses is analogous to the radon concentration.

Walk through samples of PMi and TVOCs were taken using a P-TRAK and ppbRae 

respectively for two different days at various locations in the building. Passive Organic 

Vapor Monitors for benzene and toluene were deployed for about 10 days in the lower, 

mid, and upper levels and the kitchen. A cylinder of CO2 was released during an 

unoccupied time when the HRV was in the “OFF” state to calculate the natural 

ventilation of the building via C 02 dilution rate. A tape sample for mold was taken from 

the kitchen windowsill, and dust samples were taken from the lower level and the kitchen 

and sent to an outside lab for microbial analysis.

3.1.3 Results
Since house A was a place of business and its occupants left and entered at regular 

intervals, it was convenient to separate the results of the tests when the building was 

occupied from those when the building was empty.

The measured levels that are affected by number of occupants in the house typically 

start to decay after the occupants leave. To allow for the time it takes for concentrations 

to be in equilibrium with the sources, the levels when the building was empty were 

averaged from midnight to 6 AM and 24 hours on weekends. For the same reason, 

daytime averages (occupied levels) were calculated from 9 AM to 5 PM on workdays 

even though occupants start entering the building as early as 6 AM.

Table 3.1 shows the data summary for house A when occupied and when empty. 

When the building was occupied, average (upper level and lower level combined) C 02
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was 1068 ppm, CO was less than 1 ppm and RH was 18 %. Indoor PM2.5 and PM10 when 

the building was occupied were 19 and 16 pg/m3 respectively.

Table 3.1 IAQ Summary Table for House A

Lower Level Lower Level Lower Level RH Lower Level Upper Level Upper Level Upper Level Upper Level Indoor PM 2.5 Indoor PM 1

C02 (ppm) Temp (*F) (%) CO (ppm) C02 (ppm) Temp (*F) RH (%) CO (ppm) (ug/mA3) (ug/mA3)

Sampling Interval 5mins 5 mins 5 mins 5 mins 5 mins 5 mins 5 mins 5 mins 5 mins 5 mins

Building Occupied
Max 1533 76 24 2 1579 75 22 2 38 158

Min 404 67 14 0 480 70 13 0 12 4

Avg 1036 74 19 1 1101 72 17 0 19 16

Averaging period (days) 5 5 5 5 5 5 5 5 5 5

Building Empty
Max 740 75 22 0 733 71 22 0 30 63

Min 376 66 15 0 371 66 12 0 11 2

Avg 464 68 17 0 469 67 15 0 16 8

Averaging penod (days) 6 6 6 6 6 6 6 6 6 6

When the building was empty, average CO2 for the whole building was 467 ppm, CO 

was close to 0 ppm and RH was 16%. Indoor PM2.5 and PM 10 were 16 and 8 pg/m' 

respectively during the unoccupied period. Radon levels were actively measured (4 to 8 

hour averages) for about 27 days, including the time when the mitigation system was 

turned off. The radon fan was turned off for about 2.5 to 2.8 days on two occasions.

The average levels (with the mitigation system off) were 32 and 12.5 pCi/1 in the 

basement and kitchen, respectively. During the time the mitigation fan was on, the 

average levels were 3.2 and 1.6 pCi/1 in the basement and kitchen respectively. Figure 3.2 

shows radon levels in the basement and kitchen including the time when the mitigation 

fan was turned off.
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Figure 3.2 Radon Concentrations at House A

The Alphatrak long-term radon badges deployed in the kitchen gave a three-week 

average of 3.4 pCi/1, when the CRM in the same location and time period showed radon 

concentration close to 3 pCi/1. In the basement, Alphatrak results showed a three-week 

average concentration of 8.7 pCi/1, while the average radon level from the CRM was 9.41 

pCi/1 for the same time. A radon sample was taken from water in the well tank 

accumulator. The accumulator is a bladder type, with the well depth being approximately 

75 ft. Analysis of the sample showed levels at 6462 pCi/1. Samples taken the following 

fall revealed radon levels less than 500 pCi/1, but a sample taken in the Spring of 2005 

showed a level of 6300 pCi/1 in the utility sink.

TVOC walkthrough readings from two different days were 100 ppb as isobutylene in 

the mech room and about 300 ppb in the rest of the house. A P-TRAK walkthrough 

during the same period showed PMi levels at the mech room were about 20 K pt/cc and 

peaked at 40 K pt/cc when the boiler in the mech room fired. PMj levels in the rest of the 

house were about 12 K pt/cc. On another day, PMi outdoors was 20 K pt/cc and in the 

kitchen was 6 K pt/cc for five minutes, but went up later to about 17 K pt/cc. The average
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level for the duration of the walkthrough was about 17 K pt/cc. Formaldehyde levels 

from passive badges were less than 0.02 ppm. Benzene and toluene levels were less than 

2.8 and 4 ppb, respectively, in the kitchen and 91 and 73 ppb, respectively, in the mid 

level office.

3.1.4 Discussion of results
A comparison of levels when building was occupied versus when it was empty shows 

levels for C 02, RH, PM25 and PMio were greater when people were present. Figure 3.3 

illustrates the change in these levels with occupancy. People are the main sources of C 02 

and RH indoors, and particulate matter is dispersed by occupant activity.

The ventilation rate via C 02 dilution rate was calculated as 0.35 ACH when the HRV 

was “ON”. In the HRV “OFF” state, a cylinder of C 02 was released and the natural 

ventilation of the building was calculated as 0.22 ACH.

Figure 3.3 Trend of C 02, RH and PMio with Occupancy at House A
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Figures 3.4 and 3.5 illustrate the decay of C 02 at house A when the cylinder of C 02 

was released and the plot of dimensionless C 02 vs. time, respectively. The slope of the 

curve in Figure 3.5 gives us the ventilation rate (average = 0.22 ACH).

CO, at house A when cylinder of C02 was released at 1/24/03 18:00

Figure 3.4 Event when Cylinder of C 02 Released at House A

CO
I

8
c

House A Dimensionless CO, vs. time in hours

Trne in hours ( time 0 is at 20:00 1-24-03)

Figure 3.5 Plot to Calculate Ventilation Rate at House A
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An Aethalometer deployed in the garage showed an average BC of 620 ng/m which 

correlated well with the time vehicles came in or left the parking space near the garage. 

The highest level due to vehicle exhaust in the vicinity was 5500 ng/m3 when about 16 

occupants left the building. The highest level recorded (about 10K ng/m3) was when a car 

was started in the garage. Figure 3.6 illustrates the change in BC and UV with people 

entering or leaving the building. More change is noticed when people leave because of 

vehicle idling.

Figure 3.6 Trend of UV, BC with Occupancy at House A

Comparison with standards showed low levels for most pollutants except C 02, the 

high levels of which seem to be a common factor in homes in cold climates. An analysis 

was done by Erdmann et al. (2002) of data from the 1994-1998 Building Assessment and 

Survey Evaluation (BASE) study done in 100 office buildings by the USEPA. In this 

study the mean difference between indoor and outdoor C 02 (d C 02) was above 250 ppm 

and “statistically significant associations of mucous membrane and lower respiratory sick 

building syndrome (SBS) symptoms with increasing d C 02” was found. Outdoor C 02
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levels at House A averaged 380 ppm during the test which gives us d CO2 when building 

occupied as 680 ppm.

3.2 House N 

2004 Forest Fire
June 2004 Alaska: A series of wild fires started by lightning (one of them 160 miles 

northeast of Fairbanks) totally burned 280,000 acres of forest as of July 4th 2004. 

[http://news.bostonherald.com/national/view.bg?articleid=34383 (accessed 7-22-04)]

The Fairbanks area was smoky beginning June 27, and the smoke cleared after July 

4th 2004.

3.2.1 House Description
This 2 level house on Aurora Drive, Fairbanks, AK, was used to deploy instruments 

to record air quality data during the smoke event caused by the 2004 forest fire. The 

house consisted of 3 bedrooms, kitchen, living room and a deck in the upper level and 3 

bedrooms, kitchen, and living room in the lower level with an attached garage. The floor 

area of the living space is about 2800 ft2 (not including deck and garage) with the upper 

level at 1350 ft2 and lower level at 1450 ft2. The house is hydronically heated, and four 

occupants resided there during the duration of the test.

3.2.2 Methods 

3.2.2a Instruments Used
A DUSTTRAK and P-TRAK (described in the previous Chapter) were used to 

measure PM2.5 and PMi respectively. A Q-TRAK was used to monitor CO2, CO, RH and 

T. The other instruments used are described as follows:

http://news.bostonherald.com/national/view.bg?articleid=34383
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Micro Environmental Monitor (MEM): This instrument, manufactured by MSP 

Corp., MN, comes with either a PM2 5 or PMio single-stage impactor to separate particles 

at the required cutoff. It has a 10 1pm pump to draw air into the impactor stage, where 

particles larger than the cutoff point are captured onto an impaction ring covered with oil. 

The smaller particles are then collected onto a filter below the impactor ring and can be 

used to determine particle concentrations gravimetrically.

Personal Environmental Monitor (PEM): The PEM, manufactured by SKC Inc., 

PA, is a small and lightweight particle sampling device that comes with an inertial 

impactor for either 2.5 or 10 pm D50. A pump (4 1pm used here) is used to draw air into 

the PEM, and particles separated by the impactor are collected on a filter. The impaction 

ring has to be covered with oil in order to capture the larger particles. Particle 

concentrations can be determined gravimetrically.

Aethalometer (AE-21): The Aethalometer, manufactured by Magee Scientific Co., 

CA, measures Black Carbon (BC) or Elemental Carbon (EC) by collecting samples 

drawn from the air onto a quartz filter tape and performing optical analysis. Light at two 

wavelengths 370 (ultra violet) and 880 nm (near infrared) are impinged onto the sample 

on the filter and the absorbance of light by carbon is detected as the loss in incident light 

by a detector. The results are presented in two columns, UV and BC, in ng/m .

Static Master: A Static Master Ionizing unit made by NRD LLC, NY, was used to 

remove electrostatic charge on the filters before weighing (pre and post) on the analytical 

balance.

Sartorius Analytical Balance: The analytical balance used to weigh the filters had a 

readability of 1 microgram with an accuracy of ± 2 micrograms.
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3.2.2b Instrument Setup
The instruments located on the deck (protected by a mesh with 2 mm openings) on 

the upper level to measure outdoor data consisted of a DUSTTRAK, MEM, PEM and P- 

TRAK. The MEM and PEM were used to collect PM2.5 on a polycarbonate filter to 

determine a correction factor for the DUSTTRAKs gravimetrically.

To measure indoor air data, a Q-TRAK, DUSTTRAK, and a P-TRAK were deployed 

in one of the upper level bedrooms. All windows and doors were generally closed for the 

duration of the smoke event.

Due to the unusually high level of PM because of the smoke, the DUSTTRAKs and 

P-TRAKs had to be attended to every 8 hours or so. The impactor plate in the 

DUSTTRAK had to be cleaned (blackened grease was wiped off and fresh grease was 

applied). The alcohol level in the P-TRAK had to be refilled every 5 hours, and during 

the highest PM influx on 7-1-04 and 7-2-04, this had to be done every hour.

The MEM and PEM impactor rings were coated with engine oil before deployment. 

Pre-weighed filters are placed in the instrument, which is deployed for about 12 hours. 

After the test, the filters are removed from the instruments and weighed. Before 

weighing, the filters are placed in a desiccator to remove moisture and passed over the 

Static Master to remove electrostatic charge. The difference in pre and post deployment 

weight of the filters gives the concentration of particle matter.

An aethalometer was deployed at the UAF energy center [EC] from 6-28-04 to 7-1-04 

to record outdoor BC levels. The EC is located about 2 miles W of house N.

Data were continuously collected for a couple of days after the smoke subsided to get 

an idea of the air quality inside the house during normal ambient conditions. A cylinder 

of C 02 was released indoors during an unoccupied time and the dilution rate was 

calculated as an indicator of the ventilation rate of the house.
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3.2.3 Results
A summary of all the measured data along with Fairbanks North Star Borough data is 

shown in Table 3.2. All the instruments (except for the PEM and MEM) were set to log

data every one minute.

Average indoor and outdoor PMi levels during the period of heavy smoke (6/30/04 to 

7/3/04) were 28 K and 19 K pt/cc respectively. Although C 02 was affected only by 

occupant activity, CO levels could have been affected by the forest fire with levels above 

3 ppm until 3:00 AM 7/5/04, when the heavy smoke was staring to clear. The Fairbanks 

North Star Borough (FNSB) observed elevated CO levels (maximum of 9.2 ppm on June 

27) during the period of smoke. The maximum 1 hr and 8 hr CO were 15 and 14 ppm 

respectively. The high CO levels (above 8 hr NAAQS of 9 ppm) occurred for about 20 

hours, with the maximum level reaching 15 ppm. Relative humidity and C 02 ranged 

from 38 to 50 % and 400 to 1300 ppm respectively.

The main purpose of deploying the MEM and PEM was to calculate a correction 

factor for the DUSTTRAKs, which tend to over predict when there is a high PM 

concentration. The levels shown for indoor and outdoor PM2.s via the DUSTTRAK in 

Table 3.2 are greater than the Fairbanks North Star Borough (FNSB) PM2.5 data by a 

factor of more than 8. The correction factor used was the ratio of PEM inferred 

concentration to DUSTTRAK inferred concentration.

Due to the very high levels of PM during the smoke event, the filters clogged easily, 

thereby decreasing the flow rate and allowing the MEM and PEM to maintain a constant 

flow rate for only 1 to 4 hours at a time. When a reduction in flow rate occurred (it 

sometimes went to 0 1pm in 2 hours), the filters were replaced with other pre-weighed 

filters, and testing was continued.
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Table 3.2 Daily IAQ Averages at House N

Date

Indoor PM 
2.5 via 

dustrak 
(ug/mA3)

Outdoor PM 
2.5 via 
dustrak 

(ug/mA3)

Indoor 
PM 1

(pt/cc)

Outdoor 
PM 1

(pt/cc)

Indoor
C02

(ppm)

Indoor
CO

(ppm)

Indoor
Temp
(*F)

Indoor
RH (%)

FNSB 
PM 2.5

(ug/mA3)

6/28/2004 4096 513.31
6/29/2004 979 1443 637 5 76 42 350
6/30/2004 1609 2563 29779 29737 672 6 74 41 641
7/1/2004 1210 2132 16074 22157 752 9 73 43 532
7/2/2004 617 2138 42467 14364 1036 8 73 45 435
7/3/2004 486 1396 23335 10617 962 11 73 46 293
7/4/2004 198 5339 3310 600 7 74 47 75
7/5/2004 25 7967 3489 499 2 74 46 11.41
7/6/2004 4 2483 3095 530 2 73 45 5.74
7/7/2004 11 516 0 73 45 9.6
7/8/2004 47 491 0 72 44
7/9/2004 18 441 1 73 45

The filters from the MEM were clogging faster than those from the PEM and had an 

oily layer on the collection side. This was suspected to be the excess engine oil used on 

the impactor ring. The problem persisted even after wiping the impactor ring with a 

tissue. Due to this, only one acceptable PM2.5 concentration via MEM could be obtained. 

The results from the gravimetric analysis are shown in Table 3.3.

After applying the correction factor to the DUSTTRAK data, the corrected daily 

average levels for outdoor PM2.5 correlated better with the FNSB data as shown in Table 

3.4. An average correction factor for DUSTTRAK inferred PM2.5 during heavy smoke 

was established as 0.25, which correlated reasonably with FNSB data. Figure 3.7 shows 

the correlation of outdoor PM2.5 with the limited FNSB data.
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Table 3.3 Results from Gravimetric Analysis of PEM and MEM Filters

PEM

Start time
Pre filter 
wt(mg)

Post 
filter wt 

(mg)

netwt
(mg)

collection
duration
(mins)

Volume 
of air 
(mA3)

PM 2.5 via 
PEM

(mg/mA3)

PM 2.5 via 
Dustrak 

(mg/mA3)

Correction
Factor

(PEM/Dustrak)

6/30/04 8:05PM to 9:12 PM 8.588 8.804 0.216 67 0.268 0.806 2.420 0.333
6/30/04 11:00PM to 7/1/04 0:17 AM 8.465 8.725 0.260 77 0.308 0.844 2.610 0.323

7/1/04 6:40 AM to 10:15 AM 8.500 8.754 0.254 215 0.860 0.295 1.553 0.190
7/2/04 3:20 PM to 7:42PM 8.500 8.829 0.329 262 1.048 0.314 1.501 0.209
7/2/04 8:40 PM to 0:55 AM 8.500 8.721 0.221 255 1.020 0.217 1.453 0.149

7/4/2004 5:30 PM to 7/5/04 7:50 AM 8.500 8.606 0.106 864 3.456 0.031 0.035 0.874

MEM

Post collection Volume PM 2.5 via PM 2.5 via Correction
Start time

Pre filter filter wt netwt duration of air MEM Dustrak Factor
wt(mg) (mg) (mg) (mins) (mA3) (mg/mA3) (mg/mA3) (MEM/Dustrak)

7/2/04 8:30 PM to 9:30 PM 8.500 8.679 0.179 60 0.600 298.333 1543.000 0.193

Table 3.4 Corrected PM2.5 Results

Date
Correction

Factor

Corrected 
Indoor PM 2.5 

(ug/mA3)

Corrected 
Outdoor PM 2.5 

(ug/mA3)

FNSB Outdoor 
PM 2.5

(ug/mA3)
6 /3 0 /2 0 0 4 0 .3 3 531 8 4 6 641
7 /1 /2 0 0 4 0 .2 2 4 2 4 2 6 5 3 2
7 /2 /2 0 0 4 0 .2 123 4 2 8 4 3 5
7 /3 /2 0 0 4 0 .1 5 73 2 0 9 2 9 3
7 /4 /2 0 0 4 0 .8 7 173 75
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Date and Time

Figure 3.7 PM 2.5 Levels at House N during Period of Heavy Smoke

3.2.4 Discussion of Results
Indoor PM2.5 levels did not correlate well with outdoor levels for most of the test 

period. The average indoor to outdoor ratio of PM2.5 was about 0.5.

Average 4 day BC during the heavy smoke period was about 10 K ng/m3 outside the 

energy center at UAF. The normal levels (in the absence of smoke) of BC could be 

guessed from data outside house A which, when no vehicles present, was about 620 

ng/m3. The variation of UV and BC data over the four days is shown in Figure 3.8.
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Figure 3.8 BC and UC at House N during Period of Heavy Smoke

UV data stands for levels of certain classes of organic compounds, such as those from 

wood smoke. In Figure 3.8, the UV levels are consistently more than the BC levels, 

which is normal during a smoke event from forest fires.

Allen et al. (1999) found 10 week BC data in southwestern Philadelphia to average 

1233 ng/m3, while data over one week, when open burning of trash took place, ranged 

from 647 to 1490 ng/m3. In a home in northern Virginia, La Rosa et al. (2002) found the 

10 month indoor average level was 680 ng/m3 and 99% of ambient EC levels were below 

2929 ng/m3.

Indoor PMi levels were greater than outdoor PMi levels during the period of heavy 

smoke (6/30/04 to 7/3/04) as seen in Table 3.1. This could be due to accumulation of 

particles of less than 1 micron diameter indoors and dispersion by occupant activity. 

Indoor CO was over the 8 hr NAAQS of 9 ppm for a maximum duration of over 20 

hours. The event is illustrated in Figure 3.9.
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Figure 3.9 CO2 and CO at House N

The CO levels correlated with the time people entered or left the house. For example, 

on 7/2/04 at about 9 PM and 7/3/04 at 1 PM, people entered and left the house as can be 

seen by CO2 increasing and decreasing, respectively. This suggests vehicle exhaust (in 

the garage and drive way) to be a source of high CO in the house. Average CO2 levels 

(1 1  day average is 650 ppm) were not very high considering the low ventilation rate of 

the house. This could be due to the high floor area to occupant ratio. The correction factor 

for DUSTTRAK via PEM and MEM tended to get close to 1 as the smoke cleared. This 

can be seen in Table 3.3 when outdoor PM2.5 was 0.035 mg/m3 on 7/4/04 and the 

correction factor via PEM was 0.87. This is consistent with the statement by the 

manufacturer that the DUSTTRAKs tend to over predict only during high PM events.
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Chapter 4

IAQ Modeling 

4.1 Introduction
A Simulink model based on the equation derived from the mass balance equation 

designed by Johnson et al. (2005) is used to model concentration of CO2 in houses A, N, 

and HB-4063. The prediction of PM2.5 when no indoor sources were present is also 

discussed in detail in the following sections. For house HB-4063, the effect of ventilation 

provided by a bath fan is incorporated in the model.

4.2 Mass Balance Equation
The mass balance equation can be written as:

Rate of accumulation of mass into the system = rate of mass entering the system -  

rate of mass leaving the system + rate of generation within the system - decay rate of the 

mass within the system.

Rate of accumulation of mass into the system:

Volume of system x rate of increase in concentration or density (assuming continuous 

mixed flow within the volume).

This takes the form of the expression V x dc/dt 

Rate of mass entering the system = Volumetric Flow rate of air entering the system (Q) x 

Density or concentration of the substance entering the system.

Concentration of the substance entering the system:

(Penetration factor x ambient concentration) - concentration of substance in the system, 

which can be expressed as (pea -c).

Decay rate of the mass within the system:
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Volume of the system x density/concentration x decay rate parameters 

where the decay rate parameters: 

deposition rate (kd) + decay rate (k)

Therefore, the decay rate of the mass of the system is (k + kd) x V x c 

Rate of generation of mass within the system is taken as S

The final resulting mass balance equation takes the form:

Vdc/dt = Q(pca -c) - (k + kd)Vc + S 

Divide both sides by V to get,

dc/dt = kv x p x ca - (k + kd + kv)c + s (1)

where source density s = S/V;

Ventilation rate kv = Q/V;
1 3 3 *where p is dimensionless, k, kd, and kv are in h r ' , V in m , c and ca are in mg/m , and s 

is in mg/m3/hr.

Equation (1) in Simulink translates to the model shown in Figure 4.1. Assuming 

continuous mixed flow in the living space of a house, which is taken as the system, the 

model can be used to calculate the concentration of a substance. The required parameters 

are house volume, ventilation rate, ambient concentration and the source strength. The 

gain block converts CO2 concentration in ppm to mg/m3 by multiplying by 1.8. For CO2, 

occupants are considered its main source producing about 40 grams per hour (Johnson et 

al., 2002) during normal activity. The number of occupants multiplied by the production 

rate will give us the source strength of C 02 with hourly occupancy and resulting C 02 

data. Since CO2 is a gas, the penetration factor is taken as 1, there is no deposition 

(Kd=0), and the decay rate k is nearly zero. The ventilation rate is calculated by the 

dilution rate of CO2 when there are no sources present. The method was discussed in 

detail in Chapter 2.
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Gain V  [mA3J

Figure 4.1 Simulink Model Using Mass Balance 

4.3 CO2 Model at House A

4.3.1 Calculation of Source Strength
Data for 1/30/04, when detailed occupancy data were available, were used in this 

model. The number of occupants x 40 grams of C 02/hr gives the source strength of C 02. 

The house volume was established as 630 m3 and a constant ventilation rate of 0.32 ACH 

was used. Table 4.1 gives the various computed inputs and Figure 4.2 illustrates the 

model used.
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Table 4.1 Table for Source Strength Calculation for House A CO2 Model

in hours Measured 
C02 (ppm)

Measured 
C02 in 
mg/m3

Number of 
occupants

Source Strength 
(40000 mg/hr x Occupancy)

0 523 951 0 0
2 48 0 8 7 4 0 0
4 422 768 0 0
6 386 702 1 4 0 0 0 0
8 414 754 2 .5 1 0 0 0 0 0

10 576 1048 8 3 2 0 0 0 0
12 8 94 1627 10.66 4 2 6 4 0 0
14 1087 1979 10 .25 4 1 0 0 0 0
16 1223 2226 1 0 .25 4 1 0 0 0 0
18 1224 2 2 2 8 9 .2 5 3 7 0 0 0 0
20 1088 1979 4 1 6 0 0 0 0
22 894 1627 1 4 0 0 0 0
2 4 660 1201 0 0

Gain V [mA3]

Figure 4.2 Simulink Model to Predict CO2 at House A
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4.3.2 Results
Figure 4.3 is the scope display of the Simulink model after the model was run. Source 

strength, in the first plot of the scope block, affects the C 02 level in the house as can be 

seen in the fourth plot of the measured C 02. The third plot represents the predicted C 02 

level, which correlates well with the measured levels. To account for the C 02 already 

present in the house at the beginning of the model time, the initial value of the measured 

C 02 is input into the integration block.

Figure 4.3 Results of Simulink Model to Predict C 02 at House A
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4.4 PM2 .5 Model at House A
A good correlation between indoor and outdoor PM2.5 can be found when no sources 

are present in the building. Occupant activity, like cooking and cleaning, affect indoor 

PM2.5 levels at various source strengths. For normal activity, a source strength of 600 

pg/hr per person was established by Johnson et al. (2005). When no occupants are present 

and no other major sources are recognized, it could be that indoor source strength is zero. 

To test this hypothesis, a period when house A was unoccupied and when indoor PM2.5 

correlated well with outdoor levels (R2=0.6), was considered.

The PM2.5 concentrations for the 42-hour period between 6 AM 1/25/03 and 12 AM 

1/27/03 was used in this model. The HRV was in the “OFF” state, which reduced the 

ventilation rate to 0.22 ACH.

In this model (Figure 4.4), a penetration coefficient of 0.8, deposition rate coefficient 

of 0.1 hr'1 and decay rate coefficient of 0.01 hr'1 were assumed, and the source strength 

was set to zero.



Gain V [mA3]

Figure 4.4 Simulink Model to Predict PM2.5 at House A
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The results of the model are shown in Figure 4.5. The predicted PM2.5 (third plot) 

approximately agrees with the measured PM2.5 (fourth plot) as shown in Figure 4.5.
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Figure 4.5 Results of Simulink Model to Predict PM2.5 at House A
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4.5 C 02 Model at House N
The source strength for C 02 was calculated similarly as for house A. A production 

rate of 40 gm/hr was assigned for every occupant, and the penetration, deposition and 

decay coefficients used were 1, 0 hr'1 and 0.01 hr'1 respectively. The Simulink model is 

shown in Figure 4.6, and its results are illustrated in Figure 4.7. The data and source 

strength calculation are shown in Table 4.2.

Table 4.2 Table for Source Strength Calculation for House N C 02 Model

Date and 
Time

8/26/04 12:00 
8/26/04 14:00 
8/26/04 16:00 
8/26/04 18:00 
8/26/04 20:00 
8/26/04 22:00 
8/27/04 0:00 
8/27/04 2:00 
8/27/04 4:00 
8/27/04 6:00 
8/27/04 8:00 

8/27/04 10:00 
8/27/04 12:00

Time in hrs Measured CO, Occupants

0
2
4
6
8
10
12
14
16
18
20
22
24

1021
973

883.8083333
812.0583333
1010.041667
945.8416667 
947.4416667 
949.7083333

948.4
922.3333333
1034.483333
952.6833333
854.8416667

0
0
0

3.333333333
3.333333333

0.5
2
2
2
2

0.933333333
0
0

Source Strength 
(40000 

mg/hr*Occupa ncy)
0
0
0

133333.3333
133333.3333 

20000 
80000 
80000 
80000 
80000

37333.33333
0
0
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Figure 4.6 Simulink Model to Predict CO2 at House N



Figure 4.7 Results of Simulink Model to Predict CO2 at House N
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4.6 CO2 model at house HB-4063
Due to lack of detailed occupancy data, source strength was calculated based on an 

assumed occupancy that correlated with the measured CO2 data. Bath fan run time data 

was used to influence the ventilation rate in this model. The calculation of various 

parameters for the model is shown in Table 4.3.

Table 4.3 Calculation of Bath Fan Influenced Ventilation at House HB-4063

Fan run time 
(mins)

Volume of air
Date/Time

Fan run time 
(hr)

removed
(ftA3)

ACH (hrA-1)

11/24/2004 20:30 0 0 0 0

11/24/2004 21:30 0 0 0 0

11/24/2004 22:30 0 0 0 0

11/24/2004 23:30 0 0 0 0

11/25/2004 0:30 0 0 0 0

11/25/2004 1:30 0 0 0 0

11/25/2004 2:30 0 0 0 0

11/25/2004 3:30 0 0 0 0

11/25/2004 4:30 0 0 0 0

11/25/2004 5:30 0 0 0 0

11/25/2004 6:30 0 0 0 0

11/25/2004 7:30 0 0 0 0

11/25/2004 8:30 0 0 0 0

11/25/2004 9:30 0 0 0 0

11/25/2004 10:30 0 0 0 0

11/25/2004 11:30 0 0 0 0

11/25/2004 12:30 0.14 8.4 588 0.147

11/25/2004 13:30 1 60 4200 1.05

11/25/2004 14:30 1 60 4200 1.05

11/25/2004 15:30 1 60 4200 1.05

11/25/2004 16:30 0.73125 43.875 3071.25 0.7678125

11/25/2004 17:30 0 0 0 0

11/25/2004 18:30 0 0 0 0

11/25/2004 19:30 0 0 0 0
11/25/2004 20:30 0 0 0 0
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The fan run time in hours is first converted to minutes and then multiplied by the fan 

flow rate of 70 CFM (from specifications) to get the volume (in ft3) removed in an hour. 

This quantity is then divided by the house volume of 4000 ft3 to get ACH. The ACH via 

bath fan is then added to the natural ventilation block in the Simulink model by using a 

repeating sequence block as shown in Figure 4.8. The natural ventilation rate determined 

via CO2 dilution was 0.32 ACH.

Gain V(mA3]

Figure 4.8 Simulink Model to Predict CO2 at HB-4063



The result of the simulation is shown in Figure 4.9 where the second plot is the ACH 

versus time. The increase in ventilation starting at hour 15 makes the predicted C 02 level 

decrease.
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Source strength [mg/m*3/hr| vs t (hrs)

Figure 4.9 Results of Simulink Model to Predict C 02 at HB-4063
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4.7 Discussion and Conclusions
1. A constant level of 370 ppm was assumed for ambient CO2. Some studies (Persily,

1997) suggest that an assumption of constant ambient CO2 in the mass balance equation 

will affect results. This assumption together with constant source strength per capita 

seems to produce agreeable results in our model. The ambient levels outside house A for 

about 20 days were about 370 ppm with a standard deviation of about 60 ppm.

2. For the air that the bath fan removed, we assumed a continuous mixed sample of 

air from the whole house. That is, the assumption was made that there was no significant 

stagnant region in the house and the amount of air removed by the bath fan was a well- 

mixed portion of the air in the house. In other words, an induced ventilation rate of 0.5 

ACH by the bath fan was assumed to cause 0.5 ACH ventilation in the whole house. This 

assumption seemed to agree with the model. There are more chances of error when there 

is more building leakage close to the bath fan and a portion of air is sucked from the 

outdoors through the cracks and removed by the fan without proper mixing with the air 

inside the house.

3. A uniform or continuous mixed flow of pollutants in the house was assumed. 

According to one study (Strieker Associates, 1994), the difference in concentrations of 

C 02 at different levels of a building was found to be minimal when the building was 

empty or when there was occupant activity. There was a difference of about 200 ppm 

during sleeping hours when the sources were present but not active. The concentration of 

C 02 at various levels seemed to correlate well during unoccupied and high activity 

periods but did not seem well correlated during sleeping hours. In other words, the 

activity by occupants appeared to affect the mixing of air.

In this thesis, our model was able to reproduce CO2 data during occupied periods. For 

house A, we found kitchen and basement C 02 correlated with an r-value of 0.978 and 

kitchen levels were, on an average, more than basement levels by about 76 ppm.
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Energy and IAQ

5.1 Heat Loss Due to Ventilation
The following equation can be used to calculate the rate of heat loss due to infiltration 

of a naturally ventilated house

Q = (macp)( Tin - T out)

where Q is the heating load, ma is the mass flow rate of air, Cp [Cp] is the specific heat, 

Tin and Tout are the inside and outside temperatures respectively, and mass flow rate of air

ma = ACH*V*density of air

Using the equation for fitness parameter (Johnson et al., 2002), we can estimate the 

ventilation rate of a house by taking the fitness as 1 (steady state). For example, let us 

consider house HB-4002 that had the highest average C 02 levels from the Hooper Bay 

pre-remediation test.

Metabolically produced C 02, in the absence of other sources, will reach a steady state 

depending on the ventilation rate and source strength. For instance, if two of five 

occupants leave a building, the time it takes for the effect of the two occupants to 

disappear from the C 02 concentrations will depend on the ventilation rate. At house HB- 

4002, a concentration that did not fluctuate much and remained reasonably constant 

(about 1750 ppm) for five hours (4/25/03 3:30 AM to 8:00 AM) was considered as a 

steady state concentration. The occupancy range at Hooper Bay homes was about 7 to 8 

people per house with a volume of about 5000 ft3. The levels at HB-4002 were at the 

peak recordable level of 2500 ppm for about 42% of the test period. The actual levels 

could be much higher, and based on the assumption that all the C 02 indoors was 

produced metabolically, an occupancy of 2 persons was assumed for a steady state 

concentration of 1750 ppm.

Chapter 5
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Fitness F is given by (Johnson et al., 2002):

r  _ V[ACH][c-ca] 
n[s]

For a fitness of 1, V of 141.5 m \ C of 1750 ppm, Ca of 370 ppm, n of 2 persons and 

source strength of 40gm/hr we get,

ACH = 1><2 persons x 40 gm/hr-=- 141.5 m3 x [(1750-370) x 1.8] mg/m3 

This leads to approximately 0.22 ACH.

The density of air for an outside temperature of -2  °C (April 2003 average from 

www. weatherunderground.com) is taken as 1.293 Kg/ m3 and specific heat (Cp) as 1.006 

KJ/(Kg-K). The average indoor temperature (Ti) was about 20 °C in April 2004 at HB- 

4007.

The mass flow rate of air becomes ma = 0.22 h r 1 x 141.5 m3 x 1.293 kg/m3 

Or, ma ~ 40 kg/hr

The rate of heat loss due to infiltration is Q= 40.25 kg/hr x 1.006 kJ/(kg-K) x (22) K 

Or, Q~ 891 kJ/hr

The total heat loss due to infiltration for the month of April 2003 would be 

Q = 891 x 24 x 30 kJ ~ 641 MJ 

For a calorific value of heating fuel of 38515.8 kJ/liter, it would cost about $12 (15 liters 

of heating oil) to compensate for the heat loss via natural infiltration.

5.2 Cost of Reducing C 02
High C 02 levels in houses can be reduced by increasing the ventilation rate. 

However, this causes additional heating load in winter, especially if a Heat Recovery 

Ventilator (HRV) is not used. In the Hooper Bay homes, the remediation process 

included installation of a 70 CFM bath fan, which would increase ventilation at the cost 

of heat loss.
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5.2.1 Cost Due to Heat Loss Sustained While Reducing C 02
Based on the information that the total number of occupants was 7 to 10 people, an 

average occupancy for HB-4002 for the whole month could be assumed as 4 persons.

Using the fitness equation for a steady state (F=l), average occupancy of 4 persons 

and volume of 141.5 m3, we can calculate the ventilation rate required to maintain the 

C 02 levels at 1000 ppm.

ACH required = 4 persons x 40 gm/hr 141.5 m3 x [(1000-370) x 1.8] mg/m3 

Or, ACH required = 0.99 or 1 hr'1

Hence, the additional amount of ventilation required over the natural ventilation rate of

0.22 ACH is about 0.78 ACH.

The corresponding mass flow rate of air would be 

ma = 0.78 hr'1 x 141.5 m3 x 1.293 kg/m3

or, ma -1 4 3  kg/hr

And the rate of heat loss due to infiltration in the month of April 2003 would be 

0 =  143 Kg/hr x 1.006 kJ/(kg-K) x (22) K 

or, Q -  3158 kJ/hr 

The total heat loss due to infiltration for April 2003 would be 

Q = 3158 x 24 x 30 = 2274 MJ

For a calorific value of fuel oil of 38515.8 kJ/liter, and efficiency of the heating 

system of 0.7, the quantity of fuel required would be about 87 liters. The total cost of fuel 

would be $70 at $0.8 per liter

5.2.2 Cost of operating bath fan to reduce C 02
The number of minutes in an hour the bath fan has to be on to induce an ACH of 0.78 

would be = ACH x house volume/ 70 CFM. This gives the required fan run time as 55.71 

minutes in an hour, which is almost for the full hour or 720 hours per month.

According to ENERGY STAR power ratings, a minimum efficacy level of 1.4 

CFM/W is given for 10 to 80 CFM bath fans. The energy consumed by the bath fan in a
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month would be 36 kWh and the total cost of operating the fan would be $14.4 at 40 

cents per kWh.

5.2.3 Results
The total cost of fuel and energy required is about $85. This is the cost of reducing 

C 02 for the month of April 2003. The cost might vary depending on the ventilation rate 

and occupancy.

Alternatively, if an HRV were used, the heat loss due to infiltration is considerably 

reduced. For a house with a balanced HRV, there would be negligible pressure difference 

between indoor and outdoor air. This means that the HRV is responsible for the 

ventilation of the house and there would be very little natural ventilation. Therefore, in 

order to maintain C 02 levels below 1000 ppm at HB-4002, the HRV should induce 1 

ACH.

Let us consider an HRV removing 100 CFM at 74% heat recovery and operating at 

about 100 W.

The heat loss via infiltration per month is Q h r v  lo ss  =  Q l o ss  (l-fi)

where, r\ is the efficiency of heat recovery 

Qhrv l o ss  =  (2274+642) kJ * 0.26

or, 758 MJ

With a heating efficiency of 0.7 and a calorific value of fuel of 38515.8 kJ/liter, the 

monthly consumption would be about 29 liters which costs $24 at $0.8 per liter. The 

energy consumption of HRV per month would be 60 kWh costing about $24 at 40 cents 

per kWh. Therefore, the total cost of reducing C 0 2 if an HRV was used would be about 

$48 per month. If compared to the use of the bath fan for ventilation, for an HRV 

installation cost of about $3500, the payback time for the HRV will be about 8 years.
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5.3 Conclusion
For a 600-ft2 home like HB-4002, the average annual heating oil consumed could be 

more than 800 gallons, which corresponds to monthly heating cost during heating season 

of roughly $200. This is the cost due to heat loss via conduction through walls, floor, and 

roof. The cost of reducing C 02 ($85 per month) by using an exhaust-only system is not 

much when compared to the monthly heating cost, and occupants benefit from the 

improved air quality. Alternatively, if  an HRV were used, the cost of reducing C 02 is 

much less ($48 per month) but at a higher installation cost (about $3500).
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Discussion of Results and Conclusions

6.1 Comparison of IAQ between Moderate-income Homes (Houses A

and N) and Healthy Homes
From the results of the IAQ tests conducted at house A, N and Healthy Homes, a 

direct comparison of average levels gives the following results:

1. From the Healthy Homes test, average C 02 levels in Hooper Bay homes were 

much higher than those in Fairbanks homes. Only one Fairbanks home (Healthy Home) 

had an average level (480 ppm) less than that in house N (650 ppm). Three of the 

Fairbanks Healthy Homes had average C 02 level more than that in house A (1068 ppm).

This suggests an association of high C 02 levels with low per capita floor area. 

Hooper Bay homes had lower per capita floor area than Fairbanks Healthy Homes, and 

house N had the highest per capita floor area of 700 ft2 per person.

2. Average radon, measured in nine Fairbanks homes (Healthy Homes) that had no 

mitigation system, ranged from 1.2 to 3.5 pCi/1. The average levels at house A with 

mitigation in the “O ff’ state were 32 and 12.5 pCi/1 in the basement and kitchen, 

respectively.

3. Formaldehyde levels at 10 of 15 Fairbanks Healthy Homes were higher than that 

measured at house A (0.02 ppm).

4. TVOC levels at house A were higher in the mid level (office space) area (300 ppb) 

than in the mech room (100 ppb). The same trend was noticed in the Healthy Homes with 

higher TVOC concentrations in the bedrooms than in garages, which are unoccupied. The 

sources, which could be associated with occupants, might be air fresheners at Healthy 

Homes or copier and printer material at house A, since it was used as an office.

5. The benzene level in the kitchen (2.8 ppb) at house A was lower than that at 11 of 

13 Fairbanks Healthy Homes where benzene was measured. However, benzene in the 

mid level (office area) of house A was higher (91 ppb) than that in any of the Fairbanks

Chapter 6
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Healthy Homes. The source of high benzene levels could be use of printer and copier 

material in offices.

6 . All 13 Fairbanks Healthy Homes had toluene levels more than that measured at 

house A (Kitchen level = 4 ppb). Following a similar trend as benzene and TVOC levels, 

toluene at the office area ( 7 3  ppb) was higher than that in the kitchen and higher than that 

at 11 of 13 Fairbanks Healthy Homes.

7. Peak C 0 2 levels at house A (1500 ppm) did not exceed those at house N (1300 

ppm) by a significant amount in spite of the larger number of occupants (peak occupancy 

of 10 to 15 persons) at house A. This could be attributed to the use of an HRV at house 

A, which adds to the natural ventilation of the house.

6.2 Conclusions
1. If pollutant levels in the kitchen at house A are considered representative of living 

space levels (laid out as a typical residence), then overall IAQ in moderate income homes 

(houses A and N) was slightly better than that in the Healthy Homes. Higher per capita 

floor area in moderate-income homes could be the cause of lower pollutant levels. 

Another reason could be better house keeping and environmentally conscious occupants 

in the moderate-income homes (no smokers in moderate income homes). Of the Healthy 

Homes, it was not known how many in Hooper Bay had smokers, but two in Fairbanks 

were known to have smokers.

2. Using an exhaust-only ventilation system, such as a bath fan, increases the 

ventilation rate at the cost of additional heat loss due to infiltration and removes moisture 

(especially during winter) from indoor air. An HRV (if balanced) is more efficient in 

increasing the ventilation rate of the house, at a lower energy loss, than using an exhaust 

only ventilation system.

3. A Simulink model can be used to predict pollutant levels for given ventilation rates 

and source strengths.

4. Outdoor PM2.5 can be used to predict indoor concentrations when indoor sources 

and the ventilation rates are known.
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5. A comparison of IAQ in Alaskan homes from this study with the results from tests 

conducted in Canada (Appin Associates, 1991 and Strieker Associates, 1994), Sweden 

(Norback et al., 1995), Australia (Rumchev et al., 2002), Pacific Northwest-U.S.A. 

(Grimsrud et al., 1987), and Minnesota-U.S.A. (Adgate et al., 2002) showed no overall 

significant difference in most pollutant levels (indoor PM2.5, CO, formaldehyde, and 

TVOCs) except for C 02. The C 0 2 levels found in Canadian and Hooper Bay homes were 

slightly higher than those in other places.



94

Suggestions for Future Work

7.1 Multi-zone Model
The prediction models for PM2.5 and C 02 in Chapter 4 were for a single zone (the 

whole house was considered one zone), and the assumption of Continuous Mixed Flow 

(CMF) through the zone produced agreeable results. At house A, C 02 monitored at two 

zones correlated well (R2 = 0.98), with an average difference of 76 ppm between the 

zones.
When there is poor correlation between pollutant concentrations at different levels, a 

multi-zone model should be used. This model could have different outdoor ventilation 

rates for each zone, and the ventilation rate between the zones is used to calculate the 

concentration diffusing from one zone to another.

For a two-zone model as shown in Figure 7.1, VI and V2 are the volumes of zone 1 

and 2, respectively, with each having their own source strengths (SI and S2) and 

ventilation rates. Here, Dpi and Dp2 stand for the differential pressures with respect to 

outdoor air of zone 1 and 2, respectively. If concentrations in zone 1 are different from 

those in zone 2, then the rate at which a pollutant will move from one zone to another 

will depend on the ventilation rate between the zones. The pollutants will move primarily 

by convection driven by pressure differences. Each zone can exchange with the ambient 

air as well as with the other zone. The basic 2-zone model would assume CMF flow in 

each zone but allow for time varying concentrations.

Chapter 7
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Ventilation of 
Zone 1 outdoors

Zone 1 Zone 2

M-------- w

VI Ventilation V2
SI between the S2
Dpi zones Dp2

<--------------------------►

Ventilation of 
Zone 2 outdoois

Figure 7.1 Multizone Model

7.2 Activity Log
A detailed record of activity at each house is necessary to identify the pollutant 

sources and to calculate the generation rates of the pollutant. A motion sensor could be 

used to help record occupancy data and occupant behavior. The resident should also be 

involved in recording events in the house during the testing.

7.3 Ventilation Rate
Ventilation rates were calculated using CO2 decay for houses where CO2 data with no 

sources present were available. In addition, we sometimes assumed steady state 

conditions to calculate average ventilation rates over longer periods. Besides using an 

activity log to assist in more accurate CO2 dilution rate calculations, research is needed to 

explore other methods to compute ventilation rates. One common method is using the 

decay of a tracer gas like sodium hexafluoride.
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7.4 Statistical Tests
A student’s t-test was used to statistically compare the means of two pollutants. The 

test was designed to analyze normally distributed data and using non-normal data (as in 

most cases in this thesis) increases the risk of error. The Kolmogorov-Smimov test (KS- 

test) is less sensitive to the distribution of the data and can be used to determine if two 

data sets differ significantly. More statistical expertise is required to choose a test more 

suitable for these types of data.
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Appendix A: Healthy Homes Tables

Table Al UAF Field Equipment Specifications

Function Accuracy Range Resolution Sampling time
Biosytem Toxiultra CO Greater of ± 1% or ± 5% 0-999 ppm 1 ppm 1 sec

Telaire model 7001 C02 Greater of ± 50 ppm or 
5% of reading

0-4000ppm 1 ppm 1 sec

Hobo H08-003-02 Temperature ±0.7° at 21 °C 
(±1.27° at 70° F)

-20° to 70°C 
(-4° to 158°F)

Relative
humidity

±5% RH 25% to 95% RH

Voltage (for 
recording C02 
transmitter 
output)

0-2.5 V 0.01V

Q-TRAK 8551 Temperature ± 0.6°C 
(1°F)

0° to 50°C 
(32° at 122°F)

1 sec

Relative
humidity

± 3% RH

CO Greater of ± 3% or 3ppm 0-500 ppm

C02 ± 50 ppm ± 3% 0-6000 ppm
DUSTTRAK 8520 PM2.5

oo§
t

d 
E

Greater of 
0.1% or 1 
mg/mA3

1 sec

MetOne 9012 Particle count 0.3 urn - > 5 urn 1 sec

P-Trak Ultrafine particle 
count

0.02 - > 1um 1 sec

ppbRae VOC (reported 
as isobutelyne)

1 ppb - 2000 ppm 1ppb 1 sec
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Table A2 Grab Sample details

Function Sam pling m echanism Analysis

V acuum  sam ple bedding debris 0.8 um Aerotech DustChek 
vacuum cartridge used with 
Red Devil Ultra hand vacuum

Ragnar Rylander

T ap e lift settled surface 
dust

Scotch brand clear tape Aerotech Labs

3M 3500 VO C  badge VOC Diffusion to Sorbant carbon 
wafer

UAA

3M 3720 Form aldehyde  
badge

formaldehyde > 
0.65 ug

Diffusion to Bisulfite 
impregnated filter

B.I.C. Chemistry dept 
Mpls, Minnesota

RSSI A lpha Track  detector Indoor Radon 
concentration > 1

Diffusion to etchable 
polycarbonate substrate

RSSI, Inc
Morton Grove, Illinois



Table A3 Healthy Homes IAQ Survey Form

HEALTHY HOMES IAQ SURVEY 

House Identifier ____________

Box #__________________
Date __________________

Instrument box [for CO, CO2, RH, T] 
Relative location of red instrument box in home

Tape lift [for fungal spore count] 
Relative location of tape lift in home

Vacuum sample [for beta-glucans and endotoxin assessment]
Location of vacuum sample (preferably child’s bedding, about a thimbleful in filter is 
sufficient)  ______________

Badges
VOC monitor badge (Brown badge in single can) [used for benzene and toluene
Secure VOC badge to red box analysis]
Badge # ________________
begin exposure date/time ________________
end exposure date/time  _______________

Formaldehyde badge (purple badge in double can)parts that remain in the can have a 
serial number that needs to go with this badge when it is picked up 
This is the one that needs to be picked up the next day or ask the client to bag it and place 
it in the freezer

Secure Formaldehyde badge to red box and expose for approximately 8-24 hours
Badge # ________________  Radon alpha trak detector may be
begin exposure date/time ________________  deployed for 3 months
end exposure date/time ________________

OUTDOOR SAMPLES 
VOC monitor badge (single can)
Badge # ________________
begin exposure date/time ________________
end exposure date/time ________________



1 0 0

Table A4 Hooper Bay Client Homes Pre-remediation (April-May 2003) IAQ 
Summary

HB-4002 HB-4003 HB-4004 HB-4005 HB-4006 HB-4007 HB-4008 HB-4009 HB-4010

C02 (ppm) Duration of test: 14 days Logging lnterval:10 mins

Max 2485 2485 2485 2485 2372 2547 1591 2485 2000

Min 845 669 425 610 421 575 458 425 526

Avg 2189 1750 1243 1885 1194 1939 878 1481 1092

SD 391 470 439 527 310 525 199 513 245

CO (ppm) Duration of test:14 days Logging lnterval:30 mins

Max 4 7 6 14 109 6 3 10 4

Min 0 1 0 0 0 0 0 0 0

Avg 2 4 3 3 1 2 1 2 1

SD 1 1 1 1 6 1 0 1 1

RH (%) Duration of test: 14 days Logging lnterval:10 mins

Max 55 54 56 56 58 56 50 56 54

Min 34 29 27 29 24 23 27 35 24

Avg 47 42 42 44 38 41 33 46 41

SD 4 5 7 5 6 4 4 4 8

PM 2.5 (micro g/mA3) Duration of test: 20 mins Logging Intervals min Ambient
Max 37 28 28 38 37 20 26 24 92 72

Min 30 23 19 23 19 16 14 13 33 8

Avg 34 26 21 27 25 18 17 20 57 13

SD 2 2 2 4 4 1 4 3 16 9

PM 1 (pt/cc) Duration of test: 20 mins Logging Intervals sec Ambient
Max 118000 77700 34700 54500 31800 13200 175000 112000 289000

Min 63300 35400 4190 42800 1090 7130 8310 36300 161

Avg 87769 51417 15621 45434 8581 8945 119412 61518 6306

SD 14198 11614 6794 2390 3681 851 32371 14122 13291

TVOC (ppb) Duration of test: 20 mins Logging Intervals min Ambient
Max 1737 2030 404 15078 1394 1669 731 1424 563 140

Min 796 865 294 2422 883 879 539 842 377 31

Avg 955 1408 328 4776 1238 1342 609 1160 444 74

SD 198 377 29 3410 143 221 56 184 50 26

Temperature (*F) Durationi of test: 14 days Logging lnterva!:10 mins

Max 77 84 81 95 84 78 75 77 104

Min 49 68 53 48 50 53 66 45 52

Avg 67 76 65 76 72 72 72 69 69

SD 6 2 5 7 3 3 2 6 9

Formaldehyde (ppm) Duration of test: 8 to 24 hours

0.03 0.03 0.02 0.02 0.01 0.03 0.01 0.01 0.02

Benzene(ppb) Duration of test: 1 week

23.3 23.6 9.3 13.8 4.4 11.0 4.9 4.4 33.7 0.6

Toluene (ppb) Duration of test: 1 week

103.8 68.1 15.4 46.6 11.7 58.1 14.0 12.3 46.0 3.7
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Table A5 Hooper Bay Client Homes Post-1 Remediation (March 2004) IAQ 
Summary

HB-4002 HB-4003 HB-4004 HB-4005 HB-4006 HB-4007 HB-4008 HB-4009 HB-4010 Ambient

C02 (ppm) Duration of test: 11.7days Logging Intervals0 mins
Max 2485 2485 2485 2485 2485 2485 2485 2485 2485
Min 464 454 581 562 513 522 444 454 396
Avg 1271 1052 1613 1904 1502 2121 1205 1293 973
SD 478 392 415 529 467 508 425 339 266

CO (ppm) Duration of test:11.68 days Logging lnterval:30 mins
Max 3 21 6 8 6 7 6 5 5
Min 0 0 0 0 0 0 0 0 0
Avg 1 2 2 2 2 3 1 2 3
SD 1 1 1 1 1 1 1 1 1

RH (%) Duration of test: 11.7days Logging Intervals0 mins
Max 47 41 48 53 52 56 42 44 53
Min 23 23 23 23 23 23 23 23 23
Avg 28 24 28 32 33 36 26 29 28
SD 3 2 5 6 6 8 4 4 5

PM 2.5 (pg/mA3) Duration of test: 8-15 mins Logging Interval:! min

Max 38 678 31 362 106 77 38 23
Min 24 294 26 13 58 18 16 10
Avg 30 342 29 67 89 38 20 13
SD 4 84 2 112 13 20 5 3

PM 1 (pt/cc) Duration of test: 5-12 mins ambient: 5.43 hrs Logging Interval:! sec
Max 87600 43500 57900 132000 440000 70500 29700 129000 25000 329000
Min 38800 29000 24300 12500 3490 34100 19500 13000 12400 322
Avg 50492 32602 42316 21690 12233 48184 25560 38094 20352 28081
SD 10183 1999 8315 11836 22787 5714 1637 8177 2225 27171

TVOC (ppb) Duration of test: 10-15 mins Logging Intervals min
Max 391 792 613 1579 25421 3815 805 831 615
Min 280 746 95 777 606 1127 587 806 546
Avg 370 768 517 1199 6420 1913 621 823 582
SD 28 17 154 264 6390 976 66 7 21

Temperature (°F) Duration of test: 11.7days Logging lnterval:10 mins
Max 75 84 84 91 82 89 81 80 89
Min 64 61 60 62 42 39 32 33 42
Avg 70 78 75 77 74 69 76 73 73
SD 2 4 6 3 3 8 3 5 5

Ventilation rate (hrA-1)
0.19 0.35 0.11 0.16 0.23 0.14 0.27 0.17

Formaldehyde (ppm) Duration of test: 24 hrs
0.0219 0.0474 0.0354 0.0295 0.0264 0.022 0.0284 0.0141 0.0137

Benzene(ppb) Duration of test: 1 week
3.54 15.84 7.65 6.97 3.56 6.64 14.76 8.40 9.76

Toluene (ppb) Duration of test: 1 week
12.30 47.68 30.16 40.63 31.52 35.45 55.36 22.86 56.03
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Table A6 Hooper Bay Client Homes Post-2 Remediation (Nov 2004) IAQ Summary

HB-4002 HB-4003 HB-4004 HB-4005 HB-4006 HB-4007 HB-4008 HB-4009 HB-401

C02 (ppm) Logging lnterval:10 mins Duration of test: 12 days

Max 1513 2166 1992 2100 1828 2053 1991
Min 370 370 389 370 498 370 517

Avg 619 1171 1080 1525 962 968 1291
SD 118 389 402 501 248 295 418

CO (ppm) Logging lnterval:10 mins Duration of test: 12 days

Max 8 38 20 44 5 8 3
Min 0 0 0 0 0 0 0
Avg 1 1 0 1 1 1 1
SD 1 2 1 3 1 0 1

RH (%) Logging lnterval:10 mins Duration of test: 12 days

Max 37 49 55 84 47 48 54
Min 22 16 30 33 19 24 17
Avg 27 27 40 45 27 33 33
SD 3 7 3 6 4 4 7

Temperature (°F) Logging Intervals 0 mins Duration of test: 12 days

Max 75 90 75 86 83 81 95
Min 64 48 60 57 69 61 70
Avg 71 78 71 71 76 73 80
SD 2 8 2 4 2 3 4
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Table A7 Hooper Bay Control Homes Pre-remediation (April 2004) IAQ Summary

HB-4064 HB-4066 HB-4062 HB-4063 HB-4070 HB-4045 HB-4071 HB-4048 HB-4068

C02 (ppm) Logging Interval^ 0 mins
Max 1860 2485 1528
Min 415 415 601
Avg 965 1121 1097
SD 261 407 181
CO (ppm) Logging lnterva!:30 mins
Max 41 5 5 2
Min 0 0 0 0
Avg 2 1 1 1
SD 4 1 1 0

RH (%) Logging lnterval:10 mins
Max 62 69 60
Min 24 24 24
Avg 33 35 41
SD 8 8 10
Temperature (*F) Logging Intervals 0 mins
Max 91 94 88
Min 57 53 58
Avg 74 71 72
SD 6 4 5

Duration of test: 10 days
2104 1538 2485 2104 2485

796 454 620 854 435
1323 944 2183 1434 1727

263 218 462 258 469
Duration of test: 10 days

6 2 3 3 6
0 0 0 0 0
2 1 1 1 2
1 0 0 0 1

Duration of test: 10 days
53 62 60 61 60
24 24 24 24 24
35 37 40 33 38

7 7 10 7 9
Duration of test: 10 days

78 74 89 82 79
59 53 51 48 56
72 69 73 72 71

4 2 5 4 3
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Table A8 Hooper Bay Control Homes Post-remediation (Nov 2004) IAQ Summary

HB-4064 HB-4066 HB-4062 HB-4063 HB-4070 HB-4045 HB-4071 HB-4048 HB-4068

C02 (ppm) Logging lnterval:10 mins Duration of test: 11 days
Max 2011 1219 1159 2106 2011 1985 1993
Min 645 370 370 370 766 613 716
Avg 1440 619 607 899 1838 1305 1541

SD 461 139 151 322 303 406 345

CO (ppm) Logging lnterval:10 mins Duration of test: 11 days
Max 124 14 5 0 0 13 2 1 4

Min 0 0 0 0 0 0 0 0 0
Avg 2 0 1 0 0 3 0 0 0
SD 9 1 1 0 0 3 0 0 0

RH (%) Logging IntervaMO mins Duration of test: 11 days
Max 65 60 82 95 79 52 84
Min 20 21 11 29 25 24 26
Avg 34 28 20 43 42 33 42
SD 8 3 4 7 9 4 6

Temperature (°F) Logging IntervaMO mins Duration of test: 11 days
Max 95 86 98 76 94 89 89
Min 70 52 69 50 68 72 65
Avg 81 73 81 65 80 78 72
SD 4 5 5 5 4 3 3
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Table A9 Fairbanks Client Homes Pre-remediation IAQ Summary

DE WIL KN CO NA SI STILLV FA KH
C02 (ppm) Logging lnterval:10 mins Duration of test: 14 days

Max 1694 1782 1616 2349 2320 1909 1050 1479 2212
Min 386 425 747 542 613 483 464 474 591
Avg 533 933 1061 1210 1161 1051 638 832 1089
SD 96 186 172 370 338 222 122 210 307

CO (ppm) Logging lnterval:30 mins Duration of test:14days

Max 44 16 3 4 13 27 17
Min 0 0 0 0 0 0 0
Avg 2 1 0 1 1 5 1
SD 4 1 0 1 2 10 5

RH (%) Logging lnterval:10 mins Duration of test: 14 days

Max 55 47 34 37 47 61 42 43 58
Min 23 23 23 23 24 23 23 23 24
Avg 25 30 24 26 31 30 27 32 45
SD 3 5 1 3 4 5 2 3 11

PM 2.5 (pg/mA3) Logging Interval^ min Duration of test: 20 mins

Max 24 61 14 352 40
Min 2 21 8 7 11
Avg 14 42 11 44 22
SD 6 6 1 69 10

Outdoor PM 2.5 (pg/mA3) Logging Interval:! min Duration of test: 20 mins

Max 388 16 10 9
Min 0 3 5 5
Avg 22 7 7 6
SD 89 3 1 1

PM 1 (pt/cc) Logging Interval:! sec Duration of test: 20 mins

Max 5400 350000 39500 235000 227000
Min 489 1470 888 439 10500
Avg 3225 121371 8625 17834 26254
SD 1219 41912 4338 27472 22748

Outdoor PM 1 (pt/cc) Logging Interval:! sec Duration of test: 20 mins

Max 280000 51300 24600 59400 55600
Min 594 6290 10000 439 13900
Avg 2115 14780 11454 6046 32533
SD 7726 4699 1864 8930 10656

TVOC (ppb) Logging Intervals  min Duration of test: 20 mins

Max 554 1288 330 595 MAX
Min 108 32 83 36 777
Avg 427 706 249 263 12727
SD 245 83

Outdoor TVOC (ppb) Logging intervals  min Duration of test: 20 mins

Avg 49
Temperature (°F) Logging lnterval:10 mins Duration of test: 14 days

Max 82 81 75 95 78 84 75 77 79
Min 49 60 66 50 32 39 59 61 48
Avg 71 69 72 73 70 73 70 71 65
SD 3 2 1 11 4 4 2 2 6

Formaldehyde (ppm) Duration of test: 8 to 24 hours

0.02 0.04 0.03 0.13 0
Benzene(ppb) Duration of test: 1 week

18.1 4.1 12.8 4.6 2.8 4.2 25.0 11.1

Toluene (ppb) Duration of test: 1 week

41.5 31.6 80.6 14.4 65.5 12.6 101.7 44.3

Radon (pci/l) Duration of test: 14 days
3.4 1.2

MC

2368
396
1623
355

13
0
1
1

37
0
25
2

83
38
70
2

9.4

52
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Table A10 Fairbanks Client Homes Post-remediation IAQ Summary

DE W IL  KN C O  NA SI S T IL L V FA KH M C

C02 (ppm) Logging lnterva!:10 mins Duration of test: 14 days

Max 2485 1753 1274 1841 2163 2251 1304 1772
Min 425 464 435 415 474 425 522 425
Avg 1440 688 798 824 1165 765 742 971
SD 428 144 117 205 295 274 144 194

CO (ppm) Logging lnterval:30 mins Duration of test:14 days

Max 8 8 9 4 17 9 8
Min 0 0 0 0 0 0 0
Avg 1 1 1 1 2 1 2
SD 2 1 1 1 2 1 2

RH (%) Logging lnterval:10 mins Duration of test: 14 days

Max 39 28 39 42 55 25 32 45 39
Min 23 23 23 23 23 24 23 23 23
Avg 26 23 24 27 25 24 24 24 26
SD 2 0 1 3 3 0 1 3 2

PM 2.5 (pg/mA3) Logging lnterval:1 min Duration of test: 20 mins

Max 48
Min 11
Avg 30
SD 5

Outdoor PM 2.5 (pg/mA3) Logging Interval:! min Duration of test: 20 mins

Max 83
Min 0
Avg 16
SD 18

PM 1 (pt/cc) Logging Interval:1 sec Duration of test: 20 mins

Max 50651
Min 3792
Avg 16693
SD 8766

Outdoor PM 1 (pt/cc) Logging Interval^  sec Duration of test: 20 mins

Max 210583
Min 3074
Avg 43783
SD 39638

TVOC (ppb) Logging Interva ls  min Duration of test: 20 mins

Max 3609
Min 172
Avg 682
SD 349

Temperature (°F) Logging intervai:10 mins Duration of test: 14 days

Max 75 83 79 78 89 76 84 82 79
Min 44 48 42 64 57 60 64 48 52
Avg 69 71 74 70 76 64 73 66 73
SD 3 2 3 2 2 3 4 6 3

Formaldehyde (ppm) Duration of test: 8 to 24 hours
0.16 0.07 0.08 0.09 0.27 0 0.09 0.1

Benzene(ppb) Duration of test: 1 week

5.9 9.4 8.8 7.7 10.5 8.7

Toluene (ppb) Duration of test: 1 week

23.7 73 28 29 30 42.2
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Table Al 1 Fairbanks Control Homes Pre-remediation IAQ Summary

BR HA JO KL LO WA Wl AND

C02 (ppm) Logging IntervaMO mins Duration of test: 14 days

Max 923 1694 1274 1274 1479 2212 1851 1792
Min 435 396 405 396 513 493 415 532
Avg 571 964 567 695 807 994 828 1104
SD 97 239 94 131 144 320 124 204

CO (ppm) Logging IntervaMO mins Duration of test: 14 days

Max 19 2 3 8 11 4 6 15
Min 0 0 0 0 0 0 0 0
Avg 2 1 1 1 1 1 3 2
SD 2 0 1 1 1 1 1 5

RH (%) Logging IntervaMO mins Duration of test: 14 days
Max 48 45 24 31 27 43 73 58
Min 23 23 23 23 23 23 23 23
Avg 26 30 23 24 24 27 25 32
SD 3 6 0 1 0 5 2 3

PM 2.5 (pg/mA3) Logging Interval:! min Duration of test: 20 mins
Max 31 19 16 13 93 34 443
Min 10 9 8 2 30 22 104
Avg 18 15 11 4 49 26 196
SD 7 3 2 3 14 2 103

Outdoor PM 2.5 (pg/mA3) Logging lnterval:1 min Duration of test: 20 mins
Max 18 76 12 1 88 25 70
Min 9 1 0 0 23 17 13
Avg 12 17 2 0 46 21 38
SD 2 18 3 0 13 2 12

PM 1 (pt/cc) Logging Interval:! sec Duration of test: 20 mins
Max 181000 104000 89100 94300 500000 31200 254000
Min 10600 15600 10000 10000 10000 17100 12500
Avg 69817 30069 17672 23836 63539 22850 42418
SD 55960 7097 11226 14195 54684 3746 24225

Outdoor PM 1 (pt/cc) Logging Interval:! sec Duration of test: 20 mins
Max 193000 329000 89500 18200 351000 314000
Min 13800 13300 10000 10000 14700 31400
Avg 44509 22874 23298 12566 73801 87332
SD 24862 17014 14699 1667 25006 31253

TVOC (ppb) Logging Interval:! min Duration of test: 20 mins
Max 350 479 504 305 543 247
Min 214 227 117 176 366 103
Avg 288 380 314 231 448 180
SD

Outdoor TVOC (ppb) Logging Interval:! min Duration of test: 20 mins
Avg 60 63 511 55 112 69

Temperature (°F) Logging IntervaMO mins Duration of test: 14 days
Max 84 76 79 84 84 75 77 72
Min 51 58 55 52 66 43 36 42
Avg 69 71 70 68 75 70 71 68
SD 2 2 4 3 3 2 3 2

Formaldehyde (ppm) Duration of test: 8 to 24 hours
0.03 0.06 0.05 0.02 0.03 0.03 0.02 0.09

Benzene (ppb) Duration of test: 1 week
2.9 1.9 3.4 3.3 1.9 1.2 5.7

Toluene (ppb) Duration of test: 1 week
20.0 10.0 10.1 10.3 18.9 9.6 12.0

Radon (pci/l) Duration of test: 14 days
3.5 7.4 1.5 1.4 1.6 3.0 2.4
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Table Al 2 Fairbanks Control Homes Post-remediation IAQ summary

BR HA JO KL LO WA Wi AND

C02 (ppm) Logging lnterval:10 mins Duration of test: 14 days

Max 825 1509 1401 1616 2446 1831 1089
Min 435 464 444 571 513 562 444
Avg 496 816 694 915 953 1083 711
SD 61 154 188 168 342 206 117

CO (ppm) Logging !nterval:30 mins Duration of test:14 days

Max 5 6 4 4 3 6 6 5
Min 0 0 0 0 0 0 0 0

Avg 1 1 2 2 1 2 2 1
SD 1 1 1 1 0 1 1 1

RH (%) Logging Interval.iO mins Duration of test: 14 days

Max 25 27 24 24 28 30 38 37
Min 23 23 23 23 23 23 24 23
Avg 24 23 24 24 24 24 29 24
SD 0 0 0 0 0 1 3 0

PM 2.5 (pg/mA3) Logging Interval:! min Duration of test: 20 mins

Max 5 5 4 35 45
Min 3 2 1 19 8
Avg 4 3 2 27 21
SD 1 1 1 5 10

Outdoor PM 2.5 (pg/mA3) Logging Interval:! min Duration of test: 20 mins

Max 39 43 9 159
Min 4 1 1 4
Avg 16 11 3 17
SD 5 14 2 31

PM 1 (pt/cc) Logging Interval:! sec Duration of test: 20 mins

Max 119000 70300 130000 90500 65100
Min 8140 378 57500 1410 9060
Avg 17815 3409 108643 10671 13897
SD 10799 2655 9252 15824 6147

Outdoor PM 1 (pt/cc) Logging Interval:! sec Duration of test: 20 mins

Max 407000 243000 70000 15500 123000
Min 15300 4210 485 228 39300
Avg 73291 12450 3858 1358 54140
SD 34326 12090 7740 811 10234

TVOC (ppb) Logging Interval:! min Duration of test: 20 mins

Max 183 232 299 4000 361
Min 37 69 26 56 94
Avg 130 173 178 481 293
SD 36 42 116 755 74

Outdoor TVOC (ppb) Logging Interval:! min Duration of test: 20 mins

Avg
Temperature (°F) Logging IntervahlO mins Durationi of test: 14 days

Max 75 75 76 72 81 72 72 77
Min 72 69 70 57 68 67 67 62
Avg 74 71 74 60 75 68 69 71
SD 0 1 1 4 2 1 1 3

Formaldehyde (ppm) Duration of test: 8 to 24 hours
0.03 0.02 0.02 0.01 0.04 0.02 0

Benzene(ppb) Duration of test: 1 week

3.9 6.0 2.7 4.6 2.5 13.0 31.3

Toluene (ppb) Duration of test: 1 week

11.5 21.3 5.4 15.4 19.3 30.6 107.8

Radon (pci/l) Duration of test: 14 days
2.9 < 1.7 2.4 2.5



Table A13 Fairbanks Tape-lift Results

Fairbanks Pre-Remediation tape-lift results
Tape-lift Tape-lift

I I * .
Mycelial Total Fungal Aspergillus/

House# Fragm ents Spores Penicillum  like
count/cm 2 count/cm 2

Fbks-BR (11 -0 3 ) < 15 339 31
Fbks-HA (1 1-'03) < 15 15 15
Fbks-JO (11 -0 3 ) < 15 46 31
Fbks-KL (11-'03) 92 1940 1833
Fbks-LO (11-’03) < 15 77 31
Fbks-WA (11-'03) <15 31 15
Fbks-WI (11-’03) 15 31 15
Fbks-AND (11-’04) <15 169 15
F b ks -D E (11-,03) 46 370 185
Fbks-W IL (4-'04) <15 46 15
Fbks-KN (2-'04) 77 2310 1771
Fbks-CO (12-'03) <15 77 15
Fbks-N A (3-'03) 2017 8023 139
Fbks-SI (1 1 -0 3 ) 46 46 15
Fbks-STILLV (11-'04) <15 277
Fbks-KH (10-'04) <15 62 15
Fbks-MC (4-'04) <15 46 46

Fairbanks Post-Remediation tape-lift results
Tape-lift Tape-lift
Mycelial Total Fungal Aspergillus/

nouse# Fragm ents Spores Penicillum  like
count/cm 2 count/cm 2

Fbks-BR (4-'04) 15 62
FBKS-HA (2 -04 ) 15 46
FBKS-JO (2-'04) <15 15 15
FBKS-KL (2 -0 4 ) 15 216 185
FBKS-LO (2-'04) < 15 31 31
FBKS-WA (2 -0 4 ) 1417 7484
Fbks-WI (4-'04) 15 15 15
Fbks-AND (12-'04) <15 139 123
Fbks-DE (11-'04) < 15 92 62

* Fbks-WA had Stachybotrys = 3465 Count/cmA2
** Client homes are in BOLD
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Table Al 4 Date of Testing in Fairbanks and Outdoor Temperature

House no. Type Date tested Outdoor Temp (F)
fbks-fa Client October-04 30
fbks-fa post Client December-04 -3
fbks-kh Client October-04 30
fbks-kh post Client December-04 -3
fbks-mc Client April-04 35
fbks-mc post Client November-04 7
fbks-stillV Client November-04 7
fbks-stillVpost Client January-05 -9
fbks-wil Client April-04 35
fbks-wil post Client November-04 7
fbks-co Client December-03 -9
fbks co post Client November-04 7
fbks-de Client November-03 10
fbks ll-fall 04 de Client November-04 7
fbks-kn Client February-04 1
rental - post test not done Client
fbks-na Client March-03 9
fbks-na post Client November-03 10
fbks-si Client November-03 10
fbks-si post Client November-04 7
fbks-and Control November-04 7
fbks-and post Control December-04 -3
fbks-br Control November-03 10
fbks-br post Control April-04 35
fbks-ha Control November-03 10
fbks-ha post Control March-04 6
fbks-jo Control December-03 -9
fbks-jo post Control March-04 6
fbks-kl Control December-03 -9
fbks-kl post Control March-04 6
fbks-lo Control December-03 -9
fbks-lo post Control March-04 6
fbks-wa Control November-03 10
fbks-wa post Control March-04 6
fbks-wi Control December-03 -9
fbks-wi post Control April-04 35

Outdoor temperature from: http://www.weatherunderground.com/history

http://www.weatherunderground.com/history
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Table Al 5 Percentage of Test Duration when CO2 Measurements were at 
Maximum Recordable Levels

HB Client Pre HB4002 HB4003 HB4004 HB4005 HB4006 HB4007 HB4008 HB4009 HB4010

% 2 1 7 20 2 44 2 1 0

HB Client Post-1 HB4002 HB4003 HB4004 HB4005 HB4006 HB4007 HB4008 HB4009 HB4010 

% 66 15 2 39 0 33 0 3 0

HB Control Pre HB4064 HB4066 HB4062 HB4063 HB4070 HB4045 HB4071 HB4048 HB4068

% 0 0 0 0 0 0 51 0 8

Table A 16 Acceptable Ranges of Indoor Temperature and RH during Summer and 
Winter

Relative
Humidity

30%
40%
50%
60%

68.5°F - 76.0°F 
68.5°F - 75.5°F 
68.5°F - 74.5°F 
68.0°F - 74.0°F

Winter Indoor 
Temperature

Summer Indoor 
Temperature

74.0°F - 80.0°F 
73.5°F - 79.5°F 
73.0°F - 79.0°F 
72.5°F - 78.0°F

SOURCE: Adapted from ASHRAE Standard 55-1981, Thermal Environmental Conditions 
for Human Occupancy
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Table Al 7 t-Test (paired) Hooper Bay Homes

Summary Statistics and Results of t-Test (paired) Comparing “Pre-” and “Post-” 
Parameters of Hooper Bay Homes.

Hooper Bay Client
Pre Mean Pre SD N Post-1 Mean Post-1 SD N P(T<=t) two-tail

C02 (ppm) 1517 446 9 1437 385 9 0.6185

RH (%) 42 4 9 29 4 9 0.0001

ID PM 2.5 27 13 8 79 110 8 0.2441
(ug/mA3)

ID PM 1 (pt/cc) 49837 39610 8 30417 12762 8 0.1611

TVOC (ppb) 1362 1340 9 1468 1914 9 0.8917

Formaldehyde 0.02 0.01 9 0.03 0.01 9 0.1160
(ppm)

Benzene(ppb) 14.27 10.39 9 8.57 4.33 9 0.1484

Toluene (ppb) 41.78 31.80 9 36.89 14.64 9 0.7108

Hooper Bay Client
Pre Mean Pre SD N Post-2 Mean Post-2 SD N P(T<=t) two-tail

C02 (ppm) 1529 488 7 1088 286 7 0.1042

RH (%) 19 4 7 50 7 7 0.0223

Hooper Bay Client
Post-1 Mean Post-1 SD N Post-2 Mean Post-2 SD N P(T<=t) two-tail

C02 (ppm) 1483 412 7 1088 286 7 0.0307

RH (%) 29 3 7 33 7 7 0.0490

Hooper Bay Control
Pre Mean Pre SD N Post Mean Post SD N P(T<=t) two-tail

C02 (ppm) 1396 489 6 1274 444 6 0.4127

RH (%) 36 3 6 37 6 6 0.5380
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Table Al 8 t-Test (paired) Fairbanks Homes

Summary Statistics and Results of t-Test (paired) Comparing “pre-” and “Post-” 
Parameters of Fairbanks Homes

Fairbanks Client
Pre Mean Pre SD N Post Mean Post SD N P(T<=t) two-tail

C02 (ppm) 1054 315 8 924 258 8 0.4668

RH (%) 30 6 9 25 1 9 0.0444

Benzene(ppb) 8.08 6.02 6 8.10 1.37 6 0.9953

Toluene (ppb) 30.48 17.15 6 39.20 20.34 6 0.4554

Fairbanks Control
Pre Mean Pre SD N Post Mean Post SD N P(T<=t) two-tail

C02 (ppm) 852 184 7 809 195 7 0.5993

RH (%) 27 3 8 24 2 8 0.1579

ID PM 2.5 
(ug/mA3) 21 17 5 11 12 5 0.0494

ID PM 1 (pt/cc) 28909 21381 5 21564 23230 5 0.6381

TVOC (ppb) 343 93 4 270 156 4 0.5559

Formaldehyde
(ppm) 0.04 0.02 6 0.02 0.01 6 0.2435

AT-Radon (pci/l) 1.88 0.75 4 2.35 0.54 4 0.3275

Benzene(ppb) 2.90 1.48 7 9.14 10.40 7 0.1329

Toluene (ppb) 12.99 4.49 7 30.19 35.13 7 0.2536
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Table A19 t-Test Assuming Unequal Variances

Table Comparing Constituents, from Two Different Groups, for which the Means 
were Significantly Different

t-test assuming unequal variances 

Group 1 Mean SD N

RH (%) HB Client Pre
Benzene(ppb) Fbks Client Pre
Toluene (ppb) Fbks Client Pre

C02 (ppm) HB Client Pre
RH (%) HB Client Pre
RH (%) HB Client Post 2

C02 (ppm) HB Control Pre
RH (%) HB Control Pre
RH (%) HB Control Post

Group 2

HB Control Pre 
Fbks Control Pre 
Fbks Control Pre 
Fbks Client Pre 
Fbks Client Pre 
Fbks Client Post 
Fbks Control Pre 
Fbks Control Pre 

9 7 Fbks Control Post

Mean SD N P(T<=t) two-1

36 2 8 0.0062
3 2 7 0.0186
13 5 7 0.0065
1013 308 10 0.0132
30 6 10 8.60E-05
25 1 9 0.0213
817 198 8 0.0093
27 3 8 1.71E-05
24 2 8 0.0173

42 4 9
10 8 9
50 30 9
1517 446 9
42 4 9
33 7 7
1350 427 8

3 8

Table A20 KS-test for CO2

Group 1 Mean SD Group 2

Fbks Client Pre 1053 337 Fbks Client Post
Fbks Control Pre 873 203 Fbks Control Pos
Fbks Client Pre 1053 337 Fbks Control Pre
Fbks Client Post 907 260 Fbks Control Pos

HB Client Pre 1505 458 HB Client Post-1
HB Client Pre 1501 480 HB Client Post-2
HB Client Post-1 1474 418 HB Client Post-2
HB Control Pre 1263 477 HB Control Post
HB Client Pre 1505 458 HB Control Pre
HB Client Post-2 965 399 HB Control Post

Fbks Client Pre 1053 337 HB Client Pre
Fbks Control Pre 873 203 HB Control Pre
Fbks Client Post 907 260 HB Client Post-2
Fbks Control Post 806 195 HB Control Post

Mean SD D statistic Corresponding 
P - value

907 260 0.42 0.02
806 195 0.24 0.53
873 203 0.38 0.06
806 195 0.21 0.66

1423 414 0.19 0.70
965 399 0.48 0.01
965 399 0.48 0.01
1162 540 0.22 0.71
1263 477 0.31 0.19
1162 540 0.42 0.05

1501 480 0.47 0.01
1263 477 0.50 0.01
965 399 0.24 0.49
1162 540 0.61 0.00



115

References
Adgate, J.L., Bollenbeck, M., Eberly, L.E., Stroebel, C., Pellizzari, E.D., Sexton, K., 

(2002), “Residential VOC concentrations in a probability based sample of households 

with children” Proc., 9th Int. Conf. on Indoor Air Quality and Climate, H. Levin, ed., 1: 

203-208

Allen, G.A., Lawrence, J., Koutrakis, P., (1999), “Field validation of a semi- 

continuous method for aerosol black carbon (Aethalometer) and temporal patterns of 

summertime hourly black carbon measurements in southwestern PA” Atmospheric 

Environment, 33(5): 817-823

American Conference of Governmental Industrial Hygienists (ACGIH)(1991), 

Documentation of Threshold Limit Values and Biological Exposure Indices, 6th Edition, 

ACGIH, Cincinnati, OH

Appin Associates (1991), “Indoor air quality survey of Northwest territories 

housing.” Research Rep., Canada Mortgage and Housing Corp. (CMHC), 700 Montreal 

Rd., Ottawa, Canada

ASHRAE Standard 55-1981 (revised Dec-2004), Thermal Environmental Conditions 

for Human Occupancy. American Society of Heating, Refrigerating, and Air 

Conditioning Engineers (ASHRAE) Atlanta, GA

Bell, S.J., Khati, B., (1983), “Indoor air quality in office buildings”, Occupational 

Health in Ontario, 4: 103-113

Berk, J.V., Young, R.A., Brown, S.R., Hollowell, C.D., (1981), “Impact of energy- 

conserving retrofits on indoor air quality in residential housing” Energy and Environment 

Division, Lawrence Berkeley Laboratory, Report # LBL-12189



116

Bright, P.D., Mader, M.J., Carpenter, D.R., Hermoncruz, I.Z., (1992), Guide for 

indoor air quality surveys. ALTR-1992-0016. Brooks Air Force Base, Texas: Armstrong 

Laboratory.

Chemical sampling information, Benzene, Toluene, Formaldehyde, 

http://www.osha.gov/dts/chemicalsampling/data/CH_225400.html [accessed 2-18-05]

Chemical sampling information, Carbon dioxide, 

http://www.osha.gov/dts/chemicalsampling/data/CH_225400.html [accessed 2-18-05]

Division of Air Quality-Alaska Department of Environmental Conservation

http://www.dec.state.ak.us/air/anpms/as/id aa/idaqhome.htm [accessed 5-22-05]

El-Hougeiri, N., El-Fadel, M., (2002), “IAQ characterization in urban areas: indoor to 

outdoor correlation” Proc., 9th Int. Conf. on Indoor Air Quality and Climate, Levin, 

ed., 1: 188-193

EPA TVOC standards, http://www.perfectsense.org/news.htm [accessed 2-15-05]

Erdman, C.A., Steiner, K.C., Apte, M.G., (2002), “Indoor carbon dioxide 

concentrations and sick building syndrome symptoms in the base study revisited: 

analyses of the 100 building dataset” Proc., 9th Int. Conf. on Indoor Air Quality and 

Climate, H. Levin, ed., 1: 443-448

Frisk, M., Kivioja, A.R., Andersson, H., L o it, H.M., Meren, M., Stridh, G., (2002), 

“Are there any differences in indoor environment of asthmatics and non-asthmatics 

persons? A case/control study performed in Sweden and Estonia” Proc., 9th Int. Conf on 

Indoor Air Quality and Climate, H. Levin, ed., 1: 97-102

http://www.osha.gov/dts/chemicalsampling/data/CH_225400.html
http://www.osha.gov/dts/chemicalsampling/data/CH_225400.html
http://www.dec.state.ak.us/air/anpms/as/id
http://www.perfectsense.org/news.htm


117

Grimsrud, D.T., Turk, B.H., Prill, R.J., Harrison, J., and Revzan, K.L., (1987), 

“Effects of House Weatherization on Indoor Air Quality” Proc., 4th Int. Conf. on Indoor 

Air Quality and Climate, 2: 208—213

Howell, J., Kieffer, M., Berger, L., (1997), "Carbon monoxide hazards in rural 

Alaskan homes", Alaska Medicine, 39: 8-11

Johnson, R., Schmid, J., Seifert, R., (2002), “Assessment of indoor air quality in 

interior Alaskan homes”, Journal o f Cold Regions Engineering, 16: 218-229.

Johnson, R., Schmid, J., Dinakaran, S., Seifert, R. (2005), “Use of Simulink for 

Dynamic Air Quality Modeling in Interior Alaska.” Journal o f Cold Regions 

Engineering, 19 (1): 3-19

Kulmala, I.A.S., Makipaa, V. (2000), “Development of safe repair methods for water 

damaged buildings” - Lifa Air 2000 Healthy Building http://www.lifa.net/en/index.html 

[accessed 2-15-05]

LaRosa, L., Buckley, T., Wallace, L., (2002), “Real-time indoor and outdoor 

measurements of black carbon in an occupied house: An examination of sources.” J. Air 

Waste Manage. Assoc., 52: 41-49.

Liddament, M., (1996), "Why C02", Air Infiltration Review, 18 (1),

www.aivc.org/atr/18 l/mwlco2.html.

Morawska, L., He, C., Hitchins, J., Gilbert, D., Parappukkaran, S., (2001), "The 

relationship between indoor and outdoor airborne particles in the residential 

environment." Atmospheric Environment, 35: 3463-3473

http://www.lifa.net/en/index.html
http://www.aivc.org/atr/18


118

Namiesnik, J., Goreck, T., Kozdron-Zabiegala, B., Lukasiak, J., (1992), “IAQ 

pollutants, their sources and concentration levels.” Building and , 27: 339-

356

National Ambient Air Quality Standards, 

http://www.epa.gOv/air/criteria.html#4 [accessed 2-22-05]

NIOSH Pocket Guide to Chemical Hazards, 

http://www.cdc.gov/niosh/npg/npgd0293.html [accessed 2-25-05]

Norback, D., Bjomsson, E., Janson, C., and Boman, G., (1995), "Sick building 

syndrome and the home environment-role of inflammatory reactions and exposure to 

volatile organic compounds", 2nd International Conference on VOCs in the ,

Indoor Air International Unit 179, 2 Old Brompton Road, London, SW7 3DQ UK, 179- 

184

Parent, D., Strieker, S., and Fugler, D., (1996) "Ventilation in houses with distributed 

heating systems", Proceedings o f the 17th AIVC Conference, "Optimum Ventilation and 

Air Flow Control in Buildings", Gothenburg, Sweden, 1: 185 -195

Persily, A., K., (1997) "Evaluating Building IAQ and Ventilation with Indoor Carbon 

Dioxide" ASHRAE transactions, 103(2): 193-204

RAE Systems, (2002) “Using PIDs for indoor air quality surveys.” Application Note: 

212, Sunnyvale, CA

Rajhans, G., S., (1983). “Indoor air quality and CO2 levels.” Occupational Health in 

Ontario 4:160-167

http://www.epa.gOv/air/criteria.html%234
http://www.cdc.gov/niosh/npg/npgd0293.html


119

Rumchev, K., Spickett, J., Phillips, M., Stick, S., (2002), "Indoor air quality in houses 

of asthmatic and non-asthmatic children", Proc., 9th Int. Conf. on Indoor Air Quality and 

Climate, H. Levin, ed., 1: 472-476

Simoni, M., Carrozzi, L., Baldacci, S., Scognamiglio, A., Angino, A., Pistelli, F., Di 

Pede F., and Viegi, G., (2002) “Acute respiratory effects of indoor pollutants in two 

general population samples living in a rural and in an urban area of Italy” Proc., 9th Int. 

Conf. on Indoor Air Quality and Climate, H. Levin, ed., 1: 119—125.

Strieker Associates (1994). “Ventilation and air quality testing in electrically heated 

housing” Research Rep., Canada Mortgage and Housing Corp. (CMHC), 700 Montreal 

Rd., Ottawa, Canada.

Taylor, S., (1995), "What's new with standard 62", ASHRAE, IAQ 95, Practical 

Engineering Solutions to IAQ, Atlanta, GA, 153-162

The State of Washington (SOW) Program and IAQ Standards, 

http://www.aerias.org/kview.asp?DocId=85&spaceid=2&subid= 13 [accessed 2-22-05]

USEPA (1995). “The Inside Story: A Guide to Indoor Air Quality” EPA Document # 

402-K-93-007

Wallace, L. (2001). “Chapter 33: Assessing human exposure to VOCs.” J. Spengler, 

J.Samet, and J. McCarthy, Indoor air quality handbook, McGraw-Hill, New York.

http://www.aerias.org/kview.asp?DocId=85&spaceid=2&subid=

