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Setbacks for gas stations in a
world with regionally varying
emissions factors and acceptable
health risks
Markus Hilpert*

Department of Environmental Health Sciences, Mailman School of Public Health, Columbia University,
New York City, NY, United States

Motivation: Gas stations chronically release gasoline vapor to the environment
that contains the carcinogen benzene. However, there is no method for
estimating setbacks for a gas station depending on an acceptable excess cancer
risk due to the benzene emissions, sales volume, benzene content of the
emissions, and inhalation dose, without performing an air dispersion simulation
for each scenario.
Methods: We developed a new modeling framework, in which only one air
dispersion simulation is performed for a reference gas station. Then, a new
scaling law is used to estimate cancer risks and setbacks for different gas station
characteristics and exposure scenarios.
Results: Our new scaling law allows estimating cancer risk vs. distance as a
function of an acceptable excess cancer risk, total benzene emission rate, and
frequency of exposure. Setbacks can also be determined from this scaling law
or graphically from a design chart. Calculated setbacks differ only slightly from
those determined from air dispersion simulations. Different emission control
technologies substantially affect calculated setbacks.
Conclusions: We developed a framework that allows policy makers to examine
easily how setbacks depend on regulatable measures such as emission control
and acceptable cancer risk as well as on exposure characteristics. The
framework also allows incorporating a safety factor to account for increased
emissions. While this study was conducted in the context of US gas stations, our
framework can be applied world-wide.
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1. Introduction

Gas stations chronically release unburned fuel to the environment. These releases occur

during fuel storage, when fuel is transferred to the tanks of customer vehicles, and when fuel

storage tanks are filled by tanker trucks (1–3). Gasoline contains various toxic chemicals. Of

particular concern is benzene, the inhalation of which can cause various short-term health

effects (e.g., drowsiness, dizziness, rapid or irregular heartbeat, headaches, tremors,

confusion, unconsciousness, and at extremely high concentrations death) but also long-

term effects including cancer (4). Increased benzene concentrations have been measured

in the surroundings of gas stations (5–11). Not surprisingly, gasoline emissions from gas

stations have been associated with excess cancer risk of the general population in various

case control studies (12–16) or based on measured or modeled outdoor benzene levels
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(9, 10, 17). Hence, a setback, i.e., a minimum distance between a

gas station and adjacent land uses, may be required, and the

magnitude of the setback is typically driven by the cancer risk

posed by the fuel releases. However, setback regulations are not

uniform across the world and within countries. In the US, they

may exist at the state level [e.g., (18)], the county level [e.g.,

(19)], or not at all.

Emissions crucially depend on deployed dispensing and

pollution prevention technologies including: dripless nozzles

which reduce gasoline spills to the ground occurring during

customer vehicle refueling, low permeation dispensing hoses;

measures that reduce emissions from the vent pipes of storage

tanks such as bladder tanks, membrane separators, carbon

canisters or thermal oxidizers; measures that during refueling

reduce vapor emission from the fuel tanks of customer vehicles

including vacuum assist and pressure balance nozzles (Stage II

vapor recovery) and onboard refueling vapor recovery (ORVR);

and measures which minimize loading losses occurring during

storage tank refueling via tanker trucks (Stage I vapor recovery).

Recommendations for setback distances should ideally account

for deployed pollution prevention technologies, because their

efficiencies affect benzene emissions and thus cancer risk.

In the US, there is no agreement on how big an acceptable

excess lifetime cancer risk due to exposure to carcinogenic

chemicals such as benzene is, neither for the general population

nor the work force. In a rule related to the remediation of

environmental contamination, the US Environmental Protection

Agency (EPA) states that for known or suspected carcinogens,

acceptable exposure levels are generally concentration levels that

represent an excess upper bound lifetime cancer risk to an

individual of between one in 10,000 (100 per million) and one in

a million (20). At the state level, e.g., the California

Environmental Protection Agency & California Air Resources

Board (CARB) used an acceptable cancer risk of 5 in a million to

recommend setbacks for a broad range of industrial operations

including gas stations (18). However, there is no consensus

among the 50 US states about which threshold to use. No matter

which threshold is used, policy makers should ideally use a

science-based framework that allows them to determine

meaningful setbacks for gas stations based on a chosen

acceptable cancer risk.

The purpose of this paper is to develop a framework that allows

policy makers to examine how a chosen acceptable cancer risk and

applicable emission factors affect setbacks for gas stations. To that

end we perform an air dispersion simulation to obtain the spatial

distribution of the benzene concentration and hence cancer risk

due to emissions from a reference gas station. This information

is then used to develop a simple scaling law which allows

estimating cancer risks and setbacks for gas stations with

different benzene emission rates and for different benzene

inhalation doses. The scaling law we developed allows policy

makers, for the first time, to estimate cancer risk of atmospheric

gasoline emissions from gas stations for a wide range of

conditions without performing an AERMOD simulation for each

condition, a task that can typically not be accomplished by policy
Frontiers in Environmental Health 02
makers alone, thus potentially delaying and/or negatively

impacting the regulatory process.
2. Methods

2.1. Scaling law

The cancer risk associated with atmospheric emissions of

unburned fuel (gasoline vapors) from gas stations is primarily

due to the inhalation of benzene vapors. A simple approach for

estimating the lifetime cancer risk CR due to carcinogen

inhalation uses the concept of unit risk value (URV):

CR ¼ cbenzURVEF where cbenz is the average benzene

concentration during the lifetime exposure and EF is the

exposure factor which accounts for how often and how long a

person is exposed (21). This approach was also used by the

California Air Pollution Control Officers Association (CAPCOA)

to assess the health risk due to emissions of unburned gasoline

from gas stations (22).

Key to estimating the cancer risk around an emission source is

knowledge of the spatial distribution of the average benzene

concentration. This concentration field is controlled by the

benzene emissions from the gas station and atmospheric

conditions which control the dispersion of emitted benzene

vapors. In the US, the AERMOD software developed by EPA to

model air pollution due to emissions from a broad range of

sources (23) is frequently used to assess gas station emissions

with a given sales volume SV and assumed emission rates. To

estimate the lifetime exposure, simulations are typically

performed for a period of one to three years, using hourly

meteorological data for that period as an input. The benzene

emission rates are typically based on studies conducted by CARB.

To estimate cancer risk for gas stations with different sales

volume and emission benzene content as well as different

exposure frequency (without performing additional AERMOD

simulations), we generalize a scaling law for cancer risk we

developed in previous work, in which we examined the effects of

sales volume and number of gas stations in a gas station cluster,

Nst, on cancer risk (17). In that work, we assumed an average

cancer risk CRh i to be proportional to sales volume:

log10 CRh i 106 gal=yearNstSVsingle

� �
¼ aþ br where SVsingle is the sales volume

of a single gas station in the gas station cluster, r is the distance

from the gas station cluster, and a and b are regression

parameters. However, that approach does not allow examining

how cancer risk depends on the benzene content of the

emissions, and this content may vary not only because of the

variable benzene content of gasoline but also because of the

deployed benzene emission technologies, since they can affect the

relative contributions of liquid and gaseous gasoline emissions.

Moreover, cancer risk depends on URV and EF, factors for

which Hsieh et al. (17) did not account. Hence, we propose here

the following scaling law for cancer risk:

CR ¼ ER
ERref

URV
URVref

EFCRref where ER is the actual benzene

emission rate, ERref is the reference benzene emission rate,
frontiersin.org
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URVref is the reference unit risk value, and CRref is the reference

cancer risk obtained for ERref , URVref , and EF ¼ 1.
2.2. Reference gas station

2.2.1. Geometry, location, and emissions
Like Hsieh et al. (17), we assumed the reference gas station to

have four pump islands, from which fuel can be dispensed on both

sides (Figure 1). The four centers of the pump islands are located

at (x, y) ¼ (+4m, + 4m). The vent pipe of the underground

storage tank is assumed to be located in the center

(x, y) ¼ (0, 0) of the gas station, with the vent releasing gasoline

vapors at an elevation of 4 m above ground.

The gas station was assumed to be located at BWI Airport in

the US state of Maryland. In the simulations, location may affect

cancer risk through two factors: (1) the benzene content of the

gasoline emissions due to the regionally variable benzene content

of the gasoline and gasoline dispensing technology, and (2)

meteorological conditions which control the atmospheric

dispersion of emitted benzene vapors. We assumed a reference

sales volume SVref ¼ 3:6million gal=year (14 million L/year),

which according to CARB represents the lower bound of sales

volumes of large gas stations (18).

Loading, breathing, refueling (of vehicles not equipped with

ORVR), and spillage gasoline loss factors that should be
FIGURE 1

Geometry of the reference gas station (top view).
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representative for gas stations in Maryland were taken from the

Gasoline Service Station Industrywide Risk Assessment

Guidelines prepared by CAPCOA (22). We specifically used the

values listed for a gas station with an underground storage tank,

presence of Stage I vapor recovery and absence of Stage II vapor

recovery. Absence of Stage II vapor recovery was assumed,

because EPA (24) has allowed states not to require Stage II

systems in case of widespread use of ORVR in the refueled

vehicles, which has become the case in Maryland in the US. For

ORVR-equipped vehicles, we assumed 95% efficiency of ORVR

(24), i.e., refueling losses from ORVR-equipped vehicles are 5%

of the uncontrolled losses for non-ORVR equipped vehicles. For

hose permeation, the loss was taken from a report by CARB

(25). We specifically used the value shown in Table VII in that

report for the uncontrolled emission factor (UEF) case, for which

Stage II vapor recovery is absent, exactly the assumption we

made for Maryland. The first data column in Table 1

summarizes the magnitudes of the different losses in units of lbs/

kgal (pounds per 1,000 gallons of gasoline dispensed). These

losses are independent of the sales volume of the gas station,

because they are normalized by the volume of gasoline

dispensed. To convert gasoline losses into benzene losses, we

assumed a gasoline density of 737 kg/m3, a benzene mass

fraction of 1.2% in the liquid gasoline, and a mass fraction of

0.3% in the ullages of the storage and customer vehicle tanks.

The second data column in Table 1 shows resultant benzene
frontiersin.org
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TABLE 1 Gasoline losses and benzene emission for a “large” gas station
with a sales volume of 3.6 million gal per year in two US states.

Loss type Maryland California

Gasoline
loss

(lbs/kgal)

Benzene
loss

(mg/s)

Gasoline
loss

(lbs/kgal)

Benzene
loss

(mg/s)
Loading 0.084 0.0130 0.15 0.0233

Breathing 0.21 0.0326 0.024 0.0037

Refueling

Non-ORVR 8.4 1.3049 0.42 0.0652

ORVR 0.42 0.0652 0.021 0.0033

93.2% ORVR
penetration

0.96 0.1495 0.048 0.0075

Spillage 0.61 0.3790 0.24 0.1491

Hose permeation 0.062 0.0385 0.009 0.0056

Total (93.2% ORVR
penetration)

1.926 0.6127 0.471 0.1892
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emissions rates for a Maryland gas station dispensing 3.6 million

gallons per year in units of mass of benzene released per unit

time. These are the units required by AERMOD as an input (for

better readability we use mg/s in Table 1, even though

AERMOD uses units of g/s).

2.2.2. Air dispersion simulations
To determine the spatial distribution of the reference

cancer risk of the reference gas station at BWI Airport in

Maryland, we first determined a reference benzene

concentration field cref by performing an AERMOD simulation

of the atmospheric dispersion of benzene vapors emitted from

the gas station. Using the AERMOD software (23, 26),

simulations were performed with the following simulation

parameters:

• The numerical grid was polar with uniform angular and radial

spacing. The radial coordinate r varied between 0 m and

150 m, with increments of 5 m. The angular coordinate varied

between 10° and 360°, with increments of 10°.

• The benzene concentration field was simulated 1.5 m above

ground (FLAGPOLE parameter in AERMOD), which is

approximately within the breathing zone of adults.

• The simulated hourly benzene concentration field was averaged

over the entire simulation interval, i.e., 1 year (the AVERTIME

parameter in AERMOD is set to PERIOD).

• We assumed flat terrain (the FLAT option in AERMOD’s

MODELOPT pathway).

• Evaporative benzene emissions due to (a) gasoline spillage onto

the ground during vehicle refueling, (b) hose permeation, and

(c) customer vehicle tank refueling were modeled as volume

sources while evaporative benzene emissions due to (a)

loading, and (b) breathing of the storage tank were modeled

as point sources as described and parameterized in Hsieh

et al. (17) or CAPCOA (22).

• Benzene emission rates from the various sources were

parameterized according to the second data column in Table 1.

• The stack exit velocity (the VS parameter in AERMOD) was set

to the value obtained for the reference gas station with sales
Frontiers in Environmental Health 04
volume SVref ¼ 3:6million gal=year, i.e., VS = 0.00477 m/s,

which is based on the assumption that the breathing and

loading losses are released to the environment through a

single vent pipe with insider diameter of 5.1 cm (2″). The

stack exit velocity was also used for the other higher sales

volumes SV we used, because we assumed that gas stations

with higher sales volumes have likely more underground

storage tanks and vent pipes.

• Surface meteorological data for the year 2020 was obtained

for BWI Airport from the US National Climatic Data

Center (NCDC). Upper air radiosonde data was

obtained for the relatively nearby Sterling in Virginia

from the National Oceanic and Atmospheric

Administration (NOAA). Of note, a substantial portion of

the meteorological data, mostly upper air data, was

reported as missing giving rise to 26% of missing hourly

AERMOD data.

2.2.3. Cancer risk calculations
The spatial distribution of the reference cancer risk CRref

was calculated from the simulated benzene concentration

field via CRref ¼ cbenzURVref where cbenz is the spatial

distribution of the annual average benzene concentration, and

URVref ¼ 7:8� 10�6 (mg=m3)�1 is the upper bound of

the range of unit risk values reported by EPA

(27). This calculation implicitly assumes an exposure factor

EF ¼ 1 which represents daily continuous exposure to the

contaminant.
2.3. Simulations with California gasoline
dispensing technology

In this paper, we also examine the hypothetical scenario of

California gasoline dispensing technology being used in

Maryland. Gasoline losses for loading, breathing, refueling,

spillage, and hose permeation that should be representative of

California dispensing technology were taken from a report by

CARB (25). We specifically used the revised values for enhanced

vapor recovery (EVR) emission control shown in Table I-I in

that report. We determined benzene emission rates like for the

Maryland gas stations. The third and fourth data column in

Table 1 show the gasoline losses and benzene emission rates,

respectively.

AERMOD simulations for gas stations using California

dispensing technology were conducted as described in Section

2.2.2, except that the benzene emission rates from the fourth

column in Table 1, scaled by the actual sales volume of the

gas station, were used, and the stack exit velocity was revised

according to the assumed breathing and loading emissions.

For the assumed single vent pipe with insider diameter of

5.1 cm and the assumed sales volume SVref , the stack exit

velocity became VS = 0.00264 m/s, and like for the

reference gas station we used this value also for higher sales

volumes SV.
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2.4. Correlation equation for reference
cancer risk as a function of distance

Similar to our previous work (17), we derived a correlation

equation for cancer risk as a function of distance r from the

center of the gas station:

CR(r) ¼ ER
ERref

URV
URVref

EF CRref (r) (1)

where CR(r) is the maximum cancer risk observed at distance r

among the 36 simulated directions (between 0° and 360°), and

CRref (r) ¼ CR1e
�r=l1 þ CR2e

�r=l2 (2)

is a function which describes the dependence of the reference

cancer risk on distance r from the gas station with fit parameters

CR1, CR2, l1, and l2. The bi-exponential terms in Equation 2 are

an attempt to capture air dispersion from the various benzene

emission sources, which differ in spatial extent (e.g., point and

volume sources), location, and elevation. Since we are interested

in estimating setbacks, this equation was like in our previous

work (17) only fitted to simulated cancer risks in the far field of

the gas station, where CRref (r) decreases monotonically (r � 15m).

If CR(r) in Equation 1 is interpreted as the acceptable cancer

risk CRacc, the distance r becomes the setback SB which is given by

SB ¼ CR�1
ref (cCRacc) (3)

where

cCRacc ¼ ERref

ER
URVref

URV
CRacc

EF
(4)

is the adjusted acceptable cancer risk, which accounts for the actual

benzene emission rate, the actual unit risk value, and the exposure

factor. Hence the setback can be obtained by first calculating cCRacc

and then applying the inverse function CR�1
ref to this adjusted

cancer risk. There is no analytical expression for CR�1
ref . Hence,

the setback distance needs to be determined numerically by

inverting the function CRref (r), or it can be determined

graphically from a design chart which basically shows the CRref

vs. r relationship for the reference gas station according to

Equation 2; however, the axes labels are renamed according to

Equation 3.

To allow developing an analytical expression for the setback,

we also considered a simplification of Equation 2 which assumes

the simple exponential decay used in our previous work (17):

CR(r) ¼ ER
ERref

URV
URVref

EFCR0e
�r=l0 (5)

where the corresponding setback distance is then given by the
Frontiers in Environmental Health 05
following analytical expression:

SB ¼ l0 log
ER
ERref

URV
URVref

EF
CR0

CRacc

� �
(6)

We obtained the parameters CR0 and l0 from a linear regression by

log-transforming Equation 5 with resultant regression parameters

log(CR0) and �1=l0. To improve the fit closer to the emission

sources we excluded distances r . 80m from the regression.

Regression analyses were performed with the R statistical

software, version 4.2.1. The “nls” package for nonlinear least

squares regression was used to fit the simulated cancer risk vs.

distance data from AERMOD to Equation 2 to obtain the fit

parameters CR1, CR2, l1, and l2. Whereas the native “lm”

function was used to fit the models given by Equations 5, 7 to

the data via linear least square regression.
2.5. Evaluation of the scaling law

If Equation 3 is used to predict setback for a scenario that

differs from the reference gas station, some error will be

introduced. To quantify this error, we performed for all scenarios

for which we used the scaling law also AERMOD simulations

with the actual five benzene emission rates for loading, breathing,

refueling, spillage, and hose permeation. Since the simulations

only yield cancer risk on a uniform polar grid with 5-m spacing,

we estimated the setbacks by first fitting the simulated CR(r)

field to Equation 1. The resultant regression parameters together

with the assumed acceptable cancer risk CRacc were then used to

calculate the setback using Equation 3.
3. Results

3.1. Cancer risk for the reference gas station

Figure 2 illustrates the dependence of the simulated reference

cancer risk CRref on direction and distance r for the reference gas

station. The figure also illustrates the very good model fit by

Equation 2. The residual standard error was only 4 × 10−8 which is

50 times smaller than the mean CRref value of 2 × 10−6. The first

data row in Table 2 lists the numerical values of the fit parameters.

Figure 3 shows the design chart we developed for estimating

setbacks for gas station characteristics and exposure scenarios

that differ from those assumed in the reference gas station

simulation. The black solid line in Figure 3 and the magenta

dashed line in Figure 2, which represents the cancer risk of the

reference gas station, are numerically identical. However, the

abscissa and ordinate values are reinterpreted to allow for the

prediction of the other scenarios as demonstrated in Section 3.2.

We note that the model residuals plotted against fitted values

were not randomly distributed indicating that Equation 2 does

not perfectly describe the simulated cancer risk data. This is not

surprising, because the cancer risks are based on simulated
frontiersin.org
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FIGURE 2

Reference cancer risk CRref as a function of distance r from the reference gas station dispensing 3.6 million gallons per year. For each simulated r, a box
plot illustrates the distribution of the simulated cancer risks along the 36 directions of the numerical polar grid. Magenta dashed line and cyan ribbon show
the fit of maximum cancer risk to Equation 2 and the 95% confidence interval, respectively.
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benzene concentrations, which in turn are based on complex fluid

mechanical flow and transport processes described by partial

differential equations, which the four-parametric model given by

Equation 2 cannot be expected to capture. The residuals vs. fitted

values plot can be dramatically improved by fitting the following

eight-parametric model to the cancer risk vs. distance data:

CRref (r) ¼
X8
i¼1

CRie
�kir (7)

with equidistantly spaced, non-fitted wave numbers ki ¼ (i� 1) 1
2l0

where l0 is the decay length from the fit to the simple exponential

decay model according to Equation 5 and the CRi are fitted cancer
TABLE 2 Results of the AERMOD simulations performed for three gas station

Bi-exponential model

Regression parameters

Scenario CR1 l1 CR2 l2 S
Reference
3.6 million gal/year
MD technology

24.9 per million 12.1 m 4.9 per million 63.7 m

9 million gal/year
MD technology

32.5 per million 11.2 m 5.6 per million 60.1 m

9 million gal/year
CA technology

29.9 per million 11.5 m 5.4 per million 61.3 m

The regression parameters are based on AERMOD simulations performed for the gas sta

only based on the simulation from the reference gas station. All setbacks are based o

Frontiers in Environmental Health 06
risks. Equation 7 can be interpreted as a crude approximation of a

Laplace transformation, which represents a given function by a

superposition of exponential functions (28). However, a Laplace

transformation is more general as it involves complex wave

numbers (complex here means that a number may contain the

imaginary unit
ffiffiffiffiffiffi�1

p
).

Figure 4 presents a side-by-side comparison of the three model

fits examined in this paper to the cancer risk vs. distance data for

the reference gas station, CRref (r). The bi-exponential model given

by Equation 2 provides a very good fit to the data. Including

additional regression terms by use of Equation 7 results in only a

slightly better match between the model prediction and the fitted

data, even though the residual error distribution improves
s differing in sales volume and emission controls.

Single-exponential model

Setback SB Regression
parameters

Setback SB

imulation Scaling law CR0 l0 Scaling law
30.6 m
100 ft

30.6 m
100 ft

14.0 per million 32.5 m 33.0 m
108 ft

64.6 m
212 ft

61.9 m
203 ft

16.0 per million 31.0 m 62.8 m
206 ft

26.5 m
87 ft

24.9 m
82 ft

15.0 per million 31.5 m 24.6 m
81 ft

tion characteristics described in the first column. Setbacks from the scaling laws are

n an acceptable cancer risk CRacc ¼ 5� 10�6 and an exposure factor EF ¼ 1.
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FIGURE 3

This design chart allows determining setback SB for a given acceptable cancer risk CRacc . First, the adjusted cancer risk cCRacc ¼ ERref
ER

URVref
URV

CRacc
EF , which

accounts for the actual benzene emission rate ER, the actual unit risk value URV, and exposure factor EF, is calculated and graphed on the ordinate
(filled circles). The setbacks are then obtained by applying the inverse function CR�1

ref to the adjusted cancer risks, either numerically using Equation 3
or graphically as illustrated in this figure. Here the chart is used to determine setbacks for three gas stations each dispensing 9 million gallons of
gasoline per year at BWI Airport in Maryland (US) but using different emission control technologies.

Hilpert 10.3389/fenvh.2023.1214376
substantially. In contrast, the single-exponential model given by

Equation 5 has problems with capturing the change in slope of

the fitted data. While the eight-parametric regression according

to Equation 7 is more satisfactory from a statistical point of view,

we prefer the four-parametric model from Equation 2, because it

already yields a small residual standard error, is easier to

implement in a spreadsheet if predictions are of cancer risk as a

function of distance are sought, and allows for better

interpretability of the fit parameters.
3.2. Applications of the design chart

Using the design chart (Figure 3) as well as its mathematical

basis given by Equations 3, 4, we now examine the effects that

different pollution technologies have on cancer risks and setbacks

for a gas station with sales volume SV ¼ 9million gal=year, a
Frontiers in Environmental Health 07
value used by CARB to motivate the recommendation of a 300 ft

(91.4 m) setback distance (18). We assume an acceptable cancer

risk CRacc ¼ 5� 10�6, an exposure factor EF ¼ 1, and

URV ¼ URVref .

We first assume the gas station to be equipped with pollution

prevention technology representative for gas stations in

Maryland, like our reference gas station. Hence, the benzene

emission rate scales linearly with sales volume:

ER=ERref ¼ SV=SVref . Since SV=SVref ¼ 9=3:6 ¼ 2:5, one

obtains ER=ERref ¼ 2:5 as well. Therefore, the adjusted

acceptable cancer risk becomes cCRacc ¼ 2� 10�6 according to

Equation 4. The setback distance according to Equation 3 is

SB = 61.9 m (203 ft), a value which can also be determined

graphically from the design chart.

Now we examine the effects of more efficient pollution

prevention technology on cancer risk. For instance, in California

gas stations have about three times lower benzene emission rates,
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FIGURE 4

Comparison of the three model fits to the cancer risk CRref vs. distance r data simulated with AERMOD (open circles).
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ER ¼ 0:1892mg=s for a gas station dispensing the reference sales

volume of 3.6 million gal/year compared to ERref ¼ 0:6127mg=s

for the reference gas station in Maryland (see Table 1).

Using the California emission controls in Maryland would

therefore result in an emission rate ratio ER/ERref=

SV=SVref � 0:1892mg=s=ERref ¼ 0:76. Therefore, the adjusted

acceptable cancer risk becomes cCRacc ¼ 6:4� 10�6 according to

Equation 4. The setback distance according to Equation 3 or the

design chart is SB = 24.9 m (82 ft), much less than the 61.9 m

obtained with Maryland emission controls.

Moreover, our modeling framework can be used in sensitivity

analyses that can inform setting safety factors to account for

benzene emissions that exceed the ones estimated by CARB (see

Table 1), because these emission rates typically do not account

for malfunctioning equipment, human error, inaccurate

assumptions, or may be outdated (3, 29). For instance, if actual

emissions with Maryland emission control technology were twice

as high, i.e., ER ¼ 3:0638mg=s, the adjusted acceptable cancer

risk becomes cCRacc ¼ 1� 10�6 according to Equation 4, and the

setback would be SB = 101.6 m (333 ft) according to Equation 3

or the design chart.

To evaluate how accurately the scaling law given by Equation 3

and the design chart predict the setbacks, we compared their

predictions to the ones from AERMOD simulations, which were

based on the actual benzene emission rates as described in

Section 2.5. The regression parameters CR1, CR2, l1, and l2
obtained from the AERMOD simulations performed for the

actual gas station characteristics agree quite well with those

determined for the reference gas station (see columns 2–5 in

Table 2). More importantly, the actual setbacks differ only

slightly (≤3 m) from the ones predicted by the scaling equation

(see columns 6 and 7 in Table 2). The ≤3 m difference in

setback distance is less than the 5 m radial spacing of the

numerical grid and seems negligible in regulatory environments

where setbacks are on the order of 50 m or more, thus
Frontiers in Environmental Health 08
supporting use of Equation 3 and not necessitating AERMOD

simulations for actual emission rates.

While the design chart given by Figure 3 alone allows

estimating setback as a function of three parameters

(EF, ER, URV), it can still be instructive to show for each of the

three emission scenarios how cancer risk depends on distance.

Figure 5 shows these cancer risks which we calculated with

Equation 1. The setbacks for the assumed acceptable cancer risks

CRacc ¼ 5� 10�6 can be determined graphically by determining

the distances at which the horizontal CRacc line intersects with

the CR vs. r curves. These setbacks are the same as the ones

determined from the design chart.
4. Discussion

We derived a simple expression given by Equation 3 for

estimating the setback from a gas station as a function of sales

volume, pollution prevention technology, exposure factor, and

acceptable cancer risk. Use of Equation 3 can be expected to

introduce some error, because it only accounts for the total

benzene emission rate but not the relative weights of the five

different benzene vapor sources. However, the difference in

setback predicted by the scaling law and AERMOD simulations,

which accounted for the actual benzene emission rates, was

within only 3 m, thus supporting use of Equation 3.

The setback can also be determined graphically. The design

chart shown in Figure 3 allows examining the effects of three

parameters, namely benzene emission rate, unit risk value, and

exposure factor, on the setback. While one would naively expect

a three-dimensional plot to be necessary to accomplish this task,

this is not the case, because the plot is based on the scaling law

given by Equation 1. In a way, the design chart capitalizes on

dimensional analysis, which, e.g., in the field of fluid mechanics

and other engineering/science disciplines is routinely used to
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FIGURE 5

Cancer risk CR vs. distance r for three gas stations each dispensing 9 million gallons of gasoline per year at BWI Airport in Maryland (US) but using different
emission control technologies. The setback distances vary substantially for an assumed acceptable cancer risk of 5 in a million.
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reduce the number of independent variables. This reduction is

possible because Equation 1 has been formulated in a

dimensionally correct fashion (dimension refers here to the units

of the variables).

For a gas station that hypothetically dispenses 9 million gal of

gasoline per year using California dispensing technology, we

estimated a setback distance of about 25 m (82 ft) for an

acceptable cancer risk of 5 in a million (see Table 2). This

setback is much less than the 300 ft that CARB recommended in

2005 in their Air Quality and Land Use Handbook (18) for gas

stations in California with the same sales volume. We cannot

explain the difference, because details of the cancer risk

simulations that gave rise to the recommendation have not been

provided in the handbook; however, we suspect that the

recommendation is based on higher emission factors.

This study has limitations: (1) We assumed flat terrain when

modeling the dispersion of benzene vapors. This assumption can

be inadequate depending on the actual topography and built

structures; however, the assumption is perhaps the least biased

one when defining a generic gas station. (2) The

parameterization of the cancer risk vs. distance relationship given

by Equation 1 as well as the related design chart have been

derived for a gas station in Maryland as meteorological

conditions for that location were used as an input and cannot

necessarily be applied in other locations. However, use of our

parameterization may be warranted in climatically similar regions

or for screening purposes. (3) 26% of the meteorological data

was missing, which exceeds the 10% threshold for regulatory air
Frontiers in Environmental Health 09
dispersion modeling (30). Thus, the setbacks derived here for

BWI Airport should be used with caution.

While this study has been conducted in the context of gas

stations in Maryland in the US, the framework including the

equations we developed for cancer risk as a function of distance

from a gas station and for setback can be easily applied to other

regions in the US and countries in the world. For instance, one

cannot only account for different emission control technologies

as demonstrated in this paper but also for a benzene content of

gasoline which can differ substantially across countries (31). If

our framework were to be applied in another region, one should

ideally determine the reference cancer risk field CRref (and fit

parameters CR1, CR2, l1, and l2) by performing an AERMOD

simulation that uses meteorological and benzene emission data

for that region. However, use of our parameterization of the

scaling law and design chart could be warranted for screening

purposes if the region is climatically similar to Maryland.

A study conducted in California sheds light on the effects of

meteorology and hence location on cancer risk (32). The ISCST3

air dispersion modeling software (predecessor of AERMOD) was

used to estimate cancer risk due to emissions from a gas station

dispensing 1 million gallons annually in 35 cities geographically

distributed in the South Coast Air Quality Management District.

At a downwind distance of 100 m, the mean of the resultant 35

cancer risks was 0.43 per million, the standard deviation was

0.12 per million, and the range was [0.28, 0.76] per million [we

inferred these values from Table 3 in AQMD (32)]. The ratio

between the maximum and minimum cancer risk of about 3
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shows that meteorology can have a pronounced effect on cancer

risk. However, most gas stations in this district have similar

cancer risks as evidenced by the relatively small relative standard

deviation of 0.12/0.43 = 29%. Thus, sales volume and deployed

emission control technologies can be factors much more

important than meteorology since they can vary by much more

than 30%, and use of our parameterization of Equation 2 might

be warranted in locations other than BWI Airport when

exploring the effects of sales volume and emissions controls.

Our framework easily allows accounting for uncertainties in

benzene emission factors, the exposure factor EF, and unit risk

value URV without the need to perform additional air dispersion

simulations. For instance, to account for uncertainties in benzene

emission factors developed and potentially underestimated by

regulatory agencies, we multiplied the emission rate ER by a factor

of 2, effectively accounting for a safety factor of 2. This numerical

value is actually consistent with a study of vent pipe emissions

from gas station storage tanks that found combined breathing and

loading losses of 1.4 lbs/kgal and 1.7 lbs/kgal at the two gas stations

examined (29). These values exceed the combined loss of 0.109 lbs/

kgal that the CAPCOA study assumed for a gas station with Stage

I and II vapor recovery technology and a pressure/vacuum valve

on the vent pipe of the underground storage tank. Thus, breathing

and loading losses were on average 14 times higher than reported

in the CAPCOA study. If breathing and loading losses were also 14

times higher for a gas station with Maryland emission controls (no

Stage II vapor recovery), the total benzene emission rate for a gas

station dispensing 3.6 million gallons per year would be 1.21 mg/s,

about twice the emission rate we assumed for our reference gas

station (ERref ¼ 0:61mg=s). There is additional concern that the

loading loss of 0.084 lbs/kgal which we assumed for Maryland

emission technology is too low, because that value is based on the

ad-hoc assumption of 1% uncontrolled emissions during loading

(22). Indeed, CARB currently uses a loading loss of 0.15 lbs/kgal,

i.e., a value two times higher, indicating that a loading loss of

0.084 lbs/kgal is too optimistic. In conclusion, a safety factor of 2 is

not unreasonable, even though vent emissions should be examined

at more gas stations, with broad geographical coverage.

In summary, this paper provides a science-based approach for

estimating setbacks from gas stations. One should keep in mind

that the acceptable cancer risk in Equation 3 only represents the

excess individual cancer risk due to emission of unburned

gasoline. Other emissions such as tail pipe emissions from

vehicles visiting the gas station are not counted in as well as

background benzene levels, all giving rise to cumulative health

risks. The framework also does not account for how many

people are exposed to the benzene, e.g., for population density.

Moreover, there are also gas stations which dispense more than

the 9 million gallons of gasoline per year, the sales volume we

used to estimate setback distances in Figure 3. E.g., in 2005,

CalEPA/CARB (18) noted that extremely large gas stations can

have sales volumes as high as 19 million gallons per year.

Perhaps the greatest and unavoidable challenge in using our

approach is choosing the acceptable cancer risk, an ethical

decision which may also account for economic considerations

including the cost of emission controls, which we have shown
Frontiers in Environmental Health 10
can substantially reduce setbacks, and the health, safety, and fuel

savings benefits of these controls.
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