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Introduction
Natural gas cooking appliances are present 
in about half of the roughly 12 million hous-
ing units in California [California Energy 
Commission (CEC) 2004]. Nationally, 
34% of households report using natu-
ral gas as their primary cooking fuel (U.S. 
Energy Information Administration 2005). 
Gas cooking burners emit air pollutants 
that can affect residential indoor air qual-
ity and increase health risks. Emitted pol-
lutants include nitrogen dioxide (NO2), 
carbon monoxide (CO), and formalde-
hyde (HCHO).

At elevated ambient concentrations, NO2 
has been associated with exacerbation of 
asthma (Hajat et al. 1999) and an increase 
in daily deaths (Touloumi et al. 1997). At 
higher concentrations, NO2 has been associ-
ated with increased sensitivity to allergens in 
patients with asthma (Tunnicliffe et al. 1994). 
Increased indoor NO2 concentrations from 
gas cooking have been associated with adverse 
health effects such as wheezing and decreased 
respiratory function (Jarvis et al. 1998).

Many studies have examined gas appliance- 
related concentrations of NO2 (Spengler et al. 
1994; Yang et al. 2004) and CO (Akland 
et al. 1985; Fortmann et al. 2001) in homes. 
Measurement-based studies are imperative for 
understanding the physical properties that gov-
ern concentrations and exposures in homes; 
however, the costs and logistics of large-scale 
monitoring are barriers to using this method to 
quantify population-wide impacts.

The goal of this study was to estimate 
the impact of cooking with natural gas burn-
ers on in-home exposures to NO2, CO, 
and HCHO across a representative sample 
of homes in Southern California. Particulate 
matter (PM) mass emissions, especially ultra-
fine particles (diameter < 100 nm), are also 
a source of health concerns from natural gas 
burners; however, PM was not addressed in 
the present study.

To accomplish this analysis, we devel-
oped and utilized a population impact 
assessment modeling (PIAM) approach. 
The PIAM approach applies physics-based 
simulation model(s) to estimate one or 

more environmental or energy performance 
parameters for each home in a sample cohort 
selected or developed to represent a popula-
tion. A key feature of the approach is that 
sample cohorts are developed from repre-
sentative databases such as the Residential 
Energy Conservation Survey or the American 
Housing Survey (AHS) at the U.S. national 
level or the Residential Appliance Saturation 
Survey (RASS) in California. Home and occu-
pant characteristics needed for the model but 
not available in these data sets were assigned 
based on independently determined relation-
ships between these unspecified charac teristics 
and data that are included in the databases or 
from other available data sources. Estimates 
for the individual homes were compiled to 
estimate population impacts. The approach 
can be applied at varying temporal or spatial 
scales; in a recent application, we examined 
the impact of air sealing and ventilation on 
annual energy use for homes across the United 
States (Logue et al. 2013).

The PIAM approach was applied to esti-
mate in-home pollutant concentrations and 
exposures for Southern California house-
holds that have and use natural gas cooking 
burners. A mass-balance model was used to 
estimate time-dependent pollutant concentra-
tions within each home for typical weeks in 
summer and winter. Age-based occupancy 
patterns and factors accounting for proximity 
to the cooking burners were used to estimate 
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Background: Residential natural gas cooking burners (NGCBs) can emit substantial quantities of 
pollutants, and they are typically used without venting range hoods.

oBjective: We quantified pollutant concentrations and occupant exposures resulting from NGCB 
use in California homes.

Methods: A mass-balance model was applied to estimate time-dependent pollutant concentra-
tions throughout homes in Southern California and the exposure concentrations experienced by 
individual occupants. We estimated nitrogen dioxide (NO2), carbon monoxide (CO), and formal-
dehyde (HCHO) concentrations for 1 week each in summer and winter for a representative sample 
of Southern California homes. The model simulated pollutant emissions from NGCBs as well as 
NO2 and CO entry from outdoors, dilution throughout the home, and removal by ventilation and 
deposition. Residence characteristics and outdoor concentrations of NO2 and CO were obtained 
from available databases. We inferred ventilation rates, occupancy patterns, and burner use from 
household characteristics. We also explored proximity to the burner(s) and the benefits of using 
venting range hoods. Replicate model executions using independently generated sets of stochastic 
varia ble values yielded estimated pollutant concentration distributions with geometric means 
varying by < 10%.

results: The simulation model estimated that—in homes using NGCBs without coincident use 
of venting range hoods—62%, 9%, and 53% of occupants are routinely exposed to NO2, CO, and 
HCHO levels that exceed acute health-based standards and guidelines. NGCB use increased the 
sample median of the highest simulated 1-hr indoor concentrations by 100, 3,000, and 20 ppb for 
NO2, CO, and HCHO, respectively.

conclusions: Reducing pollutant exposures from NGCBs should be a public health priority. 
Simulation results suggest that regular use of even moderately effective venting range hoods would 
dramatically reduce the percentage of homes in which concentrations exceed health-based standards.
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exposure concentrations over selected time 
durations for each occupant of each home. 
Time durations were selected to align with 
acute health-based standards (1 hr and 8 hr) 
and over each simulated 1-week period as 
an indicator of chronic exposures. Results 
across all simulated homes were aggregated 
to estimate distributions for the population. 
The potential impact of routine use of venting 
range hoods also was assessed.

Methods
Indoor air model. The core component of the 
PIAM approach used for this analysis was a 
single-zone mass-balance model that simu-
lates the emissions, dilution, deposition to 
surfaces, and removal by air exchange of air 
pollutants produced by residential cooking 
burners. The indoor air model uses the fol-
lowing governing mass-balance equation:

V(dCin,i /dt) = Ei – kiVCin,i – aVCin,i  
 + aVPiCout,i . [1]

In this equation, written for pollutant species i, 
V is residence volume (in cubic meters), Cin,i 
is the indoor concentration (in micrograms 
per cubic meter), Ei is the emission rate (in 
micrograms per hour), ki is the first-order 
deposition rate constant (per hour), a is the air 
exchange rate (AER) (per hour), Pi is penetra-
tion efficiency—the fraction of pollutant 
retained as air enters from outdoors, t is time 
(hours), and Cout,i is the outdoor concentra-
tion (in micrograms per cubic meter). Ei was 
selected from emission factors (in nanograms 
per Joule) measured in a recent study of U.S. 
cooking ranges by Singer et al. (2010). Fuel use 
for cooktop burners was set at 1.23 × 105 J/
min (7 kBtu/hr) as an estimated time-averaged 
mean. An oven-specific fuel use algorithm was 
developed based on measurements of actual 
oven firing patterns as described below. P was 
assumed to be 1 for all pollutants modeled in 
the present study.

Deposition was assumed to be negligible 
for CO and HCHO but not NO2. Although 
HCHO is known to reversi bly sorb to 
indoor materials, the overall rate coefficients 
for adsorption and desorption in furnished 
homes (Sherman and Hult 2013; Xu and 
Zhang 2003) appear to be much slower than 
air exchange for all but the lowest ventilation 
rates considered in the present study. The 
NO2 first-order deposition rate varies with 
humidity and surface characteristics, and 
reported values of the first-order rate constant 
for furnished homes vary from 0.11 to 1.4/
hr (Nazaroff et al. 1993; Spengler et al. 1994; 
Spicer et al. 1993; Yang et al. 2004). Yang 
et al. (2004) estimated a representative depo-
sition rate of 1.05/hr for western countries. 
This estimate is on the higher end of the range 
of values in the literature. Simulations were 

run with ki values of 1.05/hr and 0.5/hr to 
encompass what we assessed to be the upper 
and lower bounds on the median value across 
California homes.

Equation 1 was adapted into Equations 
2 and 3 to separately track indoor pollutants 
originating from indoor emissions (Cin_I,i) 
and indoor pollutants from outdoor sources 
(Cin_O,i,) with total concentrations calculated 
as the summed contributions from the two 
sources (Equation 4).

d(Cin_I,i)/dt + (ki + a)Cin_I,i – Ei /V = 0, [2]

d(Cin_O,i)/dt + (ki + a)Cin_O,i – aCout,i = 0, [3]

and

 Cin,i = Cin_I,i(t) + Cin_O,i(t). [4]

Equations 2 and 3 can each be solved recur-
sively for Cin_I,i and Cin_O,i, respectively, with 
any of the parameters held constant within a 
given time step and allowed to vary from one 
time step to another. Equation 5 presents the 
recursive solution for the indoor concentra-
tion resulting from gas burner emissions:

Cin_I,i(t) = [Cin_I,i(t – 1)exp–(a(t) + ki)Δt] 
 + {[Ei(t)(1 – exp–(a(t) + ki)Δt)]  
 ÷ [(a(t) + ki)V]}. [5]

In this equation, Cin_I,i is the indoor concen-
tration of pollutant i generated from appliance 
use at time t and at the previous time step 
(t – 1), Δt is the time interval (set at 1 min), 
and E and V are the emission rate and resi-
dence volume, as defined above. Equation 6 
is the solution for the indoor concentration of 
pollutant i originating from outdoors:

Cin_O,i(t) = [Cin_O,i(t – 1)exp–(a(t) + ki)Δt] 
 + Cout,i(t){[a(t)(1 – exp–(a(t) + ki)Δt)]  
 ÷ [a(t) + ki]}.  [6]

The recursive model was implemented and 
solved with code written in the R program-
ming environment (R Development Core 
Team 2011). The primary outputs were 
indoor concentrations of NO2, CO, and 
HCHO for typical summer and winter 
weeks, at 1-min resolution. We estimated 
time-averaged indoor and exposure con-
centrations (concentrations experienced by 
individual occupants) over durations cor-
responding to acute health- based standards 
(1 hr and 8 hr) and over each 1-week simula-
tion. Exposure concentrations were estimated 
for each occupant considering only their pol-
lutant intake in the home. For example, if 
in a given simulation an occupant remained 
at home for just 30 min after cooking was 
started and the time-averaged concentration 
of CO over those 30 min was 20 ppm, the 

1-hr exposure concentration was calculated 
as 10 ppm. Figure 1 provides example plots 
of NO2 in-home concentrations and expo-
sure concentrations for three occupants of one 
home during a simulated week in winter.

Model implementation. We applied 
the PIAM approach to study a cohort of 
Southern California homes that included rep-
resentative variations in the characteristics 
that impact pollutant emissions from cooking 
burners and the associated occupant expo-
sures. We simulated 2 weeks of activity—
one in summer and one in winter—for each 
residence in our sample. Only emissions from 
natural gas combustion, not emissions from 
cooking food, were included. The Southern 
California Region (SoCal) comprises the 
following six counties: Los Angeles, San 
Bernardino, Riverside, San Diego, Orange, 
and Ventura. We obtained distributional 
information about homes in this area from 
the publicly available 2003 RASS database, 
which contains anonymous data for almost 
22,000 households throughout California 
(CEC 2004). The SoCal cohort taken from 
the 2003 RASS consists of 6,634 households 
containing 19,464 individual residents. The 
RASS data set reflects the variability in home 
sizes and types seen in California. The RASS 
provides a weighting for each home in the 
database to construct a statistically represen-
tative sample of the population served by 
the four largest California utilities. Applying 
these weightings, the modeled SoCal cohort 
represents 3,560,000 homes and 11,680,000 
occupants. The population estimates pre-
sented here reflect these weighting values. The 
RASS contains information about building 
type, age, volume, location, household demo-
graphics, cooktop type, and the frequency 
of cooking with the cooktop or oven. We 
used the 2003 RASS data set (collected in 
2002 through 2003) because it includes meal-
specific cooking frequencies that were not 
collected in the 2009 RASS (CEC 2004). 
Our study sample included residences that 
reported using a gas cooktop or oven (exclud-
ing homes that used bottled gas to cook) at 
least once during the course of a typical week. 
In the Southern California Region, 56% of 
homes reported using natural gas (excluding 
the 2% reported using bottled gas).

Required activity factors were assigned 
to each sample home based on household- 
specific data available in the RASS and data 
from other published surveys and reports. 
Cooking frequency was taken directly from 
the RASS. Meal- specific cooking durations 
and burner selections were calculated from 
a web-based cooking survey (Klug et al. 
2011b). The survey included responses 
from 372 participants predominately in 
California and included questions relating 
to home, household, and cooking appliance 
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characteristics and weekly patterns of meals 
cooked. This survey provided meal-specific 
data on the frequency of oven use, number of 
cooktop burners used, and duration of burner 
use. Based on the cooking survey, the model 
assumes one cooktop burner for breakfast or 
lunch and two cooktop burners for dinner 
and also includes oven use for all dinners 
cooked in half of the homes. The duration 
of each discrete cooking event was assigned 
by sampling from lognormal distributions of 
cooktop and oven use duration for the spe-
cific meal (breakfast, lunch, dinner), based 
on data collected in the cooking survey (Klug 
et al. 2011b); the distribution summary statis-
tics are provided in Supplemental Material, 
Table S1. We used the median reported data 
from the National Human Activity Patterns 
Survey (NHAPS) (Klepeis et al. 2001) to 
establish meal times and to establish arche-
typal home occupancy patterns based on 
occupant age (0–5, 6–17, 18–64, ≥ 65 years) 
and weekend or weekday (for specific assign-
ments, see Supplemental Material, Table S2). 
Cooking burner emission factors for NO2, 
CO, and HCHO were based on measure-
ments reported by Singer et al. (2010) for 
twelve ranges, each including a cooktop and 
oven. Each home was randomly assigned the 
emission factors from one cooktop and one 
oven from the data set and those emission fac-
tors were used for all modeling of the home.

AER. Distributions of empirical AERs 
were developed from studies reporting 
AER measurements in Southern California 
homes (Health Effects Institute 2010; 
Offerman 2009; Wilson et al. 1993, 2003). 
Distributions were developed for winter 
and non-winter seasons for three home age 
ranges by date of construction (pre-1980, 
1981–1995, and post-1995). We randomly 
sampled from these distributions to select 
a winter AER and a summer AER for each 
home based on home age. Summer AERs 
were higher, likely due to more window 
opening. Higher summer AERs result in 
lower modeled concentration estimates in 
summer compared with winter. Relative to 
the 2003 RASS database, the current (ca. 
2013) California housing stock includes 
newer homes with lower AERs. Lower AERs 
translate to less dilution and higher concen-
trations of pollutants from indoor sources.

Outdoor air pollutants. Typical outdoor 
NO2 and CO profiles were developed for 
each county for a winter week and a sum-
mer week based on concentrations mea-
sured at ambient air quality monitoring 
sites. Data were downloaded from the U.S. 
Environmental Protection Agency (EPA) 
AirData website (U.S. EPA 2012a). A rep-
resentative monitoring site was selected for 
each county and all homes in that county 
were assumed to have the same outdoor 

concentrations. If more than one monitor-
ing site existed in a county, we selected the 
site that reported the median annual average 
concentration from among the available sites 
reporting data from the county. Hourly out-
door profiles for each site were developed by 
calculating the average concentrations from 
all available data from 2008–2009 by hour 
and by day of the week. Whereas indoor con-
centrations of NO2 and CO can be domi-
nated by contributions from outdoor air and 
unvented indoor combustion sources, indoor 
HCHO concentrations typically depend on 
a wider variety of sources, including mate-
rial emissions, chemical reactions, outdoor 
sources, and indoor combustion (Salthammer 
et al. 2010; Zhang et al. 1994). We did not 
incorporate HCHO from other indoor or 
outdoor sources into the analysis; therefore, 
our estimates of indoor HCHO concentra-
tions reflect only the incremental contribu-
tion of NGCB exhaust.

Estimated pollutant concentrations were 
linked to archetypal patterns of home occu-
pancy according to age group (0–5, 6–18, 
19–64, ≥ 65 years) for each individual resid-
ing in each modeled home (Klepeis et al. 
2001); this was done to explore the impact of 

age-based activity patterns on individual-level 
exposures. When occupants were not home 
based on occupancy profiles, their exposure 
concentrations were assumed to be zero.

Proximity factors. The model accounts 
for elevated concentrations of NGCB pollut-
ants in the kitchen relative to other parts of 
the home (Berwick et al. 1989; Hoek et al. 
1984; Noy and Lebret 1986; Palmes et al. 
1977, 1979) and assumes that anyone in the 
kitchen during cooking will be exposed to 
these higher concentrations. We account for 
this proximity effect by assigning one adult 
cook for each cooking event and by assum-
ing that any young children (0–5 years of 
age) present in the home during cook-
ing are nearby. Exposures are calculated by 
multiplying the estimated indoor-generated 
pollutant concentration by proximity fac-
tors (Fprox) of 2.0 for the cook and 1.5 for 
children 0–5 years of age, then adding the 
contribution from outdoor sources, which 
was assumed to be uniform throughout the 
home. Proximity factors were determined by 
reviewing published data on burner-related 
pollutant concentration in kitchens and 
other areas of the home and determining 
ratios of concentrations measured in kitchens 

Figure 1. Example results: simulated time-resolved NO2 concentrations in a 36-year-old, 1,125-ft2 home 
with four occupants (one 0–5, one 6–18, and two 35–54 years of age) for 1 week in winter. (A)  Indoor 
concentration of NO2 originating from indoor and outdoor sources. (B) Simulated exposure concentration 
experienced by the two occupants assumed to not be near the cooking activity (Fprox = 1). (C) Simulated 
exposure concentration for the cook (Fprox = 2) and a small child assumed to be near the cooking 
(Fprox = 1.5).
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compared with other rooms (Berwick et al. 
1989; Garrett et al. 1999; Hoek et al. 1984; 
Zota et al. 2005) and near source compared 
with away from source (McBride et al. 1999).

Sensitivity and uncertainty analysis. As 
described above, the model assigns values for 
key characteristics that are not specified in the 
RASS. Parameters that are assigned as non-
varying for the week are the AER, cooktop 
and oven pollutant emission rates, whether the 
oven was used, specific days of week during 
which meals were prepared, number of cook-
top burners used for each meal, start time of 
each meal on weekend days and weekdays, and 
which adult was the cook. The RASS database 
includes the self-reported frequency of break-
fast, lunch, and dinner cooked during each 
week for each home. We randomly assigned 
days for those meals to be cooked during the 
week. The burner duration was assigned anew 
for each meal as described previously.

To evaluate the sensitivity of model 
results to these assigned values, we executed 
the model 15 times to simulate a winter week 
for the entire sample cohort, using the higher 
NO2 first-order deposition rate constant 
(ki = 1.05/ hr) and with all parameters assigned 
anew for each model execution. We evalu-
ated the consistency of results across model 
executions by calculating the variation in the 
geometric mean (GM), geometric standard 
deviation (GSD), and summary statistics (5th, 
25th, 50th, 75th, and 95th percentiles) of the 
calculated distributions of in-home and expo-
sure concentrations.

To assess the impact of proximity factors, 
we also estimated exposures assuming that 
all occupants are exposed only to the time-
dependent concentrations calculated for the 
home (Fprox = 1 for all occupants) for the 
winter week, using the higher NO2 first-order 
deposition rate constant (ki = 1.05/hr). This 
assumes that being in the same room or adja-
cent to cooking has no impact on exposure.

Range hood pollutant mitigation analysis. 
We conducted an additional analysis to assess 
the potential benefits of widespread and rou-
tine use of vented range hoods. We showed 
previously that use of a vented range hood can 
dramatically reduce concentrations of pollut-
ants from cooking burners (Delp and Singer 
2012). Although the majority of California 
homes appear to have an installed range 
hood, it is unknown what fraction of these 

are vented as opposed to recirculating (Klug 
et al. 2011a), and available data suggest that 
a minority of households routinely use range 
hoods during all cooking (Klug et al. 2011b; 
Mullen et al. 2012). We simulated vented 
hood use by reducing all pollutant emission 
rates by 55%; this value reflects the mean cap-
ture efficiency reported in a measurement- 
based study of range hoods installed in 
California homes (Singer et al. 2012).

Pollutant standards. We used ambient air 
quality standards set by the U.S. EPA (2012b) 
and the California EPA and guidelines estab-
lished by California’s Office of Environmental 
Health Hazard Assessment (OEHHA) as 
guides to set benchmarks for undesirable lev-
els of indoor air pollutants (Table 1). Acute 
standards have averaging times of 1 hr for 
NO2, CO, and HCHO, and 8 hr for CO and 
HCHO. Chronic (annual average) concentra-
tion limits are available for NO2 and HCHO. 
We defined an exceedance as occurring when 
the indoor household concentration, or an 
individual occupant’s exposure, exceeded one 
of the benchmark levels noted in Table 1. We 
note, however, that outdoor standards can be 
strictly exceeded only when outdoor concen-
trations exceed those standards.

Scenarios. The simulation model was 
executed to estimate distributions of in-home 
concentrations and exposures for the popu-
lation of Southern California homes using 
line-distributed natural gas cooking burners at 
least once per week. Results are presented for 
simulated cooking over 1 week according to 
five scenarios:
•	Scenario 1: winter, proximity effect 

included (Fprox = 2.0 for cook, 1.5 for 0- to 
5-year-olds), no range hood use

•	Scenario 2: summer, proximity effect 
included, no range hood use

•	Scenario 3: winter, no proximity effect 
(Fprox = 1.0 for all), no range hood use

•	Scenario 4: winter, proximity effect 
included, all homes use range hoods with 
55% capture efficiency

•	Scenario 5: summer, proximity effect 
included, all homes use range hoods with 
55% capture efficiency.

Summary statistics for scenario 1 with 
ki = 1.05/hr for NO2 are presented as a 
mean ± range to indicate the variation across 
the 15 replicate runs that resulted from 
 reassigning parameter values. The range is 

the difference between the mean value and 
the run with the largest difference, higher or 
lower, from the mean value. Hereafter, all 
uses of the “±” notation present the range of 
values for the 15 replicate runs for scenario 1.

Results
Figure 2 shows the estimated distributions 
of 1-week average household pollutant con-
centrations and exposure concentrations to 
HCHO from gas cooking burners. Figure 2 
also shows distributions for NO2 and CO 
concentrations and exposure concentrations 
from gas burners plus infiltration of outdoor 
pollutants. Estimated distributions are shown 
for typical winter and summer weeks for sce-
narios in which venting range hoods were not 
used (i.e., for scenarios 1 and 2). The data 
used to construct Figure 2 are provided in 
Supplemental Material, Table S3. Estimated 
exposure concentrations differ from the house-
hold concentrations because they account for 
proximity factors for cooks and small children 
and also account for some people not being 
home during all periods when indoor con-
centrations are elevated. Because most occu-
pants were assumed to be out of the home 
for 9 hr on weekdays and 2 hr on weekends, 
occupancy patterns reduced the weekly expo-
sure concentrations relative to the household 
concentrations.

Indoor concentrations of NO2 from 
either indoor or outdoor sources depend 
strongly on the rate constant of indoor 
deposition, the specified ki values for NO2. 
A higher ki value assumes faster removal by 
deposition, resulting in lower indoor con-
centrations. The median estimated weekly 
average indoor NO2 concentration for the 
sample of home simulations was lower than 
the outdoor concentration, predominately 
due to deposition losses indoors.

The simulation model calculated the 
contribution of NGCBs to the total weekly 
average concentration estimated for each 
modeled home. Across the various scenarios, 
the simulation model estimates that NGCBs 
had average contributions of 25% (summer, 
ki = 1.05/hr), 33% (summer, ki = 0.5/hr), 
35 ± 1% (winter, ki = 1.05/hr), and 39% 
(winter, ki = 0.5/hr) to the week-averaged 
indoor NO2 concentrations. Cooking burners 
contributed on average 30% and 21 ± 1% of 
the estimated indoor week-averaged concen-
trations of CO in the cohort in summer and 
winter respectively. Cooking burner contribu-
tions to indoor concentrations were smaller 
in the summer because of higher AERs. The 
simulation model estimated that cooking 
burners would not yield indoor concentrations 
above chronic standards for NO2 or CO for 
the scenarios evaluated (Figure 2). Modeled 
homes had an estimated median increase in 
week-average HCHO concentrations due 

Table 1. Pollutant standard and guideline concentrations for various exposure periods.

Pollutant 1-hr average (acute) 8-hr average (acute) Annual average (chronic) Standard (reference)
NO2 180 ppb (339 μg/m3) NA 30 ppb (57 μg/m3) CAAQS (CARB 2010)

100 ppb (188 μg/m3) NA 53 ppb (100 μg/m3) NAAQS (U.S. EPA 2012b)
CO 20 ppm (23 mg/m3) 9 ppm (10 mg/m3) NA CAAQS (CARB 2010)

35 ppm (40 mg/m3) 9 ppm (10 mg/m3) NA NAAQS (U.S. EPA 2012b)
HCHO 45 ppb (55 μg/m3) 7.3 ppb (9 μg/m3) 7.3 ppb (9 μg/m3) Non-cancer REL (OEHHA 2007)

Abbreviations: CAAQS, California Ambient Air Quality Standard; CARB, California Air Resources Board; NA, not avail-
able; NAAQS, National Ambient Air Quality Standard; OEHHA, California’s Office of Environmental Health Hazard 
Assessment; REL, reference exposure level.
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to NGCBs on the order of 1 ppb. This is an 
order of magnitude lower than concentrations 
measured over multiple days in homes. Logue 
et al. (2011) aggregated multiple studies that 
reported measured HCHO concentrations 
in homes and reported a median measured 
concentration of 19 ppb. This is consistent 
with expectations that the contribution of 
emissions from burners to chronic HCHO 
in most homes is small compared with emis-
sions from building materials and furnish-
ings. Nonetheless, for the scenarios evaluated, 
the model estimates that HCHO emissions 
from NGCBs alone, in the absence of other 
HCHO sources, would lead to exposures 
exceeding at least one chronic standard for 
3–10% of occupants and in 3–9% of homes, 
depending on season (Figure 2). The lower 
bounds of these ranges are for summer weeks; 
the upper bounds are for winter weeks. 
Distributions are presented in Figure 2 for 
scenario 1 (winter) and scenario 2 (summer).

Simulation model results suggest that acute 
air pollutant concentration standards are com-
monly exceeded in homes that use NGCBs 
without venting range hoods. Figure 3 shows 
distributions of the estimated maximum 
hourly concentration for the homes simulated 
as well as estimated maximum hourly exposure 
concentrations for the occupants simulated. 
The estimated contributions of outdoor pollut-
ants to peak 1-hr indoor concentrations were 
negligible compared with model estimates of 
maximum 1-hr concentrations, indicating the 
importance of indoor sources to acute expo-
sures (Figure 3). The simulation model esti-
mates that in homes that cook with unvented 
NGCBs, a large proportion of residences are 
exposed to concentrations that exceed the 1-hr 
standard for NO2. The estimated fraction of 
residents exposed to a concentration exceed-
ing the 1-hr standard varies by season and 
with the assumed NO2 deposition rate con-
stant (ki value), with estimates ranging from 
41% to 70% (Table 2). The model produced 
a similar range of estimates (27–54%) for the 
number of occupants exposed to HCHO levels 
exceeding an acute standard and a smaller but 
sizeable fraction (4–9%) exposed to CO con-
centrations that exceed acute CO standards. 
Model estimates suggest that the majority of 
exceedences of the 1-hr standard are due to 
indoor emissions from NGCBs (Table 2). The 
model estimated that the mean number of 
acute exceedances per week among homes in 
which exceedances occurred ranged from 2.4 
for summer to 3.6 for winter scenarios without 
range hood use, depending on the pollutant 
and season (Table 2).

Table 3 presents estimated personal expo-
sure exceedances for acute health-based stan-
dards by age group and for the assigned cooks 
for the simulated week during the winter. 
Table 3 includes estimated distributions from 

a simulation model execution that did not 
account for differences in exposure accord-
ing to proximity to the kitchen (scenario 3) 
and for a model execution that accounted 
for differences in proximity but assumed the 
home had a range hood operating during all 
cooking events (scenario 4). Independent of 
the age group and cook status, if the model 
indicated that someone experienced an 
exceedance, on average they experienced 2–3 
exceedances over the modeled week. When 
the proximity factors were applied, the sub-
groups with the greatest likelihood to experi-
ence acute exceedances were cooks followed 
by 0- to 5-year-olds. Cooks also had the larg-
est difference between the percentage of indi-
viduals estimated to experience an exceedence 
when proximity factors were applied (Table 3, 
winter, differences by proximity) and when 

proximity was assumed to have no effect 
(Table 3, winter, no differences by proxim-
ity). The age group of 6- to 18-year-olds had 
the lowest percentage of occupants exceeding 
the standard because they were assumed to 
not cook or be in the kitchen at the time of 
cooking events. Variations in modeled con-
centrations between runs with and without 
proximity factors for non-cooks and those 
who are not 0–5 years of age are due to dif-
ferences in initial parameters selected for 
each model run.

We performed 15 separate simulations 
for scenario 1 to evaluate the influence of 
parameter selection on model-estimated dis-
tributions of concentrations in homes. The 
15 separate simulations produced consistent 
results as indicated by the statistics of calcu-
lated in-home and exposure concentration 

Figure 2. One-week time-averaged indoor pollutant concentrations estimated by simulation modeling 
for weighted sample of 6,634 of SoCal homes. Both summer (scenario 2) and winter (scenario 1) results 
presented in this figure assume no range hood use and apply near-source proximity factors to estimate 
exposure concentrations. Boxes indicate 25th (bottom), 50th (line within box), and 75th (top) percentiles; 
whiskers represent 5th and 95th percentiles. Dashed horizontal lines are standards from Table 1 that are 
within ranges shown on graphs. Results presented for scenario 1 are the mean values from 15 model 
executions. See Supplemental Material, Table S3, for tabulated results.
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distributions; results are presented in 
Supplemental Material, Table S3. GMs, 25th, 
50th, and 75th percentile values varied by 
< 10%. Statistics at the tails (5th and 95th 
percentiles) varied by < 20%. The repeated 
simulations produced ranges of estimates 
that were relatively narrow in relation to the 
median values across the simulations. Results 
are shown in Tables 2–3 for the winter week 
when no hood was used (using ki = 1.05/hr 
for NO2 deposition and accounting for dif-
ferences in proximity). Although we did not 
evaluate the magnitude of uncertainty for 
other scenarios, we assumed that it would be 

comparable to that observed for scenario 1 
(with k = 1.05/hr for NO2 deposition). The 
only sampled distribution that varied between 
runs was the sample AER for summer versus 
winter. While the GMs of these distributions 
differ, the GSDs are similar for each home age 
group and will result in similar uncertainties.

The results presented so far were for 
homes that did not use a venting range hood 
when cooking. We explored the benefit of 
all homes having and using venting range 
hoods for all cooking events by reducing mass 
emission rates by 55%, an estimate of mean 
effectiveness (Singer et al. 2012). The impact 

of universal use of moderately effective range 
hoods on the estimated maximum 1-hr in-
home and exposure concentrations is shown 
in Figure 3 and Table 2. Table 2 shows that 
the estimated percentages of homes exceed-
ing the most conservative 1-hr acute standard 
decreased from 55% to 18% for NO2 with 
ki = 1.05/hr, from 70% to 30% for NO2 with 
ki = 0.5/hr, from 7% to 2% for CO, and from 
24% to 11% for HCHO, compared with 
homes that did not use range hoods in winter. 
In summer simulations, the estimated percent-
age of homes exceeding the most conservative 
1-hr acute standard decreased from 21% to 
10% for NO2 with ki = 1.05/hr, from 51% 
to 17% for NO2 with ki = 0.5/hr, from 4% 
to 0.4% for CO, and from 15% to 4% for 
HCHO, compared with homes that did not 
use range hoods. Table 3 presents analogous 
results showing substantial reductions in the 
estimated frequencies of individual occupant 
exposure concentrations exceeding standards.

Discussion
There are many reports of residential NO2 
measurements in California and other U.S. 
locations (Lee et al. 2002; Ryan et al. 1988; 
Spengler et al. 1983, 1994), yet few of these 
can be used to directly assess whether the 
simulation results of this study are consistent 
with current concentrations in homes. Many 
of the studies are decades old and outdoor 
concentrations were typically higher than 
those used in the present simulation study. 
The older studies sampled in homes with 
appliances that were different and may have 
had different emission factors than cooking 
appliances currently in use. Therefore, we 
compare our results to a recent measurement 
study of concentrations in California homes 
(Mullen et al. 2012) when possible and 
refer to other literature reports as  necessary 
and warranted.

During November 2011 through March 
2012, Mullen et al. (2012) measured pollut-
ant levels over 6-day periods in 155 homes, 
mostly in Northern California. Their measured 
concentrations were on par with simulated 
concentrations in the present study. Among 
117 homes that reported cooking with a 
gas appliance at least once during sampling, 
the time-integrated measurements had a fit-
ted NO2 GM (GSD) of 12 ppb (2.2) in the 
bedroom and 15 ppb (2.3) in the kitchen. 
Time-integrated outdoor NO2 levels in the 
measurement study had a GM (GSD) of 
14.1 ppb (1.8). The repeated winter simula-
tions in the present study had a GM (GSD) 
of 10.1 ± 0.13 ppb (0.8 ± 0.02) when the 
higher first-order rate constant for deposition 
(ki = 1.05/hr) was used and 16.2 ppb (1.6) for 
the single winter simulation with the lower 
NO2 deposition value (ki = 0.5/hr). The out-
door NO2 for the simulated homes had a fitted 

Figure 3. Highest 1-hr time-averaged indoor pollutant concentrations estimated by simulation modeling of 
the weighted sample of 6,634 SoCal homes and exposure concentrations for the weighted sample of 19,464 
individual occupants. Estimated indoor concentrations presented for scenario 1 (winter) and scenario 2 
(summer), both of which assume no range hood use. Estimated exposure concentrations presented in this 
figure all apply near-source proximity factors, with one pair of scenarios assuming no range hood use and 
the second pair of scenarios assuming use of a range hood with 55% capture efficiency (CE) during every 
cooking event. Boxes indicate 25th (bottom), 50th (line within box), and 75th (top) percentiles; whiskers 
represent 5th and 95th percentiles. Dashed horizontal lines are standards from Table 1 that are within 
ranges shown on graphs. Results presented for scenario 1 are the mean values from 15 model executions. 
See Supplemental Material, Table S3, for tabulated results.
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GM (GSD) of 21.2 ppb (1.3). Valid time-
resolved CO data were available for 116 of the 
homes in the measurement study. The GM 
(GSD) of the highest 1-hr CO was 3.1 ppm 
(4.2) for these data. Highest 1-hr CO lev-
els in the simulation homes in the repeated 
winter simulations had a GM (GSD) of 
4.2 ± 0.16 ppm (2.7 ± 0.11), and highest 1-hr 
CO due only to the gas burner emissions had 
a GM (GSD) of 2.6 ± 0.14 ppm (4.2 ± 0.23).

Wilson et al. (1995) measured CO con-
centrations in 277 California homes and 
reported median values for 1-hr and 48-hr 
averages of 3.0 and 1.2 ppm respectively. 
These values are comparable to our median 
estimates for highest 1-hr and 1-week average 
CO concentrations in Southern Califorina 
homes in winter of 4.2 ± 0.3 ppm and 
0.9 ± 0.02 ppm, respectively. As shown in 
Figure 3 for the ki = 1.05/hr scenarios, the 
model estimated a median value of highest 
1-hr indoor NO2 concentrations across the 
sample cohort of 85 ppb for summer and 
110 ± 3 ppb for winter. Estimated 5th and 
95th percentile values were 27 ppb and 
288 ppb for summer and 36 ± 2 ppb and 
364 ± 31 ppb for winter. The only U.S. study 
reporting peak NO2 concentrations that we 
could find in the literature (Fortmann et al. 
2001) reported peak NO2 during cooking 
that ranged from 40 to 150 ppb based on a 
single cooktop. Taken as a group, these com-
parisons suggest that the estimates from our 
modeling study are reasonable and generally 
consistent with available monitoring data.

The model did not include homogeneous 
or heterogeneous chemical reactions, such 
as the reaction of NO and ozone to produce 
NO2. These reactions would increase the 
effective NO2 emission rate of the cooktop, 
particularly in summer, which underscores 
that our estimates for NO2 concentrations in 
summer are conservative and that the health 
impact of NGCB is likely even larger than 
modeled here. The possible magnitude of 
this effect is discussed in the Supplemental 
Material, p. 2.

Conclusions
Our results suggest that in homes using 
NGCBs without venting range hoods, a sub-
stantial proportion of occupants experience 
pollutant concentrations that exceed health-
based standards and guidelines. Using simu-
lations of Southern California households 
cooking at least once per week, we estimate 
that pollutant levels exceed ambient air qual-
ity standards for NO2 and CO in 55–70% 
and 7–8% of homes during a typical week 
in winter (Table 2). Approximately half of 
homes in California and 34% of homes 
nationally have natural gas cooking burners, 
and assuming that the critical parameters 
of pollutant emission rates from appliances, 

homes sizes, and cooking patterns have simi-
lar distributions throughout the state as occur 
in the SoCal cohort, we estimate through 
extrapolation that approximately 12 mil-
lion and 1.7 million Californians routinely 
could be exposed to NO2 and CO levels, 

respectively, exceeding ambient air standards 
in a typical week in winter. Additional work 
is needed to estimate the frequencies at which 
air quality benchmarks are exceeded in the 
tens of millions of U.S. homes that have 
 natural gas cooking burners.

Table 3. Model-based estimates of the percentage of occupants that would be exposed to a time- 
averaged concentration exceeding an acute health-based pollutant standard during a typical winter week.

Age group 

Percentage 
of SoCal 

population (%)

NO2 
(k = 1.05/hr)

NO2 
(k = 0.5/hr) CO HCHO

1-hr (%) 1-hr (%) 1-hr (%) 8-hr (%) 1-hr (%) 8-hr (%)
No hood, differences by proximity

0–5 11.4 72 ± 6 80 11 ± 4 11 ± 3 29 ± 6 57 ± 6
6–18 21.8 53 ± 4 63 6 ± 3 7 ± 2 21 ± 4 50 ± 5
19–64 58.5 63 ± 2 74 9 ± 1 9 ± 2 26 ± 4 53 ± 3
≥ 65 8.23 65 ± 3 76 9 ± 2 8 ± 2 26 ± 7 53 ± 3
Cook 30.5 76 ± 2 83 13 ± 1 11 ± 2 33 ± 4 57 ± 2

No hood, no differences by proximity
0–5 11.4 58 74 8 9 27 56
6–18 21.8 54 66 7 8 25 52
19–64 58.5 54 69 8 9 25 53
≥ 65 8.23 47 66 4 7 21 48
Cook 30.5 54 70 8 8 25 53

With hood, differences by proximity
0–5 11.4 34 50 3 3 17 34
6–18 21.8 15 25 1 3 14 31
19–64 58.5 29 38 3 3 15 32
≥ 65 8.23 27 40 1 1 11 29
Cook 30.5 43 52 4 3 18 35

Age group includes cook as a separate class. First two groups of results assume no range hood use; middle group assumes 
no proximity effect. Summary statistics for scenario 1 (only for ki = 1.05/hr for NO2) are presented as a mean ± range to indi-
cate the variation across the 15 replicate runs that resulted from reassigning parameter values. The range is the difference 
between the mean value and the run with the largest difference, higher or lower, than the mean value.

Table 2. Model-estimated frequencies of pollutant concentrations exceeding acute health-based  pollutant 
standards in homes that use natural gas cooking burners at least once per week (n = 6,634).

Pollutant in homes

Summer Winter

No hood With hood No hood With hood
NO2 (k = 1.05/hr)    

Exceedances of 1-hr NAAQS standard
Homes with exceedance (%) 41 10 55 ± 2a 18
Homes with exceedance due to indoor emissions only (%) 38 9 51 ± 1 15

Mean exceedances per home exceeding (n/week)b 3.0 2.5 3.4 ± 0.1 2.4
NO2 (k = 0.5/hr)    

Exceedances of 1-hr NAAQS standard
Homes with exceedance (%) 51 17 70 30
Homes with exceedance due to indoor emissions only (%) 47 15 64 24

Mean exceedances per home exceeding (n/week) 3.3 2.6 3.6 2.7
CO

Exceedances 1-hr CAAQS standard    
Homes with exceedance (%) 4 0.4 7 ± 1 2
Homes with exceedance due to indoor emissions only (%) 4 0.4 6 ± 1 1

Mean exceedances per home exceeding (n/week) 2.4 1.2 2.6 ± 0.5 2.4
Exceedances of 8-hr NAAQS standard    

Homes with exceedance (%) 2 0.2 8 ± 1 2
Mean exceedances per home exceeding (n/week) 2.6 2.1 2.5 ± 0.3 1.9

HCHO    
Exceedances of 1-hr OEHHA guideline    

Homes with exceedance (%) 15 4 24 ± 2 11
Mean exceedances per home exceeding (n/week) 3.2 2.6 3.1 ± 0.3 2.6
Exceedances of 8-hr OEHHA guideline    

Homes with exceedance (%) 27 12 52 ± 2 30
Mean exceedances per home exceeding (n/week) 3.3 2.6 3.5 ± 0.1 3.2

The two sets of NO2 data reflect the two first-order loss rates (ki) used to simulate NO2 dynamics.
aSummary statistics for scenario 1 (only for ki = 1.05/hr for NO2) are presented as a mean ± range to indicate the varia-
tion across the 15 replicate runs that resulted from reassigning parameter values. The range is the difference between 
the mean value and the run with the largest difference, higher or lower, than the mean value. b”Mean exceedences 
per home exceeding” indicates the mean number of times a home that exceeded the specified standard at least once 
exceeded that standard during the simulated week.
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The U.S. EPA and California outdoor 
health standards, NAAQS (U.S.EPA 2012b) 
and CAAQS (CARB 2010), respectively, are 
legally enforceable regulations. If outdoor 
concentrations exceed these standards in spe-
cific areas they are referred to as “nonattain-
ment” areas. The health impacts of being in 
nonattainment are thought to be significant 
enough to warrant a wide array of fiscal and 
regulatory penalties to achieve compliance. 
Our model-based estimates suggest that 
during the winter in Southern California, 
55–70% of homes that have and use natural 
gas burners without venting have indoor air 
pollution levels consistent with ambient out-
door levels in non attainment areas.

The hazard posed by natural gas cooking 
burners can be mitigated substantially through 
the use of venting range hoods that capture 
cooking burner pollutants—as well as pol-
lutants generated from cooking activities— at 
the point of emissions and exhaust them to 
the outdoors. The range hood modeled in the 
present study was assumed to have the average 
capture efficiency measured by Singer et al. 
(2012) in homes. Our estimates suggest that 
improving range hood effectiveness through 
changes in occupant behavior or by installing 
hoods that are quieter (and thus more likely 
to be used), or by improving their capture effi-
ciency (Delp and Singer 2012), would greatly 
reduce the number of persons who may be 
exposed to indoor air pollutants at levels that 
exceed ambient air quality standards.

RefeRences

Akland GG, Hartwell TD, Johnson TR, Whitmore RW. 1985. 
Measuring human exposure to carbon monoxide in 
Washington, D.C., and Denver, Colorado, during the winter 
of 1982–1983. Environ Sci Technol 19:911–918.

Berwick M, Leaderer BP, Stolwijk JA, Zagraniski RT. 1989. Lower 
respiratory symptoms in children exposed to nitrogen 
dioxide from unvented combustion sources. Environ Int 
15:369–373.

CARB (California Air Resources Board). 2010. CA Ambient Air 
Quality Standards (CAAQS). Available: http://www.arb.
ca.gov/research/aaqs/aaqs2.pdf [accessed 7 October 2013].

CEC (California Energy Commission). 2004. California Statewide 
Residential Appliance Saturation Study. Final Report. 400-
04-009. Available: http://www.energy.ca.gov/reports/400-
04-009/2004-08-17_400-04-009ALL.PDF [accessed 
27 November 2013].

Delp WW, Singer BC. 2012. Performance assessment of U.S. 
residential cooking exhaust hoods. Environ Sci Technol 
46:6167–6173.

Fortmann R, Kariher P, Clayton R. 2001. Indoor Air Quality: 
Residential Cooking Exposures. Final Report. Sacramento, 
CA:California Air Resources Board.

Garrett MH, Hooper MA, Hooper BM. 1999. Nitrogen dioxide in 
Australian homes: levels and sources. J Air Waste Manag 
Assoc 49:76–81.

Hajat S, Haines A, Goubet SA, Atkinson RW, Anderson HR. 

1999. Association of air pollution with daily GP consulta-
tions for asthma and other lower respiratory conditions in 
London. Thorax 54:597–605.

Health Effects Institute. 2010. Relationships of Indoor, Outdoor, 
and Personal Air (RIOPA) Database. Available: https://
riopa.aer.com/ [accessed 15 December 2010].

Hoek GB, Brunekreef B, Meijer R, Scholten A, Boleij J. 1984. 
Indoor nitrogen-dioxide pollution and respiratory symptoms 
of schoolchildren. Int Arch Occup Environ Health 55:79–86.

Jarvis D, Chinn S, Luczynska C, Burney P. 1998. The asso-
ciation of respiratory symptoms and lung function with the 
use of gas for cooking. Eur Respir J 11:651–658.

Klepeis NE, Nelson WC, Ott WR, Robinson JP, Tsang AM, 
Switzer P, et al. 2001. The National Human Activity Pattern 
Survey (NHAPS): a resource for assessing exposure to 
environmental pollutants. J Expo Anal Environ Epidemiol 
11:231–252.

Klug VL, d’Cruz C, Bedrosian T, Singer BC. 2011a. Characteristics 
of Range Hoods in California Homes—Data Collected 
from a Real Estate Web Site. LBNL-5067e. Berkeley, 
CA:Lawrence Berkeley National Laboratory.

Klug VL, Lobscheid AB, Singer BC. 2011b. Cooking Appliance 
Use in California Homes—Data Collected from a Web-
Based Survey. LBNL-5028E. Berkeley, CA:Lawrence 
Berkeley National Laboratory.

Lee K, Xue XP, Geyh AS, Ozkaynak H, Leaderer BP, 
Weschler CJ, et al. 2002. Nitrous acid, nitrogen dioxide, 
and ozone concentrations in residential environments. 
Environ Health Perspect 110:145–149.

Logue JM, McKone TE, Sherman MH, Singer BC. 2011. Hazard 
assessment of chemical air contaminants measured in 
residences. Indoor Air 21:92–109.

Logue JM, Sherman MH, Walker IS, Singer BC. 2013. Energy 
impacts of envelope tightening and mechanical ventilation 
for the U.S. Residential sector. Energy Build 65:281–291.

McBride SJ, Ferro AR, Ott WR, Switzer P, Hildemann LM. 1999. 
Investigations of the proximity effect for pollutants in 
the indoor environment. J Expo Anal Environ Epidemiol 
9:602–621.

Mullen NA, Li J, Singer BC. 2012. Impact of Natural Gas 
Appliances on Pollutant Levels in California homes. LBNL-
5970e. Berkeley, CA:Lawrence Berkeley National Laboratory.

Nazaroff WW, Gadgil AJ, Weschler CJ. 1993. Critique of the 
use of deposition velocity in modeling indoor air quality. 
In: ASTM Special Technical Publication; Modeling of 
Indoor Air Quality and Exposure, Vol. 1205 (Nagda NL, ed). 
Philadelphia:American Society for Testing and Materials, 
81–104.

Noy D, Lebret E. 1986. Estimating human exposure to nitrogen 
dioxide: results from a personal monitoring study among 
housewives. Environ Int 12:407–411.

OEHHA (California’s Office of Environmental Health Hazard 
Assessment). 2007. Air Toxicology and Epidemiology: All 
OEHHA Acute, 8-Hour and Chronic Reference Exposure 
Levels (chRELs) as of August 2013. Available: http://oehha.
ca.gov/air/allrels.html [accessed 10 October 2013].

Offerman FJ. 2009. Ventilation and Indoor Air Quality in New 
Homes. California Air Resources Board and California 
Energy Commission, PIER Energy-Related Environmental 
Research Program. Collaborative Report. CEC-500-2009-
085. Available: http://www.arb.ca.gov/research/apr/
past/04-310.pdf [accessed 27 November 2013].

Palmes ED, Tomczyk C, Dimattio J. 1977. Average NO2 con-
centration in dwellings with gas or electric stoves. Atmos 
Environ 11:869–872.

Palmes ED, Tomczyk C, March AW. 1979. Relationship of indoor 
NO2 concentrations to use of unvented gas appliances. 
J Air Pollut Control Assoc 29:392–393.

R Development Core Team. 2011. R: A Language and 
Environment for Statistical Computing. Vienna, Austria:R 
Foundation for Statistical Computing. Available: http://
www.R-project.org/ [accessed 26 November 2013].

Ryan PB, Soczek ML, Treitman RD, Spengler JD. 1988. The 
Boston residential NO2 characterization study: II. Survey 

methodology and population concentration estimates. 
Atmos Environ 22:2115–2125.

Salthammer T, Mentese S, Marutzky R. 2010. Formaldehyde in 
the indoor environment. Chem Rev 110:2536–2572.

Sherman MH, Hult EL. 2013. Impacts of contaminant storage 
on indoor air quality: model development. Atmos Environ 
72:41–49.

Singer BC, Apte MG, Black DR, Hotchi T, Lucas D, Lunden MM, 
et  al. 2010. Natural Gas Variability in California: 
Environmental Impacts and Device Performance—
Experimental Evaluation of Pollutant Emissions from 
Residential Appliances. CEC-500-2009-099-APE. Sacramento, 
CA:California Energy Commision.

Singer BC, Delp WW, Apte MG, Price PN. 2012. Performance of 
installed cooking exhaust devices. Indoor Air 22:224–234.

Spengler JD, Duffy CP, Letz R, Tibbitts TW, Ferris BG. 1983. 
Nitrogen-dioxide inside and outside 137 homes and impli-
cations for ambient air-quality standards and health-
effects research. Environ Sci Technol 17:164–168.

Spengler J, Schwab M, Ryan PB, Colome S, Wilson AL, Billick I, 
et al. 1994. Personal exposure to nitrogen dioxide in the Los 
Angeles basin. J Air Waste Manag Assoc 44:39–47.

Spicer CW, Kenny DV, Ward GF, Billick IH. 1993. Transforma-
tions, lifetimes, and sources of NO2, HONO, and HNO3 
in indoor environments. J  Air Waste Manag Assoc 
43:1479–1485.

Touloumi G, Katsouyanni K, Zmirou D, Schwartz J, Spix C, 
Ponce de Leon A, et al. 1997. Short-term effects of ambient 
oxidant exposure on mortality: a combined analysis within 
the APHEA project. Am J Epidemiol 146:177–185.

Tunnicliffe WS, Burge PS, Ayres JG. 1994. Effects of domestic 
concentrations of NO2 on airway responses to inhaled 
allergen in asthmatic patients. Lancet 344:1733–1736.

U.S. Energy Information Administration. 2005. Residential 
Energy Consumption Survey (RECS). Available: http://
www.eia.gov/consumption/residential/ [accessed 
27 November 2013].

U.S. EPA (U.S. Environmental Protection Agency). 2012a. 
AirData: Access to Monitored Air Quality Data from EPA's 
Air Quality System (AQS) Data Mart. Available: http://
www.epa.gov/airdata/ [accessed 27 November 2013].

U.S. EPA (U.S. Environmental Protection Agency). 2012b. 
National Ambient Air Quality Standards (NAAQS). 
Available: http://www.epa.gov/air/criteria.html [accessed 
7 October 2013].

Wilson AL, Bell J, Hosler D, Weker RA. 2003. Infiltration, blower 
door and air exchange measurements in new California 
homes. In: Proceedings of Indoor Air Quality Problems and 
Engineering Solutions Specialty Conference. Research 
Triangle Park, NC:Air and Waste Management Association 
and U.S. Environmental Protection Agency.

Wilson AL, Colome SD, Tian Y. 1993. California Residential 
Indoor Air Quality Study. Volume I: Methodology and 
Descriptive Statistics. Irvine, CA:Gas Research Institute, 
Pacific Gas and Electric Company, San Diego Gas and 
Electric Company, and Southern California Gas Company.

Wilson AL, Colome SD, Tian Y. 1995. California Residential 
Indoor Air Quality Study. Volume 3: Ancillary and Explora-
tory Analyses. Irvine, CA:Gas Research Institute, Pacific 
Gas and Electric Company, San Diego Gas and Electric 
Company, and Southern California Gas Company.

Xu Y, Zhang YP. 2003. An improved mass transfer based model 
for analyzing VOC emissions from building materials. 
Atmos Environ 37:2497–2505.

Yang W, Lee K, Chung M. 2004. Characterization of indoor air 
quality using multiple measurements of NO2. Indoor Air 
14:105–111.

Zhang J, Lioy PJ, He Q. 1994. Characteristics of aldehydes: 
concentrations, sources, and exposures for indoor and 
outdoor residential microenvironments. Environ Sci 
Technol 28:146–152.

Zota A, Adamkiewicz G, Levy JI, Spengler JD. 2005. Ventilation 
in public housing: Implications for nitrogen dioxide concen-
trations. Indoor Air 15:393–401.

http://www.arb.ca.gov/research/aaqs/aaqs2.pdf
http://www.arb.ca.gov/research/aaqs/aaqs2.pdf
http://www.energy.ca.gov/reports/400-04-009/2004-08-17_400-04-009ALL.PDF
http://www.energy.ca.gov/reports/400-04-009/2004-08-17_400-04-009ALL.PDF
https://riopa.aer.com
https://riopa.aer.com
http://oehha.ca.gov/air/allrels.html
http://oehha.ca.gov/air/allrels.html
http://www.arb.ca.gov/research/apr/past/04-310.pdf
http://www.arb.ca.gov/research/apr/past/04-310.pdf
http://www.R-project.org
http://www.R-project.org
http://www.eia.gov/consumption/residential
http://www.eia.gov/consumption/residential
http://www.epa.gov/airdata
http://www.epa.gov/airdata
http://www.epa.gov/air/criteria.html

