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ABSTRACT 

The impact of the built environment on public health is complex, involving several determinants of health including 
indoor air quality. People who spend the most time indoors can be exposed to indoor air pollutants for long periods of 
time. These are often the same people who are most susceptible to adverse effects if exposures are high enough (young 
children, elderly, and chronically ill, especially those suffering from respiratory diseases). An analysis of data on 
selected indoor volatile organic compounds (VOCs) from community studies in Alberta, Canada was undertaken. Meas-
ures of typical (central tendency) and high end (upper limit) indoor concentrations were estimated from seven studies in 
Alberta. Best estimates of central tendency indoor concentrations for 12 VOCs—benzene, ethylbenzene, o-xylene, 
3-methylhexane, heptane, octane, nonane, decane, 1,1,1-trichloroethane, carbon tetrachloride, tetrachloroethylene, and 
1,2,4-trimethylbenzene—were less than 5 µg/m3. Best estimates of central tendency indoor concentrations for three 
VOCs—toluene, m/p-xylene, and limonene—were greater than 5 µg/m3. In the case of best estimates of upper limit 
indoor concentrations—benzene, ethylbenzene, o-xylene, hexane, 3-methylhexane, heptane, octane, nonane, carbon 
tetrachloride, and tetrachloroethylene had upper limit concentrations less than 15 µg/m3. Best estimates of upper limit 
indoor concentrations for toluene, m/p xylene, decane, limonene, 1,1,1-trichloroethane, and 1,2,4-trimethylbenzene 
were greater than 15 µg/m3. Upper limit concentrations observed inside Alberta residences were about 4 to 10 times 
higher than typical concentrations for most of the VOCs observed. Upper limit indoor concentrations for carbon tetra-
chloride and benzene in Alberta are similar to or greater than levels judged by US EPA to imply a concern for potential 
cancer effects. This indicates that some homes in Alberta can have levels of carbon tetrachloride and benzene that may 
be of concern from a public health point-of-view. 
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1. Introduction 

Alberta is a province in western Canada and is of eco-
nomic importance to Canada (Figure 1). The energy in-
dustry is a primary driver of the economy in the province 
and it is supported—to a lesser extent—by forestry, 
mining, and agriculture. The energy portfolio includes 
natural gas and shale gas, conventional oil, oil sands, 
shale oil, and coal—all of which are mined and/or ex-
tracted in the province. The Alberta population has ex-
panded rapidly over the past 30 years—from a popula-
tion of about 2.2 million in 1980 to a current population 
of over 3.7 million [1]. In terms of climate, Alberta has 
dry continental weather with warm summers and cold 
winters. The province is open to cold (arctic) weather 
systems from the north, which can produce extremely 
cold conditions during the winter [2]. Because Alberta 
extends for over 1200 kilometres from north to south, its  

climate varies considerably. Average temperatures in 
January range from greater than −10˚C in the south to 
less than −24˚C in the north, and in July from greater 
than 18˚C in the south to less than 13˚C in the north.  

Large-scale time-activity studies in which people re-
call their locations and activities through diaries show 
that people spend a lot of time indoors—either at home 
or at the office—with very little time spent outdoors [3]. 
General trends of Canadian time-activity behavior in-
clude [4]: most time, on average, is spent indoors for 
Canadians (between 88% to 90% of time); a small 
amount of time, on average, is spent in an operating mo-
tor vehicle (<6% for persons aged 12 or older and <3.2% 
for persons aged 11 or younger); and a similar small 
proportion of time, on average, is also spent outdoors 
(<6% for persons aged 12 or older and <7.5% for persons 
aged 11 or younger). 

The impact of the built environment on our health is  
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Figure 1. Map of provinces of Canada showing Alberta. 
 
complex, involving several determinants of health—air 
quality, water quality, diet, physical activity, etc. Indoor 
air quality is an important environmental health issue and 
its potential consequences are much less investigated 
compared to ambient air quality [5,6]. With respect to 
indoor air quality, changes in emission profiles for indoor 
pollutants and personal habits of building occupants— 
including changes in the number of occupants who 
smoke indoors—have occurred over the past several 
decades [7]. These changes have altered the kind and 
concentrations of chemicals that occupants are exposed 
to in their homes today compared to several decades ago. 

Volatile organic compounds (VOCs) are a class of in-
door air pollutants of interest from a public health point- 
of-view [8]. For example, some of these pollutants are 
reported to be associated with a variety of potential ad-
verse health outcomes [9,10]: benzene (leukemia and 
non-Hodgkin’s lymphoma); ethylbenzene (blood disor-
ders), tetrachloroethylene (bladder cancer); toluene (cen-
tral nervous system effects—e.g. headache, fatigue, nau-
sea from chronic inhalation exposure; developmental 
effects in children of pregnant women exposed by inha-
lation); trichloroethylene (Hodgkin’s disease, leukemia, 
and kidney and liver cancers); xylenes (central nervous 
system effects—e.g. headache, fatigue, dizziness). Peo-
ple who spend the most time indoors can be exposed to 
indoor air pollutants for long periods of time. These are 
often the same people who are most susceptible to ad-
verse effects if exposures are high enough (e.g., young 
children, elderly, and chronically ill, especially those 
suffering from respiratory diseases). 

Over the past fourteen years, a number of studies have 
been undertaken by the Alberta Department of Health 
and researchers at the University of Alberta [11-17]. 
These studies have involved measuring selected VOCs in 

indoor, outdoor, and in some cases personal exposure air 
in different Alberta communities. A gap exists in terms 
of what these studies collectively indicate with respect to 
the current state of indoor air quality in Alberta. An 
analysis of data on selected indoor VOCs from these 
studies is presented here in an effort to provide public 
health practitioners with a perspective about the state and 
general characteristics of indoor VOCs in Alberta. Spe-
cifically, the intent was to estimate measures of typical 
(i.e., central tendency) and high end (i.e., upper limit) 
concentrations of selected indoor VOCs from these stud-
ies. No attempt was made to differentiate between indoor 
levels and age of dwelling (i.e., existing versus newly 
constructed), sources and/or occupant activities/hobbies, 
and ventilation characteristics). All of these factors are 
acknowledged to affect indoor air quality. 

2. Materials and Methods 

2.1. Study Area 

Data analyzed were drawn from seven different studies 
undertaken in the following regions and communities 
with nearby industrial activities in Alberta (Figure 2): 
 

 

Figure 2. Location of communities where measurements of 
indoor VOC levels have been taken in Alberta, Canada. 
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 Three studies in communities among oil sand surface 
and in-situ mining, upgrading and refining activities 
in northeastern Alberta—one study in Fort McMurray 
(population ~55,000) and in Fort Chipewyan (~1200) 
[11], and two separate studies in Fort McKay (~300) 
[12,13]. 

 A multi-community study near conventional oil and 
gas extraction and refining, shale gas exploration ac-
tivities in northwestern Alberta [14]—the communi-
ties included Grande Prairie (~45,000), Sexsmith 
(~2100), Beaverlodge (~2200), and Debolt (~150). 

 Two studies in communities surrounding Edmonton 
near oil upgrading and refining, petrochemical pro- 
cessing, conventional gas extraction and processing 
activities in central Alberta—one study in Fort Sas-
katchewan (~15,000) [15], and one study in St Albert 
(~45,000) and Sherwood Park (~45,000) [16]. 

 A multi-community study around Wabamun Lake 
near surface coal mining and coal-fired electricity 
production activities in central Alberta [17]—the 
communities included Stony Plain (~12,000), Spruce 
Grove (~19,000), Devon (~6000), Wabamun (~600) 
and Thorsby (~900) and, and the Paul First Nation 
reserve (~1100). 

All of these communities are located between the lati-
tudes of 53˚ and 58˚45′N (between 480 and 1080 km 
north of the Canada-United States border). Examples of 
mean daily temperatures in July and January for some of 
the communities in Alberta are shown in Table 1. 

2.2. Sampling Programs and Analytical Methods 

Two basic survey sampling designs were used to identify 
and select residences for sampling in the seven commu-
nity studies [18-21]: 
 Convenience sampling was used in four of the studies 

[11,14,15,17] and this involved sampling residences 
using a volunteer recruitment process whereby adver-
tisements were posted in a community and leaders in 
communities were used to encourage and enlist peo-
ple to volunteer and participate (i.e., to allow sam-
pling of their residence). 

 Probability sampling was used in three of the studies 
[12,13,16] and this involved using probability sam-
pling methods to randomly pre-select people’s resi-
dences and then to recruit the homeowner to allow 
sampling of their residence. 

Sampling for VOCs inside residences for all studies 
was accomplished using the 3M® Organic Vapor Monitor 
(OVM) 3500 (St. Paul, MN) [22] using deployment per- 
iods of 1 day [16], 4 days [12], or 7 days [11,13-15,17]. 
The OVM is lightweight, small, and has no moving parts. 
It collects volatile organic compounds by natural diffu- 
sion and adsorption on a charcoal pad. The sampling 

Table 1. Average temperatures in July and January for 
selected communities in central and northern Alberta, 
Canada [2]. 

City 
July Daily Mean 

Temperature (˚C) 
January Daily Mean 

Temperature (˚C) 

St Albert 16 to 18 −14 to −12 

Fort McMurray 15 to 16 −20 to −18 

Grande Prairie 14 to 15 −16 to −14 

 
rate for a chemical is a function of diffusion (described 
elsewhere [23]). These monitors require long enough 
deployment periods for detection of low part-per-billion 
concentrations typical of most indoor (non-occupational) 
environments. The OVM has been previously used in a 
Canadian national indoor air quality study using a 1-day 
deployment period [24] and an ambient air study in Al-
berta using a 30-day deployment period [25]. 

The OVM has been evaluated under controlled labo-
ratory conditions [26] and it has been reported that the 
sampling performance is compound-specific and depends 
on concentration, temperature, and humidity. Controlled 
laboratory sampling of numerous VOCs (benzene, 1,3- 
butadiene, carbon tetrachloride, chloroform, 1,4-dichlo- 
robenzene, methylene chloride, styrene, tetrachloroethy- 
lene, and toluene) indicated a negative bias as compared 
to calculated chamber concentrations but were generally 
within 25% of theory) [26]. With respect to duration of 
deployment, the monitors can be effectively used over a 
range of VOC concentrations and environmental condi-
tions tested over a 24-hour to 7-day sampling period 
[26-28]. The monitors accurately measure low ppb levels 
for only about one week because of losses due to back 
diffusion [28]. 

The OVM monitors were placed inside a residence to 
provide a short-term measure of VOCs in the living 
space. The monitors were attached to a stationary stand 
approximately 1 m high above the floor (Figure 3). All 
monitor locations were determined during an initial visit 
to each residence. Placement of the stands was selected 
after determining the type of residence (home, apart- 
ment, house trailer, etc.), layout of the residence, and 
daily routines of the occupants. The stands were mostly 
placed in the main living area (i.e., a room in which the 
occupants spent most of their time while awake). Ef- 
forts were made to ensure that the stands were at least 2 
m away from exterior doors, windows, and ventilation 
registers. 

After the deployment period, the monitors were re-
trieved and placed in small containers with a snap-on lid. 
Teflon tape was wrapped around the lid of each container 
and they were transported in a cooler to a laboratory for 
analysis. The monitors were extracted and analyzed ei-
ther at the Centre for Toxicology, University of Calgary  
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(Edmonton, Alberta, Canada) [16]. VOCs were desorbed 
from the charcoal pad by solvent extraction using carbon 
disulfide (CS2). Extracts were analyzed by gas chroma-
tography/mass spectrometry (GC/MS) for selected target 
compounds. Calibration standards were prepared and 
analyzed for use in quantifying the amount of a com-
pound in a sample extract. 

 

3. Results and Discussion 

A sample taken from a single residence during a particu-
lar season was treated as a single sampling event inside a 
residence. The resulting dataset analyzed here repre-
sented VOC concentrations from a total of 748 sampling 
events inside residences in Alberta. Table 2 lists 16 
compounds for which concentration data were obtained 
in these sampling programs along with their Chemical 
Abstract Service (CAS) numbers, chemical class, mo-
lecular weights, boiling points, and μg/m3 to ppb conver-
sion factors. Study details, method detection limits, per-
centage of samples reporting non-detectable concentra-
tions, median (50th percentile) concentrations, and 95th 
percentile concentrations for 16 VOCs inside residences 
of different Alberta are summarized in Table 3. Results 
presented in Table 3 represent twelve different sampling 
campaigns with sampling in winter being the most com-
mon. Seasonal differences exist for indoor VOC levels in  

Figure 3. Indoor stand for monitoring of VOCs. 
 
(Calgary, Alberta, Canada) [11-15,17] or the Department 
of Public Health Sciences at the University of Alberta  
 
Table 2. VOCs measured in residences in Alberta, Canada ordered by chemical class and increasing boiling point within 
class. 

Compound CAS Number Chemical Class Boiling Point (˚C) Molecular Weight Conversion g/m3 to ppb

benzene 71-43-2 aromatic hydrocarbon 80 78.1 0.313 

toluene 108-88-3 aromatic hydrocarbon 111 92.1 0.265 

ethylbenzene 100-41-4 aromatic hydrocarbon 136 106.2 0.230 

m/p-xylene  aromatic hydrocarbon 139 106.2 0.230 

o-xylene 95-47-6 aromatic hydrocarbon 143 106.2 0.230 

hexane 110-54-3 alkane hydrocarbon 69 86.2 0.284 

3-methylhexane 589-34-4 alkane hydrocarbon 91 100.2 0.244 

heptane 142-82-5 alkane hydrocarbon 98 100.2 0.244 

octane 111-65-9 alkane hydrocarbon 126 114.2 0.214 

nonane 111-84-2 alkane hydrocarbon 151 128.3 0.191 

decane 124-18-5 alkane hydrocarbon 174 142.3 0.172 

limonene 5989-27-5 terpene hydrocarbon 177 136.2 0.180 

1,1,1-trichloroethane 71-55-6 
halogenated aliphatic 

hydrocarbon 
74 133.4 0.183 

carbon 
tetrachloride 

56-23-5 
halogenated aliphatic 

hydrocarbon 
77 153.8 0.159 

tetrachloroethylene 127-18-4 
halogenated aliphatic 

hydrocarbon 
121 165.8 0.147 

1,2,4-trimethylbenzene 95-63-6 aromatic hydrocarbon 169 120.2 0.203 
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Table 3. Summary of 50th and 95th percentile VOC concentrations (μg/m3) measured indoors in communities of Alberta, 
Canada. 

(a) 

Study location Study details Compound mdl (g/m3) % non-detects 50th %ile 95th %ile 

Fort Chipewyan convenience benzene 0.4 0 2.2 15 

[11] sample (n = 30); toluene 2.6 3 4.6 46 

 residences ethylbenzene 0.6 3 1.2 13 

 sampled in m/p-xylene 1 3 4.1 54 

 winter and o-xylene 0.6 7 1.4 19 

 early spring hexane 2.2 63 n/r 30 

 2005; one 7-day 3-methylhexane 0.5 14 1 83 

 time weighted heptane 0.5 28 1.3 17 

 average sample octane 0.6 7 1.2 15 

 collected per nonane 0.6 37 0.9 5.7 

 residence decane 0.6 9 0.6 9.7 

  limonene 0.5 0 25 65 

Fort McKay probability benzene 0.4 7 2 11 

[13] sample (n = 35); toluene 0.5 0 11 50 

 residences ethylbenzene 0.6 0 1.8 8.3 

 sampled in fall m/p-xylene 1 0 3.7 28 

 2006; one 7-day o-xylene 0.6 13 1.3 8.1 

 time weighted hexane 2.2 74 n/r 15.4 

 average sample 3-methylhexane 0.5 43 0.6 9.6 

 collected per heptane 0.5 26 1.5 14 

 residence octane 0.6 20 1 29 

  nonane 0.6 54 n/r 11 

  decane 0.6 31 0.8 18 

  limonene 0.5 0 35 87 

Fort McKay probability benzene 1 0 5.3 11 

[12] sample (n = 29); toluene 3.6 0 18 35 

 residences ethylbenzene 0.3 3 2.8 7.6 

 sampled in m/p-xylene 1.1 0 8.7 28 

 winter 2000; o-xylene 0.3 7 1.8 10 

 one 4-day hexane 3.2 31 4.3 22 

 time weighted 3-methylhexane 0.3 0 3.1 8.2 

 average sample heptane 0.3 3 6 12 

 collected octane 0.3 0 3.8 18 

 per residence nonane 0.3 7 2.2 7.6 

  decane 0.3 41 1.1 32 

  limonene 0.8 0 30 98 

Fort McKay probability benzene 1 7 4.1 11 

[12] sample (n = 30); toluene 3.6 3 11 43 

 residences ethylbenzene 0.3 20 1.8 5.9 

 sampled in fall m/p-xylene 1.1 0 5.2 22 

 1999; one 4-day o-xylene 0.3 20 1.8 8.6 

 time weighted hexane 3.2 67 n/r 11 

 average sample 3-methylhexane 0.3 37 1.3 9.3 

 collected per heptane 0.3 60 n/r 11 

 residence octane 0.3 27 1.6 17 

  nonane 0.3 50 0.5 3.7 

  decane 0.3 80 n/r 22 

  limonene 0.8 0 21 106 

mdl = Method detection level; n/r = Not relevant as non detects >50%; 50th %ile = 50th percentile; 90th %ile = 90th percentile. 
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(b) 

Study location Study details Compound mdl (g/m3) % non-detects 50th %ile 95th %ile 

Fort McMurray convenience benzene 0.4 0 1.8 11 

[11] sample (n = 29); toluene 2.6 1.7 7.6 46 

 residences ethylbenzene 0.6 1.7 1.3 9.2 

 sampled in m/p-xylene 1 1.7 5.8 33 

 winter and o-xylene 0.6 5.1 1.5 12 

 early spring hexane 2.2 62.7 n/r 6.8 

 2005; one 7-day 3-methylhexane 0.5 13.6 1.6 11 

 time weighted heptane 0.5 28.8 1.9 11 

 average sample octane 0.6 5.1 1.3 11 

 collected per nonane 0.6 37.3 0.7 49 

 residence decane 0.6 8.5 1.3 130 

  limonene 0.5 0 13 90 

Grande Prairie convenience benzene 0.4 15 0.9 4.9 

and surrounding sample (n = 132); toluene 2.6 5 7 40 

area [14] residences ethylbenzene 0.6 25 0.8 7 

 sampled in m/p-xylene 1 10 3 25 

 spring and o-xylene 0.6 50 0.6 10 

 summer 2000; hexane 2.2 60 n/r 4.4 

 one 7-day 3-methylhexane 0.5 40 0.6 4 

 time weighted heptane 0.5 10 1.7 7 

 average sample octane 0.6 50 0.6 4 

 collected per nonane 0.6 55 n/a 7 

 residence decane 0.6 30 1 14 

  limonene 0.5 0 9 45 

Fort Saskatchewan convenience benzene 0.4 15 1 4.4 

and surrounding sample (n = 138); toluene 2.6 5 8 40 

area [15] residences ethylbenzene 0.6 25 1.2 6 

 sampled in m/p-xylene 1 10 3 24 

 summer and o-xylene 0.6 20 1.2 8 

 mid-fall 2001; hexane 0.5 60 n/r 10 

 one 7-day 3-methylhexane 0.5 40 0.7 6 

 time weighted heptane 0.5 10 1.2 10 

 average sample octane 0.6 50 0.6 2 

 collected per nonane 0.6 55 n/r 6 

 residence decane 0.6 30 2 12 

  limonene 0.5 0 7 50 

Wabamun Lake convenience benzene 0.4 2.6 1 5 

area communities sample (n = 193); toluene 2.6 5.7 8 40 

[17] residences ethylbenzene 0.6 14 0.9 5 

 sampled in m/p-xylene 1 5.7 3 25 

 late spring o-xylene 0.6 14.5 0.75 7 

 to early hexane 2.2 62.2 n/r 9 

 fall 2004; 3-methylhexane 0.5 29 0.5 6 

 one 7-day heptane 0.5 28 1 8 

 time weighted octane 0.6 7.3 0.6 3 

 average sample nonane 0.6 42 0.6 6 

 collected per decane 0.6 17.6 1 15 

 residence limonene 0.5 1.6 13 75 

mdl = Method detection level; n/r = Not relevant as non detects >50%; 50th %ile = 50th percentile; 90th %ile = 90th percentile. 
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(c) 

Study location Sample details Substance mdl (g/m3) % non-detects 50th %ile 95th %ile 

St Albert probability benzene 1 6 3.4 5.7 

[16] sample (n = 30); toluene 0.2 n/a n/a n/a 

 residences ethylbenzene 0.2 0 1.8 10 

 sampled in m/p-xylene 0.2 3 7.4 42 

 winter 1999; o-xylene 0.3 6 2.8 19 

 one 24-hour 1,1,1-trichloroethane 0.2 0 1 44 

 time weighted carbon tetrachloride 0.4 6 0.9 2.1 

 average sample tetrachloroethylene 0.5 23 0.8 7.4 

 collected per 1,2,4-trimethylbenzene 0.2 0 3.2 16 

 residence      

St Albert probability benzene 1 n/a n/a n/a 

[16] sample (n = 29); toluene 0.2 0 9.7 42 

 residences ethylbenzene 0.2 0 2.5 12 

 sampled in m/p-xylene 0.2 0 8 44 

 fall 1998; o-xylene 0.3 0 3 13 

 one 24-hour 1,1,1-trichloroethane 0.2 0 1.3 29 

 time weighted carbon tetrachloride 0.4 6 1 1.6 

 average sample tetrachloroethylene 0.5 26 1.1 12 

 collected per 1,2,4-trimethylbenzene 0.2 0 3.7 31 

 residence      

Sherwood Park probability benzene 1 10 3.1 9.4 

[16] sample (n = 31); toluene 0.2 n/a n/a n/a 

 residences ethylbenzene 0.2 0 1.4 6.4 

 sampled in m/p-xylene 0.2 0 5.6 25 

 winter 1999; o-xylene 0.3 13 2.1 7 

 one 24-hour 1,1,1-trichloroethane 0.2 0 1.1 13 

 time weighted carbon tetrachloride 0.4 5 0.8 1.7 

 average sample tetrachloroethylene 0.5 23 0.7 4.4 

 collected per 1,2,4-trimethylbenzene 0.2 15 2.3 12 

 residence      

Sherwood Park probability benzene 1 n/a n/a n/a 

[16] sample (n = 32); toluene 0.2 0 14 50 

 residences ethylbenzene 0.2 0 2.9 16 

 sampled in m/p-xylene 0.2 0 10 45 

 fall 1998; o-xylene 0.3 0 2.4 15 

 one 24-hour 1,1,1-trichloroethane 0.2 0 2.1 9.2 

 time weighted carbon tetrachloride 0.4 6 0.9 1.5 

 average sample tetrachloroethylene 0.5 26 1.1 12 

 collected per 1,2,4-trimethylbenzene 0.2 0 4.9 20 

 residence      

mdl = Method detection level; n/r = Not relevant as non detects >50%; 50th %ile = 50th percentile; 90th %ile = 90th percentile. 

 
residences [29], particularly in Canada [24,30]. Cold 
season (i.e., winter) is associated with less natural venti-
lation inside residences and anticipated higher indoor 
VOC concentrations compared to the other seasons. 

A 50th percentile concentration was not estimated for 
any VOC in Table 3 that had greater than 50% of sam-
ples reported as being below the method detection level. 

Hexane—an alkane hydrocarbon compound with the 
lowest boiling point of all hydrocarbon compounds listed 
in Table 2 and commonly found in gasoline—had 
greater than 50% of samples reported as being below the 
method detection level in seven of eight sampling cam-
paigns targeting this VOC. Heptane, nonane, and decane 
—also alkane hydrocarbon compounds—had greater than 
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50% of samples reported as being below the method de-
tection level in one, three, and one of eight sampling 
campaigns targeting these VOCs, respectively. 

Using data from Table 3, a best estimate of central 
tendency concentrations was calculated as an unweighted 
geometric mean (GM) of all sampling campaigns report-
ing median (50th percentile) concentrations for each VOC. 
Table 4 presents these best estimates of central tendency 
for each VOC found in Alberta residences along with the 
sample size (numbers of residences) from which the es-
timate is based. Similarly, a best estimate of an upper 
limit concentration was calculated as an unweighted 
geometric mean of all sampling campaigns reporting 95th 
percentile concentrations for each VOC listed in Table 3. 
Table 4 also presents the best estimates of upper limit 
concentrations for each VOC found in Alberta residences 
along with the sample size from which the estimate is 
based. 

Best estimates of central tendency for most (12 of 16) 
VOCs—benzene, ethylbenzene, o-xylene, 3-methylhexane, 
heptane, octane, nonane, decane, 1,1,1-trichloroethane, 
carbon tetrachloride, tetrachloroethylene, and 1,2,4-trime- 
thylbenzene—were less than 5 μg/m3. Whereas, best es-
timates of central tendency for only three VOCs—tolu-

ene, m/p-xylene, and limonene—were greater than 5 
μg/m3. In the case of best estimates of upper limits for 
VOCs in Alberta residences, ten VOCs—benzene, ethyl- 
benzene, o-xylene, hexane, 3-methylhexane, heptane, 
octane, nonane, carbon tetrachloride, and tetrachloro-
ethylene—had upper limits less than 15 μg/m3. Whereas, 
best estimates of upper limits for six VOCs—toluene, 
m/p-xylene, decane, limonene, 1,1,1-trichloroethane, and 
1,2,4-trimethylbenzene—were greater than 15 μg/m3. 

The ratio between best estimates of an upper limit and 
central tendency for each VOC in Table 2, except hex-
ane, is presented in Table 5 to illustrate the possible 
range of concentrations beyond typical levels (i.e., cen-
tral tendency). Table 5 indicates that upper limits ob-
served in Alberta residences were about 4 to 10 times 
higher than typical values for most of the VOCs listed in 
Table 2. Decane and 1,1,1-trichloroethane had upper 
limits 10 or more times typical values. Measures of cen-
tral tendency for indoor air concentrations (i.e., geomet-
ric mean, mean, or median) of selected VOCs from this 
study are compared to results observed in other locations 
in Table 6. These locations included elsewhere in Can-
ada [30], in United States [31], and in The Netherlands 
[32]. Central tendency concentrations from this study are 

 
Table 4. Best estimates of central tendency and upper limits for VOC concentrations (μg/m3) inside existing residences of 
Alberta, Canada. 

Compound 
Best estimate of central 

tendency 
Number of  
samples (n) 

Best estimate of upper  
limit 

Number of  
samples (n) 

benzene 2.1 677 8.1 616 

toluene 9.3 677 43 616 

ethylbenzene 1.6 738 8.3 738 

m/p-xylene 5.2 738 32 738 

o-xylene 1.6 738 11 738 

hexane n/c n/a 12 616 

3-methylhexane 1.0 616 10 616 

heptane 1.7 586 11 616 

octane 1.1 616 8.8 616 

nonane 0.8 311 8.3 616 

decane 1.0 586 21 616 

limonene 17 616 74 616 

1,1,1-trichloroethane 1.3 122 20 122 

carbon tetrachloride 0.9 122 1.7 122 

tetrachloroethylene 0.9 122 8.3 122 

1,2,4-trimethylbenzene 3.4 122 19 122 

Note: Best estimates were calculated as an unweighted geometric mean of reported 50th percentile concentrations (central tendency) or 95th percentile concen-
trations (upper limit) from community sampling programs. All results reported using two significant figures. n = Numbers of residences comprising best esti-

ates; n/c = Not calculated; n/a = Not applicable. m 
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Table 5. Ratio of best estimates of upper limit and central 
tendency concentrations for each compound for residences 
in Alberta, Canada. 

Best estimate of upper limit 
Compound 

Best estimate of central tendency 

benzene 3.9 

toluene 4.6 

ethylbenzene 5.3 

m/p-xylene 6.1 

o-xylene 6.9 

3-methylhexane 10 

heptane 6.3 

octane 8.0 

nonane 9.9 

decane 20 

limonene 4.4 

1,1,1-trichloroethane 15 

carbon tetrachloride 1.9 

tetrachloroethylene 9.1 

1,2,4-trimethylbenzene 5.5 

 
smaller than that observed in the other studies indicated 
in Table 6. To a certain extent this pattern could be an 
artifact of how central tendency measures for this study 
were derived. Central tendency values derived in this 
study are based geometric means of 50th percentile con-
centrations and these measures (i.e., 50th percentile con-
centrations) tend to be smaller than means for skewed 
distributions—which are typical of most environmental 
datasets [33]. 

The greatest portion of time spent by Canadians— 
around two-thirds, on average—is spent indoors at home 
[34]. An assessment of excess cancer risks corresponding 
to assumed lifetime exposure to central tendency and 
upper limit indoor concentrations of three VOCs—ben-
zene, carbon tetrachloride, and tetrachloroethylene—was 
carried out using published risk factors by US Environ-
mental Protection Agency (EPA), Integrated Risk Infor-
mation System (IRIS) [35]. Published IRIS risk factors 
for cancer do not exist for any other of the VOCs listed 
in Table 2. Several provincial agencies in Canada (i.e., in 
British Columbia, Alberta, and the Atlantic provinces) 
use an acceptable excess lifetime cancer risk of 1 in 
100,000 in environmental regulatory programs [36]. Al-
berta uses an acceptable excess cancer risk level of 1 in 
100,000 to an individual receptor for use in human health 

risk assessment of chemicals associated with environ-
mental impact assessment (EIA) evaluations [37]. There- 
fore, 1 in 100,000 is used here to express indoor air con-
centrations representing the potential for harm from 
chronic (long-term) inhalation exposure to benzene, car-
bon tetrachloride, and tetrachloroethylene. These air con- 
centrations are, effectively, Risk specific Concentrations 
(RsC) corresponding to a specified excess cancer risk 
level of 1 in 100,000. An environmental concentration 
less than an RsC indicates that exposures are unlikely to 
result in any harm, while an environmental concentration 
greater than an RsC indicates that there may be concern 
for potential cancer effects. 

Best estimates of central tendency and upper limit in-
door concentrations in Alberta are compared to RsC val-
ues published by US EPA in Table 7. A typical indoor 
benzene level (i.e., central tendency value) in Alberta is 
within the range judged by US EPA to imply a concern 
for potential cancer effects. Whereas, typical indoor lev-
els for carbon tetrachloride and tetrachloroethylene in 
Alberta are below levels judged by US EPA to imply a 
concern for potential cancer effects. On the other hand, 
upper limit indoor concentrations for carbon tetrachloride 
and benzene in Alberta are similar to or greater than lev-
els judged by US EPA to imply a concern for potential 
cancer effects. This indicates that some homes in Alberta 
can have levels of carbon tetrachloride and benzene that 
may be of concern from a public health perspective. It is 
important to note that this interpretation assumes a life-
time (70 years) of exposures; whereas the VOC datasets 
presented here only represent a “snapshot” of indoor 
concentrations in Alberta residences and corresponding 
inferred exposures that vary over a lifetime. 

It is also important to acknowledge the origins of 
VOCs in the residential environment. Key sources of 
VOC emissions inside these residences include [34,38]: 
off-gassing of building materials and furnishings such as 
paints and carpets; emissions from household consumer 
products (e.g., cleaners, solvents, glues), intrusion from 
external sources such as vehicle emissions from attached 
garages which are common for many Alberta residences 
built after the 1970s; combustion products from wood 
burning; and second hand smoke. Time spent indoors and 
inside one’s residence represents a key microenviron-
ment for an individual’s exposure to VOCs given that the 
primary sources of people’s exposure to VOCs are small 
and close to the person [33]. 

Notable limitations of the evaluation undertaken here 
include the fact that the data only represent short-term 
sampling (i.e., 24-hour, 4-day, or 7-day time weighted 
sampling) and none of the studies sampled a given resi-
dence more than once per season. Such approaches are 
limited by practical considerations such as timing and 
co t and likely result in misrepresentations of long-term  s   
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Table 6. Comparison of central tendency for indoor air concentrations (i.e., geometric mean, mean, or median) for selected 
VOCs measured in Alberta, Canada residences to other locations (µg/m3). 

Compound Alberta residences Mean of Canadian homes1 Mean of US homes2 Median of Dutch homes3 

n Varies (see Table 4) 754 249 134 

benzene 2.1 5.4 7.5 7 

toluene 9.3 41 78 40 

ethylbenzene 1.6 8.3 nd 3 

m/p-xylene 5.2 21 22 12 

o-xylene 1.6 5.5 9.5 nd 

hexane nd 1.2 nd 4 

3-methylhexane 1.0 nd nd 2 

heptane 1.7 nd nd nd 

octane 1.1 nd nd nd 

nonane 0.8 nd nd nd 

decane 1.0 31 nd nd 

limonene 17 20 nd 26 

1,1,1-trichloroethane 1.3 nd nd nd 

carbon tetrachloride 0.9 nd nd nd 

tetrachloroethylene 0.9 2.7 32 nd 

1,2,4-trimethylbenzene 3.4 12 nd nd 

n: Number of observations. nd: No data available. 1Mean of 24-hour sample from 754 homes across Canada [25]. 2Mean of 6-day samples from 249 homes in 
the USA states of Illinois, Indiana, Michigan, Minnesota, Ohio, and Wisconsin [27]. 3Median of 5- to 7-day samples from 134 homes in Ede, the Netherlands 
[28]. 

 
Table 7. Comparison of best estimates of central tendency and upper limit indoor concentrations in Alberta, Canada to Risk 
specific Concentration (RsC) values published by the US Environmental Protection Agency (μg/m3). 

Compound Best estimate of central tendency Best estimate of upper limit RsC [35] 

benzene 2.1 8.1 1.3 to 4.5 

carbon tetrachloride 0.9 1.7 1.7 

tetrachloroethylene 0.9 8.3 40 

Note: RsC values correspond to an excess cancer risk level of 1 in 100,000. 

 
indoor concentrations in individual residences. However, 
the datasets used here represented sampling of over 700 
residences during all seasons in Alberta. Another limita-
tion is that the role of ventilation rate—which directly 
influences indoor VOC concentrations [39]—was not 
taken into consideration. Finally, these studies did not 
measure all VOCs that are known or suspected to occur 
in indoor air. Uncharacterized VOCs are often not meas-
ured because they are inadequately collected or analyzed 
by conventional methods [40]. Notwithstanding these limi- 
tations, summaries of typical and upper indoor VOC con- 
centrations presented here can be used by others for 

evaluating measured and/or predicted indoor concentra-
tions in Alberta residences. 

4. Conclusion 

Measures of central tendency and upper limit concentra-
tions of selected indoor VOCs were estimated from 
seven studies in communities of Alberta, Canada. Best 
estimates of central tendency concentrations for 12 VOCs 
—benzene, ethylbenzene, o-xylene, 3-methylhexane, hep- 
tane, octane, nonane, decane, 1,1,1-trichloroethane, car- 
bon tetrachloride, tetrachloroethylene, and 1,2,4 trime- 
thylbenzene—were less than 5 µg/m3. Whereas, best 
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estimates of central tendency concentrations for three 
VOCs—toluene, m/p-xylene, and limonene—were greater 
than 5 µg/m3. In the case of best estimates of upper limit 
concentrations; benzene, ethylbenzene, o-xylene, hexane, 
3 methylhexane, heptane, octane, nonane, carbon tetra-
chloride, and tetrachloroethylene had upper limit con-
centrations less than 15 µg/m3. Best estimates of upper 
limit concentrations for toluene, m/p xylene, decane, 
limonene, 1,1,1-trichloroethane, and 1,2,4-trime-thylben- 
zene were greater than 15 µg/m3. Upper limit concentra-
tions observed in Alberta residences were about 4 to 10 
times higher than typical values for most of the VOCs 
observed. Finally, the data indicate that some homes in 
Alberta have levels of carbon tetrachloride and benzene 
that may be of concern from a public health point-of- 
view. 
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