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Attached garages have been identiﬁed as important sources of indoor residential air pollution. However,
the literature lacks information on (1) how the proximity of cars to the living area affects indoor
concentrations of gasoline-related compounds, such as benzene; and (2) the origin of these pollutants,
i.e., vapor or tailpipe emissions. We analyzed data from the Relationships of Indoor, Outdoor, and
Personal Air (RIOPA) study to evaluate indoor (Cin) and outdoor (Cout) concentrations for 114 residences
with cars either in an attached garage, a detached garage or carport, or without cars. Results indicate that
single-family detached homes with cars in attached garages were affected the most by parked vehicles,
followed by homes with vehicles in carports. Concentrations in homes with cars in detached garages
were similar to those in residences without cars. Low ventilation rates exacerbated Cin in homes with
attached garages. In general, the contribution from gasoline-related sources to indoor benzene and MTBE
concentrations appeared to have been dominated by car exhaust, or by a combination of tailpipe and
gasoline vapor emissions. Residing in a home with an attached garage could lead to benzene exposures
that are an order of magnitude higher than exposures from commuting in a car in heavy trafﬁc, with
a risk of 17 excess cancers in a population of a million. Strategies to lower exposure to gasoline-related
contaminants in homes include improving construction practices to prevent the inﬁltration of pollutants
into the living quarters or incorporating detached garages.
! 2010 Elsevier Ltd. All rights reserved.
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1. Introduction
Various gasoline-related volatile organic compounds (VOCs)
have been identiﬁed by the U.S. Environmental Protection Agency
(EPA) as hazardous air pollutants. Benzene, toluene, ethylbenzene
and xylenes (BTEX) vaporize from liquid gasoline, and are
emitted in car exhaust and by some consumer products. Benzene
has been classiﬁed by the U.S. EPA as a known human carcinogen
(Group A), and risk assessments among nonsmoking populations
have repeatedly identiﬁed benzene as an important contributor
to cumulative environmental cancer risk [1e4]. Adverse health
effects associated with elevated concentrations of other BTEX
components and methyl tert-butyl ether (MTBE) have been
reported [5,6]. Up until 2000, MTBE was emitted almost entirely
by gasoline, making it an ideal tracer for gasoline-related
exposures.
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Even though exposure to BTEX commonly occurs in many
microenvironments, personal concentrations for these compounds
have been primarily associated with attached garages [7,8] because
of sources within garages and because Americans spend on average
nearly 70% of their time in their homes [9]. Sources of BTEX and
MTBE include stored gasoline, gasoline-powered devices (e.g.,
automobiles and lawn mowers), and occasionally consumer products such as paints, cleaners, detergents, adhesives, paint thinners
and oils/lubricants [10e12]. These sources can lead to BTEX levels
in garages that are ﬁve to 18 times higher than in the adjacent living
area of single-family homes [13,14].
Air contaminants can migrate from attached garages into the
occupied space partly because the shared wall between these two
areas tends to be among the leakiest components of the house
envelope [15], and because of the presence of heating, ventilation
and air conditioning (HVAC) components in some attached garages
[16]. Batterman et al. [13] estimated that about 6.5% of the wholehouse air exchange rate can originate from the attached garage.
Thus, the contribution of sources within garages to indoor
concentrations of BTEX and MTBE has been determined to range
from 9 to 85% [13,17,18]. In the case of benzene, such contributions
can be similar or higher than that of tobacco smoke. Thomas et al.
[14] concluded that mass transfer rates of benzene from the garage
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to the living area ranged from 24 to 26,000 mg/h in three homes,
whereas a home with three smokers had indoor source strengths
for benzene that varied from 150 to 13,000 mg/h. Given that BTEX
and MTBE can migrate into the living quarters, homes with
attached garages have been reported to have statistically higher
indoor concentrations for these contaminants than residences that
lack this source of pollution [17].
Although the aforementioned work provides compelling
evidence that pollutants in attached garages can inﬁltrate and
inﬂuence indoor residential environments, data from these studies
were based on small samples. Furthermore, attached garages are
one of several locations where vehicles are parked at or near
homes. The literature lacks information on how other parking
locations that vary the proximity of cars to the living area affect
indoor concentrations of BTEX and MTBE. To our knowledge,
previous researchers have not used MTBE as a tracer to determine if
indoor concentrations of BTEX were related to gasoline sources. In
this study we examine how the proximity of parked vehicles next to
the living quarters affects indoor concentrations of BTEX and MTBE.
To this end, we analyze data from nonsmoking homes that participated in the Relationships of Indoor, Outdoor, and Personal Air
(RIOPA) study. In particular, we evaluate indoor and outdoor
concentrations for six cases: single-family detached (SFD) homes
with cars in the (1) attached garage, (2) detached garage, or (3)
adjacent carport; (4) manufactured homes with cars in adjacent
carports; (5) SFD homes with attached garages but no cars; and (6)
SFD homes without both attached garages and cars. We use MTBE
measurements to conﬁrm that indoor concentrations for BTEX
were inﬂuenced by gasoline-related sources, and to determine if
pollutants originate from vapor or exhaust emissions. Furthermore,
we compare the RIOPA concentrations with those from a ﬁxed
monitoring site. Last, we estimate weekly cumulative exposure to
benzene in homes due to vehicles in attached garages and in cars
during heavy trafﬁc, and their respective cancer risks.
2. Methodology
This research is based on an analysis of data from a sample of
homes without resident smokers that participated in the RIOPA
study. Data were made available by the Health Effects Institute [19].
Approximately 100 residences volunteered in each of Los Angeles
County, California, Elizabeth, New Jersey, and Houston, Texas.
Participants in Houston and Elizabeth constitute a convenience
sample, while the participants from Los Angeles were a subset from
a randomly selected sample of individuals from a previous study.
Weisel et al. [20] provide a detailed description of the RIOPA
ﬁeld and measurement protocols. From 1999 to 2001, homes were
monitored during two 48-h periods that were approximately three
months apart. MTBE was still in use as a gasoline additive in the
three studied cities during the RIOPA study. Air samples were
collected concurrently inside and outside of each home. BTEX and
MTBE were monitored using Organic Vapor Monitors (OVM 3500,
3M Company, St. Paul, MN, USA). Concentrations at or below the
method detection limit (MDL) for a compound were censored by
replacement with half the MDL concentrations. Sampling quality
control measures involved the evaluation of analytical and
measurement precision. Analytical precision was utilized as
a measure of instrumental reproducibility and was estimated using
the pooled coefﬁcient of variation (CV) of replicate sample analyses.
Measurement precision was an indicator of method reproducibility
and was estimated using the pooled CV of collocated sample
concentrations. For MTBE, the compound used as a tracer for
gasoline, the CV for analytical precision was 8.6% (n ¼ 44) and the
CV for measurement precision was 22% (n ¼ 151) [20]. In addition to
monitoring the air, building characteristics and daily household

activity patterns were collected during each of the sampling
sessions by means of questionnaires and walkthrough surveys. Air
exchange rates (AER) were simultaneously measured using a perﬂuorocarbon tracer (PFT) method that employed perﬂuorinated
methylcyclohexane as the tracer gas. Air exchange rates were
reported as time-averaged values for the sampling period.
In the analysis of the RIOPA dataset, categorical data from the
ﬁrst home visit were usually selected when information from the
ﬁrst and second sampling sessions differed. Averages were calculated when indoor (Cin) and outdoor (Cout) concentrations, and AER
were available for the two monitoring sessions, because these are
dependent variables that describe a single household.
Constraints reduced the overall sample size of the RIOPA database from 311 to 114. Apartments (n ¼ 108) and single-family
attached homes (n ¼ 11) were not included in the evaluation
because pollutants from adjacent dwellings can inﬁltrate through
shared walls and affect the measured concentrations. Households
where someone smoked during a sampling period (n ¼ 1) or that
had gasoline-powered devices other than vehicles inside the house
(n ¼ 16) were excluded to limit the assessment on the effects from
parked vehicles. Ventilation rates greater than 5 h#1 (n ¼ 2) were
also excluded because the PFT method is unreliable at these values.
Residences where volumes were recorded to be less than 80 m3
(n ¼ 3) were not included because it is highly probable that these
values were not correct. Houses where information on the location
of the parked car was missing or where vehicles were parked in
different locations during each sampling period (n ¼ 36) were
excluded from the analysis. Only homes with measurements for Cin,
Cout and AER were evaluated. Missing information and other
constraints further reduced the dataset size by 20 homes.
Nonparametric statistical analyses were utilized because the
data were generally positively skewed. Associations between variables were evaluated with Spearman rank-correlation coefﬁcients
(rs); coefﬁcients were considered statistically signiﬁcant at p $ 0.05.
The Wilcoxon sign-rank test was used to assess differences
between paired samples, such as indoor and outdoor concentrations that were concurrently measured. The Wilcoxon rank-sum
test was utilized to evaluate differences between two independent
samples, such as indoor concentrations from homes with vehicles
parked in an attached garage and homes with vehicles in an adjacent carport. Similarly, the KruskaleWallis test was used with three
or more levels. Differences were considered statistically signiﬁcant
at p $ 0.05. SPSS (version 15.0, SPSS Inc.) was employed for these
analyses.
Indoor concentrations were used to evaluate associations
between BTEX and MTBE. The net increase in indoor concentration
(DC ¼ Cin # Cout) was utilized to isolate the effect from indoor or
nearby sources (e.g., cars in attached garages or carports) on Cin,
and to examine how the proximity of these sources affected indoor
concentrations. The percent contribution of sources within or close
to the living area to indoor concentrations (Icont) was calculated by
dividing DC by Cin. This contribution was assumed to be zero in
homes where DC was negative (i.e., Cout > Cin). Source strength was
not estimated because vehicles, the main source of benzene and
MTBE in the studied homes, were not in the occupied space.
Furthermore, the garage volume was not reported in the RIOPA
study.
3. Results
The majority of the residences included in this analysis were
located in Houston (HO; n ¼ 55), followed by Los Angeles (LA;
n ¼ 38) and Elizabeth (EL; n ¼ 21). These houses were either singlefamily detached (SFD) structures (n ¼ 99) or manufactured homes
(n ¼ 15). Sixty-one of these homes were monitored twice. Indoor
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Table 1
Indoor and outdoor BTEX and MTBE concentrations (mg/m3) by city.
Compound

MDL
n

Los Angeles, CA
Benzene
Toluene
Ethylbenzene
m&p-Xylene
o-Xylene
MTBE
Elizabeth, NJ
Benzene
Toluene
Ethylbenzene
m&p-Xylene
o-Xylene
MTBE
Houston, TX
Benzene
Toluene
Ethylbenzene
m&p-Xylene
o-Xylene
MTBE

Indoor
Mean

118

n

Mean

Indoor vs. Outdoora

Outdoor
SD

Median

% > MDL

Mean

SD

Median

% > MDL

38
0.73
7.30
0.50
0.75
0.36
0.59

76

2.14
11.2
1.92
5.67
1.97
7.81

1.12
7.04
2.18
7.26
2.12
4.97

2.20
9.48
1.21
3.94
1.58
6.52

93
61
88
95
93
97

2.25
8.94
1.39
4.08
1.57
9.19

1.39
6.31
0.75
2.69
0.92
5.71

1.98
6.76
1.39
3.87
1.48
7.12

83
39
85
98
90
98

1.59
11.7
2.11
5.93
1.85
4.84

1.13
9.69
3.55
11.0
2.56
4.23

1.40
7.55
1.07
3.99
1.14
3.50

88
71
63
92
87
79

1.23
6.83
1.13
2.39
0.88
4.49

0.65
5.39
0.82
1.33
0.42
4.47

1.21
3.02
1.02
2.30
0.98
3.91

50
34
47
100
82
89

5.45
17.4
2.72
7.87
2.70
15.5

4.77
22.7
3.50
12.3
4.12
23.7

3.64
10.4
1.82
5.10
1.86
6.88

100
72
100
100
98
100

2.86
5.51
1.01
2.84
1.05
10.4

2.39
3.51
0.75
1.98
0.68
17.1

2.29
4.51
0.90
2.41
0.96
5.28

100
43
94
99
93
96

I*

O*

21
0.97
6.04
0.72
0.50
0.33
0.87

211

I*
I**
I**
I**

55
0.54
6.35
0.18
0.54
0.25
0.39

I**
I**
I**
I**
I**
I*

Abbreviations: MDL, method detection limit; MTBE, methyl tert-butyl ether.
*0.01 < p $ 0.05, **p $ 0.01.
a
I: indoor concentrations were statistically higher than outdoor concentrations; O: outdoor concentrations were statistically higher than indoor concentrations.

and outdoor concentrations for BTEX and MTBE in these three
cities, and their respective MDLs, are summarized in Table 1.
Toluene had the lowest percentage of indoor (61%) and outdoor
(34%) concentrations greater than the MDL, likely because of high
toluene background levels in the charcoal pads of the OVMs [21]. At
least 79% of the indoor concentrations and 47% of the outdoor
concentrations for the remaining compounds were above their
respective MDLs, with the exception of indoor ethylbenzene
concentrations in Elizabeth (63%).
In each of the studied cities, correlations between indoor MTBE
and indoor BTEX concentrations (0.45 $ rs $ 0.65) were statistically signiﬁcant, with the exception of MTBE and toluene in LA
(p ¼ 0.07). These correlations indicate that Cin for BTEX partly
originated from gasoline-related sources because MTBE is a tracer
for this fuel.
Statistical comparisons between Cin and Cout were used to
examine source location. Table 1 indicates that in the Houston
homes Cin was statistically higher than Cout for all VOCs. This
suggests that sources were within or close to the living area, which
was the case for 93% of the households that reported having
a parked vehicle nearby during the study. Residences in Elizabeth
had indoor and outdoor MTBE concentrations that were not
statistically different; only 5% of these homes had cars. However, Cin
for benzene, toluene and the xylenes were statistically higher than
Cout, which implies that indoor sources for these VOCs were more
important than ambient mobile sources. In Los Angeles, Cin and Cout
were statistically similar for all compounds but MTBE (Cout > Cin,
p $ 0.05) and toluene (Cin > Cout, p $ 0.05). It is not understood why
the relationship of indoor and outdoor concentrations for MTBE
(Cout > Cin, p $ 0.05) was different than that shown by benzene,
ethylbenzene and the xylenes (Cout z Cin, p $ 0.05). Possible
explanations include house proximity to MTBE production facilities, interactions with liquid water on cooling coils or dehumidiﬁers
(MTBE is far more water soluble than any of the BTEX compounds),
or uncertainties in measurements. However, these results indicate
that outdoor gasoline-related sources were driving indoor
concentrations in LA homes for every contaminant but toluene,

even though 47% of the residences had a vehicle next to the occupied space. Discrepancies among cities in terms of the percentage
of homes that had parked cars near the living area during the
sampling period may explain why Houston generally had the
highest median Cin values for all VOCs, whereas Elizabeth usually
had the lowest concentrations.
Variations in ventilation rates (Table 2) also likely contributed to
differences in indoor BTEX and MTBE concentrations among cities.
AERs were much lower in Houston (median ¼ 0.48 h#1) than in Los
Angeles and Elizabeth (median ¼ 1.1 h#1 for both cities). Low AERs
limit the dilution of contaminants generated in attached garages or
within the occupied space with fresh air. No associations were
observed between the age of the house and ventilation rates;
however, AER appeared to be affected by how households maintained acceptable indoor temperatures. The mean (median)
percent of the sampling period in which households reported to
have conditioned the air (Pcond) was 50% (50%) in Houston homes,
while much lower values of 4.4% (0%) and 7.6% (0%) were observed
in LA and EL, respectively. Conversely, the percent of monitoring
time in which windows were reported to have been open (Pwindow)
was much lower in Houston (mean ¼ 11%, median ¼ 0%) than
Table 2
Air exchange rates (h#1) by city, and by building type and location of parked car.
Case

City
Los Angeles, CA
Elizabeth, NJ
Houston, TX
Studied cases
1: SFD home, car in attached garage
2: SFD home, car in detached garage
3: SFD home, car in carport
4: Manufactured home, car in carport
5: SFD home, no car in attached garage
6: SFD home, no car and no attached garage

n

AER (h#1)
Mean

SD

Median

38
21
55

1.45
1.49
0.68

1.11
1.21
0.60

1.06
1.06
0.48

14
7
34
15
8
36

0.48
0.81
0.82
1.14
1.30
1.56

0.25
0.29
0.65
0.91
1.36
1.27

0.50
0.65
0.58
0.77
0.71
1.03

Abbreviations: AER, air exchange rate; SFD, single-family detached.
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in Elizabeth (mean ¼ 18%, median ¼ 0%) and Los Angeles
(mean ¼ 39%, median ¼ 26%). Statistically signiﬁcant correlations
were observed between AER and Pcond in Houston (rs ¼ #0.27), and
between AER and Pwindow in LA (rs ¼ 0.62) and HO (rs ¼ 0.39).
Outdoor conditions likely inﬂuenced the behavior of the participants, and consequently, Pcond, Pwindow and AER in these cities. The
median outdoor temperature for the homes that were visited once
was the highest in Houston (26 % C, n ¼ 23) followed by Los Angeles
(19 % C, n ¼ 20) and Elizabeth (11 % C, n ¼ 10); about an equal number
of residences participated in each season.
The inﬂuence of parked cars and ventilation rates on indoor
concentrations of BTEX and MTBE was further evaluated. Because
of the small sample sizes, data from LA, EL and HO were combined.
Residences with vehicles next to the living area during the
sampling period (n ¼ 70) had indoor concentrations that were
statistically higher than in homes without such sources (n ¼ 44) for
all VOCs but toluene and m&p-xylene. The ratio of median Cin

values in homes with and without cars ranged from 1.1 (m&pxylene) to 2.0 (benzene).
The increase in indoor concentrations due to sources near the
living quarters was estimated by subtracting Cout from Cin (DC).
This increase was higher in homes with cars than in residences
without automobiles for all pollutants; however, these results
were not statistically signiﬁcant for MTBE (p ¼ 0.12). Variations in
the proximity of parked vehicles may have inﬂuenced the MTBE
results. Median DC values ranged from #0.01 mg/m3 (MTBE) to
4.7 mg/m3 (toluene) when cars were present, and from #0.37 mg/
m3 (MTBE) to 0.71 mg/m3 (toluene) in homes without automobiles.
Ventilation
rates
in
homes
with
vehicles
(median ¼ 0.59 h#1) were statistically lower than in residences
without vehicles (median ¼ 1.0 h#1), which exacerbated the
effect from the presence of nearby sources. Seventy-three
percent of the homes with cars were in Houston, which explains
their low AERs.

Fig. 1. Indoor and outdoor concentrations (mg/m3) for six cases: single-family detached (SFD) homes with cars in the attached garage (Case 1; n ¼ 14), detached garage (Case 2;
n ¼ 7), or adjacent carport (Case 3; n ¼ 34); manufactured homes with cars in adjacent carports (Case 4; n ¼ 15); SFD homes with attached garages but no cars (Case 5; n ¼ 8); and
SFD homes without both attached garages and cars (Case 6; n ¼ 36). ‘o’ and ‘ ’ indicate values between 1.5 and 3, and >3 box lengths, respectively, from the 25th or 75th
percentiles.
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The effect of source proximity was investigated by examining
the six cases illustrated in Fig. 1: single-family detached (SFD)
homes with cars in the attached garage (Case 1; n ¼ 14), detached
garage (Case 2; n ¼ 7), or adjacent carport (Case 3; n ¼ 34); manufactured homes with cars in adjacent carports (Case 4; n ¼ 15);
SFD homes with attached garages but no cars (Case 5; n ¼ 8); and
SFD homes without both attached garages and cars (Case 6; n ¼ 36).
Residences in cases 3 and 4 were not combined because their
indoor concentrations were statistically different. In general, Cin for
BTEX compounds and MTBE were statistically signiﬁcantly correlated (0.34 $ rs $ 0.86) in all of the studied cases, but in cases 4 and
5 where indoor BTEX concentrations appear to have been dominated by non-gasoline-related sources. Single-family detached
homes with cars in attached garages were the only case where Cin
was statistically higher than Cout for all pollutants. The SFD homes
with cars in attached garages or carports had the highest median
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Cin for all compounds. In contrast, households without both
attached garages and vehicles had the lowest or the second lowest
median Cin values for all VOCs but toluene. Indoor concentrations in
homes with cars in attached garages were likely negatively affected
by low house ventilation rates (median ¼ 0.5 h#1) as indicated in
Table 2. Their low AERs were due to the fact that 10 out of these 14
homes were located in Houston. Residences with vehicles in
detached garages were the only case where Cin and Cout were
statistically similar for all contaminants, although the small sample
size (n ¼ 7) may have inﬂuenced the inability to detect a statistical
difference.
Increase in indoor concentrations (relative to outdoors) for all
compounds and studied cases are shown in Fig. 2. Single-family
detached homes with vehicles in attached garages had the
highest median DC for benzene (1.2 mg/m3), toluene (6.4 mg/m3),
m&p-xylene (2.6 mg/m3) and MTBE (2.7 mg/m3), and relatively

Fig. 2. Difference between indoor and outdoor concentrations (mg/m3) for six cases: single-family detached (SFD) homes with cars in the attached garage (Case 1; n ¼ 14; m&pxylene ¼ 89 mg/m3, o-xylene ¼ 30 mg/m3 and MTBE ¼ 109 mg/m3 were not included for clarity), detached garage (Case 2; n ¼ 7), or adjacent carport (Case 3; n ¼ 34; toluene ¼ 155
mg/m3 and MTBE ¼ 103 mg/m3 were not included for clarity); manufactured homes with cars in adjacent carports (Case 4; n ¼ 15); SFD homes with attached garages but no cars
(Case 5; n ¼ 8); and SFD homes without both attached garages and cars (Case 6; n ¼ 36). ‘o’ and ‘ ’ indicate values between 1.5 and 3, and >3 times the interquartile range,
respectively, from the 25th or 75th percentiles.
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large values for ethylbenzene (0.69 mg/m3) and o-xylene (0.91 mg/
m3). These homes also had the highest median indoor to outdoor
concentration ratios (Cin/Cout): benzene ¼ 2.0, toluene ¼ 2.7, ethylbenzene ¼ 2.1, m&p-xylene ¼ 2.1, o-xylene ¼ 3.3, MTBE ¼ 1.4.
The SFD residences with automobiles in carports tended to have
the second highest median DC for all VOCs. For the remaining
cases, excluding homes with detached garages, median DC values
were greater than zero for BTEX but not MTBE. Residences with
detached garages had median DC values that were less than zero
(Cin < Cout) for all compounds but toluene. Furthermore, these
houses had the lowest median Cin/Cout ratios for BTEX (0.89e1.0),
and the same median ratios as homes without cars for MTBE
(0.92).

Fig. 3 shows the cumulative distribution curve for the percent
contribution of sources within or close to the occupied space to
indoor concentrations (Icont) for four of the six studied groups;
cases 2 and 5 were omitted because of their small sample size. In
general, Icont for most compounds was the highest in residences
with automobiles in attached garages; median values ranged from
30% (MTBE) to 58% (o-xylene). The SFD homes and manufactured
homes with cars in carports had the next highest Icont. Their median
values were relatively similar, varying from 4% (MTBE) to 49%
(ethylbenzene), and from 0% (MTBE) to 37% (both xylenes),
respectively. Homes without both attached garages and cars typically had the lowest indoor contributions; the median ranged from
0% (MTBE) to 34% (toluene).

Fig. 3. Cumulative distribution functions for the percent contribution from indoor sources to indoor concentrations for four cases (n ¼ number of homes where indoor concentrations were higher than outdoor concentrations/total number of homes.): single-family detached (SFD) homes with cars in the attached garage (Case 1), or adjacent carport
(Case 3); manufactured homes with cars in adjacent carports (Case 4); and SFD homes without both attached garages and cars (Case 6). Cases 2 and 5 were excluded because of
small sample size.
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4. Discussion
Results from the RIOPA investigation and those of others [17,22]
indicate that BTEX is nearly ubiquitous indoors. In the RIOPA
homes, these pollutants partly originated from gasoline-related
sources given that MTBE, a VOC emitted almost exclusively by
gasoline, was concurrently detected indoors. Outdoor sources in
urban areas contribute considerably to background concentrations
of BTEX and MTBE; however, parked vehicles adjacent to residential living areas can exacerbate Cin. Batterman et al. [13], Dodson
et al. [17], and Thomas et al. [14] monitored single-family homes
and determined that BTEX and MTBE concentrations in attached
garages can exceed Cin by an order of magnitude. Batterman et al.
[13] estimated the median contribution from sources in the garage
to indoor BTEX concentrations to range from 47% (toluene) to 65%
(benzene) using ﬁeld measurements and multi-zonal mass-balance
models to approximate the airﬂow between these two areas.
Dodson et al. [17] reported comparable median garage contributions (i.e., 30% for toluene to 44% for m&p-xylene) after following
a similar procedure. Our results were also comparable, with Icont
ranging from 43% (benzene) to 58% (o-xylene) in SFD homes with
vehicles in attached garages; however, our estimates do not
distinguish between emissions within the living area or the garage.
With regard to MTBE, our estimates for Icont (median ¼ 30%) were
similar to those from Dodson et al. [17] (median ¼ 32%). Variations
that affected these results include the amount of air that inﬁltrated
from the garage into the living space, house air exchange rates, and
source strengths within the garage, living area and outdoors.
In addition to being emitted by mobile sources, ethylbenzene and
xylene isomers tend to be concurrently emitted by paint-related
products [11]. This may explain the high statistically signiﬁcant
correlations among indoor concentrations for these VOCs that we
noted in homes without vehicles (rs > 0.79), and that Jia et al. [23]
observed using personal concentrations for the population at large
(rs > 0.92). Since toluene is found in a wider variety of consumer
products, such as cleaners, paints, polishes and adhesives [11,12],
homes without cars had indoor concentrations for toluene that had
lower correlation coefﬁcients with the other BTEX compounds
(rs y 0.45). However, these results may have also been affected by
the low percentage of toluene measurements above the MDL.
We used the ratio of MTBE to benzene indoor concentrations to
examine if these compounds originated from gasoline vapors or car
exhaust. Low MTBE/benzene ratios indicate that tailpipe emissions
are dominant because during combustion the amount of MTBE
decreases while benzene is enriched due to toluene and xylene
dealkylation [10]. Alternatively, high MTBE/benzene ratios suggest
a signiﬁcant contribution from evaporative emissions from hot
soak, fuel tank “breathing” due to diurnal temperature and barometric changes, and/or fuel system leakage. Investigators at the
Desert Research Institute (DRI) [10] reported ratios for various
microenvironments in Houston (freeway ¼ 1.7e2.9, in-cabin
underground garage ¼ 2.4e3.2, in-cabin refueling ¼ 25e42, and
outdoor refueling ¼ 29e56), car exhaust (Houston ¼ 0.44e1.4, Los
Angeles ¼ 0.43e1.1), and liquid gasoline (Houston ¼ 13e18, Los
Angeles ¼ 12e20).
Our estimates for MTBE/benzene ratios are shown in Fig. 4; we
excluded nine houses that had indoor benzene measurements that
were both below the MDL and less than 1 mg/m3. Vehicle exhaust
appeared to drive Cin in about half of the homes given that median
ratios for the six studied cases ranged from 1.5 to 4.2. For most of the
homes with ratios above the median, a mixture of tailpipe and
gasoline vapor emissions seemed to have inﬂuenced indoor concentrations of gasoline-related VOCs because the six studied cases had
80th percentile ratios that did not exceed 7. Evaporative emissions
were substantial in four households where MTBE/benzene values

Fig. 4. Ratio of MTBE to benzene indoor concentrations for six cases: single-family
detached (SFD) homes with cars in the attached garage (Case 1; n ¼ 14), detached
garage (Case 2; n ¼ 7), or adjacent carport (Case 3; n ¼ 33); manufactured homes with
cars in carports (Case 4; n ¼ 15); SFD homes with attached garages but no cars (Case 5;
n ¼ 6); and SFD homes without both attached garages and cars (Case 6; n ¼ 30). Nine
homes were excluded where indoor benzene concentrations were both lower than the
MDL and less than 1 mg/m3. ‘o’ and ‘ ’ indicate values between 1.5 and 3, and > 3 times
the interquartile range, respectively, from the 25th or 75th percentiles.

were greater than 11. Two of these were SFD homes with cars in the
attached garage. The other two residences did not have cars next to
the living area; we speculate that these participants failed to report
the presence of indoor gasoline sources given that indoor MTBE
concentrations were greater than Cout by at least 7.8 mg/m3.
Since air pollutants emitted by mobile sources are commonly
assessed by governmental agencies using data from ﬁxed stations,
we examined how measurements from RIOPA-TX compared to
those from such stations. We obtained ambient concentrations for
these compounds from the Texas Commission on Environmental
Quality (TCEQ), which operated one monitoring station near the
sampled homes using canisters and reported time-averaged 24-h
concentrations that were collected every six days [24]. We paired
data from RIOPA with the TCEQ concentration measured the week
before the home was sampled. Outdoor concentrations for ethylbenzene, toluene and m&p-xylene from RIOPA were statistically
higher than those reported by TCEQ, probably because of sources
near the residences that were not detected by the ﬁxed monitoring
site or because of differences in meteorology between the sample
sites [25]. Only outdoor o-xylene concentrations from TCEQ were
statistically higher than those from RIOPA. Indoor BTEX and MTBE
concentrations from the RIOPA homes were statistically higher
than ambient levels from TCEQ. For benzene and MTBE, residences
with cars in attached garages (n ¼ 10) had median indoor concentrations (benzene ¼ 3.8, MTBE ¼ 11 mg/m3) that showed the highest
discrepancy from their respective median TCEQ values
(benzene ¼ 2.4, MTBE ¼ 6.3 mg/m3).
To place some of our results into context, we used the RIOPA
data to estimate weekly cumulative exposure to benzene in two
microenvironments in Houston: homes with vehicles parked in
attached garages and cars driven on a freeway with heavy trafﬁc
during commute to and from work. We selected Houston because
71% of the RIOPA homes that correspond to the ﬁrst microenvironment were located in this city. We calculated exposure by
multiplying concentration by the exposure time. For homes, we
used the mean DC for benzene (2.3 mg/m3) to better evaluate the
effect of nearby sources and assumed that individuals spend 70% of
the week in their house [9]. These sources were likely dominated by
parked vehicles because there were not tobacco smokers and other
gasoline-powered devices in the homes. For cars, we assumed
a mean in-cabin concentration of 6.1 mg/m3 [10], an average
commute time to work of 26 min [26], a mean travel time from
work equal to the commute time to work, and a ﬁve-day work
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week. Weekly exposure to benzene was 270 mg/m3 & h in homes
with cars in attached garages, and 26 mg/m3 & h in cars during
commute to and from work. These results indicate that even though
increases in indoor concentrations due to vehicles in attached
garages are relatively small, the fact that we spend a large amount
of time in our homes can lead to exposures to benzene that are ten
times higher than what we experience in more severe microenvironments that we typically frequent such as heavily congested
highways. Additionally, these increases in benzene concentration
due to sources near the living area, particularly vehicles in garages,
could contribute to 17 excess cancers per million population in
Houston. We calculated cancer risk by multiplying DC by the
inhalation unit risk factor for benzene (7.8 & 10#6 m3/mg) [6]. The
estimated risk would be much greater if we had calculated the
cumulative effect of cancer-related air contaminants that are found
in vehicle emissions (e.g., 1,3-butadiene, formaldehyde and acetaldehyde). The EPA benchmark for exposure to potential carcinogens is 1 per million.
Methods to reduce indoor residential concentrations of VOCs
emitted by parked vehicles next to the living quarters need special
attention because 55% of single-family homes and manufactured
homes in the U.S. have an attached garage or carport [27]. ASHRAE
Standard 62.2 [28] describes measures to prevent the migration of
pollutants from attached garages into the occupied area in new
housing, although these are also applicable to existing residences.
These recommendations include (1) sealing vertical and horizontal
surfaces shared by these two spaces; (2) avoiding placement of
HVAC components in the garage; (3) limiting the total air leakage of
HVAC components, especially when located in the garage; and (4)
maintaining the living area at a higher pressure than that of the
garage. It is not evident that carports are a good alternative to
attached garages; SFD homes with cars in carports had relatively
high median DC values (e.g., benzene ¼ 1.2 mg/m3, MTBE ¼ 0.42 mg/
m3). Conversely, manufactured homes with vehicles in carports had
much lower median DC values (e.g., benzene ¼ 0.38 mg/m3,
MTBE ¼ #0.10 mg/m3). Various factors could have affected these
results such as the location of windows and doors with respect to
the carport, the number of parked cars, and meteorological
conditions. Inﬁltration of pollutants into the living quarters can be
limited by tightening the house envelope, speciﬁcally close to the
carport. In addition to the measures just described, the design of
new residences could be improved by incorporating detached
garages. Our results indicate that homes with detached garages had
minimal increases in indoor concentrations of BTEX and MTBE,
which suggests that in addition to cars, non-gasoline-related
sources for BTEX may have been stored in the detached garage
where they were not as likely to affect the occupied space.
Our assessment provides evidence that gasoline-related VOCs
from parked cars next to residential living areas, particularly in
attached garages, can deteriorate indoor air quality. However,
further research is needed where there is more control over the
houses that are examined. Our evaluation involved an uneven
number of residences for the six cases we examined because we
were restricted by the information reported in the RIOPA dataset.
Furthermore, this research should be accompanied by estimations
of airﬂow rates from attached garages into the occupied space to
quantify the contribution of parked vehicles to indoor concentrations of contaminants.
5. Conclusions
Our evaluation of the RIOPA database supports prior work on
the detrimental effects of attached garages on indoor air quality in
residences, and provides insight on how variations in the proximity
of parked vehicles to the living area affect indoor concentrations of

BTEX and MTBE. Results from our assessment of six parking cases
indicate that homes with attached garages were affected the most
by cars. The effect from the presence of nearby sources was exacerbated by the fact that most of the homes with cars in attached
garages were located in Houston; these residences tended to have
low ventilation rates because of regional climatic conditions. The
median percent contribution of sources within or close to the living
area to Cin in these residences ranged from 30 to 58%. Moreover,
houses with attached garages generally had the highest median
increases in indoor concentrations (relative to outdoor concentrations) for BTEX compounds (0.69 $ DC $ 6.4 mg/m3). While the DC
values may appear inconsequential, increases in indoor benzene
concentrations can lead to weekly cumulative exposures that are
ten times higher than those experienced while commuting in a car
in heavy trafﬁc, and to mean excess cancer estimates that are 17
times higher than the EPA benchmark of one per million. Strategies
to reduce exposure to gasoline-related VOCs in homes include
sealing surfaces shared by the living quarters and the garage, and
not placing components of the air conditioning system in the
garage. Furthermore, our results suggest that improving the design
of homes by incorporating detached garages could be an alternative
solution.
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