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FOREWORD 

In our work to clean up contamination from leaking underground storage 
tanks (USTs), it is easy to become caught up in the immediate danger to 
our ground water supplies. While this hazard to ground water is real and 
must be addressed, it cannot be addressed with complete disregard to other 
parts of the environment. This manual is designed to address the issue of 
air emissions that result from petroleum UST cleanups. It will educate 
both those who are conducting UST corrective actions, and those who are 
regulating air emissions at the State and local levels. This manual will 
not answer the sometimes difficult policy questions that arise concerning 
cross-media transfer of pollutants, but it will provide the means to make 
more informed and responsible decisions. We hope that this manual will 
serve as one tool to employ in our common mission at the Environmental 
Protection Agency to protect human health and the environment. 

We would like to thank Rebecca zarba and Bernadette Kolb of Camp Dresser & 
McKee Inc. for their excellent work on this document, and the many 
individuals from the Federal, State and local Air and UST offices who 
contributed their time and thoughts to make this into a better, more 
useful document for everyone. 



1.0 INTROOOCTI~ 

1.1 IW:KGROOND 


A variety of corrective strategies may be used to remediate sites where 
underground storage tanks (USTs) have released gasoline into the ground. 
Frequently, gasoline must be removed from either the soil or ground water, 

and sometimes both. The corrective strategies that remove contaminants 
from soils include vacuum extraction, soil washing, and soil excavation. 
Corrective strategies that remove contaminants from water include air 
stripping and granular activated carbon. Some of these technologies 
result in the transfer of contaminants from the soil and ground water into 
the air. For example, air stripping towers, which are commonly used to 
remove volatile organic compounds (voes) from water, transfer a high 
percentage of the contaminants from the liquid phase to the vapor phase, 
where they may be released to the atmosphere. Likewise, two widely used 
technologies of soil remediation, soil excavation and vacuum extraction, 
involve bringing soil and/or vapors to the surface of the ground where 
vapors may move freely into the atmosphere. 

The release of contaminants into the atmosphere may be undesirable for two 
reasons. First, exposure to voes could pose public health risks if they 
are released in sufficient quantities for sufficiently long periods of time 
(Fancy, 1987). Benzene, which commonly makes up to 2 to 4 percent of 
gasoline, is of particular concern because it is a known carcinogen (CDM, 

1988b). Second, voes are ozone precursors, thus making them even more 
undesirable in regions that are unable to meet current ozone regulations. 
For these reasons, some State and local air offices have adopted standards 
that restrict the emissions of total voes and benzene at UST cleanup sites. 

The air emission estimation procedures presented in this manual were 
developed by examining relevant literature, and through discussions with 

industry and regulatory contacts. Gasoline is a mixture of many 
hydrocarbons, the exact blend of which can vary widely due in part to 
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differences in the original crude oil, and differences in the refining 

process (COM, 1987b). A specific blend of gasoline had to be assumed in 

order to perform some of the emission rate calculations in this manual. 

This blend was used in other projects performed for the Environmental 

Protection Agency's (EPA) Office of Underground Storage Tanks (OUST), such 

as the LOCI Research Report (PEI, 1988) and the vapor phase modeling report 

(COM, 1988b), and is included in Appendix A. Characteristics of other 

fuels such as diesel, jet fuelr and home heating oil, and their overall 
effect on emission rates, are also discussed in Appendix A. 

Whenever possible, data from existing UST cleanup sites were used to verify 

that the procedures presented in this manual provide realistic estimates of 
emission rates. The data used was provided by regulatory and industry 

sources, and from published literature. In general, comparisons between 

the estimated and actual emission rates indicate that the procedures are 

adequate in providing order of magnitude estimates of emission rates. 

1.2 PURPOSF.s OF 'IBIS MANUAL 

The 	purposes of this manual are: 

(1) 	To provide State UST offices with a means of estimating air 
emission rates of voes and benzene at individual UST cleanup sites 

(2) 	To provide general information on air emission rates that may be 
used to develop policies for air emissions at UST cleanup sites in 
a given State or locality 

This manual discusses the type of information that is required and the 

procedure that should be followed in order to obtain an air emission rate 

estimate at a particular site. The type of information needed includes the 

cleanup technology being used, and some site specific conditions such as 

soil type and contaminant concentrations. 
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1.3 APPRa\CS AND ORGANIZATIOO 

The intended users of this manual are State and local UST officials who 
must comply with air emission regulations at cleanup sites. A simplified 
approach for estimating emission rates at UST cleanup sites is presented 
herein. The cleanup technologies considered in this manual are soil 
excavation, vacuum extraction, and air stripping. Although passive venting 
is sometimes used to vent gasoline vapors to the atmosphere, industry 
officials indicate that the expected emission rates would be negligible due 
to low air flow rates emanating from the vents (Johnson, 1988). Soil 
washing is not used as frequently as excavation or vacuum extraction to 
remove gasoline from soils because it tends to be a more complicated and 
expensive technology. Despite the fact that its use is increasing, 
incineration also tends to be a more costly and less widely used cleanup 
technology. Incinerators frequently have emission control devices in 
place, and hence air emissions are generally not an issue. For these 
reasons, passive venting, soil washing, and incineration will not be 
discussed in this report. The contaminants considered are: (1) total voes 
from gasoline and (2) benzene. 

The format of this manual has been arranged so that each corrective action 
technology is presented separately. Soil excavation, vacuum extraction and 
air stripping will be covered in Sections 2.0, 3.0, and 4.0 respectively. 
Each section is organized as follows: 

o 	 A brief overview of the technology and expected emission rates 

o 	 A discussion of factors that affect air emission rates and how to 
reduce air emission rates 

o 	 Air emission estimation procedures and graphs 

o 	 The manner in which the emission rates are expected to vary with 
time 

A review of the equations used to calculate the emission rates is included. 
in Appendix B. 
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1.4 LIMI'IM'ICH; 

Limitations of this manual include the following: 

(1) 	The emission rates calculated using the procedures provided in this 
manual are "ballpark" estimates. These estimates,13hould be 
adequate for determining whether air emission controls or permits 
may be required at an UST site. 

(2) 	The information pertaining to the change in emission rates with 
time is general in nature, as the actual change with time will be 
highly dependent upon many site specific conditions. 

(3) This manual does 	not address the issues of emissions dispersion or 
the health risks that may be associated with emissions at UST 
cleanup sites. 
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2. 0 SOIL EXCAVATIOO 


2 .1 OVERVIl!Jf 

Soil excavation is a widely applied corrective action technology. It 
involves the transfer of contaminated soil from the subsurface to the 
surface of the ground, where it is commonly dumped in a pile to be treated 
and/or disposed of at a later date. 

Gasoline that has leaked from an UST frequently becomes trapped in the soil 
pore spaces as it moves through the unsaturated zone. For this reason, 
excavated soils frequently contain some liquid gasoline, the amount of 
which depends upon the soil type and soil moisture conditions. When liquid 
gasoline and air are present within the soil pores, the concentration of 
gasoline vapors in the pore spaces will reach an equilibrium concentration 
based upon the vapor pressures of the constitutive chemicals that make up 
the gasoline. The equilibrium concentration also represents the maxinrum 
concentration of the gasoline vapors that can exist in the pore spaces. 

Before volatilization begins, the air in the pore spaces of the entire soil 
pile will have essentially the same equilibrium vapor concentration. The 
vapor concentration in the air surrounding the soil pile, however, will be 

negligible. This change in vapor concentration across the soil pile 
surface results in vapor molecules within the pile moving into the 
atmosphere in an effort to attain equal vapor concentrations within the 
pile and in the surrounding air. Thus, volatilization begins when vapor 
molecules move from a region having a high vapor concentration to a region 
having a low vapor concentration. As the gasoline vapors escape from the 
surface of the pile, more liquid gasoline will volatilize to the vapor 
phase in an effort to maintain the equilibrium concentration described 
above. 

The air emission estimation procedure presented in this section assumes 
that the extent of contamination in the soil pile is such that both liquid 
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gasoline and air are present in the soil pores. The equilibrium 

concentration of the gasoline vapors can then be used to obtain the maximum 
emission rate that can be expected from a given soil pile. If there is no 
liquid gasoline in the pore spaces, the emission rate estimated using this 

procedure will be greater than the actual emission rate. 

Total voe and benzene emission rates from excavated soil are significantly 

higher than those of other types of corrective actions, but these emissions 
are also of the shortest duration. The maximum emission rate from soil 

piles occurs immediately after excavation, and can be thought of as an 
initial burst which rapidly declines over time. For total voes, the 
maximum emission rate for an average soil pile having an exposed surface 
area of 2000 ft2 is between 50 and 200 lbs/hr, depending upon the 
temperature. Benzene emissions for the same soil pile would range from 
0.5-2 lbs/hr, again depending upon the temperature. The air emission rate 

calculated using the charts in Section 2.3 represents the maximum emission 
rate, which occurs immediately after the soil is excavated. 

2. 2 FAC'IDRS '!BAT AFFECT AIR ElllfISSICE RATES FRa1 EXCAVATED SOIL 

a) Temperature 

Vapor pressure is highly dependent upon temperature, and consequently 
temperature greatly affects the volatilization rate (PEI, 1988). The 

emission rates presented in Section 2.3 have been calculated assuming 
temperatures of 86°F, 68°F, 50°F, and 32°F (30°C, 20°C, 10°C, and 0°C). If 
the temperature is warmer at a site in question, emission rates increase. 

Correspondingly, if the temperature at a site in question is cooler, the 

emission rates decrease. 

b) Soil Type and Soil Moisture 

Other parameters that affect the emission rate of contaminants from soil 
include soil type and soil moisture (PEI, 1988). The ability of 

contaminant vapors to move through the pore spaces depends upon how large 

and continuous the pore spaces are. Contaminants will take longer to move 
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through soils having small pore spaces (such as clays) than they will in 
soils where the pore spaces are large and interconnected (such as gravels). 
Water can occupy the pore spaces of soils, and can coat the individual soil 
grains, thus reducing the size of the voids. Consequently, the presence of 
soil moisture will further inhibit the movement of contaminant vapors. 
Because fine-grained soils can retain more moisture than coarse soils, 

vapors will take longer to escape from clays than they will from soils such 

as sands and gravels. 'Ihe emission rates in Section 2.3 have been 
calculated assuming a soil having a medium grain size (such as a sand) with 
a porosity of 0.35 (or 35 percent), and a small amount of DDisture 
(DDisture content= 0.08). 

c) Wind 

Wind plays an important role in enhancing volatilization from soil piles by 
mixing the contaminated air at the soil surface with the uncontaminated air 
above. The wind reduces the amount of the contaminant in the air 
surrounding the soil pile to negligible levels. As a result, the 
difference between the vapor concentration in the soil pore spaces and in 
the air is maximized. This produces a larger flux of contaminant vapors 

away from the soil pile (PEI, 1988). The procedure presented for 
estimating emission rates assumes that the wind is sufficient to mix the 
air above the soil pile, thus keeping the vapor concentration in the air 

negligible and the flux at a maximum. 

d) Surface Area 

The exposed surface area of a soil pile directly affects the rate at which 

contaminants are emitted. Piles with greater surface area tend to emit 
larger amounts of voes and benzene than piles with lesser surface area. 
Piles can be managed, therefore, to decrease the rate at which contaminants 

are volatilized. For example, to decrease emissions, a given volume of 

soil can be spread in a thick layer, as opposed to a thin layer; thus the 

surface area and the emission rates are reduced. 
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2.3 AIR EMISSION ESTIMATION PROCEDURES 

The following procedure should be followed in order to estimate an emission 

rate from an excavated soil pile: 

(1) Determine the approximate shape of the soil pile: 

a. Horizontal layer: 

)HEIGHT 

b. Cone: 

(2) Determine the surface area of the soil pile: 

a. Horizontal layer: 

Knowing the total volume of the soil pile (in ft3 
) and the 

thickness of the soil layer (in ft), use the following formula to 
compute the surface area: 
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Surface area = (total volume)/thickness 

VolumeSurface Area = Height 

100 yd3 27 ft3 

= 3ft x 1 yd3 

= 900 ft 
2 

or 

Estimate the length and width of the soil layer (in ft), and use 

the following formula to compute the surface area: 


Surface area = (length) x (width) 


Surface Area = Length X Width 

= 45 x 20 ft 2,...._~--~ = 900ft 2 

... 45ft----·-~ 

b. Cone: 

Approximate or measure the diameter at the base of the pile, and 
the height of the pile (in ft). Then use the following formula to 
calculate the surface area: 

212Surface area = 3.142 x r x fr + h


where r = 0.5 x diameter 


SurfaceArea=3.l42 r/ r2 + h2 
= 3.142 (10) /r-100+--22_5_ 

= 566.4 ft.
2 
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or 

If the radius of the pile is approximately equal to the height of 
the pile, the following formula may be used to estimate the 
surface area: 

Surface area = 1.11 x (diameter) 2 

Surface Area = 1.11 x (diameter) 2 

= 1.11 x (20) 2 

= 444. ft.2 

Appendix D has been included to assist in converting other units of length 
and area to feet and f t 2 

• 

(3) Use Figures 2-1 and 2-2 to determine the expected maximum emission 

rate from excavated soil of gasoline voes and benzene, respectively. 

Locate the surface area of the soil pile on the x axis, and draw a vertical 
line up to the line on the graph. Find the line corresponding to the 
temperature at the site. At the intersection of these lines, draw a 
horizontal line over to the y axis. The emission rate can be read from the 
y axis at this point. 

It should be noted that the emission rates presented in Figures 2-1 and 2-2 

are for a soil having a medium grain size, such as a sand. Coarse soils 

such as gravels have emission rates which are approximately six percent 
greater, while fine-grained soils such as clays have emission rates that 
are approximately 4 percent less than the emission rates depicted in 
Figures 2-1 and 2-2. 
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2. 4 VARIATI~ OF EMISSI~ RATF.S WITH TIME 

In general, emission rates for excavated soil piles can be characterized by 

a sharp burst of emissions followed by a rapid decline to negligible 
levels. The amount of time required for contaminants to volatilize from 
soil piles is highly variable, but tends to be on the order of a few days 
to weeks. The emission rate calculated using the charts in Section 2.3 
represents the initial burst of emissions illustrated in Figure 2-3. 

The highly volatile constituents of gasoline such as isobutane, n-butane, 
isopentane, and 1-pentene volatilize first, leaving behind the less 
volatile constituents. Because of their lower vapor pressures, the less 
volatile constituents will have lower concentrations in the soil pores 
(Johnson et al., 1988). Also, as the contaminants near the surface of the 
soil pile escape to the atmosphere, the vapors that are deeper in the soil 
pile will have to travel farther in order to reach the surface. Both of 
these effects contribute to the rapid decrease in emission rates with time, 
as shown in Figure 2-3. 

Frequently, the surface of the soil pile is intentionally disturbed, 
perhaps through land farming or rototilling to increase volatilization. 
Land farming consists of removing the top several inches of soil from a 
horizontally distributed pile, thus exposing the more contaminated soil 
lower in the pile to the atmosphere. Rototilling greatly increases the 
size of the void spaces in the soil by physically breaking it up and 
loosening it. This can also expose the more contaminated portions of the 
soil pile to the air, thus increasing the emission rate temporarily. 
Figure 2-4 illustrates the effect of disturbing the soil pile upon the 
emission rate. 
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3.0 VJICtlll EXTRAC'l'IClil 

3.1 OVERVIEW 


Vacuum extraction can remove as much as 99.99 percent of contaminants from 
soils through the use of one or more suction wells, or a series of air 
injection and suction wells (CDM, 1987a). Because the soil is treated in 
place, vacuum extraction can be less expensive and less disruptive than 

excavation, and as a result, it is becoming a popular choice as a 

corrective action technology (COM, 1987a). 

The pressure in the ground at a suction well will be lower than the 

pressure some distance away from the well. This pressure difference 
induces the air in the soil pore space to move toward the suction well. 
The contaminants, which are in \he vapor phase, move along with the air to 

the suction well. As with excavated soil piles, as the contaminant vapors 

are removed from the soil pores, more volatilize from the liquid phase to 
the vapor phase. Naturally, vacuum extraction systems will be more 
effective in soils which allow air to flow freely through its pore spaces. 

In order to estimate air emission rates, the procedure and charts presented 
in Section 3.3 rely on actual soil gas contaminant concentrations (which 
have been measured as part of the site investigation), and the pumping rate 

of the vacuum extraction system. By using measured contaminant 

concentrations, site specific conditions such as soil type, soil DDisture, 
and tenp!rature need not be considered in the emission rate determination. 

These factors do affect the overall performance of a vacuum extraction 

system however, and they are discussed in greater detail in Section 3._. 2. 

It should be noted that many soil gas contaminant concentrations are 
measured as part of a typical site investigation. In order to estimate the 

maximum emission rate using the graphs presented in Section 3.3, the 

maximum soil gas concentration should be used. If an average soil gas 
concentration is used instead, the estimated emission rate will most likely 

represent the short-term average (perhaps over the first month of 
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operation) of the actual emission rate. It should be noted that the use of 
an average soil gas concentration will tend to result in an air emission 
rate which may be significantly higher than the long term average emission 
rate (i.e., the emission rate over several months). 

Emission rates from vacuum extraction systems are generally less than those 
for excavated soil, and greater than those of air strippers. Maximum 
emission rates tend to be under 50 lb/hr for total gasoline voes and under 
2 lb/hr for benzene. The duration of the emissions from vacuum extraction 
systems is on the order of weeks to months; hence, they tend to be longer 
in duration than those from excavated soil piles, and less than those of 
air strippers. The procedure presented in Section 3.3 is commonly used by 

industry officials to estimate air emission rates. 

3. 2 FAC'IORS '!'BAT AFFECT AIR EMISSIC»fS FRCK V1QIJM EK'l'RAC'l'Im SYS'lDJS 

Factors that can affect the removal rate of voes from contaminated soil 
include the soil permeability, moisture content, applied suction pressures, 
air flow rate, and temperature (Krishnayya, et al., 1988). The most 
significant of these factors are temperature and soil type and soil 
moisture, and they are discussed in detail below. 

(a) Temperature 

The contamination level within a soil can be affected by temperature due to 
the large effect of temperature on the vapor pressures of the contaminants. 
Because the procedures presented in Section 3.3 use actual contaminant 

concentrations to arrive at emission rates, the effect of temperature on 
the emission estimate is negligible as long as the variation in the soil 
temperature during the period of operation is not large. If the soil gas 
concentrations are measured during a cold season, and the operation of the 
vacuum extraction system runs well into the summer, the emission rate may 
tend to increase over expected levels. 
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(b) Soil Type and Soil Moisture 

Typically, air under pressure can flow freely through soils having large 

grain sizes (such as gravels and coarse sands), while air generally cannot 

flow freely through fine grained soils such as clays. This relationship 
can be complicated by the moisture content of the soil. In general, wet 
soils restrict the movement of air through the pore spaces. Hence, vacuum 

extraction systems are more effective in dry soils. 

These soil characteristics determine the ability of an extraction well to 
form a flow field in the soil which can encompass the contamination. The 

radius of influence of a single vacuum extraction well having a specific 
pumping rate can range from tens to hundreds of feet, depending on soil 

type and the depth to ground water (Terra Vac, 1987). 'lherefore, within a 

given soil, the puaping rate can be lowered such that the radius of 
influence is reduced. Consequently, the well will encai:pass less 
contamination, and the emission rate can be sanewhat reduced. This may be 

desirable in regions where air emissions are a problem. It should be 

noted, however, that reducing the pumping rate can substantially reduce the 

volume of soil being treated, and hence can prolong the cleanup time. 

3. 3 AIR F.llISSIW ESTillATIW PROCEWRES 

rt should be noted that vacuum extraction systems frequently consist of 

more than one extraction well. In these cases, emission rates must be 
determined for each well, and then summed to determine the emission rate of 

the entire extraction system. The following procedure should be followed 

in order to estimate an emission rate for one vacuum extraction well: 

(1) Determine the pumping rate of the well in cubic feet per minute ( cfm) . 

Appendix D has been included to assist in converting other systems of units 

to cfm. 
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(2) a. To obtain the most conservative estimate of the air emission rate, 
determine the maximum concentration in ppm-v (parts per 
million-volume) of the gasoline and/or benzene in the soil gas. 
This data should be obtained as part of the site investigation. 
The use of the maximum soil gas concentration will provide an 
estimate of the maximum air emission rate. 

b. 	To obtain an air emission rate which represents more of a short 
term average, determine the average soil gas concentration in ppm-v 
of the gasoline and/or benzene. This concentration can be 

approximated by averaging the soil gas concentrations that were 
obtained as part of the site investigation. 

Care must be taken to ensure that the concentration used in this procedure 
is the soil gas concentration as opposed to the total soil concentration. 
Appendix C contains information to assist in converting total soil 
concentrations to soil gas concentrations. A procedure for converting soil 
gas concentrations in units of µg/l to ppn-v is also contained in 
Appendix c. It should be noted that the maximum concentration of gasoline 
voes and/or benzene present in the soil pores depends upon the blend of 
gasoline present. Using the synthetic blend given in Appendix A, and 
assuming that there is liquid gasoline and air present in the soil pores, 
the maximum concentration of gasoline \10Cs that can be present in the soil 
gas at 68°F is 361,000 ppm-v. The maximum concentration of benzene that 

can be present in the soil gas at 68°F is 3600 ppm-v. 

(3) using Figure 3-1 to estimate the emission rate of gasoline vocs, 
locate the pumping rate of the well on the x axis, and the gasoline soil 
gas concentration on the y axis. The intersection of these two points will 
fall on or near a curve having a specific emission rate. This curve can be 

used to estimate the emission rate under the prescribed pumping rate and 
contamination levels. Figure 3-2 should be used to estimate benzene 
emission rates in the same manner. 
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3. 4 VARIATial OF l!llISSial RATES Wliti TIME 

When a vacuum extraction well begins pumping, a certain amount of time is 
required to establish the flow field in the soil. The soil type and 
moisture greatly affect the amount of time required. For example, the time 

required to establish a flow field in moist soil will be longer than for 

dry soil. Additionally, more time is required to establish a flow field in 
a clay soil as opposed to sand and gravel. As the flow field radiates 

outward from the well, the emission rate of the contaminants tends to 

increase, as indicated in Figure 3-3. This is because the radius of 

influence encompasses more contamination as it grows outward (Terra vac, 
1987). 

In general, the amount of time required to reduce the voe soil gas 

concentrations to negligible levels is approximately several weeks to a few 
months. In any soil contaminated with a mixture of voes, the higher vapor 
pressure components such as isobutane, n-butane, isopentane, and 1-pentene 
will volatilize first. With time, the residual in the soil will become 

rich in the less volatile compounds, resulting in vapor concentrations and 
emission rates that will decrease with time (Johnson et al., 1988). This 

trend is also illustrated in Figure 3-3. 

After the extraction well has been pumping for some time, the air in the 
soil will tend to flow towards the well along preferential flow paths. The 

contamination will be removed from the area around these flow paths fairly 
quickly; however, contamination will still exist beyond the flow paths. 

Researchers have found that pulsing the well (turning it off and on, or 
systematically increasing and decreasing the pumping rate) disturbs these 

preferential flow paths. '!his encourages the air to move through more of 

the soil, thus removing more contamination, For pulsed systems, the 

highest emission rates for voes occur immediately after the air flow rates 

are changed (Rainwater, 1988). This is illustrated in Figure 3-4. 
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4.0 AIR 5'l'RIPPIN3 

4.1 OllERYIEW 

Air stripping is widely used to remove voes from ground water. The removal 
efficiency of an air stripper depends upon the volatility of the contami­

nants, but is generally in the range of 99 to 99.5 percent for most voes 
found in gasoline (COM, 1987a). 

Air stripping involves pumping contaminated water from the ground and 
allowing it to trickle over packing material in an air stripping tower. At 

the same time, clean air is circulated past the packing material. When the 
contaminated water (which coats the packing material in a thin film) comes 
into contact with the clean air, the contaminants tend to volatilize from 
the water into the air. The contaminated air is then released into the 
atmosphere. 

A typical site investigation will generally result in several ground water 
contaminant concentrations, each sampled at a different location. In order 
to estimate the maximum emission rate using the graphs presented in Section 

4.3, the maximum ground water concentration should be used. If an average 
ground water concentration is used instead, the estimated emission rate 

will represent a long-term average of the actual emission rate (perhaps 

over the first six months of operation). 

The procedure presented in Section 4.3 for estimating emission rates is 

cormnonly used by industry and regulatory officials. It relies on informa­

tion pertaining to the design of the air stripper (such as pumping rate and 
removal efficiency), along with field measurements of the contaminant 

concentration in the ground water. The procedure was checked against 

examples published in the literature to ensure that realistic estimates 
were obtained. 
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Emissions from air strippers tend to be less than the emissions from 
excavated soil piles and vacuum extraction systems; however, they tend to 
be longest in duration. Air stripper emission rates depend in part upon 
the pumping rate and removal efficiency of the system. For systems pumping 
at less than 100 gpm and having removal efficiencies between 85 and 99. 99 
percent, voe emissions will range from 0.5-4 lb/hr. Benzene emissions will 
generally be between 0.1-0.5 lb/hr. 

4. 2 Fl\C'l\'.mS mAT AFFECT AIR EllISSIOOS FRCft AIR STRIPPERS 

(a) Solubility of Contaminants 

The solubility of the contaminants largely determines the concentration of 
the contaminant in the ground water. The solubility of many of the 
compounds typically found in gasoline can increase tremendously in the 
presence of additives. It should be noted that the synthetic gasoline 
described in Appendix A contains no additives. 

(b) Removal Efficiency 

The removal efficiency is largely determined by the design of an air 
stripper, and to a lesser extent, the volatility of the compound being 
removed. Typically, air strippers can remove more than 99 percent of the 
volatiles found in gasoline. Three removal efficiencies (85, 95 and 99.99 
percent) are used in Section 4.3 to represent the entire range of removal 
efficiencies that might be encountered under operating conditions. 

(c) Pumping Rate 

The pumping rate of the ground water extraction well and the contaminant 
concentration determine the pollutant loading to the air stripping system. 
The pollutant loading and the removal efficiency then determine the 
emission rate from the system. Reducing the pumping rate can lower the 

pollutant loading to a system, and hence reduce the emission rate as well. 

It should be noted, however, that reducing the puaping rate in an effort to 
lower emissions can significantly increase the time and cost of cleanup. 
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4.3 AIR El'IISSIC!I ESTIMATIC!I PROCEDURES 

The following procedure should be used to estimate an emission rate for an 
air stripping system: 

(1) Determine the pumping rate of the well in gallons per minute (gpm). 

Appendix D contains the information required to convert other systems of 
units to gpm. 

(2) Determine the maximum concentration (in mg/!) of the gasoline and/or 

benzene in the ground water. These should be available from the site 
investigation. 

The maximum concentration of gasoline or benzene that can be measured in 
the water is limited by the solubility of the compounds. The solubility of 

gasoline in water is determined by the specific blend of hydrocarbons. The 

concentration of benzene in water is affected by its percent composition in 
gasoline. Using the blend given in Appendix A, the maximum concentrations 

that can be measured in the ground water are 131 mg/l for gasoline and 65 
mg/l for benzene. 

(3) Determine the removal efficiency of the air stripping system. The 

removal efficiency is largely deteanined by the air-water ratio and packing 

height of the air stripping tower (Radian, 1987). 

(4) Select the figure corresponding to the removal efficiency of the air 
stripper and the contaminant being considered. Three graphs corresponding 

to removal efficiencies of 99.99, 95, and 85 percent have been provided for 

both gasoline and benzene, as follows: 

Figure 4-1: Gasoline, removal efficiency: 99.99% 


Figure 4-2: Benzene, removal efficiency: 99.99% 

Figure 4-3: Gasoline, removal efficiency: 95% 

Figure 4-4: Benzene, removal efficiency: 95% 

Figure 4-5: Gasoline, removal efficiency: 85% 

Figure 4-6: Benzene, removal efficiency: 85% 
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Select the figure most closely corresponding to-the removal efficiency 
of the air stripper and the contaminant being considered. 

(5) Using the figure selected, locate the pumping rate of the well on 
the x axis, and the concentration of the contaminant in the water on 
the y axis. The intersection of these two points will fall on or near 
a curve having a specific emission rate. This curve can be used to 
estimate the emission rate under the prescribed pumping rate and 
contamination levels. 

(6) If the pumping rate of the air stripper is greater than 100 gpm, 
equation B-12 in Appendix B can be used to calculate the air emission 
rate. 

4.4 Vl\RIATIClil OF EllISSIClil RATES wrm Til!E 

At a given site, contaminant concentrations can vary from one pumping 
well location to another. At a given location of pumping well, the 
concentration of the contaminant also can vary considerably_ with time, 
which corresponds to variations in the emission rate from the air 
stripping tower. 

For these reasons, the exact variation of emission rate with time is 
extremely difficult to predict; however, the overall trend is that 
indicated by Figure 4-7. In general, the amount of time required to 
remove volatile compounds adequately from ground water is measured in 
years. The variation in emission rate with time is characterized by a 
somewhat rapid decrease during the first few months, followed by a 
leveling off period (Radian, 1987). 
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APPENDIX A 

PllYSIOCHDIICAL Pl'OPERTIES OF CII( SYNTHETIC GASOLINE BLEND 

(Source: CII(, 1988b) 

Petroleum fuels such as automotive gasoline, jet fuel, diesel, and 
home heating oil are composed of a wide variety of hydrocarbons. Many 
petroleum products also contain additives, which not only enhance the 

performance, but may also modify the physical and chemical properties 
of the fuel. Additives are generally used in small quantities, 

however they occasionally compose as much as 10-12% of the fuel. 

This Appendix contains tables that list the physiochemical properties 
of a synthetic gasoline blend at different temperatures. By comparing 
the typical constituents of other fuels to the constituents of the 

synthetic gasoline, generalizations can be made as to air emission 
rates that could be expected at sites where fuels other than gasoline 
have leaked into the ground. 

In general, automotive gasoline has a higher vapor pressure than other 

fuels such as diesel, home heating oil and jet fuel. At the same 
temperature then, these fuels will evaporate at lower rates than 
automotive gasoline. Consequently, the air emission rates of these 

compounds would also be lower than those expected for gasoline. Of 
these fuels, jet fuel tends to be more volatile than both diesel and 

home heating oil, and diesel tends to be more volatile than home 

heating oil. For these reasons, air emission rates for jet fuel would 

tend to be higher than emission rates for diesel. Emission rates for 
both jet fuel and diesel would tend to be higher than the emission 

rates for home heating oil. 
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Typical categories of fuel additives include lead scavenging agents, 

octane enhancers, anit-oxidants, metal deactivators, and corrosion and 
rust inhibitors, to name just a few. For the most part however, only 

the octane enhancers and lead scavenging agents are found in 

significant quantities (they commonly make up 2-5% of the 

composition), and these are only found in automotive gasolines. In 
general the lead scavenging agents have low vapor pressures, and hence 

the air emission rates for these compounds would be negligible. The 
octane enhancers include MTBE (methyl t-butyl ether), t-butyl alcohol, 

methanol, and ethanol. These compounds have high vapor pressures, and 
hence the air emission rates for these compounds would be significant. 

The contribution of these compounds to the total emission rate for 

gasoline may not be significant however, because they make up a small 

portion of the total composition of the gasoline. 

List of Tables for Appendix A 

Table Gasoline Blend Temperature Page 


A-1 CDM Synthetic 32°F (0°C) A-3 


A-2 CDM Synthetic 50°F (10°C) A-4 


A-3 CDM Synthetic 68°F (20°C) A-5 


A-4 CDM Synthetic 86°F ( 30°C) A-6 
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APPmDIX B 

AIR EllISSIQil ESTill!l'l'IQil EQUATIQilS 

This appendix contains the developnent of the equations used to estimate 

the air emission rates for soil excavation, vacuum extraction and air 
stripping. 

B-1 Soil Excavation 

The transport processes of advection and diffusion contribute to the 
overall flux of vapors from an excavated soil pile. Although research by 

Fukuda ( 1955) has indicated that wind eddies can increase the advection of 

vapors through soil, this movement has been shown to be small when compared 
to other transport processes (CDM, 1986). For this reason, it is assumed 
that the flux of vapors is controlled by the process of diffusion. 

Molecular diffusion in one dimension is described by the following form of 

Fick's First Law (PEI, 1988): 

(B-1) 

where: J - the flux of vapors [lb/(ft2 -hr)) 
m the effective diffusion coefficient (ft2;hr] 

- the concentration gradient in the vertical direction 
[lb/ft4 I 

The effective diffusion coefficient can be defined in the following manner 
(PEI, 1966): 

(B-2) 
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where: D•ir •the diffusion coefficient [ft2;hr] 
- tortuosity, (0 < T < 1) [dimensionless] 

9 a i r - the air filled porosity (expressed as a 
[dimensionless] 

fraction of 1) 

The air diffusion coefficient is adjusted by the tortuosity and air filled 
porosity in order to account for diffusion through a porous medium. The 
path length of the diffusing molecule increases as it wanders through the 
air filled pores of the soil (COM, 1987b). 

It follows that the more tortuous the path, the longer it takes the 
molecule to diffuse through soil, effectively reducing the air diffusion 
coefficient by a greater amount (PEI, 1988). There are many expressions 
that can be used to calculate the tortuosity, however the Millington and 
Quirk (1961) expression that is used here has a theoretical basis, and 

tends to be preferred (PEI, 1988): 

~ - (0 )1/3 (B-3)

'" 
where: etotal - the total porosity, (0 < e < 1)

total 

0 - the air filled porositya i r 

= e - etotal water 

where e , - the moisture content of the soil wa • r 

Different soil types typically have different values of total porosity and 
moisture content. For the fornrulations presented here, a soil type having 
a medium grain size (such as a sand) was selected. The soil was assumed to 
have a total porosity of 0.35, and moisture content of 0.08. These numbers 
correspond to average values that might be expected for a moist sand, and 
were obtained from graphs and tables given in Freeze and Cherry (1979) and 
COM (1986). 
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The steady state form of the concentration gradient can be written as: 

(~.=.) 	 (B-4) 

where: c.. oil ,.. • 	 concentration of the contaminant in the soil pores 
[lb/ft' J 

- concentration of the contaminant in the air above the 
soil pile [lb/ft' J 

z - the depth of the soil over which the concentration 
gradient exists [ft) 

It is assumed that the wind is sufficient to mix the contaminants that 
diffuse out of the soil with clean air, thereby reducing the concentration 

of the contaminants in the air above the soil. Hence, c.t~oaphar• • 0. 
This has the effect of maintaining a steep concentration gradient across 

the soil-air interface, and consequently a maxiJTPJm flux of vapors is 
maintained. 

The steady state concentration gradient takes time to establish, however 

the thinner the soil 	layer thickness being considered, the less time is 
required. The assumption of a thin soil layer thickness again allows for 
the calculation of a maxirrrum flux of vapors. For the calculations 

presented here, a soil layer thickness of 0.5 inches was assumed. 

When liquid gasoline and air are present in the soil pores, concentrations 
in the vapor phase are controlled by the gasoline composition and the vapor 
pressures of the constituents (Stephanatos, 1988). These concentrations 

are temperature dependent, as is the air diffusion coefficient. For 

temperatures of 32°F, 50° F, 68°F, and 86°F the values of the maxiJTPJm 
gasoline voe and benzene concentrations in (mg/l) are: 

32°F 50°F 68°F 86°F 

gasoline concentration 757 1091 1532 2099 

benzene concentration 4.4 7.3 11. 7 17.9 
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Values for the air diffusion coefficients for different gasoline 
constituents are tabulated in Appendix A. 

Substituting the definitions for the effective diffusion coefficient and 

the concentration gradient allows Equation e-1 to be rewritten in the 
following form: 

1/3 air 

=Dair e•ir (e•ir) e )'
J ----- (B-5)

( zetot•l 

Equation B-5 allows the calculation of the flux in units of [lb/(hr-ft2 
)]. 

In order to obtain the emission rate in units of [lb/hr], the flux must be 

multiplied by the surface area of the soil pile, as follows: 

ER ... JxA (B-6) 

where: ER = emission rate (lb/hr) 
J - vapor flux (lb/(hr-ft2 

)] 

A - surface area of the soil pile [ft2 
] 

In order to simplify this process, it is asstuned that the soil pile can 

have one of two basic shapes: a horizontal layer, or cone. For the 

horizontal layer it is also assumed that there is no flux of vapors out of 
the sides of the pile. One of the following two equations can be used to 

calculate the surface area of a horizontal pile: 

Surface area= (total volume)/(height) (B-7) 

Surface area= (length) x (width) (B-8) 

The following equation can be used to calculate the surface area of conical 

soil piles: 

Surface area= 3.142 x r x jr2 + h2 (B-9) 

Here, r is equal to one-half of the diameter at the base of the soil pile. 
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If the height of the pile is approximately equal to the radius at the base 
of the soil pile, the equation for the surface area can be simplified 
considerably: 

Surface area - 1.11 x (diameter) 2 	 (B-10) 

B-2 Vacuum Extraction 

The following equation is used frequently by industry to estimate air 
emission rates from a single vacuum extraction well (Johnson, 1988): 

qaa x MW x 1.581x10- 7 
) 	 (B-11 I ER• (Q x C1011 

where: 	ER - emission rate {lb/hr) 
Q - pumping rate [cfm] 
C = soil gas concentration (ppm-v) 
MW - molecular weight of contaminant [lb/lb-mole) 

The constant (l.58lxl0- 7 
) has units of [(lb-mole min)/(ft' ppm-v hr)] and 

was derived in the following manner: 

1 	 60 min 1 lb-mole' 
----- x --- x ----- - 1.581 x 10- 7 

10' ppm-v 1 hr 379. 5 ft' 
• (Source: Perry's Chemical Engineers' Handbook, 1984) 

API (1985) gives a similar form of this equation to calculate emission 
rates. 
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B-3 Air Stripping 

Emission rates are a function of influent concentrations and the rate of 
flow to the air stripper. 'Ibe form of the equation that can be used to 
calculate emission rates is (Radian, 1987): 

ER • (Q x C x RE x 5.042 x 10- 4
) 	 (B-12) 

where: 	ER - the emission rate in [lb/hr] 
Q - the groundwater pumping rate in {gpm] 

C • the concentration of the contaminant in the groundwater in 
[mg/11 

RE - the removal efficiency, expressed as a fraction of 1 (for 
example, a removal efficiency of 95% - 0.95) 

and (5.042 x 10- 4 
) is a constant having units of 

((lb liters min)/(mg gal hr)) and is derived in the following manner: 

2.2 lb 	x 1000 liters x 60 mi~ _ 5_ x 10-•042 
106 mg 261. 8 gal 1 hr 
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APPBNDIX C 


To convert soil gas concentrations given in µg/l to ppm--v (parts per 
million-volume) the following equation should be used (Geoscience 

Consultants Limited, 1988): 

x iRT) x Jll x 1000 litersppm-v - c (C-1) 
p MW m' 

where: C a soil gas concentration of contaminant [µg/liter] 

R: :~~2~~n~~n~g m3 )/(mole °K) 

T - temperature [°K] 


- 273.15 + °C 

= 273.15 + (°F-32)(~) 


P = atmospheric pressure [mm Hg] 

= 760 mm Hg approximately 


MW= molecular weight of contaminant 

• 78.11 gjmole for benzene 

= 102.2 gjmole for gasoline 


To calculate soil gas concentrations from total soil concentrations: 

Assume that there is equilibrium partitioning of the chemical 
(gasoline or benzene) between the soil air, soil moisture and the soil 

organic carbon. Under this asswnption there will be no sorption of 
the chemical vapors onto the dry soil. The total soil concentration 

is therefore composed of the concentration in the soil gas, soil 
moisture and the amount sorbed onto the soil organic matter. This 

relationship can be expressed as follows: 

(C-2) 


or by rearranging terms: 

C aC -C -c (C-3)gas total moisture soil 
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The following relationships can be used to determine the contaminant 

concentrations in the gas, moisture and soil: 

Cgas [atm] H [atm-m3/mol]
---------- - ------------	 (C-4) 
cmo i 11 tu re [g/m3] MW [g/mol] 

where: 	H • Henry's Law Constant 
MW = molecular weight of the contaminant 

--------- -	 (C-5) 

c111oiature [mg/l] 

where: - organic carbon content of the soil, (0 < foe < 1) 
• organic carbon normalized soil,IWater partition 

coefficient 

C. , [mg/kg] (foe) K [l/kg] MW[g;inol]
01	 00-------- - ---------------- (C-6) 

Cgas [atm] 	 H {atm-m3 jmol] 

An estimate for K
0 

c can be obtained from the following expression: 

log Koc = log K
0

w - .21 

where: K
0 

w • octanoljwater partition coefficient 

Experimental values of K are tabulated in the literature. The 
ow 

fraction of organic material in the soil can be measured in the field, 
or it can be roughly approximated. The molecular weight and Henry's 

Law constants for the synthetic gasoline blend are listed in Appendix 

A. 
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APPEM>IX D 

UNITS COOVERSICtl TABLE 

in .083 

To convert cm to ft Multiply by .033 

m 3.3 

in2 .069 

To convert cm 2 to ft 2 Multiply by .0011 

m' 10.89 

- ­

ft3 /sec 60. 

gal/min .134 
To convert to ft3 /min Multiply by 

liters 
11110 .035 

liters 
sec 2.1 

gal/sec 60. 

ft3 /min 7.48 

To convert ft3 /sec to gal/min Multiply by 448.8 

liters 
mm .26 

liters 
sec 15.6 

- ­

0-1 
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