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ABSTRACT: The presence of hazardous air pollutants (HAPs)
entrained in end-use natural gas (NG) is an understudied source of
human health risks. We performed trace gas analyses on 185
unburned NG samples collected from 159 unique residential NG
stoves across seven geographic regions in California. Our analyses
commonly detected 12 HAPs with significant variability across
region and gas utility. Mean regional benzene, toluene, ethyl-
benzene, and total xylenes (BTEX) concentrations in end-use NG
ranged from 1.6−25 ppmv�benzene alone was detected in 99% of
samples, and mean concentrations ranged from 0.7−12 ppmv
(max: 66 ppmv). By applying previously reported NG and
methane emission rates throughout California’s transmission,
storage, and distribution systems, we estimated statewide benzene
emissions of 4,200 (95% CI: 1,800−9,700) kg yr−1 that are currently not included in any statewide inventories�equal to the annual
benzene emissions from nearly 60,000 light-duty gasoline vehicles. Additionally, we found that NG leakage from stoves and ovens
while not in use can result in indoor benzene concentrations that can exceed the California Office of Environmental Health Hazard
Assessment 8-h Reference Exposure Level of 0.94 ppbv�benzene concentrations comparable to environmental tobacco smoke. This
study supports the need to further improve our understanding of leaked downstream NG as a source of health risk.
KEYWORDS: BTEX, benzene, downstream, fossil fuels, natural gas leak, cooking, hazardous air pollutants, indoor air quality,
regional BTEX inventories

■ INTRODUCTION
In 2021, the United States consumed approximately 30.2
trillion cubic feet of processed natural gas (NG), comprising
32% of total U.S. energy consumption, of which 15% was
consumed by an estimated 74.6 million residential house-
holds.1−3 Non-methane volatile organic compounds
(NMVOCs) are naturally present in unprocessed NG;4−9

however, very little data exists on the chemical composition
and concentrations of hazardous air pollutants (HAPs) in
processed NG at the point of end use.10 Moreover, the indoor
air quality impacts from fugitive NMVOC or HAP emissions
associated with known NG leakage or incomplete combustion
pathways are understudied, in part, due to a lack of chemical
characterization of downstream NG.11

While NG transmission pipelines have some NMVOC
restrictions to prevent operational failures (see Federal
Register Vol 71 No 120), there are no corresponding limits
on HAPs in transmission pipeline gas in the United
States.12−16 Many NMVOCs are hazardous to human health
and therefore have been deemed HAPs under the U.S. Clean

Air Act, which is further exemplified by various state, federal,
and international health-based guidelines for exposure to these
compounds.17,18 For example, NMVOCs contribute to the
formation of ozone, a constituent of photochemical smog, and
fine particulate matter (PM2.5).

19−21 Benzene is a known
human carcinogen that increases the risks of developing
leukemia.22 One study detected benzene, toluene, ethyl-
benzene, and xylenes (BTEX) and other health-damaging
NMVOCs in downstream NG;23 however, these data were not
quantitative and only included two samples. Recently,
Michanowicz et al.24 found extensive NMVOCs in distribution
NG in Massachusetts; however, measurements were confined
to a region that is geographically far from hydrocarbon
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production or underground NG storage in depleted oil
reservoirs�two features present throughout California that
may impact NMVOC concentrations in NG. There are also
limited publicly available NMVOC composition data for the
transmission and storage sector,25 and it is unclear the degree
to which these trace gases persist in the end-use gas
distribution system.

Residential NG saturation in California is the second highest
in the United States, with 88% of all households (11.5 million
in total) having NG service in 2020. Typically, 70% of these
homes cook with an NG-powered stove or oven, representing
the highest percentage of gas stove users in the country.1

Driven in part by concerns regarding the climate-forcing nature

of methane, multiple studies in California have quantified NG
emissions from buildings and appliances. Fischer et al.26

measured NG appliance leakage in 75 homes in California and
found that chronic, low-level leaks can persist undetected
directly in residential homes and that 15% of total NG
methane emissions in California could be attributed to fugitive
post-meter (i.e., in-home) emissions. Lebel et al.27,28 observed
that at least 75% of total emissions from gas stoves and storage
water heaters originate while they are off.27,28 These leakage
profiles, in combination with uncertainties related to the
effectiveness of NG odorants as exposure deterrents,24,29−34

support the need for further study of potential risks of exposure

Figure 1. Spatial distribution of the 159 households sampled in California. The points show the location of each of the samples. The shading shows
gas utility service territories in each region, and the blue lines represent high-volume pipelines traversing California and neighboring states.
Measurements were taken in the following gas companies’ territories: Pacific Gas and Electric (PG&E)�yellow; Southern California Gas
Company (SoCalGas)�red; and San Diego Gas & Electric (SDG&E)�blue. Samples were grouped into one of 7 different regions which we used
throughout this study: San Francisco (SF) Bay Area, Sacramento, Fresno, Bakersfield, North San Fernando/Santa Clarita Valleys (NSFV/SCV),
Greater Los Angeles (excluding NSFV/SCV), and San Diego.
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to health-damaging compounds contained in end-use NG in
California.

In this study, we adopted canister collection methods with
gas chromatography−mass spectrometry (GC−MS) NMVOC
analysis from Michanowicz et al.24 to determine the chemical
composition of unburned NG from downstream NG supply in
seven distinct geographic locations in the state of California.24

Our goals for studying the gas stream at the point of end use
were twofold: (1) To understand the contribution of
NMVOCs to urban air quality associated with leakage
throughout the downstream NG supply chain, and (2) To
understand potential indoor exposures from known leakage
pathways. To begin to address goal 1, we combined these NG
composition data with existing California-specific NG leakage
data to estimate unaccounted-for BTEX emissions for the
entire state and for certain individual source types within the
downstream infrastructure. To address goal 2, we estimated
indoor residential ambient benzene concentrations attributable
to published rates of NG leakage from household gas stoves
and ovens while off across various scenarios.35,36 We compared
these indoor air concentrations of benzene to the California
Environmental Protection Agency Office of Environmental
Health Hazard Assessment (OEHHA) benzene Reference
Exposure Level (REL) to evaluate health risks from this
understudied environmental exposure.37

■ METHODS
Data Collection. We collected 185 unburned NG samples

from 159 unique residential NG stoves in California. We used
passivated 1 L SUMMA or Silonite-lined Entech canisters with
Teflon tubing to form a direct in-line connection with a single-
stove burner NG outlet orifice. NG samples were analyzed by
two labs based in California with Environmental Laboratory
Accreditation Program (ELAP) certification. We used two labs
to accommodate canister availability (Lab 1: n = 54; Lab 2: n =
131).

NMVOCs for all samples were analyzed using U.S.
Environmental Protection Agency Method TO-15, which
calls for sample separation and analysis by gas chromatography
and mass spectroscopy.38 Samples were analyzed by the lab
within 30 days of collection�the maximum hold time
specified by the TO-15 method during which concentrations
are considered stable. The TO-15 analyte list included 69
compounds from Lab 1 and 63 compounds from Lab 2. We
quantified a total of 76 unique compounds using TO-15 across
the two laboratories, including 56 compounds analyzed by
both labs (see Table S1 for a complete list). Each sample was
also tested using Method ASTM D1946 to quantify methane
and ethane content in unburned NG as well as elemental
nitrogen and oxygen for all but 27 samples.39 These data were
used for quality control to ensure pure NG sample collection
and to verify minimal ambient air intrusion during sampling.

We collected samples using a similar methodology as
described in detail in Michanowicz et al.24 and briefly
summarized here. First, we removed gas stove flame spreader
plates and metal grates to expose the NG outlet orifice. We
then applied Teflon-lined tubing of 1/4’’ inner diameter to
tightly enclose the NG outlet orifice, bypassing any ignition
sources and minimizing the potential for NG leakage or
ambient air entrainment. We then turned the gas flow knob
between medium and high for the entirety of the sampling
event. After flushing the hosing, we immediately connected it
to the sampling canister provided by the lab via a cone washer

and screw nut or quick release connection. We filled canisters
until the vacuum on the canister was between −5 and 0 in Hg,
taking approximately 20−30 s. For safety, we deployed a
Bascom Turner Gas Rover or similar device near the stove to
ensure the concentration of leaked NG did not approach the
lower explosive limit of methane (5% v/v gas), and we turned
on range hoods when present during and after the sampling
process to reduce indoor air concentrations of NG.

We intentionally designed this measurement campaign to
sample NG in major urban areas serviced by the three main
NG utilities in California: Pacific Gas and Electric (PG&E),
Southern California Gas Company (SoCalGas), and San Diego
Gas & Electric (SDG&E). In all, we collected samples from 16
counties across California from these three utilities and
grouped samples into seven regions we defined: the San
Francisco Bay Area (San Francisco, San Jose, Oakland, and
nearby cities); Sacramento and Fresno [PG&E]; Greater Los
Angeles; the North San Fernando and Santa Clarita Valleys;
and Bakersfield [SoCalGas]; and San Diego [SDG&E]. We
collected samples between February and September 2021
(Figures 1 and S2).
Quality Control and Data Analysis. Data from our 185

samples are reported as pure gas mole fractions (concen-
trations) in parts per billion by volume (ppbv). Lab 1 reported
directly in ppbv, while Lab 2 required conversion from mass
concentrations to volumetric concentrations (ppbv) using the
molecular weight of the compound and assuming normal
temperature (298 K) and pressure (101.3 kPa). For values
below the lab’s internal limit of detection, we took a
conservative approach and assigned these data as zero.40

We took several quality control measurements throughout
the study, in addition to blanks and other quality checks
performed by the labs. First, to compare our NG samples to
background air collected by the same method, we collected
one field blank by attaching the hosing to the stove and not
turning the gas on and one ambient air blank by opening the
can in the kitchen space with no hosing attached, both of
which did not detect target analytes. Second, we used both
methane and elemental nitrogen (N2) as source signature
tracers�methane as proxy for NG, and nitrogen as proxy for
ambient air. Using these fixed gas measurements, we
conducted a k-means cluster analysis to exclude samples that
entrained a substantial amount of ambient air. Based on our
analysis, we identified two k-clusters and excluded the cluster
with the lowest methane and highest nitrogen values (Figure
S1). To control for samples that did not have a paired
nitrogen, nine samples were additionally excluded that had a
methane measurement within the range of the excluded k-
cluster. The mean of benzene and total BTEX of the excluded
samples were less than the mean of the included samples; this
is unsurprising, given the assumed dilution effect from ambient
air intrusion (Figure S1).

We also collected a series of samples to quantify variability
across our study. These included duplicate samples (collected
consecutively at a single location) analyzed by different labs;
duplicate samples analyzed by the same lab; and repeated
samples that were collected in the same households several
months apart (Note S1). In our analysis, duplicates collected
on the same day were treated as replicate samples; therefore,
we selected only the first of the two samples to be used in our
analyses. For the times we collected repeat samples in different
months, we treated them as independent samples for regional
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and statewide means as household-level factors should not
influence gas composition.
Regional and Statewide Emissions Estimates. To

evaluate the contribution of downstream NG emissions to
regional and statewide benzene and BTEX budgets, we used
methane emission estimates from previous studies of the
downstream NG sector in California to scale bootstrapped
regional and statewide mean concentrations of benzene and
total BTEX measured in our study.26,28,41−44 Emissions rates of
benzene and total BTEX were calculated using the following
equation adapted from Marrero et al.6

= ×
i
k
jjjjj

y
{
zzzzzE E C

M
M

W
WNMVOC methane NMVOC

NMVOC

methane (1)

where ENMVOC represents the NMVOC mass flow rate (kg
yr−1); Emethane represents the methane mass flow rate (Gg yr−1)
derived from existing literature;26,28,41−44 CNMVOC represents
the state or regional concentration of NMVOCs in the pipeline
NG (ppmv); and MWNMVOC and MWmethane represent the
molecular weights of the NMVOC and methane, respectively
(g mol−1). This relationship assumes that the concentration of
methane in pipeline NG is 100%, and as such, we are slightly
underestimating total NMVOC emissions. Scaled benzene
emissions (ENMVOC) assume a benzene-to-methane ratio that is
conserved throughout the distribution pipeline network and
likely underestimates NMVOC emissions using methane flux
rather than NG flux. The emissions estimates also assume no
differential mechanisms of transport and fate between methane
and benzene emissions (e.g., soil adsorption)�a limitation of
this methodology.

Regional and distribution pipeline methane emissions were
taken from available data sources in the literature to scale our
NMVOC emissions. NMVOC emissions for the North San
Fernando and Santa Clarita Valleys specifically were estimated
using distribution pipeline NG emissions from SoCalGas for
zip codes in this region (Figure S4) and NMVOC measure-
ments from our samples in the North San Fernando and Santa
Clarita Valleys.
Indoor Air Quality Modeling. To better understand the

potential indoor air quality implications of benzene content in
end-use NG leaked from gas stoves while turned off, we
modeled ambient benzene concentrations in the kitchen and
compared the results to California’s Reference Exposure Levels
(REL). We modeled 140 scenarios that varied unburned NG
leakage rates (median: 24 mg hr−1 and 95th percentile: 282 mg
hr−1, from Lebel et al.28), benzene concentrations in unburned
gas (median and 95th percentiles calculated from this study),
and household parameters (Table S2). We used CONTAM�
a multizone, whole-building model developed by the National
Institute of Standards and Technology�that can be used to
estimate contaminant concentrations in the indoor environ-
ment using information about the structure, ventilation,
airflow, and contaminants.35,36,45

Here, as an introductory assessment of the impact of leaked
NG on indoor air quality, we conservatively focused only on
leakage from a single gas stove/oven while off (steady-state
off) and for only one pollutant: benzene. This modeling
approach almost certainly underestimates the true quantity of
behind-the-meter NG emissions which also may include leaks
from other gas appliances and emissions of natural gas when
the stove/oven is on.

We calculated benzene steady-state-off leakage rates from
stoves using the following relationship

= ×V V Cbenzene methane benzene (2)

where Vbenzene represents the volumetric emissions of benzene
from the leaking stove (nL hr−1); Vmethane represents the
volumetric methane emissions rate from the leaking stove (mL
hr−1); and Cbenzene represents the concentration of benzene in
the the pipeline gas (ppmv), again assuming that the
concentration of methane in pipeline NG is 100%. This
enables us to directly convert the volumetric flow of methane,
Vmethane, to a volumetric flow of benzene, Vbenzene, at a given
concentration of benzene. Data on methane emission rates
from leaking stoves were obtained from Lebel et al.,28 who
measured methane emission rates from 53 gas stoves in
California using a chamber-based approach. Benzene concen-
trations are from this study. This relationship assumes that the
emission rate of methane is equivalent to the emission rate of
NG. This is a conservative assumption as distribution system
NG was measured to be 90−95% methane in this study
(Figure S5).

We modeled a range of household parameters and emissions
rates; a complete list is in Table S2. We chose a range of
households that reflects California’s housing stock from the
2019 Residential Appliance Saturation Survey.46 This included
a mobile/manufactured home, an attached home, a detached
single-family home, and a six-unit apartment building. Building
designs were selected from the “Suite of Homes Representing
the U.S. Housing Stock.”47,48 Within each household type, we
varied the air change rate, the methane emission rate, and the
benzene concentration in the pipeline gas. For comparison’s
sake, we used only two air change rates�the buildings’ natural
ventilation air change rate (i.e., infiltration only) and the
minimum recommended air change rate set by the American
Society of Heating, Refrigerating and Air-Conditioning
Engineers (ASHRAE 62.2). The ASHRAE standard was
achieved by parameterizing HVAC system settings to input
the appropriate volume of air changes per hour. The methane
emission rate and benzene concentration rate were used
together to calculate the benzene emissions rate via eq 2
(Table S2). All simulations were run under steady-state airflow
conditions at normal temperature (298 K) and pressure (101.3
kPa).

Across our simulations, we assumed that benzene was not
reactive because the atmospheric lifetime of benzene is several
days and the indoor concentrations of the hydroxyl radical
(•OH) are similar to outdoors.49,50 Following previous studies,
we also assumed that surface deposition would not
substantially impact indoor concentrations.51,52 We assumed
that there was no demand-controlled mechanical kitchen hood
active during simulations, since our source was only fugitive
emissions while off.

■ RESULTS AND DISCUSSION
Overview. We collected 185 individual samples of

unburned NG from 159 unique residential stoves across
seven distinct geographic locations spanning 16 counties
throughout California (Figure 1). After eliminating blanks,
duplicate samples, and low-methane samples that did not meet
QC standards (see Materials and Methods), we retained 160
samples for analysis. Of the 76 NMVOCs analyzed, 21 unique
constituents were detected in end-use NG in California (see
Table S1 for a full list of pollutants). Of these, 12 carried a
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HAP designation and therefore are known to cause short-term
and chronic adverse health impacts.53 Six NMVOCs were
detected in more than 98% of NG samples, four of which are
HAPs: benzene, toluene, m,p-xylene, and hexane (Figure 2).

Median concentrations of BTEX were all within 0.1 ppmv of
the means in the following regions: Greater Los Angeles,
Bakersfield, Fresno, and Sacramento. This suggests regionally
normal distributions of BTEX, further supported by a
Kolmogorov−Smirnov test for benzene in these regions (p >
0.05; Figure 3 and Table S1). Notably, samples taken in the
North San Fernando and Santa Clarita Valleys were not
normally distributed and contained several very high benzene
concentrations, including the maximum benzene concentration
observed in the study�66 ppmv�which is approximately 66
times greater than the highest benzene level recorded in end-
use NG in Massachusetts (max: 1.0 ppmv, mean: 0.17
ppmv).24

Benzene and BTEX by Gas Company. We compared the
chemical composition of NG across all three major gas utility
territories in California: PG&E, SoCalGas, and SDG&E
(Figures 1, 3, S2, and S3 and Table S3). Total BTEX content
differed significantly by gas company (Kruskal Wallace: x2 =
25.5, p < 0.0001, n = 3), driven in part by the significantly
lower BTEX observed in the SDG&E territory compared to
PG&E (p < 0.0001) and SoCalGas (p < 0.0001) territories
(Wilcoxon Rank Sum Test). Samples taken in SoCalGas
service areas showed the highest variability and the highest
overall concentrations�over 22% of samples in SoCalGas
were above the maximum benzene concentrations of 3.8 ppmv
from PG&E and 3.5 ppmv from SDG&E. Differences in
benzene and BTEX concentrations between SoCalGas and
SDG&E were particularly unexpected, given that SDG&E is a
wholesale customer of SoCalGas and purchases NG directly
from SoCalGas for distribution.54,55 Further, both utilities
reported sourcing NG from similar distribution pipeline
systems and underground NG storage facilities (Note S2 and
Figure S4), with the majority of gas originating from either the
El Paso Pipelines sourced from basins in the Southwestern
United States (i.e., the San Juan, Permian, or Anadarko Basins)
or the Kern River Pipeline that sources NG from the Rocky
Mountain Basin.56 A fraction of gas comes from “California
Sources,” but we did not find publicly available data that

specifies the exact source within the state (Figure S4). While
BTEX concentrations did not significantly differ between
SoCalGas and PG&E (p = 0.12), the vast majority of NG
distributed by PG&E comes from Gas Transmission North-
western pipeline, which sources NG from Western Canada,56

indicating that while NG distributed by PG&E and SoCalGas
is likely sourced from different basins, their C6+ content
(NMVOCs with six or more carbons) was not significantly
different.
Regional Benzene and BTEX Concentrations. Regional

differences in BTEX concentrations (Kruskal Wallace: x2 =
46.7, p < 0.0001, n = 7) were more pronounced than our
observed differences by gas company. We observed exception-
ally high NMVOCs collected in the North San Fernando and
Santa Clarita Valleys (near the Aliso Canyon underground NG
storage facility) and therefore analyzed these samples
independently from the remainder of the samples in the
Greater Los Angeles region. Notably, the 14 samples collected
in this region�including 8 unique sites and 5 repeated
samples in different months�exhibited some of the highest
benzene and BTEX content observed throughout the entire
study, with an overall mean benzene of 12 ppmv and a mean
BTEX of 25 ppmv. We observed the maximum benzene
concentration in the study (66 ppmv) in this region. The
remaining samples collected in the Greater Los Angeles region
had the most variability of the remaining regions, with a BTEX
95% CI of 7.5−24 ppmv, compared to the next highest BTEX
95% CI of 4.7−5.4 ppmv for the San Francisco Bay Area.
Sacramento and Fresno had mean BTEX concentrations of 5.7
and 4.7 ppmv, respectively (Table S3). San Diego had
relatively low BTEX concentrations compared to the other
regions. Both Fresno and Bakersfield are located in the Central
Valley but are serviced by different gas companies (PG&E and
SoCalGas, respectively). This could partially account for their
significantly lower BTEX content; however, these two areas
represented the lowest sample counts with 12 and nine,
respectively, and therefore required additional sampling to
verify observed differences.

Overall, NMVOC and HAP concentrations reported in this
study agree with the limited available data on NMVOC and
HAP content observed in the midstream NG sector, including
NG flowing through transmission pipelines, suggesting that the
NG undergoes little additional processing.25 For example, a
study of HAPs present in transmission NG throughout the
United States noted a mean benzene value of 5.9 ppmv (σ:
±6.0 ppmv), suggesting the composition of NG in trans-
mission pipelines may not differ substantially from that of
distribution gas at the point of end use.25,57 Additionally, three
preexisting NG composition samples associated with the Aliso
Canyon underground NG storage facility (near Porter Ranch,
CA) reported mol % benzene ranging from 0.0003−0.001 (3−
10 ppmv),58 which falls within the 25th−75th quartiles
observed in samples in the North San Fernando and Santa
Clarita Valleys from this study (1.8−20 ppmv).

While determining potential explanatory factors of trace gas
variability was beyond the scope of this study, trace gas
variability observed indicates that California’s NG supply chain
is complex and likely reflects the multiple hydrocarbon sources
both from in-state production and imports in addition to the
variability of the efficacy of NG processing systems that
support end-use consumption. This is further evidenced by the
five samples in the North San Fernando/Santa Clarita Valleys,
where we sampled during different seasons. On average, the

Figure 2. Summary of the top 10 non-methane volatile organic
compounds (NMVOCs) detected in residential NG. Percent of values
above the level of detection are listed on the right side of the figure.
Note: the x-axis is a “pseudo-log” scale, which smoothly transitions to
a linear scale around zero.
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concentration of benzene in samples taken in the fall was 56%
lower than samples taken in the winter/spring at the same
location. Michanowicz also observed increased NMVOC
concentrations during the winter heating season, suggesting
that seasonal variability may be predictable and caused by
source switching and/or influences from ambient temper-
ature.24

Regional and Statewide Benzene and BTEX Emission
Estimates. Assuming that the NMVOC content in unburned
NG observed in our study is representative of California’s
transmission and distribution segments of the supply chain, we
estimated annual statewide benzene and BTEX emissions using
NG methane emission estimates of indoor appliances by
Fischer et al.26 and Lebel et al.28 Our study suggests that there
is an estimated 310 (95% CI: 140−980) kg benzene yr−1

emitted statewide from whole-house residential leaks, with an
estimated 63 (95% CI: 32−150) kg benzene yr−1 emitted from
gas stove steady-state-off leakage alone. For comparison, the
2017 NEI estimates benzene emissions from residential NG
combustion (not unburned leakage) in California to be 381 kg
benzene yr−1.59 Adding together benzene from combustion
and our estimate of benzene from unburned leaks, our results
imply that the California residential sector emits an estimated

690 kg benzene yr−1 from NG combustion and leakage. This
suggests that the current emissions inventory underestimates
benzene emissions for the residential sector by approximately
44%.This suggests that our estimate increases the existing
inventory for benzene emissions from the residential sector by
approximately 81%.

Using transmission and distribution methane estimates from
Jeong et al.,41 the results of our study indicate that an
estimated 4,200 (95% CI: 1,800−9,700) kg benzene yr−1 is
emitted from leaks in NG distribution and transmission
systems across California (Table 1).41 For context, this is a
similar amount of benzene as emitted by 58,800 cars
annually.59,60 It is also equal to nearly half of the estimated
benzene emissions (∼47%) from all on-road diesel light-duty
vehicles in California and would rank 24th out of 49 categories
of California’s benzene emissions tracked by the U.S. National
Emissions Inventory (NEI).59

Given that statewide variability in BTEX concentrations is
largely driven by the Greater Los Angeles Area, we also
estimated regional benzene and BTEX emissions using
regional NG emission estimates by Jeong et al.,42 He et al.,43

and SoCalGas44 where available (Table 1). We estimated that
8.8 (95% CI: 4.5−19) kg benzene yr−1 is emitted from

Figure 3. Concentrations of benzene and BTEX (sum of benzene, ethylbenzene, toluene, m,p-xylene, o-xylene) detected in residential NG by gas
company and by location. Note that samples by location (C and D) are color-coded based on their respective gas company (A and B). Some
samples collected in the North San Fernando and Santa Clarita Valleys (NSFV/SCV) had exceptionally high concentrations of BTEX in the gas;
therefore, we analyzed these samples as a separate region from the remainder of the samples taken in the Greater Los Angeles region. No samples
from the NSFV/SCV were included in the Greater Los Angeles region. Note: x-axis are a “pseudo-log” scale, which smoothly transitions to a linear
scale around zero.
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SoCalGas distribution pipelines in the North San Fernando
and Santa Clarita Valleys alone, where BTEX concentrations
were the highest observed (Table S4). These estimates assume
that the composition of NG for all sources is relatively stable
and do not account for NMVOCs that may be produced or
destroyed during the combustion process.61−63

While previous studies have estimated HAP emissions from
NG production and development and their implications on air
quality,6,64−67 to our knowledge, HAP emissions from leaking

downstream infrastructure and NG appliances are rarely
measured and are not included in current inventories. Our
regional estimates of benzene emissions in the San Francisco
Bay Area (Table 1) are similar to what Michanowicz et al.24

estimated in the Greater Boston Area (120−356 kg benzene
yr−1) but are 3−5 times higher in the Greater Los Angeles
region.24 Moreover, these inferred NMVOC emissions have
likely been misclassified or unaccounted for as sources of

Table 1. California Statewide and Regional Benzene and BTEX Emission Estimates Based on NG Methane Emissions from
Previous Studiesa,b,c

study region sector
methane emissions
(Gg/yr) (95% CI)

implied benzene
emissions (kg/yr) (95%

CI)
implied BTEX emissions

(kg/yr) (95% CI)

Jeong et al.55 Statewide NG transmission and distribution
emissions

317 (179−455) 4,200 (1,800−9,700) 11,000 (5,200−26,000),
500 (5,200−25,900)

Fischer et
al.25

Statewide residential appliances steady-state
operation/combustion

13.3 (6.6−37.1) 170 (67−790) 480 (192−2,100)

Statewide residential whole-house quiescent leaks
(i.e., pilot lights, pipes, etc.)

23.4 (13.7−45.6) 310 (140−980) 850 (400−2,600)

Statewide residential whole-house total emissions 35.7 (21.7−64.0) 470 (220−1,400) 1,300 (630−3,600)
Lebel et al.27 Statewide residential NG stove steady-state-off leaks 4.8 (3.1−7.0)d 63 (32−150) 170 (90−400)
Jeong et al.56 San Francisco Bay Area whole-region emissions (primarily

attributable to distribution)
(23−38)e (180−370) (590−1,200)

He et al.
201957

Greater Los Angeles whole-region emissions based on
residential and commercial NG
consumption

72.8 (67.6−78.0)f 850 (590−1,100) 2,200 (1,600−3,000)

SoCalGas58 North San Fernando/
Santa Clarita Valleys

utility distribution emissions 0.15g 8.8 (4.5−19) 20 (9.5−50)

aBTEX emissions are calculated by summing the emissions of the individual compounds�benzene, toluene, ethylbenzene, and all xylenes. b95%
confidence intervals are calculated by scaling the upper and lower values of the methane estimate from the reported study and the confidence
interval of the concentration of the compound from this study. cRegional estimates were calculated using regional concentrations of compounds
from this study. dBased on mean steady-state-off stove emissions of 57.9 (36.3−84; 95% CI) mg CH4 hr−1. eBased on the assumption that NG
distribution emissions are proportional to consumption. Represents a leakage rate of 0.3−0.5%. fBased on residential and commercial NG
consumption in the South Coast Air Basin in 2020 and a leakage rate of 1.4 ± 0.1%. gDistribution pipeline emissions in 2020 for zip codes within
an ∼5 mile radius of Porter Ranch.

Figure 4. Kitchen indoor air benzene concentration estimates from steady-state-off CONTAM model simulations. Results are for two scenarios of
ventilation: ASHRAE standard mechanical ventilation of 0.35 air changes per hour (ACH) and natural ventilation (0.05 to 0.11 ACH). The vertical
dashed line shows the" California Environmental Protection Agency Office of Environmental Health Hazard Assessment (OEHHA) 8-h and
chronic Reference Exposure Level (REL) for benzene (3 μg m−3; 0.94 ppb). Median and 95th percentile methane emissions from gas stoves while
off (24 and 282 mg hr−1, respectively) are taken from Lebel et al.28 Median and 95th percentile benzene concentrations are taken from this study
(Figure 3C,D and Table S3). Building types are shown by various shapes and also have different-sized kitchens ranging from 29−33 m3.
Apartments 1 and 2 are the same except that Apartment 1 is on the ground floor and Apartment 2 is on the upper floor. Note: Greater Los Angeles
does not include samples from the North San Fernando/Santa Clarita Valleys (NSFV/SCV).
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secondary formation of ozone and PM2.5, particularly in
nonattainment areas.
Modeled Benzene Kitchen Concentrations. Most

model simulations�including all median value simulations�
did not result in ambient benzene concentrations attributable
to emissions of NG from gas stoves that are off above the
California Environmental Protection Agency Office of
Environmental Health Hazard Assessment (OEHHA) 8-h
REL of 0.94 ppbv (also equal to the chronic REL). However,
we found that certain parameter combinations have the
potential to lead to exceedances of the OEHHA benzene
REL from gas stoves while off (Figure 4).37 Modeled indoor
ambient benzene concentrations ranged from 38−126% of the
8-h REL in the Greater Los Angeles region and reached over
700% the REL in the North San Fernando/Santa Clarita
Valleys. Notably, all 95th percentile model runs for the NSFV/
SCV region resulted in REL exceedances irrespective of
ventilation or building type or other indoor sources of benzene.
These exceedances produce indoor concentrations of benzene
similar to concentrations to environmental tobacco smoke (i.e.,
secondhand smoke).68,69

Based on model results, an elevated leakage rate of benzene
and a low ventilation rate are both requisite for indoor
concentrations to exceed the OEHHA 8-h REL for benzene.
Using multiple linear regression, we found that the benzene
emission rate (benzene concentration times methane flow
rate) was the most important factor for determining the
kitchen benzene concentration (p < 0.0001), followed by the
air changes per hour (p < 0.0001)�a measure of the air
tightness of the space. Interestingly, building size had an
insignificant effect on benzene concentration (p = 0.19),
possibly due to a small number of modeled home sizes.
Modeled air changes per hour (ACH) for the natural
ventilation simulations ranged from 0.11 for the single-family
home to 0.05 for apartments, which has been verified
empirically elsewhere (See the Supporting Information for
more details).70

There are several reasons our estimates of indoor
concentrations of benzene could underestimate true concen-
trations indoors. First, our calculations were exclusively
focused on the contribution of benzene from NG leakage
from gas stoves while off and do not include leakage from gas
stoves during combustion or incomplete combustion,62 other
gas appliances (including but not limited to quiescent leakage
from other appliances, see Table 1), gas pipes in residence, or
other non-NG benzene sources. Second, we included a
background ambient benzene concentration of 0.174 ppb for
all model runs�the average outdoor ambient concentration in
California in 2019.71 This background benzene concentration
may be a conservative measure particularly for some outdoor
regions within our study area, and indoor VOCs are generally
higher than outdoors to begin with. For example, the South
Coast Air Quality Management District (SCAQMD) notes a
background outdoor benzene concentration of 0.25 ppb.72 We
designed our modeling to identify a possible hazard (gas stoves
while off only) and recognize that our parameters could lead to
underestimating indoor benzene concentrations.
Future Research Directions. Our sampling effort was

designed to capture geographic variability rather than temporal
variability. While several of our samples were collected in
different seasons, our study did not systematically investigate
seasonal variability and its associated impacts (e.g., NG
demand, withdrawal from underground NG storage facilities,

etc.) on concentrations of NMVOCs in distribution gas.
Future work could investigate temporal trends in California in
greater depth, as temporal variability was evident in Boston.24

Additionally, while we can infer the various high-volume
transmission lines supplying NG regionally in California, we
were unable to ultimately source NMVOC composition by
upstream source or any potential modifying factors. The highly
elevated NMVOC concentrations in distribution NG in the
North San Fernando/Santa Clarita Valleys warrant further
study to better understand factors contributing to these high
concentrations.

Our CONTAM modeling only included emissions of
unburned NG leaking from one source: stoves while off.
Future work should consider air quality impacts and human
health risks of exposure to multiple HAPs and other air
pollutants (beyond benzene), emissions of unburned NG from
appliances beyond stoves, and indoor emissions from burning
NG to build a more complete picture of the potential indoor
air quality and health impacts of household NG usage.
Additionally, fugitive VOCs from downstream NG systems
are likely an under-appreciated contributor to the secondary
formation of PM2.5 and ozone�contributing to outdoor air
pollution�and should be studied further. As transportation
and industry-related VOC emissions continue to decline in
urban areas, NG-sourced VOCs may increase in their relative
importance as PM2.5 and ozone precursors.
Policy Implications. While there has been substantial

research on the health cobenefits of greenhouse gas emission-
reduction strategies in transportation, electricity generation,
buildings, and industry that has helped inform policy, there is
limited research on the health benefits of policies that reduce
NG emissions and coemitted air pollutants. This is particularly
true in urban areas with many emission sources and in indoor
environments where people may be much more frequently
exposed to NG-related emissions at higher concentrations.
Thus, our study adds to the body of literature that suggests
that downstream NG emissions are an unaccounted-for source
of both indoor and outdoor emissions of NMVOCs and HAPs.
California is already starting to take action to reduce urban
pollution from NG: in September 2022, California air
regulators approved a commitment to phasing out the sale of
NG-fired furnaces and water heaters by 2030. The state has
also moved to phase out subsidies for connecting new homes
to the NG system, and is considering ending rebates for gas
appliances to incentivize the transition to electric alter-
natives.73,74

In August 2021, the California Energy Commission adopted
its 2022 Building Energy Efficiency Standards, which, in part,
included differentiated demand-controlled ventilation require-
ments for electric stoves vs NG-fired stoves.75 While this could
lead to important improvements in indoor air quality related to
combustion-related pollutants (e.g., NOx, PM2.5, CO2), this
ventilation requirement likely does not impact indoor air
quality associated with fugitive, steady-state-off cooking
appliance NG emissions�the source-exposure pathway
characterized and modeled in this study.

While operating a continuous HVAC system would address
nontransitory exposures, it is both cost- and energy-intensive,
and retrofitting existing built environments like apartment
complexes may not be feasible. Moreover, failing to address
indoor pollution sources (e.g., cooking) has been shown to
lead to unaccounted-for indoor air quality disbenefits following
energy efficiency weatherization such as building sealing.76 Our
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study suggests that weatherization and building efficiency
measures should be coupled with residential and other building
electrification measures to support multiple health, air quality,
and climate cobenefits by mitigating HAPs and methane
emissions while appliances are both off and on.77−81 In
California, the California Public Utilities Commission (CPUC)
pilot programs, TECH and BUILD, aim to reduce the use of
NG in the home and provide incentives for all-electric new
housing�with the latter program focusing on low-income
households.82,83 Given the potential air quality impacts and
associated health risks from fugitive NG emissions alone�
particularly those that may occur indoors�these electrification
programs likely entail additional and unaccounted-for health
cobenefits and associated long-term cost savings.
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