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a b s t r a c t
At gas stations, fuel vapors are released into the atmosphere from storage tanks through vent pipes. Little is
known about when releases occur, their magnitude, and their potential health consequences. Our goals were
to quantify vent pipe releases and examine exceedance of short-term exposure limits to benzene around gas stations. At two US gas stations, we measured volumetric vent pipe ﬂow rates and pressure in the storage tank headspace at high temporal resolution for approximately three weeks. Based on the measured vent emission and
meteorological data, we performed air dispersion modeling to obtain hourly atmospheric benzene levels. For
the two gas stations, average vent emission factors were 0.17 and 0.21 kg of gasoline per 1000 L dispensed.
Modeling suggests that at one gas station, a 1-hour Reference Exposure Level (REL) for benzene for the general
population (8 ppb) was exceeded only closer than 50 m from the station's center. At the other gas station, the
REL was exceeded on two different days and up to 160 m from the center, likely due to non-compliant bulk
fuel deliveries. A minimum risk level for intermediate duration (N14–364 days) benzene exposure (6 ppb) was
exceeded at the elevation of the vent pipe opening up to 7 and 8 m from the two gas stations. Recorded vent
emission factors were N10 times higher than estimates used to derive setback distances for gas stations. Setback
distances should be revisited to address temporal variability and pollution controls in vent emissions.
© 2018 Elsevier B.V. All rights reserved.
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1. Introduction
In the US, approximately 143 billion gal (541 billion L) of gasoline
were dispensed in 2016 at gas stations (EIA, 2017) resulting in release
of unburned fuel to the environment in the form of vapor or liquid
(Hilpert et al., 2015). This is a public health concern, as unburned fuel
chemicals such as benzene, toluene, ethyl-benzene, and xylenes
(BTEX) are harmful to humans (ATSDR, 2004). Benzene is of special
concern because it is causally associated with different types of cancer
(IARC, 2012). Truck drivers delivering gasoline and workers dispensing
fuel have among the highest exposures to fuel releases (IARC, 2012).
However, people living near or working in retail at gas stations, and children in schools and on playgrounds can also be exposed, with distance
to the gas stations signiﬁcantly affecting exposure levels (Terres et al.,
2010; Jo & Oh, 2001; Jo & Moon, 1999; Hajizadeh et al., 2018). A metaanalysis (Infante, 2017) of three case-control studies (Steffen et al.,
2004; Brosselin et al., 2009; Harrison et al., 1999) suggests that childhood leukemia is associated with residential proximity to gas stations.
Sources of unburned fuel releases at gas stations include leaks from
storage tanks, accidental spills from the nozzles of gas dispensers
(Hilpert & Breysse, 2014; Adria-Mora & Hilpert, 2017; Morgester et al.,
1992), fugitive vapor emissions through leaky pipes and ﬁttings, vehicle
tank vapor releases when refueling, and leaky hoses, all of which can
contribute to subsurface and air pollution (Hilpert et al., 2015). Routine
fuel releases also occur through vent pipes of fuel storage tanks but are
less noticeable because the pipes are typically tall, e.g., 4 m. These vent
pipes are put in place to equilibrate pressures in the tanks and can be located as close as a few meters from residential buildings in dense urban
settings (Fig. 1).
Unburned fuel can be released from storage tanks into the environment through “working” and “breathing” losses (Yerushalmi & Rastan,
2014). A working loss occurs when liquid is pumped into or out of a
tank. For a storage tank, this can happen when it is reﬁlled from a tanker
truck or when fuel is dispensed to refuel vehicles (Statistics Canada,
2009) if the pressure in the storage tank exceeds the relief pressure of
the pressure/vacuum (P/V) valve (EPA, 2008). P/V valve threshold pressures are typically set to around +3 and −8 in. of water column (iwc)
(7.5 and −20 hPa). However, P/V valves are not always used, particularly in cold climates, as valves may fail under cold weather conditions
(Statistics Canada, 2009).
Breathing losses occur when no liquid is pumped into or out of a
tank because of vapor expansion and contraction due to temperature
and barometric pressure changes or because pressure in the storage

tank may increase when fuel in the tank evaporates (Yerushalmi &
Rastan, 2014; EPA, 2008). Although delayed or redirected by the P/V
valve, breathing emissions can be signiﬁcant and represent an environmental and health concern (Yerushalmi & Rastan, 2014).
Stage I vapor recovery systems, put in place to prevent working
losses while delivering fuel to a station, collect the vapors displaced
while loading a storage tank, redirecting them into the delivery truck.
Stage II vapor recovery systems minimize working losses while delivering gas from the storage tank to the customer's car. During Stage II vapor
recovery, gasoline vapors can be released through the vent pipe, if the
sum of the ﬂow rates of the returned volume and of the fuel evaporating
within the storage tank is greater than the volume of liquid gasoline dispensed (Statistics Canada, 2009). We refer to this scenario as pressure
while dispensing (PWD). In theory, a properly designed Stage II vapor
recovery system should not have working losses, although in practice
this is not typically the case (McEntire, 2000).
Regulations on setback distances for gas stations are based on lifetime cancer risk estimates. Several studies have assessed benzene cancer risk near gas stations (Atabi & Mirzahosseini, 2013; Correa et al.,
2012; Cruz et al., 2007; Edokpolo et al., 2015; Edokpolo et al., 2014;
Karakitsios et al., 2007). Based on cancer risk estimations, the California
Air Resources Board (CARB) recommended that schools, day cares, and
other sensitive land uses should not be located within 300 ft. (91 m) of a
large gas station (deﬁned as a facility with an annual sales volume of
3.6 million gal = 13.6 million L or greater) (CalEPA/CARB, 2005). This
CARB recommendation has not been adopted by all US states, and
within states setback distances can depend on local government. Notably, CARB regulations do not account for short term exposure limits and
health effects. An important limitation of existing regulations is the use
of average gasoline emission rates estimated in the 90s that do not consider excursions (CAPCOA, 1997).
The main objective of this study is to evaluate fuel vapor releases
through vent pipes of storage tanks at gas stations based on vent emission measurements conducted at two gas stations in the US in 2009 and
2015, including the characterization of excursions at a high temporal
resolution (~minutes) and meteorological conditions at an hourly temporal resolution. In addition, we performed hourly simulations of atmospheric transport of emitted fuel vapors to inform regulations on
setback distances between gas stations and adjacent sensitive land
uses by comparing modeled benzene concentrations to four 60-min
benzene exposure limits: an acute Reference Exposure Level (REL) for
infrequent (once per month or less) exposure (WHO, 2010) and
Emergency Response Planning Guidelines ERPG-1, ERPG-2 and ERPG3 (AIHA, 2016). Finally we compared simulated benzene levels to a Minimal Risk Level (MRL) for benzene for intermediate exposure duration
(14 to 364 days) (ATSDR, 2018) because that duration window includes
our duration of data collection. See Table 1 for the various benzene exposure limits and issuing agencies.
2. Methods
Although we provide SI unit conversions, we report some measures
in English engineering units (ft, gal, and lb) as regulatory agencies such
as CARB use these units.
2.1. Sites

Fig. 1. The three vent pipes (enclosed by the red ellipse) on the right side of the
convenience store of a gas station are b10 m away from the residential building. (For
interpretation of the references to color in this ﬁgure legend, the reader is referred to
the web version of this article.)

Data for this study were obtained from vent release measurements
conducted at two gas stations as part of technical assistance to the gas
stations to quantify fuel vapor losses through the vent pipes of their
storage tanks. A motivation for conducting the measurements was to
perform a cost-beneﬁt analysis to compare the economic losses due to
the lost fuel versus the cost of technologies that reduce the emissions.
The exact location of the two gas stations is not revealed for conﬁdentiality reasons. The gas station managers and staff who authorized the
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Table 1
Benzene exposure limits, to which we compared simulation results. For unit conversion, we assumed a temperature of 25 °C, i.e., 1 ppm = 3194 μg/m3 (CAPCOA, 1997).
Agency

Name

Value (ppb)

Value (μg/m3)

Exposure duration

California Ofﬁce of Environmental Health Hazard Assessment (OEHHA)
American Industrial Hygiene Association (AIHA)
AIHA
AIHA
Agency for Toxic Substances and Disease Registry (ATSDR)

REL
ERPG-1
ERPG-2
ERPG-3
MRL

8
50
150
1000
6

26
159,700
479,100
3,194,000
19

1h
1h
1h
1h
14 to 364 days

ERPG = Emergency Response Planning Guidelines. The primary focus of ERPGs is to provide guidelines for short-term exposures to airborne concentrations of acutely toxic, high-priority
chemicals.

collection and analysis of these data have not been involved in the current manuscript.
The ﬁrst gas station, “GS-MW,” was located in the US Midwest and is
a 24-hour operation. The study was conducted from December 2014 to
January 2015 for 20 full days, and fuel sales V_ sales were about 450,000 gal

(1.7 million L) per month. Fuel deliveries to the gas station usually took
place during the nighttime. The second gas station, “GS-NW,” was located on the US Northwest coast and closed at night. Hours of operation
were between 6:00 am and 9:30 pm on weekdays and between 7 am
and 7 pm on weekends. That study was conducted in October 2009
for 18 full days, and fuel sales were V_ sales ~700,000 gal (2.6 million L)

per month.
Both gas stations are considered to be high-volume, because they
dispense N3.6 million gal of gasoline (both regular and premium) per
year (CalEPA/CARB, 2005), and fuel was stored in underground storage
tanks (USTs), which is typical in the US. Both gas stations had Stage II
vapor recovery installed using the vacuum-assist method. In that
method, gasoline vapors, which would be ejected into the atmosphere
as a working loss during refueling of customer vehicle tanks, are collected at the vehicle/nozzle interface by a vacuum pump. The recovered
vapors are then directed via a coaxial hose back into the combined storage tank ullage (head space) of the gas station. Stage I vapor recovery
was also used at both gas stations during fuel deliveries. Both sites had
a 3-inch diameter (7.5 cm) single above-grade vent pipe with belowgrade manifold that connected the vent lines from several USTs; the
cracking pressures of the P/V valves were set to +3 and −8 iwc (+7.5
and −20 hPa).
2.2. Vent emission measurements

To quantify evaporative fuel releases through the vent pipe of a storage tank, the volumetric ﬂow of the mixture of gasoline vapor and air
was measured in the vent pipe. A dry gas diaphragm ﬂow meter
(American Meter Company, Model AC-250) was used. For each cubic
foot (28 L) of gas ﬂowing through the meter, a digital pulse was generated. Every minute, the number of pulses was read out and stored together with date and time on a data logger. Gas ﬂow meters were
obtained from a distributor calibrated and equipped with temperature
compensation and a pulse meter.
To determine the time-dependent volumetric ﬂow rate Q(t) of the
gasoline vapor/air mixture through the vent pipe, the time series of
measured ﬂow volumes were integrated over an averaging period (15
or 60 min) and divided by the duration of that period. I.e., Q(t) is
given by the number of pulses registered by the gas ﬂow meter in a
time window multiplied by 1 cubic foot and divided by the averaging
time. The 15-minute averaging time was chosen to visualize timedependent data, while the 60-minute averaging time was chosen because air pollution simulations were performed at that resolution.
Gas pressure p in the ullage of the storage tank was measured to assess vent emission patterns. For instance, releases can occur when the
pressure exceeds the cracking pressure of the P/V valve in the vent
pipe (the dry gas ﬂow meter was ﬁtted with a P/V valve on the outlet).
Pressure was measured with a differential pressure sensor (Cerabar
PMC 41, Endress + Hauser) every 4 s, and 2-minute average values

were stored. The sensor range was scaled from −15 to +15 iwc (−37
to +37 hPa), with a full scale accuracy of 0.20%. We also obtained 15and 60-minute averaged tank pressure data p(t) where averages represent the means of the 2-minute average pressure measurements taken
during each time window.
2.3. Descriptive analysis
For the 60-minute ﬂow rate, we calculated medians and inter quartile ranges (IQRs). To illustrate diurnal ﬂuctuations in vapor emissions,
we created box plots for the 60-minute ﬂow rate distribution that occurred during each hour of the day. Spearman correlation coefﬁcients
between the time series for pressure and ﬂow rate were calculated to
evaluate whether pressure can be used to infer vent emissions.
_ gas that is released
To estimate the mass ﬂow rate of gasoline m
through the vent pipe in the form of a mixture of gasoline vapors and
fresh air, we assumed, following the protocol of a study by the California
Air Pollution Control Ofﬁcers Association (CAPCOA) that assessed risks
from fuel emissions from gas station (Appendix D-2 (CAPCOA, 1997)),
that the density of gasoline vapors in this mixture is given by ρgas(v) =
0.3 × 65 lb / 379 ft3 = 0.824 kg/m3, i.e., the molar percentages of gasoline and air were 30% and 70%, respectively. Then the volumetric ﬂow
rate Q can be converted into a mass ﬂow rate of the vaporized gasoline:
vÞ
_ gas ¼ ρðgas
m
Q

ð1Þ

To arrive at vent emission factors, we ﬁrst calculated the mean volu_ gas ¼ ρðvÞ
metric ﬂow rate Q , and then the mean mass ﬂow rate m
gas Q .
From the latter, one can calculate the vent emission factor
_ gas =V_ sales
EFvent ¼ m

ð2Þ

For EFvent, CARB uses units of pounds of emitted gasoline vapors (also
called total organic gases (TOG)) per 1000 gal dispensed, or more brieﬂy
lb/kgal where kgal stands for kilogallons.
As we were not able to measure benzene levels in the tank ullage, we
assumed like the CAPCOA study (Section C) that the density of the mixture of gasoline vapors and fresh air was ρmix(v) =1.05 lb/ft3 =
1.682 kg/m3 and that the emitted gasoline vapor/air mixture contained
0.3% of benzene by weight (CAPCOA, 1997). Therefore, the mass ﬂow
rate of benzene through the vent pipe was estimated as follows:
vÞ
_ benz ¼ 0:003 ρðmix
m
Q

ð3Þ

2.4. Air pollution modeling
We used the AERMOD Modeling System developed by the US Environmental Protection Agency (EPA) to model the dispersion of benzene
vapors released into the environment through vent pipes of fuel storage
tanks and from other sources (Cimorelli et al., 2005). AERMOD simulates atmospheric pollutant transport at a 1-hour temporal resolution.
3D polar grids were created with the gas station in the origin and potential receptors at different radial distances (up to 170 m) and angles (10°
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increments). The grids were placed at the ground level (z = 0 m), in the
breathing zone (z = 2 m), and at the 2nd ﬂoor level (z = 4 m) where
the vent pipe emissions were assumed to occur. The topography was
simpliﬁed for modeling purposes consistent with the CAPCOA study
(CAPCOA, 1997), i.e., the terrain was assumed to be ﬂat with no buildings present. Vent pipe emissions were modeled as a capped point
source. Chemical reactions of benzene were not modeled, as residence
times of atmospheric benzene are on the order of hours or even days
(ATSDR, 2007), i.e. much longer than the travel time of benzene vapors
across the 340-m diameter model domain.
For the period of time when vent emission measurements were
made, we obtained meteorological data at a 1-hour temporal resolution
that are representative for the geographic locations of the two gas stations. Table SI-1 provides descriptive statistics of that data. The time series were used in AERMOD to model the transport of benzene in the
temporally varying turbulent atmosphere. We also used the 1-hour average time series of benzene emission rates (Eq. (3)) as an input into
AERMOD.
To evaluate at each grid point whether OEHHA's acute REL or AIHA's
ERPG levels were exceeded at least once, we determined maximum 1hour average benzene concentrations that were simulated for about
three weeks. To evaluate how often the OEHHA REL was exceeded at
each grid point in the breathing zone, we created plots indicating the
number of exceedances and the day when the maximum benzene
level was observed.
To facilitate comparison to published benzene measurements
around gas stations, we determined for each simulated radial distance
from a gas station the mean of the average concentrations simulated
for each ten degree increment on the radius around the gas station.
3. Results: vent releases
3.1. Times series of tank pressure and ﬂow rate
Fig. 2 shows the time-series data for the volumetric ﬂow rate Q of the
gasoline vapor/air mixture through the vent pipe and tank pressure p
that we collected at the two gas stations. At GS-MW, little vapor was
typically released in the late night and in the very early morning,
while releases were generally much higher during the daytime and evenings, presumably when more fuel was dispensed (Fig. 2a). Occasionally, no vapor releases occurred for several hours. While we do not
have access to time of fuel delivery records, ﬁeld visits indicate that
time periods with no releases coincide with fuel deliveries. For instance,
fuel delivery likely occurred on January 6 at 7 pm (see Fig. 3a; an ampliﬁcation of data shown in Fig. 2a). As a result, the UST pressure dropped
by about 10 hPa, far below the cracking pressure of the P/V valve. The
decreased gas pressure in the ullage increased until the cracking pressure of the P/V valve was reached. A very small vapor release
(~2 L/min) was observed brieﬂy on the next day at 2 am. The vapor
ﬂow rate becomes relatively large again, ~12 L/min, only after 6 am,
i.e., 11 h after fuel delivery.
Fig. 3b ampliﬁes a major vapor release at GS-MW. The UST pressure
signiﬁcantly exceeded the cracking pressure of the P/V valve and rose
rapidly up to 37 hPa, which coincides with vapors being released at a
high ﬂow rate (15-min average) of about 470 L/min.
At GS-NW, vapor releases followed a quite different pattern (Fig. 2b).
Contrary to GS-MW, vapor releases occurred in a cyclical pattern, and
tended to be higher in the late night and in the very early morning
when the gas station was closed.
3.2. Statistics of vapor emissions
The average volumetric ﬂow rate Q through the vent pipe for the entire period of time during which measurements were taken was Q =
7.9 L/min for GS-MW and Q = 15.4 L/min for GS-NW, which is

consistent with the higher sales volume V_ sales of GS-NW. These emissions consist of a mixture of gasoline vapors and air. Using Eq. (1), the
volumetric ﬂow rates were converted into average mass ﬂow rates of
_ gas = 0.39 kg/h for GS-MW and m
_ gas = 0.76 kg/h for GSgasoline: m
NW. Using Eq. (2), we determined a vent emission factor EFvent=
0.17 kg per 1000 L = 1.4 lb/kgal for GS-MW and EFvent=
0.21 kg per 1000 L = 1.7 lb/kgal for GS-NW.
The medians (IQRs) for the 60-minute averaged ﬂow rate Q (L/min)
were 6.1 (1.9, 10.9) for GS-MW and 16.0 (12.7, 18.4) for GS-NW. For GSMW, the mean is larger than the median, indicating a more skewed distribution of ﬂow rates when compared to GS-NW. Also the ﬁrst quartile
is much lower than the median for GS-MW, indicating that there are periods of time during which little emissions occurred. Conversely, GSNW was releasing emissions more consistently.
Fig. 4a shows boxplots illustrating the distribution of ﬂow rate Q for
each hour of the day at GS-MW. Less vapor was released between 10 pm
and 4 am, even though the gas station was in operation, albeit at lower
activity levels. The ﬂow rate Q at GS-NW (Fig. 4b) had fewer outliers,
and the highest outlier was an order of magnitude lower than the
highest one at GS-MW. Emissions were highest between 1 and 3 am,
when the gas station was closed.
The Spearman correlation coefﬁcients between tank pressure p and
vent ﬂow rate Q were r = 0.58 for GS-MW and r = 0.85 for GS-NW.
Thus, vent releases are moderately and strongly correlated with tank
pressure, respectively. Table 2 summarizes statistical properties of
vent emissions at the two gas stations.
4. Results: air pollution modeling
4.1. Emission sources and rates
Vent pipe emissions of benzene were modeled at a 1-hour temporal
resolution as described in Section 2.4. However, they are not the sole
source of gasoline emissions at gas stations. Accidental spills from nozzles regularly occur near the dispensers, “refueling losses” can occur
when gasoline vapors are released from the vehicle tank during
refueling due to the rising liquid levels in the tanks, fuel vapors are released from permeable dispensing hoses, and “fugitive” or leakage
emissions occur with driving force derived from storage tank pressure.
In Section A of Supporting material, we detail how these other emission
sources were modeled. Table 3 summarizes estimated mean emission
rates. Note that the vent pipe losses are much greater than other losses.
4.2. Predicted benzene levels
Fig. 5 shows for both gas stations and at each grid point the maximum 1-hour average benzene concentration observed during the simulated periods in time. Benzene levels depend signiﬁcantly on elevation
within a 50-meter radius around the centers of the gas stations. Close
to the centers of the gas stations, benzene levels are higher at the 4-m
elevation and at ground level due to vent pipe emissions, which represent the largest emission source (Table 3). Further than 50 m away
from the center, the vertical concentration differences become less obvious due to dispersion causing vertical mixing of benzene vapors.
At GS-MW, the 1-hour acute REL of 26 μg/m 3 was exceeded
160 m away from the center of the gas station, at the location
(x = 158 m, y = 28 m) both at ground level and in the breathing
zone. At grid points with a distance N50 m from the center of the
gas station, the REL was exceeded at most once (Fig. SI-1a). However, the exceedance at different grid points did not occur on the
same day (Fig. SI-1b). Within the 20 days during the measurement campaign, exceedances occurred on the 4th and 13th of
January.
At GS-NW, the furthest REL exceedance occurred at 50 m from the
center of the gas station at the grid point (x = −38 m, y = 32 m) as
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Fig. 2. Time series of ullage pressure p (left ordinate) and volumetric ﬂow rate Q (right ordinate) for (a) GS-MW and (b) GS-NW. Horizontal tick marks indicate midnights. The vertical dashed and thick solid gray lines enclose weekends.
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Fig. 3. Ampliﬁcations of time series data (15-minute averages) for GS-MW. (a) Tank pressure p became negative after fuel delivery. As a result, vent emission ceased for several hours. (b) A
major vapor release (burst) likely occurred when the cracking pressure of the P/V valve was signiﬁcantly exceeded at around 9 pm during a non-compliant bulk fuel delivery.

(a)

(b)
Fig. 4. Distribution of vent emissions Q observed for each hour of the day at (a) GS-MW [insert shows the IQRs of Q] and (b) GS-NW gas stations. In (a), outliers make it difﬁcult to recognize
variations in median hourly emissions. We therefore plotted in the inset only the IQRs. Boxes indicate median and IQR, whiskers values within 1.5 the IQR, and asterisks outliers.
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Table 2
Summary of gas station characteristics and vent emissions.
GS-MW

GS-NW

Units

Sales volume V_ sales
Volumetric ﬂow rates
(of gasoline vapor/air mixture)

450,000

700,000

gal/month

MeanQ
Median (IQR) of 60-min average
Maximum of 60-min average
Vent emission factor EFvent
Mass ﬂow rates of gasoline (w/o air)
_ gas
Mean m

7.9

15.4

L/min

6.1 (1.9, 10.9)
250
1.4

16.0 (12.7, 18.4)
32.1
1.7

L/min
L/min
lb/kgal

0.39

0.76

kg/h

12.3

1.6

kg/h

0.58

0.85

–

Maximum of 60-min average
Correlation coefﬁcient
Between Q and p

shown in Fig. SI-2a. At a distance of 40 m, the REL was exceeded three
times at one grid point (260° angle), and at 35 m four times at two
grid points (250° and 260° angles) (Fig. SI-2b). At a distance of 20 m,
the REL was exceeded at 30 (out of 36) grid points, and on nine different
days.
Average benzene levels are shown in Fig. 6 for both gas stations. The
MRL is exceeded at the elevation of the vent pipe opening, z = 4 m, up
to 7 m away from for GS-MW and up to 8 m from GS-NW. Fig. 7 shows
the average benzene concentration as a function of distance at an elevation of 2 m. Close to the center, benzene levels ﬁrst increase and then
decrease.
5. Discussion
5.1. Vent emission factors
We present unique data on vent emissions from USTs at two gas stations. Emissions can be compared to vent losses assumed by CAPCOA
(CAPCOA, 1997). For a gas station with Stage I and II vapor recovery technology and a P/V valve on the vent pipe of the UST (Scenario 6B), the
CAPCOA study assumed loading losses of 0.084 and breathing losses of
0.025 lb/kgal dispensed. The total loss of gasoline through the vent pipe
is the sum of the two and amounts to a vent emission factor EFvent=
0.109 lb/kgal. Based on actual measurements in two fully functioning
US gas stations, we obtained EFvent values of 1.4 lb/kgal for GS-MW and
1.7 lb/kgal for GS-NW, more than one order of magnitude higher than
the CAPCOA estimate. While the difference between our measurements
and the CAPCOA estimates may appear surprising, it is important to consider that the CAPCOA estimates are based on relatively few measurements and some unsupported assumptions (Aerovironment, 1994),
particularly with regard to uncontrolled emissions due to equipment failures or defects (Appendix A-5 (CAPCOA, 1997)).
5.2. Pressure measurements
Tank ullage pressure p was moderately to strongly positively correlated with vent ﬂow rate Q, likely because exceedance of the cracking pressure of the P/V valve causes a vent release. Thus pressure
Table 3
_ benz for the two gas stations.
Mean benzene emission rates m
Emission source

Benzene emissions (mg/s)

Gas station

GS-MW

GS-NW

Vent pipe
Spillage
Refueling
Hose permeation

0.80
0.39
0.41
0.06

1.55
0.65
0.69
0.10

Total

1.67

2.90

measurements can be used to infer vent releases. Real-time detection of equipment failures and leaks via so-called in-station diagnostics systems is based on our observed correlations between p and Q.
5.3. Diurnal ﬂuctuations in vent emissions
Diurnal vent emissions were quite different at the two gas stations.
At GS-MW, a 24-hour operation, vent emissions were high during the
daytime, presumably due to PWD. Emissions ceased at night, likely because less gasoline was dispensed and fuel deliveries with relatively
cool product were frequent. Evaporative losses could also have been
lower at night because the cooler delivered fuel would cause slight contraction of the liquid phase with corresponding growth in the ullage volume while at the same time lowering the vapor pressure of gasoline in
the UST.
At GS-NW, vent pipe releases occurred most of the time, during the
daytime when fuel was dispensed (PWD) and at night when the gas station was closed. Vent releases were higher when the gas station was
closed, suggesting that during the day-time Stage II vapor recovery resulted in the injection of vapors into the storage tank that were not
completely equilibrated with the liquid gasoline. During night-time,
the gradual equilibration of unsaturated air in the ullage of the UST
with gasoline vapors could then have caused exceedance of the cracking
pressure of the P/V valve and consequently vapor release. It seems
counterintuitive that less nighttime emissions occurred at the gas station where fuel was dispensed. However, while fuel is being dispensed,
the outgoing liquid creates additional ullage volume, and depending on
excess air ingestion rate, a negative pressure could result that lowers
vent pipe emissions.
Dispensing fuel to customer vehicles and the associated Stage II
vapor recovery system interact with vent emissions and can even
cause vent emission during PWD, because the vacuum-assist method
can negatively interfere with Onboard Refueling Vapor Recovery
(ORVR) installed in customer vehicles (EPA, 2004). However, Stage II
vapor recovery is not obsolete. It can be used in conjunction with
ORVR to minimize exposure of gas station customers and workers to
benzene due to working losses (Cruz-Nunez et al., 2003), particularly
when customer vehicles are not equipped with ORVR (e.g., older vehicles, boats, motorcycles) or small volume gasoline containers are
refueled. Enhanced Stage II vapor recovery technology can signiﬁcantly
reduce vapor emissions both at the nozzle and from UST vent pipes
(CARB, 2013).
5.4. Fuel deliveries and accidental vent releases
Based on observations and interpretation of time series of the tank
pressure data, it is likely that the peak vent emissions (e.g., Fig. 3b)
were partly due to non-compliant bulk fuel drops where the Stage I
vapor recovery system either was not correctly hooked up by the delivery driver or to hardware problems with piping and/or valves. This
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Fig. 5. Modeled maximum benzene concentrations for GS-MW and GS-NW at three different elevations z. The x- and y-axes indicate horizontal coordinates in meters. The color indicates
benzene levels in units of μg/m3. Left column: time series of benzene emission rates were used. Right column: average benzene emission rate was used in the modeling. The white isoline
indicates OEHHA's acute REL of 26 μg/m3 = 8 ppb.

conjecture is consistent with typical US storage tank volumes (~10,000
to 30,000 gal). Assuming that Phase I vapor recovery did not work at all
and that 10,000 gal (~38,000 L) of fuel were delivered, the working loss
(volume of gasoline vapor/air mixture released to the atmosphere
through the vent pipe) is 38,000 L. It is also reasonable to assume that
delivery lasted less than 1 h. According to Table 2, the maximum hourly
ﬂow rate through the vent pipe was 250 L/min at GS-MW, which would
result in a maximum cumulative vapor release of 15,000 L within this
hour. The measured maximum cumulative release underestimates the

assumed working loss of 38,000 L. This could be due to a fuel delivery,
which involved dropping fuel from multiple compartments of a tanker
truck, with the vapor return hose not being correctly hooked up for
only some of the emptied compartments.
At GS-MW, UST pressure decreased after fuel delivery (causing vent
emissions to cease for several hours) during the climatic conditions
prevalent during the observation period, behavior not observed at GSNW. In practice, it is possible to observe both positive and negative pressure excursions, even during the same fuel delivery (when multiple fuel
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Fig. 6. Modeled average benzene concentrations for GS-MW and GS-NW at three different elevations z. The x- and y-axes indicate horizontal coordinates in meters. The color indicates
benzene levels in μg/m3 and the white isoline the MRL of 19 μg/m3 = 6 ppb.

compartments of tanker trucks are unloaded), when Stage I vapor recovery is in place (personal observation by TT).
5.5. Exceedance of 1-hour exposure limits
AERMOD air pollution modeling suggests that at GS-MW the 1hour acute REL was exceeded at one grid point 160 m (525 ft) from
the center of the gas station once in 20 days (Fig. 5). This distance

is larger than the 300-ft (91 m) setback distance recommended by
CARB for a large gasoline dispensing facility (CalEPA/CARB, 2005).
Assuming the gas station's fence line is b225 ft. (69 m) from its center (where the vent pipe was assumed to be located), our study
shows that sensitive land uses at a distance further than 300 ft
from the fence line of the gas station would represent a health concern despite compliance with the CARB guidelines because of noncompliance with the acute REL.
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Moon, 1999), while we simulated benzene levels on the order of 1 μg/
m3 (Fig. 7). In a study on atmospheric BTEX levels in an urban area in
Iran, the three highest BTEX levels were measured near gas stations
(~150 m away); the measured benzene levels (64 ± 36, 31 ± 28, 52
± 26 μg/m3) were again much higher than ours simulated at that distance, likely due to TRAP. Our modeled average benzene levels at a distance of about 50 m are on the same order as background benzene levels
of 1.0 μg/m3 that were measured in 2010 in the National Air Toxics
Trend Sites (NATTS) network of 27 stations located in most major
urban areas in the US (Strum & Scheffe, 2016). However, our modeled
levels at a distance of 170 m were 0.07 at GS-MW and 0.12 at GS-NW,
a non-negligible addition to urban background levels.
At both gas stations, the MRL was exceeded at the level of the vent
pipe opening in the vicinity of the gas stations, up to 7 m away from
the vent pipe at GS-MW and 8 m at GS-NW. Therefore there might be
an appreciable risk of adverse noncancer health effects for individuals
living at the 2nd-ﬂoor level relatively close to high-volume gas stations
such as GS-MW and GS-NW.
Fig. 7. Mean benzene concentrations as a function of distance from the center of the gas
stations.

At any location further than 50 m from the gas station's center, the
REL was exceeded at most once during the 20-day measurement campaign (Fig. SI-1a). However, exceedance occurred at several locations,
and on two different days (Fig. SI-1b). E.g., at a distance of 120 m from
the center, the REL was exceeded at three grid points, and the number
of grid points increased with closer proximity to the gas station. This
suggests that it was not just a single worst-case scenario or a single accidental vapor release that led to REL exceedance; rather exceedance
may occur more frequently than is anticipated. Prevalent wind directions during the measurement campaign explained the directional patterns of exceedances (see the wind rose in Fig. SI-3a).
At GS-NW, despite its higher sales volume, the REL was exceeded
only closer than 50 m from the gas station's center. However, exceedance occurred much more frequently (Fig. SI-2), likely because of the
higher sales volume of GS-NW. Again, the wind rose for GS-NW
(Fig. SI-3b) explains spatial patterns of REL exceedance.
None of AIHA's three ERPG levels were exceeded, meaning that individuals, except perhaps sensitive members of the public, would not
have experienced more than mild, transient adverse health effects.
5.6. Average benzene levels
The initial increase in average benzene levels when moving away
from the gas stations' centers (Fig. 7) is likely due to the vent emissions
(at 4 m) which represent the largest benzene source, and which require
a certain transport distance until they reach the 2-m level through dispersion. Further away from the gas station, benzene levels are higher for
GS-NW than for GS-MW likely because of the higher sales volume of GSNW. However, close to the center, benzene levels are higher at GS-MW.
This can be attributed to the higher wind speeds at GS-NW (Table SI-1),
which result in greater initial dilution of emitted pollutants in the incoming airstream and also in greater subsequent pollutant dispersion.
Modeled average benzene concentrations are generally lower (~10
μg/m3 or less) than those measured in the surroundings of gas stations,
likely because our simulations do not account for trafﬁc-related air pollution (TRAP). For instance, a study published by the Canadian petroleum industry found average benzene concentrations of 146 and
461 ppb (466 and 1473 μg/m3) at the gas station property boundary
in summer and winter, respectively (Akland, 1993), values orders of
magnitudes higher than ours. A South Korean study examined outdoor
and indoor benzene concentrations at numerous residences within
30 m and between 60 and 100 m of gas stations and found median outdoor benzene concentrations of 9.9 and 6.0 μg/m3, respectively (Jo &

5.7. Limitations
A limitation of our study is that data were collected only in fall and
winter. Results cannot be easily extrapolated to other seasons, because
vent pipe emissions are seasonally dependent, e.g., due to seasonally dependent gasoline formulations and meteorological conditions. However, modeled exceedance of the OEHHA acute REL in the winter
season is already of concern, because that REL was developed for once
per month or less exposures.
Another limitation is that we did not directly measure benzene
levels in the vent pipe, and instead made assumptions about vapor composition that were also made in the CAPCOA study (CAPCOA, 1997) of
gas station emissions. In practice it may be difﬁcult to obtain permission
from gas station owners to measure benzene levels directly.
In part because we did not want to reveal the locations of the gas
stations, we did not use site-speciﬁc topography information in the air
dispersion modeling and instead assumed ﬂat terrain. While this simpliﬁcation results in less accurate air pollution predictions for the two sites,
using a “generic” gas station is perhaps more representative of other gas
station sites, and is consistent with an approach used in a previous study
(CAPCOA, 1997).
Finally, our study did not predict benzene levels in indoor environments. Even though indoor air pollution levels may substantially differ
from outdoor levels due to indoor sources (e.g., smoking, photocopying)
(El-Hashemy & Ali, 2018), our study can still inform exposure levels in
indoor environments as outdoor sources may be the main contributors
to indoor air pollution, e.g., in buildings situated in urban areas and close
to industrial zones or streets with heavy trafﬁc (Jones, 1999). This is relevant to workers and customers in C-stores or other fast-food/gasoline
station combination facilities.
6. Conclusions
Our study is to the best of our knowledge the ﬁrst one to (1) report
hourly vent emission data for gasoline storage tanks in the peerreviewed literature and (2) use these data in hourly simulations of atmospheric benzene vapor transport. This allowed us to examine potential exceedance of short-term exposure limits for benzene. Prior studies
including CAPCOA's (CAPCOA, 1997) could not do so as average emission rates were used (only meteorological data was used at an hourly
resolution).
Our ﬁndings support the need to revisit setback distances for gas stations, which are based on N2-decade old estimates of vent emissions
(Aerovironment, 1994). Also, CARB setback distances are based on a binary decision, related to whether the gasoline sales volume V_ sales is

N3.6 million gal per year. Our data support, however, that setback
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distances should be a continuous function of sales volume V_ sales and also
include the type of controls installed at the facility. Setback distances
should also address health outcomes other than cancer. OEHHA's
acute REL for benzene could be used to inform setback distances as it accounts for non-cancer adverse health effects of benzene and its metabolites (Budroe, 2014). ATSDR's MRL could also be considered since it is a
health-based limit.
We note that CARB recommended their setback distances in 2005,
presumably assuming pollution prevention technology yielding a 90%
reduction in benzene emissions (CalEPA/CARB, 2005). Since then,
CARB further promoted use of second-generation vapor recovery technology (Enhanced Vapor Recovery, EVR) to reduce emissions further.
EVR includes technology that is supposed to prevent fuel vapors in
overpressurized tanks from being expelled into the atmosphere
(CARB, 2017). To that end, “bladder tanks” have been proposed, into
which the gasoline vapor/air mixture is directed as the pressure in the
combined ullage space of the storage tank increases, and from which
the mixture is redirected into the fuel storage tanks if the ullage pressure becomes negative (when fuel is dispensed). The challenge with
such a system is to ensure that the bladder tank capacity is not exceeded
by the fuel evaporation rate. Alternatively, fuel vapor release can be reduced by processing the fuel/air mixture through either a semipermeable membrane which selectively exhausts clean air and returns
enriched fuel vapor (Semenova, 2004) or an activated carbon ﬁlter
which adsorbs hydrocarbons (and water vapor) and exhausts air into
the atmosphere, or by combusting the fuel/air mixture which would
otherwise be released through the P/V valve. Therefore, current CARB
setback distances might be adequate for gas stations in California but
less so for the other 49 US states, and other countries—depending on
pollution prevention technology requirements.
The larger areal extent of modeled REL exceedance at GS-MW is due
to “accidental” releases of gasoline vapors. Even though regulations appear generally not to be driven by accidental releases, at GS-NW such
releases likely led on two different days to REL exceedances at distances
beyond CARB's recommended setback distances. Policies should address accidental fuel vapor releases that depending on pollution prevention technology (here Stage I vapor recovery) and its proper functioning
can occur on a frequent basis (twice at GS-MW within about three
weeks).
In future work, potential exceedance of other shorter-term exposure
limits should be examined, e.g., the 15-minute short-term exposure
limits (STELs) and the 8-hour time-weighted averages (TWAs) used
for occupational exposures.
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