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Chapter |
Introduction

Background

As of September 30, 2003, more than 439,000 releases from leaking
underground storage tanks (LUSTS) have been reported nationwide.
Cleanups have been initiated at more than 403,000 of these sites, and
more than 303,000 sites have been cleaned up. The backlog of sites still to
be cleaned up is more than 136,000. In many cases, the workload for state
regulators (who must oversee 50 to 400 cleanups at a time) is burdensome.

To compound the problem, cleanups are expensive. The costs of
remediating sites with soil contamination vary between $10,000 and
$125,000. Costs for remediating sites with groundwater contamination
can range from $100,000 to over $1 million depending on the extent of
contamination.

A primary factor in the high cost cleanups is the use of cleanup methods
that are either inappropriately selected or not optimally designed and
operated given the specific conditions of the site. Pump-and-treat, the
most commonly used method for remediating groundwater, is often
unsuccessful because either the source of contamination is not adequately
addressed, or the systems are not optimized. Even when properly
operated, pump-and-treat systems have inherent limitations*: they may
not work well in complex geologic settings or heterogeneous aquifers; they
often stop reducing contamination long before reaching intended cleanup
levels; and in some situations they can make sites more difficult to
remediate by smearing contamination across the subsurface. Landfilling,
the most frequently used method for addressing contaminated soils, does
not remediate soils; this method simply movess the problem from one
location to another. In addition to being costly, transporting
contaminated soil off-site increases the risk of harming human health and
the environment.

With so many sites requiring remediation at such an enormous cost, the
Environmental Protection Agency (EPA) actively promotes faster, more
effective, and less costly alternatives to traditional cleanup methods. EPA's
Office of Underground Storage Tanks (OUST) continues to work with

'In spite of its limitations, there may be some situations where pump-and-treat is the most
appropriate remediation alternative available (e.g., to remediate a small, dissolved phase plume or
to contain the plume in order to prevent migration into uncontaminated areas).
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state and local governments to encourage the use of the most appropriate
cleanup technology for each and every site. When this manual was first
published in 1994, it covered the first eight technologies listed in the table
of contents (Chapters 11 through 1X). The manual was updated in 1995 to
add two additional technologies (Chapters X and XI). Back then, these
ten technologies were referred to as “alternative technologies” because
although they had the ability to make cleanups faster, more effective, and
less costly than traditional options, they were not widely used (although
they certainly are today). The current update (May 2004) adds two new
technologies (chemical oxidation-Chapter X1, and enhanced aerobic
bioremediation-Chapter XI1) to the suite of “alternative technologies”.

Purpose Of This Manual

The purpose of this manual is to provide you—state and local
regulators—with guidance that will help you review corrective action plans
(CAPs) that propose alternative cleanup technologies. The manual does
not advocate the use of one technology over another; rather it focuses on
appropriate technology use, taking into consideration sitespecific
conditions and the nature and extent of contamination. While the manual
focuses on the remediation of leaking underground storage tank sites, some
of its basic concepts can be applied at hazardous substance and hazardous
waste sites as well. .

The manual is designed to enable you to answer two basic questions
when reviewing a CAP:

e Has an appropriate cleanup technology been proposed?

* Does the CAP provide a technically sound approach to the
cleanup?

Scope And Limitations

This manual is intended to provide technical guidance to state
regulators who oversee cleanups and evaluate CAPs. The document does
not represent the issuance of formal policy or in any way affect the
interpretation of the regulations.

The text focuses on engineering-related considerations for evaluating

each technology. It does not provide instruction on the design and
construction of remedial systems and should not be used for designing
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CAPs. Nor should it be used to provide guidance on regulatory issues such
as securing permits and establishing cleanup standards, health and safety
issues, state-specific requirements, or cleanup costs.

This document is not intended to be used as the sole reference for CAP
review. Rather, it is intended to be used along with published references,
guidance from others more experienced with alternative technologies,
information from training courses, and current journals. The material
presented is based on available technical data and information and the
knowledge and experience of the authors and the peer reviewers.

How To Use This Manual

We encourage you to use this manual at your desk as you review CAPs.
We have designed the manual so that you can tailor it to meet your state's
or your own needs. The three-ring binder allows you to insert additional
material and remove certain tools (.g., flow charts, checklists) for
photocopying. Also, you can add your own notes in the margins provided.

The manual contains discussions of eight different alternative cleanup
technologies. Tabs signal the beginning of each chapter (including the
Introduction and Abbreviations And Definitions) so you can flip quickly to
the appropriate section. We have included a table of contents in each
chapter to help you locate the information you need.

Each technology chapter contains the following tools which can help
expedite and/or improve the review process:

* An evaluation process flow chart, generally the third exhibit in each
chapter, can help you understand the overall review process for
each technology. This flow chart serves as a "road map" for the
chapter and for the decisions you will make during the evaluation
process.

» A checklist(s), located at the end of each chapter, can help you
determine whether or not the CAP contains all of the necessary
information. The checklist lists the most important factors to
evaluate for the successful implementation of each technology.

» Alist of current references, located near the end of each chapter,
provides sources of additional information.

* Advantages and disadvantages of each technology, initial screening
criteria, and other data specific to each technology.
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How to Obtain Additional Copies of the Manual

A limited number of single copies are available directly from OUST.
Contact OUST by telephone at 703-603-9900 and ask for “publications
outreach”. The entire document is also available in electronic format
(PDF) from the “Publications” section of OUST’s web site at
http://www.epa.gov/oust/pubs/tums.htm.
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Chapter Il
Soil Vapor Extraction

Overview

Soil vapor extraction (SVE), also known as soil venting or vacuum
extraction, is an in situ remedial technology that reduces concentrations
of volatile constituents in petroleum products adsorbed to soils in the
unsaturated (vadose) zone. In this technology, a vacuum is applied to the
soil matrix to create a negative pressure gradient that causes movement
of vapors toward extraction wells. Volatile constituents are readily
removed from the subsurface through the extraction wells. The extracted
vapors are then treated, as necessary, and discharged to the atmosphere
or reinjected to the subsurface (where permissible).

This technology has been proven effective in reducing concentrations
of volatile organic compounds (VOCs) and certain semi-volatile organic
compounds (SVOCs) found in petroleum products at underground
storage tank (UST) sites. SVE is generally more successful when applied
to the lighter (more volatile) petroleum products such as gasoline. Diesel
fuel, heating oils, and kerosene, which are less volatile than gasoline, are
not readily treated by SVE but may be suitable for removal by bioventing
(see Chapter Ill). SVE is generally not successful when applied to
lubricating oils, which are non-volatile, but these oils may be suitable for
removal by bioventing. A typical SVE system is shown in Exhibit II-1. A
summary of the advantages and disadvantages of SVE is shown in
Exhibit 11-2.

This chapter will assist you in evaluating a corrective action plan
(CAP) which proposes SVE as a remedy for petroleum-contaminated soil.
The evaluation process, which is summarized in a flow diagram shown in
Exhibit I1-3, will serve as a roadmap for the decisions you will make
during your evaluation. A checklist has also been provided at the end of
this chapter to be used as a tool to evaluate the completeness of the CAP
and to help focus attention on areas where additional information may
be needed. The evaluation process can be divided into the following
steps.

0 Step 1: An initial screening of SVE effectiveness, which will allow
you to quickly gauge whether SVE is likely to be effective, moderately
effective, or ineffective.
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Exhibit I1-2
Advantages And Disadvantages Of SVE

Advantages

Disadvantages

Proven performance; readily available
equipment; easy installation.

Minimal disturbance to site operations.

Short treatment times: usually 6 months
to 2 years under optimal conditions.

Cost competitive: $20-50/ton of
contaminated soil.

Easily combined with other technologies
(e.g., air sparging, bioremediation, and
vacuum-enhanced dual-phase
extraction).

Can be used under buildings and other
locations that cannot be excavated.

Concentration reductions greater than
about 90% are difficult to achieve.

Effectiveness less certain when applied
to sites with low-permeability soil or
stratified soils.

May require costly treatment for
atmospheric discharge of extracted
vapors.

Air emission permits generally required.

Only treats unsaturated-zone soils; other
methods may also be needed to treat
saturated-zone soils and groundwater.

0 Step 2: A detailed evaluation of SVE effectiveness, which provides

further screening criteria to confirm whether SVE is likely to be
effective. To complete the detailed evaluation, you will need to find
specific soil and constituent characteristics and properties, compare
them to ranges where SVE is effective, decide whether pilot studies
are necessary to determine effectiveness, and conclude whether SVE

is likely to work at a site.

Step 3: An evaluation of the SVE system design, which will allow
you to determine if the rationale for the design has been appropriately
defined based on pilot study data or other studies, whether the
necessary design components have been specified, and whether the
construction process flow designs are consistent with standard

practice.

Step 4: An evaluation of the operation and monitoring plans,
which will allow you to determine whether start-up and long-term
system operation monitoring is of sufficient scope and frequency and
whether remedial progress monitoring plans are appropriate.

October 1994
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Initial Screening Of SVE Effectiveness

Although the theories that explain how SVE works are well-
understood, determining whether SVE will work at a given site is not
simple. Experience and judgement are needed to determine whether SVE
will work effectively. The key parameters that should be used to decide
whether SVE will be a viable remedy for a particular site are:

0 Permeability of the petroleum-contaminated soils. Permeability of the
soil determines the rate at which soil vapors can be extracted.

O Volatility of the petroleum constituents. Volatility determines the rate

(and degree) at which petroleum constituents will vaporize from the
soil-adsorbed state to the soil vapor state.

In general, the type of soil (e.g., clay, silt, sand) will determine its
permeability. Fine-grained soils (e.g., clays and silts) have lower
permeability than coarse-grained soils (e.g., sands and gravels). The
volatility of a petroleum product or its constituents is a measure of its
ability to vaporize. Because petroleum products are highly complex
mixtures of chemical constituents, the volatility of the product can be
roughly approximated by its boiling point range.

Exhibit -4 is an initial screening tool that you can use to help assess
the potential effectiveness of SVE for a given site. This exhibit provides a
range of soil permeabilities for typical soil types as well as ranges of
volatility (based on boiling point range) for typical petroleum products.
Use this screening tool to make an initial assessment of the potential
effectiveness of SVE. To use this tool, you should scan the CAP to
determine the soil type present and the type of petroleum product
released at the site.

Information provided in the following section will allow a more

thorough effectiveness evaluation and will identify areas that could
require special design considerations.
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Exhibit II-3
SVE Evaluation Process Flow Chart

DETAILED EVALUATION OF
SVE EFFECTIVENESS

INITIAL SCREENING OF

SVE EFFECTIVENESS

Identify site characteristics Identify product
important to SVE constituent properties
Determine the types of effectiveness important to
soils that occur within o . SVE effectiveness
the contaminated area Intrinsic Permeability
Soil Structure Vapor Pressure
Gravels  Silts Depth to Groundwater Boiling Range
Sands Clay Moisture Content Henry's Law Constant

Is
intrinsic
permeability
> 10" cm2 and is depth
to groundwater

Are vapor
pressures of product
constituents
> 0.5mm Hg?

Is clay soil
targeted for
remediation?

soil free of Is

- - impermeable layers constituent boilin
Determine which petroleum or other conditions that range < 250-300° %v
products are targeted for would disrupt .
remediation by SVE SVE is not likely air flow?
« Gasoline to be effeqtive at
o Kerosene th_e site.
« Diesel Fuel Consider o_ther
e Heating Oil technologies.
e Lubricating Oil o Bioventing Does Is
o Landfarming moisture content Henry's Law
¢ Biomounding of soils in contaminated Constant

® Thermal
Desorption

area appear to > 100 atm?

be low?

Y

Pilot studies are required
to demonstrate effectiveness.
Review pilot study results.

Are
lubricating
oils targeted for
remediation?

YES

Do pilot .
study results SVE will not be
demonstrate SVE effective at the site.

Consider other

effectiveness?

technologies. '

e Bioventing
¢ Landfarming
* Biomounding
® Thermal

Desorption

SVE has the potential to
be effective at the site.
Proceed to next panel.

SVE is likely to be
effective at the site.

Proceed to evaluate
the design.
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Exhibit II-3
SVE Evaluation Process Flow Chart

EVALUATION OF SVE
SYSTEM DESIGN

Determine the design elements
o Radius of Influence
e Wellhead Vacuum
e Extraction Flowrate
o Initial Vapor Concentrations
e End-Point Vapor Concentrations
e Remedial Cleanup time
e Soil Volume to be Treated
® Pore Volume Calculations
® Discharge Limitations
® Construction Limitations

Have the
design basics been
identified and are they
within appropriate
ranges?

NO

Review the conceptual
process flow design & identify
the system components

o Extraction Well Orientation,

Placement and Construction SVE system
o Manifold Piping design is
o Vapor Pretreatment Equipment incomplete.
o Extraction Blower
o Instrumentation & Controls Request
o Injection Wells & Other Optional additional

Components
o Vapor Treatment Equipment

information.

Has the
conceptual design
been provided and is
it adequate?

=
The SVE system design
is complete and its
elements are within
normal ranges. Proceed
to O&M evaluation.

I1-6

EVALUATION OF SVE SYSTEM
OPERATION & MONITORING PLANS

Review the 0 & M plan for
the proposed SVE system
for the following:

® Start-Up Operations Plan

® Long-Term Operations &
Monitoring Plan

* Remedial Progress

Monitoring Plan

Are
start-up

operations & monitoring Request
described, and are their additional
scope & frequency information
adequate? on startup
procedures and
monitoring

long-term O&M
plan described; is it of
adequate scope & frequency;

does it include Request
discharge permit _additional
monitoring? information
on long-term

o&M.

remedial progress
monitoring plan estab-
lished; is it of adequate scope

Request

& frequency; does it include addci‘tlijonm
provisions for detect- information
ing asymptotic on remedial

behavior? progress
monitoring.

The SVE system is
likely to be effective.
The design and O&M
plans are complete.
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Exhibit [1-4
Initial Screening For SVE Effectiveness
Permeability

Ineffective Moderate to Minimal Effective

Effectiveness
Intrinsic Permeability, k (cm?)
107" 107 10712 10710 1078 1076 10~ 1072
[ Glacial Tl |
| Silt, Loess |
| Silty Sand |
| Clean Sand |
| Gravel |
Product Volatility

Ineffective Moderate_ to Minimal Effective
Effectiveness
Boiling Point (°C)

Nonvolatile 300 250 200 100

| Lube Oils |
| Heating Oils |
| Diesel |
| Kerosene |
| Gasoline

Detailed Evaluation Of SVE Effectiveness

Once you have completed the initial screening and determined that
SVE may have the potential to be effective for the soils and petroleum
product present, further scrutinize the CAP to confirm that SVE will be
effective.

Begin by reviewing the two major factors that determine the
effectiveness of SVE: (1) permeability of the soil and (2) constituent
volatility. The combined effect of these two factors results in the initial
contaminant mass extraction rate, which will decrease during SVE
operation as concentrations of volatile organics in the soil (and soil
vapor) are reduced.

Many site-specific parameters can be used to determine permeability
and volatility. These parameters are summarized in Exhibit I1-5.
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Exhibit I1-5
Key Parameters Used To Evaluate Permeability Of Soil And
Constituent Volatility

Permeability Of Soil Constituent Volatility
Intrinsic permeability Vapor pressure
Soil structure and stratification Product composition and boiling point
Depth to groundwater Henry's law constant

Moisture content

The remainder of this section describes each parameter, why it is
important to SVE, how it can be determined, and a range of values over
which SVE is effective.

Factors That Contribute To Permeability Of Soil

Intrinsic Permeability

Intrinsic permeability is a measure of the ability of soils to transmit
fluids and is the single most important factor in determining the
effectiveness of SVE. Intrinsic permeability ranges over 12 orders of
magnitude (from 10 to 10 cm?) for the wide variety of earth
materials, although a more limited range applies for common soil types
(103 to 10°° cm?). Intrinsic permeability is best determined from field
tests, but can be estimated within one or two orders of magnitude from
soil boring logs and laboratory tests. Coarse-grained soils (e.g., sands)
have greater intrinsic permeability than fine-grained soils (e.g., clays or
silts). Note that the ability of a soil to transmit air, which is of prime
importance to SVE, is reduced by the presence of soil water, which can
block the soil pores and reduce air flow. This is especially important in
fine-grained soil, which tend to retain water.

Intrinsic permeability can be determined in the field by conducting
permeability tests or SVE pilot studies, or in the laboratory using soil
core samples from the site. Procedures for these tests are described by
EPA (1991a). Use the values presented in Exhibit 11-6 to determine if
intrinsic permeability is within the effectiveness range for SVE.

11-8 October 1994




Exhibit I1-6
Intrinsic Permeability And SVE Effectiveness

Intrinsic Permeability (k) SVE Effectiveness
k>10%cm? Generally effective.
10> k> 10" cm? May be effective; needs further evaluation.
k < 10" cm? Marginal effectiveness to ineffective.

At sites where the soils in the saturated zone are similar to those
within the unsaturated zone, hydraulic conductivity of the soils may be
used to estimate the permeability of the soils. Hydraulic conductivity is a
measure of the ability of soils to transmit water. Hydraulic conductivity
can be determined from aquifer tests, including slug tests and pumping
tests. You can convert hydraulic conductivity to intrinsic permeability
using the following equation:

k = K (17 pg)

where: k = intrinsic permeability (cm?)
K = hydraulic conductivity (cm/sec)
| = water viscosity (g/cm - sec)
p = water density (g/cm?)
g = acceleration due to gravity (cm/sec?)

At 20°C: u/pg =1.02 - 10° cm - sec

To convert k from cm? to darcy, multiply by 102
Soil Structure And Stratification

Soil structure and stratification are important to SVE effectiveness
because they can affect how and where soil vapors will flow within the
soil matrix under extraction conditions. Structural characteristics such
as microfracturing can result in higher permeabilities than expected for
certain soil components (e.g., clays). However, the increased flow
availability will be confined within the fractures but not in the
unfractured media. This preferential flow behavior can lead to ineffective
or significantly extended remedial times. Stratification of soils with
different permeabilities can increase the lateral flow of soil vapors in the
more permeable stratum while dramatically reducing the soil vapor flow
through the less permeable stratum.
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You can determine the intergranular structure and stratification of
the soil by reviewing soil boring logs for wells or borings and by
examining geologic cross-sections. You should verify that soil types have
been identified, that visual observations of soil structure have been
documented, and that sampling intervals are of sufficient frequency to
define any soil stratification. Stratified soils may require special
consideration in design to ensure less-permeable stratum are addressed.

Depth To Groundwater

Fluctuations in the groundwater table should also be considered
when reviewing a CAP. Significant seasonal or daily (tidal or
precipitation-related) fluctuations may, at times, submerge some of the
contaminated soil or a portion of the extraction well screen, making it
unavailable for air flow. This is most important for horizontal extraction
wells, where the screen is parallel to the water table surface.

SVE is generally not appropriate for sites with a groundwater table
located less than 3 feet below the land surface. Special considerations
must be taken for sites with a groundwater table located less than 10
feet below the land surface because groundwater upwelling can occur
within SVE wells under vacuum pressures, potentially occluding well
screens and reducing or eliminating vacuum-induced soil vapor flow.
Use Exhibit I1-7 to determine whether the water-table depth is of
potential concern for SVE effectiveness.

Moisture Content

High moisture content in soils can reduce soil permeability and
thereafter, the effectiveness of SVE by restricting the flow of air through
soil pores. Airflow is particularly important for soils within the capillary
fringe where, oftentimes, a significant portion of the constituents can
accumulate. Fine-grained soils create a thicker capillary fringe than
coarse-grained soils. The thickness of the capillary fringe can usually be
determined from soil boring logs (i.e., in the capillary fringe, soils are
usually described as moist or wet). The capillary fringe usually extends
from inches to several feet above the groundwater table elevation. SVE is
not generally effective in removing contaminants from the capillary
fringe. When combined with other technologies (e.g., pump-and-treat to
lower the water table or air sparging to strip contaminants from the
capillary fringe) the performance of SVE-based systems is considerably
increased.
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Exhibit II-7
Depth To Groundwater And SVE Effectiveness

Depth To Groundwater SVE Effectiveness

> 10 feet Effective

3 feet < depth < 10 feet Need special controls (e.g., horizontal wells or
groundwater pumping)

< 3 feet Not generally effective

Moist soils can also occur from stormwater infiltration in unpaved
areas without sufficient drainage. This moisture may be a persistent
problem for fine-grained soils with slow infiltration rates. SVE does
dehydrate moist soils to some extent, but the dehydration process may
hinder SVE performance and extend operational time.

Factors That Contribute To Constituent Volatility

Vapor Pressure

Vapor pressure is the most important constituent characteristic in
evaluating the applicability and potential effectiveness of an SVE system.
The vapor pressure of a constituent is a measure of its tendency to
evaporate. More precisely, it is the pressure that a vapor exerts when in
equilibrium with its pure ligquid or solid form. Constituents with higher
vapor pressures are more easily extracted by SVE systems. Those with
vapor pressures higher than 0.5 mm Hg are generally considered
amenable for extraction by SVE.

As previously discussed, gasoline, diesel fuel, and kerosene are each
composed of over a hundred different chemical constituents. Each
constituent will be extracted at a different rate by an SVE system,
generally according to its vapor pressure. Exhibit I1-8 lists vapor
pressures of selected petroleum constituents.
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Exhibit 11-8
Vapor Pressures Of Common Petroleum Constituents

Vapor Pressure

Constituent (mm Hg at 20°C)
Methyl t-butyl ether 245
Benzene 76
Toluene 22
Ethylene dibromide 11
Ethylbenzene 7
Xylenes 6
Naphthalene 0.5
Tetraethyl lead 0.2

Product Composition And Boiling Point

The most commonly encountered petroleum products from UST
releases are gasoline, diesel fuel, kerosene, heating oils, and lubricating
oils. Because of their complex constituent composition, petroleum
products are often classified by their boiling point range. Because the
boiling point of a compound is a measure of its volatility, the
applicability of SVE to a petroleum product can be estimated from its
boiling point range. The boiling point ranges for common petroleum
products are shown in Exhibit I1-9.

Exhibit 11-9
Petroleum Product Boiling Point Ranges

Boiling Point Range

Product (°C)
Gasoline 40to0 225
Kerosene 180 to 300
Diesel fuel 200 to 338
Heating oil >275
Lubricating oils Nonvolatile

In general, constituents in petroleum products with boiling points less
than 250° to 300°C are sufficiently volatile to be amenable to removal by
SVE. Therefore, SVE can remove nearly all gasoline constituents, a
portion of kerosene and diesel fuel constituents, and a lesser portion of
heating oil constituents. SVE cannot remove lubricating oils. Most
petroleum constituents are biodegradable, however, and might be
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amenable to removal by bioventing. (See Chapter Il for information
about Bioventing.) Injection of heated air also can be used to enhance
the volatility of these products because vapor pressure generally
increases with temperature. However, energy requirements for volatility
enhancement are so large as to be economically prohibitive.

Henry’s Law Constant

Another indicator of the volatility of a constituent is by noting its
Henry’s law constant. Henry’s law constant is the partitioning
coefficient that relates the concentration of a constituent dissolved in
water to its partial pressure in the vapor phase under equilibrium
conditions. In other words, it describes the relative tendency for a
dissolved constituent to partition between the vapor phase and the
dissolved phase. Therefore, the Henry's law constant is a measure of the
degree to which constituents that are dissolved in soil moisture (or
groundwater) will volatilize for removal by the SVE system. Henry’s law
constants for several common constituents found in petroleum products
are shown in Exhibit I1-10. Constituents with Henry’s law constants of
greater than 100 atmospheres are generally considered amenable to
removal by SVE.

Exhibit 11-10
Henry's Law Constant Of Common Petroleum Constituents
Constituent Henry's Law Constant (atm)
Tetraethyl lead 4700
Ethylbenzene 359
Xylenes 266
Benzene 230
Toluene 217
Naphthalene 72
Ethylene dibromide 34
Methyl t-butyl ether 27

Other Considerations

There are other site-specific aspects to consider when evaluating the
potential effectiveness of an SVE system. For example, it may be
anticipated that SVE would be only marginally effective at a site as the
result of low permeability of the soil or low vapor pressure of the
constituents. In this case, bioventing may be the best available
alternative for locations such as under a building or other inaccessible
area.
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SVE may also be appropriate near a building foundation to prevent
vapor migration into the building. Here, the primary goal may be to
control vapor migration and not necessarily to remediate soil.

Pilot Scale Studies

At this stage, you will be in a position to decide if SVE is likely to be
highly effective, somewhat effective, or ineffective. If it appears that SVE
will be only marginally to moderately effective at a particular site, make
sure that SVE pilot studies have been completed at the site and that
they demonstrate SVE effectiveness. Pilot studies are an extremely
important part of the design phase. Data provided by pilot studies is
necessary to properly design the full-scale SVE system. Pilot studies also
provide information on the concentration of volatile organic compounds
(VOCs) that are likely to be extracted during the early stages of operation
of the SVE system.

While pilot studies are important and recommended for evaluating
SVE effectiveness and design parameters for any site, they are
particularly useful at sites where SVE is expected to be only marginally
to moderately effective. Pilot studies typically include short-term (1 to 30
days) extraction of soil vapors from a single extraction well, which may
be an existing monitoring well at the site. However, longer pilot studies
(up to 6 months) which utilize more than one extraction well may be
appropriate for larger sites. Different extraction rates and wellhead
vacuums are applied to the extraction wells to determine the optimal
operating conditions. The vacuum influence at increasing distances from
the vapor extraction well is measured using vapor probes or existing
wells to establish the pressure field induced in the subsurface by
operation of the vapor extraction system. The pressure field
measurements can be used to define the design radius of influence for
SVE. Vapor concentrations are also measured at two or more intervals
during the pilot study to estimate initial vapor concentrations of a
full-scale system. The vapor concentration, vapor extraction rate and
vacuum data are also used in the design process to select extraction and
treatment equipment.

In some instances, it may be appropriate to evaluate the potential of
SVE effectiveness using a screening model such as HyperVentilate (EPA,
1993). HyperVentilate can be used to identify required site date, decide if
SVE is appropriate at a site, evaluate air permeability tests, and estimate
the minimum number of wells needed. It is not intended to be a detailed
SVE predictive modeling or design tool.
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Evaluation Of The SVE System Design

Once you have verified that SVE is applicable, you can scrutinize the
design of the system. A pilot study that provides data used to design the
full-scale SVE system is highly recommended. The CAP should include a
discussion of the rationale for the design and presentation of the
conceptual engineering design. Detailed engineering design documents
might also be included, depending on state requirements. Further detail
about information to look for in the discussion of the design is provided
below.

Rationale For The Design

Consider the following factors as you evaluate the design of the SVE
system in the CAP.

O Design Radius of Influence (ROI) is the most important parameter to
be considered in the design of an SVE system. The ROI is defined as
the greatest distance from an extraction well at which a sufficient
vacuum and vapor flow can be induced to adequately enhance
volatilization and extraction of the contaminants in the soil. As a rule-
of-thumb, the ROI is often considered to be the distance from the
extraction well at which a vacuum of at least 0.1 inches of water is
observed.

The ROI depends on many factors including: lateral and vertical
permeability; depth to the groundwater table; the presence or absence
of a surface seal; the use of injection wells; and the extent of soil
heterogeneity. Generally, the design ROI can range from 5 feet (for fine
grained soils) to 100 feet (for coarse grained soils). For sites with
stratified geology, design ROI should be defined for each soil type. The
ROI is important for determining the appropriate number and spacing
of extraction wells. The ROI should be determined based on the
results of pilot study testing; however, at sites where pilot tests can
not be performed, the ROI can be estimated using air flow modelling
or other empirical methods.

O Wellhead Vacuum is the vacuum pressure that is required at the top
of the extraction well to produce the desired vapor extraction flow rate

from the extraction well. Although wellhead vacuum is usually deter-
mined through pilot studies, it can be estimated and typically ranges
from 3 to 100 inches of water vacuum. Less permeable soils generally
require higher wellhead vacuum pressures to produce a reasonable
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radius of influence. It should be noted, however, that high vacuum
pressures (e.g., greater than 100 inches of water) can cause upwelling
of the water table and occlusion of the extraction well screens.

O Vapor Extraction Flow Rate is the volumetric flow rate of soil vapor
that will be extracted from each vapor extraction well. Vapor
extraction flow rate, radius of influence, and wellhead vacuum are
interdependent (e.g., a change in the extraction rate will cause a
change in the wellhead vacuum and radius of influence). Vapor
extraction flow rate should be determined from pilot studies but may
be calculated using mathematical or physical models (EPA 1993). The
flow rate will contribute to the operational time requirements of the
SVE system. Typical extraction rates can range from 10 to 100 cubic
feet per minute (cfm) per well.

O Initial Constituent Vapor Concentrations can be measured during pilot
studies or estimated from soil gas samples or soil samples. They are
used to estimate constituent mass removal rate and SVE operational
time requirements and to determine whether treatment of extracted
vapors will be required prior to atmospheric discharge or reinjection.

The initial vapor concentration is typically orders of magnitude higher
than the sustained vapor extraction concentration and can be
expected to last only a few hours to a day before dropping off
significantly. Vapor treatment is especially important during this early
phase of remediation.

O Required Final Constituent Concentrations in soils or vapors are either
defined by state regulations as "remedial action levels," or determined
on a site-specific basis using fate and transport modeling and risk
assessment. They will determine what areas of the site require
treatment and when SVE operation can be terminated.

O Required Remedial Cleanup Time may also influence the design of the
system. The designer may reduce the spacing of the extraction wells
to increase the rate of remediation to meet cleanup deadlines or client
preferences, as required.

O Soil Volume To Be Treated is determined by state action levels or a
site-specific risk assessment using site characterization data for the

soils.

O Pore Volume Calculations are used along with extraction flow rate to
determine the pore volume exchange rate. The exchange rate is
calculated by dividing the soil pore space within the treatment zone
by the design vapor extraction rate. The pore space within the
treatment zone is calculated by multiplying the soil porosity by the
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volume of soil to be treated. Some literature suggests that one pore
volume of soil vapor should be extracted at least daily for effective
remedial progress.

You can calculate the time required to exchange one pore volume of
soil vapor using the following equation:

3 3 cnill . (m3 cni
E = (m* vapor / m* soil) - (m” soil) _ hr
(rn3 vapor / hr)

where: E = pore volume exchange time (hr)
¢ = soil porosity (m® vapor/m?® soil)
V = volume of soil to be treated (m® soil)
Q = total vapor extraction flowrate (m® vapor/hr)

E =&

Q

O Discharge Limitations And Monitoring Requirements are usually
established by state regulations but must be considered by designers
of an SVE system to ensure that monitoring ports are included in the
system hardware. Discharge limitations imposed by state air quality
regulations will determine whether offgas treatment is required.

O Site Construction Limitations such as building locations, utilities,
buried objects, residences, and the like must be identified and
considered in the design process.

Components Of An SVE System

Once the rationale for the design is defined, the actual design of the
SVE system can be developed. A typical SVE system design will include
the following components and information:

O Extraction wells
O Well orientation, placement, and construction details
O Manifold piping
O Vapor pretreatment design
O Blower selection
O Instrumentation and control design
O Optional SVE components
-- Injection wells
-- Surface seals
- Groundwater depression pumps
-- Vapor treatment systems
Exhibit II-11 is a schematic diagram of an SVE system.
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Exhibit 1i-11
Schematic Of A Soil Vapor Extraction System
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The following subsections provide guidance for reviewing the system
configuration, standard system components, and additional system
components.

Extraction Wells

Well Orientation. An SVE system can use either vertical or horizontal
extraction wells. Orientation of the wells should be based on site-specific
needs and conditions. Exhibit II-12 lists site conditions and the
corresponding appropriate well orientation.

Well Placement And Number Of Wells. Determine the number and location of
extraction wells by using several methods. In the first method, you divide
the area of the site requiring treatment by the area of influence for a
single well to obtain the total number of wells needed. Then, space the
wells evenly within the treatment area to provide areal coverage so that
the areas of influence cover the entire area of contamination.

Area of influence for a single well = « - (ROI)2

Treatment area (m 2)

Area of influence for single extraction well (m 2/well)

Number of wells needed =
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Exhibit 1I-12
Well Orientation And Site Conditions

Well Orientation Site Conditions

Vertical extraction well O Shallow to deep contamination (5 to
100+ feet).
O Depth to groundwater > 10 feet.

Horizontal extraction well O Shallow contamination (< 25 feet). More
effective than vertical wells at depths
< 10 feet. Construction difficult at depths
> 25 feet.
O Zone of contamination confined to a
specific stratigraphic untt.

In the second method, determine the total extraction flow rate needed to
exchange the soil pore volume within the treatment area in a reasonable
amount of time (8 to 24 hours). Determine the number of wells required
by dividing the total extraction flow rate needed by the flow rate
achievable with a single well.

Number of wells needed = £ Vq/ t
where: ¢ = soil porosity (m® vapor / m°® soil)

V = volume of soil in treatment area (rn3 soil)

q= vagor extraction rate from single extraction well
(m*” vapor/hr).

t = pore volume exchange time (hours)

In the example below, an 8-hour exchange time is used.

m? soil 8 hrs

m® vapor

hr

[m3 vapor] . { (m® SOﬂ)J
Number of wells needed =

Consider the following additional factors in determining well spacing.

O Use closer well spacing in areas of high contaminant concentrations
to increase mass removal rates.
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0 If a surface seal exists or is planned for the design, space the wells
slightly farther apart because air is drawn from a greater lateral
distance and not directly from the surface. However, be aware that
this increases the need for air injection wells.

0 At sites with stratified soils, wells that are screened in strata with low
intrinsic permeabilities should be spaced more closely than wells that
are screened in strata with higher intrinsic permeabilities.

Well Construction. Vertical Well Construction. Vertical extraction wells are
similar in construction to groundwater monitoring wells and are
installed using the same techniques. Extraction wells are usually
constructed of polyvinyl chloride (PVC) casing and screening. Extraction
well diameters typically range from 2 to 12 inches, depending on flow
rates and depth; a 4-inch diameter is most common. In general, 4-inch-
diameter wells are favored over 2-inch-diameter wells because 4-inch-
diameter wells are capable of higher extraction flow rates and generate
less frictional loss of vacuum pressure.

Exhibit I1-13 depicts a typical vertical extraction well. Vertical
extraction wells are constructed by placing the casing and screen in the
center of a borehole. Filter pack material is placed in the annular space
between the casing/screen and the walls of the borehole. The filter pack
material extends 1 to 2 feet above the top of the well screen and is
followed by a 1- to 2-foot-thick bentonite seal. Cement-bentonite grout
seals the remaining space up to the surface. Filter pack material and
screen slot size must be consistent with the grain size of the surrounding
soils.

The location and length of the well screen in vertical extraction wells
can vary and should be based on the depth to groundwater, the
stratification of the soil, and the location and distribution of
contaminants. In general, the length of the screen has little effect on the
ROI of an extraction well. However, because the ROI is affected by the
intrinsic permeability of the soils in the screened interval (lower intrinsic
permeability will result in a smaller ROI, other parameters being equal),
the placement of the screen can affect the ROI.

O At a site with homogeneous soil conditions, ensure that the well is
screened throughout the contaminated zone. The well screen may be
placed as deep as the seasonal low water table. A deeper well helps to
ensure remediation of the greatest amount of soil during seasonal low
groundwater conditions.

O At a site with stratified soils or lithology, check to see that the
screened interval is within the zone of lower permeability because
preferred flow will occur in the zones of higher permeability.
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Exhibit 11-13
Typical Vertical Soil Vapor Extraction Well Construction
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Horizontal Well Construction. Look for horizontal extraction wells or
trench systems in shallow groundwater conditions. Exhibit II-14 shows a
typical shallow horizontal well construction detail. Horizontal extraction
wells are constructed by placing slotted (PVC) piping near the bottom of
an excavated trench. Gravel backfill surrounds the piping. A bentonite
seal or impermeable liner is added to prevent air leakage from the
surface. When horizontal wells are used, the screen must be high
enough above the groundwater table that normal groundwater table
fluctuations do not submerge the screen. Additionally, vacuum
pressures should be monitored such that they do not cause upwelling of
the groundwater table that could occlude the well screen(s).
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Manifold Piping

Manifold piping connects the extraction wells to the extraction blower.
Piping can either be placed above or below grade depending on site
operations, ambient temperature, and local building codes. Below-grade
piping is most common and is installed in shallow utility trenches that

lead from the extraction wellhead vault(s) to a central equipment
location. The piping can either be manifolded in the equipment area or
connected to a common vacuum main that supplies the wells in series,
in which case flow control valves are sited at the wellhead. Piping to the
well locations should be sloped toward the well so that condensate or
entrained groundwater will flow back toward the well.

Exhibit 11-14
Typical Horizontal Soil Vapor Extraction Well Construction
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Vapor Pretreatment

Extracted vapor can contain condensate, entrained groundwater, and
particulates that can damage blower parts and inhibit the effectiveness
of downstream treatment systems. In order to minimize the potential for
damage to blowers, vapors are usually passed through a moisture
separator and a particulate filter prior to entering the blower. Check the
CAP to verify that both a moisture separator and a particulate filter have
been included in the design.
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Blower Selection

The type and size of blower selected should be based on both the
vacuum required to achieve design vacuum pressure at the extraction
wellheads (including upstream and downstream piping losses) and the
total flow rate. The flow rate requirement should be based on the sum of
the flow rates from the contributing vapor extraction wells. In
applications where explosions might occur, blowers must have
explosion-proof motors, starters, and electrical systems. Exhibit 11-15
depicts the performance curves for the three basic types of blowers that
can be used in an SVE system.

0 Centrifugal blowers (such as squirrel-cage fans) should be used for

high-flow (up to 280 standard cubic feet per minute), low-vacuum
(less than 30 inches of water) applications.

Exhibit 11-15
Performance Curves For Three Types Of Blowers

160 —

140 — = = = = = = Rotary Lobe Blower

Regenerative Blower
— = Centrifugal Blower

120 —

1

1

1

1

1

1

1

1

1

1

100 — 1
1

1
80 — 1
1
1

60 —

40 —

Inches of Water Column Vacuum

20 —

I I | I | | I
40 80 120 160 200 240 280

Airflow — Standard Cubic Feet per Minute (SCFM)

Notes:

Centrifugal blower type shown is a New York model 2004A at 3500 rpm. Regenerative
blower type shown is a Rotron model DR707. Rotary lobe blower type shown is a M-D
Pneumatics model 3204 at 3000 rpm.

From "Guidance for Design, Installation and Operation of Soil Venting Systems."
Wisconsin Department of Natural Resources, Emergency and Remedial Response
Section, PUBL-SW185-93, July 1993.
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0 Regenerative and turbine blowers should be used when a higher (up to
80 inches of water) vacuum is needed.

0 Rotary lobe and other positive displacement blowers should be used
when a very high (greater than 80 inches of water) vacuum and
moderate air flow are needed.

Monitoring And Controls

The parameters typically monitored in an SVE system include:
Pressure (or vacuum)

Air/vapor flow rate

Contaminant mass removal rates
Temperature of blower exhaust vapors

Oo0oodg

The equipment in an SVE system used to monitor these parameters
provides the information necessary to make appropriate system
adjustments and track remedial progress. The control equipment in an
SVE system allow the flow and vacuum pressure to be adjusted at each
extraction well of the system, as necessary. Control equipment typically
includes flow control valves. Exhibit 11-16 lists typical monitoring and
control equipment for an SVE system, where each of these pieces of
monitoring equipment should be placed, and the types of equipment that
are available.

Optional SVE Components

Additional SVE system components might also be used when certain
site conditions exist or pilot studies dictate they are necessary. These
components include:

Injection and passive inlet wells
Surface seals

Groundwater depression pumps
Vapor treatment systems

Oo0oodg

Injection and Passive Inlet Wells. Air injection and inlet wells are
designed to help tune air flow distribution and may enhance air flow
rates from the extraction wells by providing an active or passive air
source to the subsurface. These wells are often used at sites where a
deeper zone (i.e., > 25 feet) is targeted for SVE or where the targeted zone
for remediation is isolated from the atmosphere by low permeability
materials. They are used also to help prevent short-circuiting of air flow
from the atmosphere at sites with shallower target zones. Passive wells
have little effect unless they are placed close to the extraction well. In
addition, air injection is used to eliminate potential stagnation zones
(areas of no flow) that sometimes exist between extraction wells.

11-24 October 1994



Exhibit 1I-16

Monitoring And Control Equipment

Monitoring Equipment

Location In System

Example Of Equipment

Flow meter O At each wellhead O Pitot tube
O Manifold to blower O In-line rotameter
O Blower discharge O Orifice plate
O Venturi or flow tube
Vacuum gauge O At each well head or O Manometer
manifold branch O Magnehelic gauge
O Before and after filters O Vacuum gauge
upstream of blower
O Before and after vapor
treatment
Vapor temperature sensor O Manifold to blower O Bi-metal dial-type
O Blower discharge (prior to thermometer
vapor treatment)
Sampling port O At each well head or O Hose barb
manifold branch O Septa fitting
O Manifold to blower
O Blower discharge
Vapor sample collection O At each well head or O Tedlar bags
equipment (used through a manifold branch O Sorbent tubes
sampling port) O Manifold to blower 0 Sorbent canisters
0 Blower discharge O Polypropylene tubing for
direct GC injection
Control Equipment
Flow control valves O At each well head or O Ball valve
manifold branch O Gate/globe valve
0 Dilution or bleed valve at 0 Butterfly valve

manifold to blower

Air injection wells are similar in construction to extraction wells but

can be designed with a longer screened interval in order to ensure
uniform air flow. Active injection wells force compressed air into soils.
Passive air inlet wells, or inlets, simply provide a pathway that helps
extraction wells draw ambient air to the subsurface. Air injection wells
should be placed to eliminate stagnation zones, if present, but should
not be placed such that the injected air will force contaminants to an
area where they will not be recovered (i.e., off-site).
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Surface Seals. Surface seals might be included in an SVE system
design to prevent surface water infiltration that can reduce air flow rates,
reduce emissions of fugitive vapors, prevent vertical short-circuiting of
air flow, or increase the design ROI. These results are accomplished
because surface seals force fresh air to be drawn from a greater distance
from the extraction well. If a surface seal is used, the lower pressure

gradients result in decreased flow velocities. This condition may require
a higher vacuum to be applied to the extraction well.

Surface seals or caps should be selected to match the site conditions
and regular business activities at the site. Options include high density
polyethylene (HDPE) liners (similar to landfill liners), clay or bentonite
seals (with cover vegetation or other protection), or concrete or asphalt
paving. Existing covers (e.g., pavement or concrete slab) might not
provide sufficient air confinement if they are constructed with a porous
subgrade material.

Groundwater Depression Pumps. Groundwater depression pumping
might be necessary at a site with a shallow groundwater table.
Groundwater pumps can reduce the upwelling of water into the
extraction wells and lower the water table and allow a greater volume of
soil to be remediated. Because groundwater depression is affected by
pumping wells, these wells must be placed so that the surface of the
groundwater is depressed in all areas where SVE is occurring.

Groundwater pumping, however, can create two additional waste
streams requiring appropriate disposal:

0 Groundwater contaminated with dissolved hydrocarbons; and
0 Liquid hydrocarbons (i.e., free product, if present).

Vapor Treatment Systems. Look for vapor treatment systems in the SVE
design if pilot study data indicate that extracted vapors will contain VOC
concentrations in excess of state or local air emission limits. Available
vapor treatment options include granular activated carbon (GAC),
catalytic oxidation, and thermal oxidation.

GAC is a popular choice for vapor treatment because it is readily
available, simple to operate, and can be cost competitive. Catalytic
oxidation, however, is generally more economical than GAC when the
contaminant mass loading is high. However, catalytic oxidation is not
recommended when concentrations of chemical constituents are
expected to be sustained at levels greater than 20 percent of their lower
explosive limit (LEL). In these cases, a thermal oxidizer is typically
employed because the vapor concentration is high enough for the
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constituents to burn. Biofilters, an emerging vapor-phase biological
treatment technique, can be used for vapors with less than 10 percent
LEL, appear to be cost effective, and may also be considered.

Evaluation Of Operation And Monitoring Plans

Make sure that a system operation and monitoring plan has been
developed for both the system start-up phase and for long-term
operations. Operations and monitoring are necessary to ensure that
system performance is optimized and contaminant mass removal is
tracked.

Start-Up Operations

The start-up phase should include 7 to 10 days of manifold valving
adjustments. These adjustments should optimize contaminant mass
removal by concentrating vacuum pressure on the extraction wells that
are producing vapors with higher contaminant concentrations, thereby
balancing flow and optimizing contaminant mass removal. Flow
measurements, vacuum readings, and vapor concentrations should be
recorded daily from each extraction vent, from the manifold, and from
the effluent stack.

Long-Term Operations

Long-term monitoring should consist of flow-balancing, flow and
pressure measurements, and vapor concentration readings.
Measurements should take place at biweekly to monthly intervals for the
duration of the system operational period.

Exhibit I1-17 provides a brief synopsis of system monitoring
recommendations.

Exhibit 11-17
System Monitoring Recommendations

Phase Monitoring Frequency What To Monitor Where To Monitor
Start-up (7-10 days) Daily O Flow O Extraction vents
O Vacuum O Manifold

O Vapor concentrations 0O Effluent stack

Flow O Extraction vents
Vacuum Manifold
O Vapor concentrations 0O Effluent stack

O

Remedial (ongoing) Biweekly to monthly

O
O

October 1994 11-27



Remedial Progress Monitoring

Monitoring the performance of the SVE system in reducing
contaminant concentrations in soils is necessary to determine if remedial
progress is proceeding at a reasonable pace.

The mass removed during long-term monitoring intervals can be
calculated using vapor concentration and flow rate measurements taken
at the manifold. The instantaneous and cumulative mass removal is then
plotted versus time. The contaminant mass removed during an operating
period can be calculated using the equation provided below. This
relationship can be used for each extraction well (and then totalled) or
for the system as a whole, depending on the monitoring data that is
available.

M:C-Q.t

where: M = cumulative mass removed (kg)
C = vapor concentration (k%
Q = extraction flow rate (m
t = operational period (hr)

/m°)
/hr)

3

T . hr

kg
mass removed (kg) = - - __
m3 hr

Remedial progress of SVE systems typically exhibits asymptotic

“behavior with respect to both vapor concentration reduction and
cumulative mass removal. (See Exhibit II-18.) At this point, the
composition of the vapor should be determined and compared with soil
vapor samples. This comparison will enable confirmation that there has
been a shift in composition toward less volatile components. Soil vapor
samples may indicate the composition and extent of the residual
contamination. When asymptotic behavior begins to occur, the operator
should closely evaluate alternatives that increase mass removal rate
such as increasing flow to extraction wells with higher vapor
concentrations by terminating vapor extraction from extraction wells
with low vapor concentrations or pulsing. Pulsing involves the periodic
shutdown and startup operation of extraction wells to allow the
subsurface environment to come to equilibrium (shutdown) and then
begin extracting vapors again (startup). Other more aggressive steps to
curb asymptotic behavior can include installation of additional injection
wells or extraction wells.
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Exhibit 11-18
Relationship Between Concentration Reduction And Mass Removal

Cumulative
VOC Mass
Removal (Ibs)

Asymptotic
Behavior
(Irreducible)

VOC Mass Removed
VOC Concentration

VOC Concentrations
in Extracted Sail /'
Vapor (ppm)

Operation Time —— =

If asymptotic behavior is persistent for periods greater than about six
months and the concentration rebound is sufficiently small following

periods of temporary system shutdown, termination of operations may
be appropriate if residual levels are at or below regulatory limits. If not,

operation of the system as a bioventing system with reduced vacuum
and air flow may be an effective remedial alternative.
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Checklist: Can SVE Be Used At This Site?

This checklist can help you to evaluate the completeness of the CAP
and to identify areas that require closer scrutiny. As you go through the
CAP, answer the following questions. If the answer to several questions
is no, you will want to request additional information to determine if SVE
will accomplish the cleanup goals at the site.

1. Factors That Contribute To Permeability Of Soil
Yes No
O O Isthe intrinsic permeability greater than 10° cm??
ad 0O Is the depth to groundwater greater than 3 feet?*

ad O Are site soils generally dry?

2. Factors That Contribute To Constituent Volatility
Yes No
ad 0 Is the contaminant vapor pressure greater than 0.5 mm Hg?
ad O If the contaminant vapor pressure is not greater than 0.5
mm Hg, is some type of enhancement (e.g., heated air

injection) proposed to increase volatility?

ad O Are the boiling points of the contaminant constituents less
than 300°C?

ad O Is the Henry’s law constant for the contaminant greater
than 100 atm?

If no, this parameter alone may not negate the use of SVE. However, provisions for
use of a surface seal, construction of horizontal wells, or for lowering the water table
should be incorporated into the CAP.
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3. Evaluation Of The SVE System Design
Yes No

ad 0 Does the radius of influence (ROI) for the proposed
extraction wells fall in the range 5 to 100 feet?

ad 0 Has the ROI been calculated for each soil type at the site?

ad 0 Examine the extraction flow rate. Will these flow rates
achieve cleanup in the time allotted for remediation in the
CAP?

ad O Is the type of well proposed (horizontal or vertical)
appropriate for the site conditions present?

ad O Is the proposed well density appropriate, given the total area
to be cleaned up and the radius of influence of each well?

ad 0 Do the proposed well screen intervals match soil conditions
at the site?

ad O Is the blower selected appropriate for the desired vacuum
conditions?
4. Optional SVE Components
Yes No
ad O Are air injection or passive inlet wells proposed?

O O Is the proposed air injection/inlet well design appropriate for
this site?

ad O Are surface seals proposed?
ad O Are the sealing materials proposed appropriate for this site?
ad O Will groundwater depression be necessary?

ad O If groundwater depression is necessary, are the pumping
wells correctly spaced?

ad 0 Is a vapor treatment system required?
ad O If a vapor treatment system is required, is the proposed

system appropriate for the contaminant concentration at the
site?

11-32 October 1994



4. Operation And Monitoring Plans
Yes No

ad O Does the CAP propose daily monitoring for the first 7 to 10
days of flow measurements, vacuum readings, and vapor
concentrations from each extraction vent, the manifold, and
the effluent stack?

ad 0 Does the CAP propose biweekly to monthly monitoring of
flow measurements, vacuum readings, and vapor
concentrations from each extraction vent, the manifold, and
the effluent stack?
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Chapter llI
Bioventing

Overview

Bioventing is an in-situ remediation technology that uses indigenous
microorganisms to biodegrade organic constituents adsorbed to soils in
the unsaturated zone. Soils in the capillary fringe and the saturated zone
are not affected. In bioventing, the activity of the indigenous bacteria is
enhanced by inducing air (or oxygen) flow into the unsaturated zone
(using extraction or injection wells) and, if necessary, by adding
nutrients. A bioventing layout using extraction wells is shown in
Exhibit I11-1; air flow would be reversed if injection wells were used.

When extraction wells are used for bioventing, the process is similar
to soil vapor extraction (SVE). However, while SVE removes constituents
primarily through volatilization, bioventing systems promote
biodegradation of constituents and minimize volatilization (generally by
using lower air flow rates than for SVE). In practice, some degree of
volatilization and biodegradation occurs when either SVE or bioventing is
used. (See Chapter Il for a discussion of SVE.)

All aerobically biodegradable constituents can be treated by
bioventing. In particular, bioventing has proven to be very effective in
remediating releases of petroleum products including gasoline, jet fuels,
kerosene, and diesel fuel. Bioventing is most often used at sites with
mid-weight petroleum products (i.e., diesel fuel and jet fuel), because
lighter products (i.e., gasoline) tend to volatilize readily and can be
removed more rapidly using SVE. Heavier products (e.g., lubricating oils)
generally take longer to biodegrade than the lighter products. A
summary of the advantages and disadvantages of bioventing is shown in
Exhibit I11-2.

This chapter will assist you in evaluating a corrective action plan
(CAP) which proposes bioventing as a remedy for petroleum-
contaminated soil. The evaluation process is summarized in a flow
diagram shown on Exhibit I11-3; this flow diagram serves as a roadmap
for the decisions you will make during your evaluation. A checklist has
also been provided at the end of this chapter for you to use as a tool to
both evaluate the completeness of the CAP and focus attention on areas
where additional information may be needed. The evaluation process can
be divided into the four steps described below.
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Exhibit [1I-2
Bioventing Summary

Advantages Disadvantages

O Uses readily available equipment; easyto O High constituent concentrations may

install. initially be toxic to microorganisms.

O Creates minimal disturbance to site O Not applicable for certain site conditions
operations. Can be used to address (e.g., low soil permeabilities, high clay
inaccessible areas (e.g., under buildings). content, insufficient delineation of

subsurface conditions).
O Requires short treatment times: usually 6

months to 2 years under optimal 0 Cannot always achieve very low cleanup
conditions. standards.

O Is cost competitive: $45-140/ton of O Permits generally required for nutrient
contaminated soil. injection wells (if used). (A few states

also require permits for air injection.)
O Easily combinable with other technologies
(e.g., air sparging, groundwater
extraction).

O May not require costly offgas treatment.

0 Step 1: An initial screening of bioventing effectiveness, which will
allow you to quickly gauge whether bioventing is likely to be effective,
moderately effective, or ineffective.

0 Step 2: A detailed evaluation of bioventing effectiveness, which
provides further screening criteria to confirm whether bioventing is
likely to be effective. To complete the detailed evaluation, you will
need to identify specific soil properties and product constituent
characteristics in the CAP, compare them to ranges where bioventing
is effective, evaluate the results of pilot studies reported in the CAP,
and conclude whether bioventing is likely to be effective.

0 Step 3: An evaluation of the bioventing system design, which will
allow you to determine if the rationale for the design has been
appropriately defined based on pilot study data or other studies,
whether the necessary design components have been specified, and
whether the construction process flow designs are consistent with
standard practice.
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Exhibit lll-3
Bioventing Evaluation Process Flow Chart

INITIAL SCREENING
OF BIOVENTING

EFFECTIVENESS

Determine the types of soils
that occur within the
contaminated area

Gravels Silts
Sands Clay

Bioventing is not
likely to be effective

Is clay

soil targeted for Coar:sﬁr:j?; :ﬁ;er
.
remediation? technologies.

o Landfarming
* Biopiles
® Thermal
Desorption

Bioventing has the
potential for
effectiveness at the site.
Proceed to next panel.
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Exhibit 1l1-3

Bioventing Evaluation Process Flow Chart

Identify site characteristics
important to Bioventing
effectiveness

Is intrinsic
permeability

soil free of
impermeable layers
or other conditions that
would disrupt
air flow?

Is depth
to groundwater
> 3 feet?

Are
background
heterotrophic bacteria
> 1000 CFU/gram?

Is soil
pH between
6 and 8?

Is moisture
content of soils in
contaminated area between
40% and 85% of
saturation?

Is soil
temperature
between 10°C and
45°C?

DETAILED EVALUATION OF
BIOVENTING EFFECTIVENESS

Bioventing is
generally not
effective.
Consider other

NO

October 1994

technologies.

¢ Landfarming

* Biopiles

¢ Thermal
Desorption

OR

Conduct special
pilot studies to
address the out of
range parameters.

Offgas may be
contaminated.
Pilot study and
system design
should consider
vapor control

Pilot studies are
required to demonstrate
effectiveness. Review

pilot study results.

Do pilot
study results
demonstrate bioventing
effectiveness?

NO

YES

&

Bioventing is likely to

be effective at the site.
Proceed to evaluate
the design.

NO

..........»

Identify product constituent
characteristics important to
Bioventing effectiveness

Are
constituents all sufficiently
biodegradable?

< 25,000 ppm and
heavy metals < 2,500

YES

Are vapor
pressures of product
constituents

< 0.5mm Hg?,

NO

YES

constituent
boiling range
< 250-300° C?

NO

YES

Is
Henry's Law
Constant
< 100 atm?

NO

YES

Bioventing will
not be effective
at the site.
Consider other
technologies.

« Landfarming

« Biopiles

o Thermal
Desorption
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Exhibit lll-3
Bioventing Evaluation Process Flow Chart

EVALUATION OF EVALUATION OF BIOVENTING
BIOVENTING SYSTEM OPERATION &
SYSTEM DESIGN MONITORING PLANS

Determine the design elements

® Radius of Influence
® Wellhead Vacuum
® Extraction Flowrate
* |nitial Vapor Concentrations

® End-Point Vapor Concentrations
® Soil Volume to be Treated

® Pore Volume Calculations

* Discharge Limitations

® Construction Limitations

® Nutrient Formulation
® Nutrient Delivery Rate

Review the O&M plan
for the following:

o Start-Up Operations Plan

¢ Long-Term Operations &
Monitoring Plan

* Remedial Progress

Monitoring Plan

Are
start-up
operations & monitoring
described, and are their
scope & frequency
adequate?

Have design
elements been identified,
and are they within
normal ranges?

Isa The proposed
long-term O&M ; :
Identify & review the c.onceptual plan gescribed; isit Blovetntlng
process flow design & of adequate scope & frequency; system
the system components does it include oper.tatlc_)ns alnd

o Extraction and/or Injection Well discharge permit monitoring plan

Orientation, Spacing and ) i monitoring? is incomplete.

Construction Bioventing Request
o Nutrient Delivery System dfeyssi;enni]s additional
¢ Manifold Piping . information.
o Vapor Pretreatment Equipment incomplete.
o Blower Request
o Instrumentation & Controls _afddltlotr]al
o Injection Wells information.
o Vapor Treatment Equipment .

remedial progress

monitoring plan estab-
lished; is it of adequate scope
& frequency; does it include
provisions for detect-
ing asymptotic
behavior?

Has the
conceptual design
been provided and is
it complete?

The Bioventing system
is likely to be effective.
The design and O&M
plans are complete.

The Bioventing system
design is complete and
its elements are within

normal ranges. Proceed

to O&M evaluation.
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O Step 4: An evaluation of the operation and monitoring plans,
which will allow you to determine whether start-up and long-term
system operation monitoring is of sufficient scope and frequency and
whether remedial progress monitoring plans are appropriate.

Initial Screening Of Bioventing Effectiveness

This section defines the key factors that should be used to decide
whether bioventing has the potential to be effective at a particular site.
These factors are:

0 The permeability of the petroleum-contaminated soils. This will
determine the rate at which oxygen can be supplied to the
hydrocarbon-degrading microorganisms found in the subsurface.

0 The biodegradability of the petroleum constituents. This will
determine both the rate at which and the degree to which the
constituents will be metabolized by microorganisms.

In general, the type of soil will determine its permeability. Fine-grained
soils (e.g., clays and silts) have lower permeabilities than coarse-grained
soils (e.g., sands and gravels). The biodegradability of a petroleum
product constituent is a measure of its ability to be metabolized by
hydrocarbon-degrading bacteria that produce carbon dioxide and water
as byproducts of microbial respiration. Petroleum products are generally
biodegradable regardless of their molecular weight, as long as indigenous
microorganisms have an adequate supply of oxygen and nutrients. For
heavier constituents (which are less volatile and less soluble than many
lighter components), biodegradation will exceed volatilization as the
primary removal mechanism, even though biodegradation is generally
slower for heavier constituents than for lighter constituents.

Exhibit I11-4 provides a screening tool you can use to make an initial
assessment of the potential effectiveness of bioventing. To use this tool,
first determine the type of soil present and the type of petroleum product
released at the site. Information provided in the following section will
allow a more thorough evaluation of effectiveness and will identify areas
that could require special design considerations.

Detailed Evaluation Of Bioventing Effectiveness

Once you have completed the initial screening and determined that
bioventing may be effective for the soil and petroleum product present,
review the CAP further to reconfirm effectiveness.
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Exhibit 11l-4
Initial Screening For Bioventing Effectiveness
Permeability
Ineffective Moderate to Minimal Effective
Effectiveness
Intrinsic Permeability, k (cm?)
1016 10" 1012 10710 10-8 106 1074 102
[ Glacial Till |
| Silt, Loess |
| Silty Sand |
| Clean Sand |
| Gravel |
Product Composition
Less Effective More Effective
Lube QOils
| Fuel Oils |
| Diesel |
Note:
All petroleum products listed are amenable
for the bioventing remediation alternative.

While the initial screen focused on soil permeability and constituent
biodegradability, the detailed evaluation should consider a broader range
of site and constituent characteristics, which are listed in Exhibit I11-5.

The remainder of this section describes each of these parameters, why
each is important to bioventing, how they can be determined, and the
range of each parameter considered appropriate for bioventing.
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Exhibit I1I-5
Key Parameters Used To Evaluate Site Characteristics And
Constituent Characteristics

Site Characteristics Constituent Characteristics
Intrinsic permeability Chemical structure
Soil structure and stratification Concentration and toxicity
Microbial presence Vapor pressure
Soil pH Product composition and boiling point
Moisture content Henry's law constant
Soil temperature
Nutrient concentrations

Depth to groundwater

Site Characteristics

Intrinsic Permeability

Intrinsic permeability is a measure of the ability of soils to transmit
air and is the single most important factor in determining the
effectiveness of bioventing because it determines how much oxygen can
be delivered (via extraction or injection) to the subsurface bacteria.
Hydrocarbon-degrading bacteria use oxygen to metabolize organic
material to yield carbon dioxide and water, a process commonly referred
to as aerobic respiration. To degrade large amounts of petroleum
hydrocarbons, a substantial bacterial population is required which, in
turn, requires oxygen for both the metabolic process and the growth of
the bacterial mass itself. Approximately 3 to 3%z pounds of oxygen are
needed to degrade one pound of petroleum product. Exhibit 111-6 shows
the relationship of oxygen provided per day from a single vent well for
different induced flow rates.

Intrinsic permeability, which will determine the rate at which oxygen
can be supplied to the subsurface, varies over 13 orders of magnitude
(from 107 to 107 cm?) for the wide range of earth materials, although a
more limited range applies for most soil types (103 to 10° cm?).
Intrinsic permeability is best determined from field or laboratory tests,
but can be estimated within one or two orders of magnitude from soil

boring log data and laboratory tests. Procedures for these tests are
described in EPA (1991a). Coarse-grained soils (e.g., sands) have higher
intrinsic permeability than fine-grained soils (e.g., clays, silts). Note that
the ability of a soil to transmit air, which is of prime importance to
bioventing, is reduced by the presence of soil water, which can block the
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Exhibit 1116
Oxygen Provided Per Day From A Single Well By A Vent System
Air Flow Rate Oxygen Provided

SCFM m®/min Ib/day kg/day
1 283 - 10?2 23 10
5 1.42 - 107 117 52
10 283 -10" 233 106
20 5.66 - 107 467 212
50 142 -10° 1,170 529
100 2.83 - 10° 2,330 1,060

soil pores and reduce air flow. This is especially important in fine-
grained soils, which tend to retain water. Use the values presented in
Exhibit III-7 to determine if intrinsic permeability is within the
effectiveness range for bioventing.

Exhibit llI-7
Intrinsic Permeability And Bioventing Effectiveness

Intrinsic Permeability (cm"’) Bioventing Effectiveness
k>10°® Effective.
108 >k> 10710 May be effective; needs further evaluation.
k<107 Not effective.

At sites where the soils in the saturated zone are similar to those
within the unsaturated zone, hydraulic conductivity of the soils may be
used to estimate the permeability of the soils. Hydraulic conductivity is a
measure of the ability of soils to transmit water. Hydraulic conductivity
can be determined from aquifer tests, including slug tests and pumping
tests. You can convert hydraulic conductivity to intrinsic permeability
using the following equation:

k=K(pu/pg

where: k = intrinsic permeability (cm?)

K = hydraulic conductivity (cm/sec)
B = water viscosity (g/cm - sec)

p = water density (g/ cmd)

g = acceleration due to gravity (cm/ sec?)
At 20°C: p/pg=1.02 - 105 cm/sec
To convert k from cm? to darcy, multiply by 108
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Soil Structure And Stratification

Soil structure and stratification are important to bioventing because
they affect how and where soil vapors will flow within the soil matrix
when extracted or injected. Structural characteristics such as
microfracturing can result in higher permeabilities than expected for
certain soils (e.g., clays). Increased flow will occur in the fractured but
not in the unfractured media. Stratification of soils with different
permeabilities can dramatically increase the lateral flow of soil vapors in
more permeable strata while reducing the soil vapor flow through less
permeable strata. This preferential flow behavior can lead to ineffective
or extended remedial times for less-permeable strata or to the possible
spreading of contamination if injection wells are used.

You can determine soil intergranular structure and stratification by
reviewing soil boring logs for wells or borings and by examining geologic
cross-sections. Verify that soil types have been identified, that visual
observations of soil structure have been documented, and that boring
logs are of sufficient detail to define any soil stratification.

The types of soils and their structures will determine their
permeabilities. In general, fine-grained soils composed of clays or silts
offer resistance to air flow. However, if the soils are highly fractured, they
may have sufficient permeability to use bioventing. Stratified soils may
require special consideration in design to ensure that less-permeable
strata are adequately vented.

Fluctuations in the groundwater table should also be considered
when reviewing the CAP. Significant seasonal or daily (e.g., tidal or
precipitation-related) fluctuations may, at times, submerge some of the
contaminated soil or a portion of the well screen, making it unavailable
for air flow. These fluctuations are most important for horizontal wells,
in which screens are placed parallel with the water table surface and a
water table rise could occlude the entire length of screen.

Microbial Presence

Soil normally contains large numbers of diverse microorganisms
including bacteria, algae, fungi, protozoa, and actinomycetes. In well-
aerated soils, which are most appropriate for bioventing, these
organisms are generally aerobic. Of these organisms, the bacteria are the
most numerous and biochemically active group, particularly at low
oxygen levels. Bacteria require a carbon source for cell growth and an
energy source to sustain metabolic functions required for growth.
Nutrients, including nitrogen and phosphorus, are also required for cell
growth.
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The metabolic process used by bacteria to produce energy requires a

terminal electron acceptor (TEA) to enzymatically oxidize the carbon
source to carbon dioxide.

Microbes are classified by the carbon and TEA sources they use to
carry out metabolic processes. Bacteria that use organic compounds
(such as petroleum constituents and other naturally occurring organics)
as their source of carbon are called heterotrophic; those that use
inorganic carbon compounds such as carbon dioxide are called
autotrophic. Bacteria that use oxygen as their TEA are called aerobic;
those that use a compound other than oxygen (e.g., nitrate or sulfate)
are called anaerobic; and those that can utilize both oxygen and other
compounds as TEAs are called facultative. For bioventing applications
directed at petroleum products, bacteria that are both aerobic (or
facultative) and heterotrophic are most important in the degradation
process.

To evaluate the presence and population of naturally occurring
bacteria that will contribute to degradation of petroleum constituents,

laboratory analysis of soil samples from the site should be completed.
These analyses, at a minimum, should include plate counts for total
heterotrophic bacteria. Although heterotrophic bacteria are normally
present in all soil environments, plate counts of less than 1000 colony-
forming units (CFU)/gram of soil could indicate the presence of toxic
concentrations of inorganic or organic compounds or depletion of oxygen
or other essential nutrients. However, concentrations as low as 100 CFU
per gram of soil can be increased by bioventing to acceptable levels. The
total population of heterotrophic bacterial species that are capable of
degrading the specific petroleum constituents present should also be
measured. These conditions are summarized in Exhibit 111-8.

Exhibit I11-8
Heterotrophic Bacteria And Bioventing Effectiveness

Total Heterotrophic Bacteria

(prior to bioventing) Bioventing Effectiveness
> 1000 CFU/gram dry soil Generally effective.
<1000 CFU/gram dry soil May be effective; needs further evaluation to

determine if toxic conditions are present.
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Soil pH

The optimum pH for bacterial growth is approximately 7; the
acceptable range for soil pH in bioventing is between 6 and 8. Soils with
pH values outside this range prior to bioventing will require pH
adjustments prior to and during bioventing operations. Exhibit 111-9
summarizes the effect of soil pH on bioventing effectiveness. Review the
CAP to verify that soil pH measurements have been made. If the soil pH
is less than 6 or greater than 8, make sure that pH adjustments are
included in the bioventing design and operational plans.

Exhibit I11-9
Soil pH And Bioventing Effectiveness

Soil pH
(prior to bioventing) Bioventing Effectiveness
6<pH<8 Generally effective.
6>pH>8 Soils will require amendments to correct pH

to effective range.

Moisture Content

Bacteria require moist soil conditions for proper growth. Excessive soil
moisture, however, reduces the availability of oxygen, which is also
necessary for bacterial metabolic processes, by restricting the flow of air
through soil pores. The ideal range for soil moisture is between 40 and
85 percent of the water-holding capacity of the soil. Generally, soils
saturated with water prohibit air flow and oxygen delivery to bacteria,
while dry soils lack the moisture necessary for bacterial growth.

Airflow is particularly important for soils within the capillary fringe,
where a significant portion of the constituents often reside. Fine-grained
soils create a thicker capillary fringe than coarse-grained soils. The
thickness of the capillary fringe can usually be determined from soil
boring logs (i.e., in the capillary fringe, soils are usually described as
moist or wet). The capillary fringe usually extends from one to several
feet above the elevation of the groundwater table. Moisture content of
soils within the capillary fringe may be too high for effective bioventing.
Depression of the water table by groundwater pumping may be
necessary to biovent soils within the capillary fringe.
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Stormwater infiltration can create excessively moist soils in areas that
do not have surface covers, such as asphalt or concrete. This may be a
persistent problem with fine-grained soils that have slow infiltration
rates. Bioventing promotes dehydration of moist soils through increased
air flow through the soil, but excessive dehydration hinders bioventing
performance and extends operation time.

Soil Temperature

Bacterial growth rate is a function of temperature. Soil microbial
activity has been shown to decrease significantly at temperatures below
10°C and essentially to cease at 5°C. Microbial activity of most bacteria
important to petroleum hydrocarbon biodegradation also diminishes at
temperatures greater than 45°C. Within the range of 10°C to 45°C, the
rate of microbial activity typically doubles for every 10°C rise in
temperature. In most areas of the U.S., subsurface soils have a fairly
constant temperature of about 13°C throughout the year. However,
subsurface soil temperatures in the extreme northern states may be
lower, reducing the rate of biodegradation.

Nutrient Concentrations

Bacteria require inorganic nutrients such as ammonium and
phosphate to support cell growth and sustain biodegradation processes.
Nutrients may be available in sufficient quantities in the site soils but,
more frequently, nutrients need to be added to soils to maintain
bacterial populations. However, excessive amounts of certain nutrients
(i.e., phosphate and sulfate) can repress metabolism.

A rough approximation of minimum nutrient requirements can be
based on the stoichiometry of the overall biodegradation process:

C-source + N-source + O, + Minerals + Nutrients --->
Cell mass + CO, + H,0O + products

Different empirical formulas of bacterial cell mass have been proposed;
the most widely accepted are C;H,O,N and CyHg,05,N,,P. Using the
empirical formulas for cell biomass and other assumptions, the
carbon:nitrogen:phosphorus ratios necessary to enhance biodegradation
fall in the range of 100:10:1 to 100:1:0.5, depending on the constituents
and bacteria involved in the biodegradation process.

Chemical analysis of soil samples from the site should be completed
to determine the concentrations of nitrogen (expressed as ammonia) and
phosphate that occur naturally in the soil. Using the stoichiometric
ratios, the need for nutrient addition can be determined by using an
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average concentration of the constituents (carbon source) in the soils to
be treated.

Depth To Groundwater

Bioventing is not appropriate for sites with groundwater tables located
less than 3 feet below the land surface. Special considerations must be
taken for sites with a groundwater table located less than 10 feet below
the land surface because groundwater upwelling can occur within
bioventing wells under vacuum pressures, potentially occluding screens
and reducing or eliminating vacuum-induced soil vapor flow. This
potential problem is not encountered if injection wells are used instead
of extraction wells to induce air flow. Use Exhibit I11-10 to determine
whether the water-table depth is of potential concern for use of
bioventing.

Exhibit 111-10
Depth To Groundwater And Bioventing Effectiveness

Depth To Groundwater Bioventing Effectiveness

> 10 feet Effective.

3 feet < depth < 10 feet Need special controls (i.e., horizontal wells or
groundwater pumping).

< 3 feet Not effective.

Constituent Characteristics

Chemical Structure

The chemical structures of the constituents present in the soils
proposed for treatment by bioventing are important for determining the
rate at which biodegradation will occur. Although nearly all constituents
in petroleum products typically found at UST sites are biodegradable,
the more complex the molecular structure of the constituent, the more
difficult and less rapid is biological treatment. Most low-molecular-
weight (nine carbon atoms or less) aliphatic and monoaromatic
constituents are more easily biodegraded than higher-molecular-weight
aliphatic or polyaromatic organic constituents. Exhibit Ill-11 lists, in
order of decreasing rate of potential biodegradability, some common
constituents found at petroleum UST sites.
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Exhibit 111-11

Chemical Structure And Biodegradability

Products In Which
Constituent Is Typically

Biodegradability Example Constituents Found
More degradable n-butane, I-pentane, O Gasoline
n-octane
| Nonane 0 Diesel fuel
I Methyl butane, O Gasoline
dimethylpentenes,
methyloctanes
Benzene, toluene, O Gasoline
ethylbenzene, xylenes
Propylbenzenes O Diesel, kerosene
Decanes O Diesel
Dodecanes 0 Kerosene
Tridecanes O Heating fuels
Tetradecanes O Lubricating oils
Less degradable Naphthalenes O Diesel
Fluoranthenes O Kerosene
Pyrenes O Heating oil
Acenaphthenes O Lubricating oils

Evaluation of the chemical structure of the constituents proposed for
reduction by bioventing at the site will allow you to determine which
constituents will be the most difficult to degrade. You should verify that
remedial time estimates, biotreatability studies, field-pilot studies (if
applicable), and bioventing operation and monitoring plans are based on
the constituents that are the most difficult to degrade (or “rate limiting”)
in the biodegradation process.

Concentration And Toxicity

The presence of very high concentrations of petroleum organics or
heavy metals in site soils can be toxic or inhibit the growth and
reproduction of bacteria responsible for biodegradation. In addition, very
low concentrations of organic material will also result in diminished
levels of bacterial activity.
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In general, concentrations of petroleum hydrocarbons in excess of
25,000 ppm, or heavy metals in excess of 2,500 ppm, in soils are
considered inhibitory and/or toxic to aerobic bacteria. Review the CAP to
verify that the average concentrations of petroleum hydrocarbons and
heavy metals in the soils to be treated are below these levels.

Exhibit I11-12 provides the general criteria for constituent concentration
and bioventing effectiveness.

Exhibit I11-12
Constituent Concentration And Bioventing Effectiveness

Constituent Concentration Bioventing Effectiveness

Petroleum constituents < 25,000 ppm Effective.
and
Heavy metals < 2,500 ppm

Petroleum constituents > 25,000 ppm Ineffective; toxic or inhibitory conditions to
or bacterial growth exist. Long remediation
Heavy metals > 2,500 ppm times likely.

In addition to maximum concentrations, you should consider the
cleanup concentrations proposed for the treated soils. Below a certain
“threshold” constituent concentration, the bacteria cannot obtain
sufficient carbon (from degradation of the constituents) to maintain
adequate biological activity. The threshold level can be determined from
laboratory studies and should be below the level required for cleanup.
Although the threshold limit varies greatly depending on bacteria-specific
and constituent-specific features, constituent concentrations below
0.1 ppm are generally not achievable by biological treatment alone. In
addition, experience has shown that reductions in total petroleum
hydrocarbon concentrations (TPH) greater than 95 percent can be very
difficult to achieve because of the presence of “recalcitrant” or
nondegradable petroleum species that are included in the TPH analysis.
Identify the average starting concentrations and the cleanup
concentrations in the CAP for individual constituents and TPH. If a
cleanup level lower than 0.1 ppm is required for any individual
constituent or a reduction in TPH greater than 95 percent is required to
reach the cleanup level for TPH, either a pilot study should be required
to demonstrate the ability of bioventing to achieve these reductions at
the site or another technology should be considered. These conditions
are summarized in Exhibit 111-13.
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Exhibit I11-13
Cleanup Concentrations And Bioventing Effectiveness

Cleanup Requirement Bioventing Effectiveness

Constituent concentration > 0.1 ppm Effective.
and
TPH reduction < 95%

Constituent concentration < 0.1 ppm Potentially ineffective; pilot studies are

or required to demonstrate reductions.
TPH reduction > 95%

Vapor Pressure

Vapor pressure is important in evaluating the extent to which
constituents will be volatilized rather than biodegraded. The vapor
pressure of a constituent is a measure of its tendency to evaporate. More
precisely, it is the pressure that a vapor exerts when in equilibrium with
its pure liquid or solid form. Constituents with higher vapor pressures
are generally volatilized rather than undergoing biodegradation.
Constituents with vapor pressures higher than 0.5 mm Hg will likely be
volatilized by the induced air stream before they biodegrade.
Constituents with vapor pressures lower than 0.5 mm Hg will not
volatilize to a significant degree and can instead undergo in situ
biodegradation by bacteria.

As previously discussed, petroleum products contain many different
chemical constituents. Each constituent will be volatilized (rather than
biodegraded) to different degrees by a bioventing system, depending on
its vapor pressure. If concentrations of volatile constituents are
significant, treatment of extracted vapors may be needed. Exhibit Il11-14
lists vapor pressures of select petroleum constituents.

Product Composition And Boiling Point

Boiling point is another measure of constituent volatility. Because of
their complex constituent compositions, petroleum products are often
classified by their boiling point ranges (rather than vapor pressures). In
general, nearly all petroleum-derived organic compounds are capable of
biological degradation, although constituents of higher molecular
weights and higher boiling points require longer periods of time to be
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Exhibit 11I-14
Vapor Pressures Of Common Petroleum Constituents

Vapor Pressure

Constituent (mm Hg at 20°C)
Methyl t-butyl ether 245
Benzene 76
Toluene 22
Ethylene dibromide 11
Ethylbenzene 7
Xylenes 6
Naphthalene 0.5
Tetraethyl lead 0.2

degraded. Products with boiling points of less than about 250°C to
300°C will volatilize to some extent and can be removed by a
combination of volatilization and biodegradation in a bioventing system.
The boiling point ranges for common petroleum products are shown in
Exhibit 111-15.

Exhibit 11-15
Petroleum Product Boiling Ranges

Boiling Range
Product (°C)
Gasoline 4010 205
Kerosene 175to0 325
Diesel fuel 200 to 338
Heating oil > 275
Lubricating oils Nonvolatile

Henry’s Law Constant

Another method of gauging the volatility of a constituent is by noting
its Henry’s law constant. Henry’s law constant is the partition
coefficient that relates the concentration of a constituent dissolved in
water to its partial pressure in the vapor under equilibrium conditions.
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In other words, it describes the relative tendency for a dissolved
constituent to exist in the vapor phase. Henry’s law constants for
several common constituents found in petroleum products are shown in
Exhibit I11-16. Constituents with Henry’s law constants of greater than
100 atmospheres are generally considered volatile and are more likely to
be volatilized rather than biodegraded.

Exhibit 11-16
Henry’s Law Constant Of Common Petroleum Constituents

Henry's Law Constant

Constituent (atm)
Tetraethyl lead 4,700
Ethylbenzene 359
Xylenes 266
Benzene 230
Toluene 217
Naphthalene 72
Ethylene dibromide 34
Methy t-butyl ether 27

Pilot Scale Studies

After you have examined the data in the CAP to gauge the potential
effectiveness of bioventing, you will be in a position to decide if
bioventing is likely to be highly effective, somewhat effective, or
ineffective for site conditions. In general, remedial approaches that rely
on biological processes should be subject to field pilot studies to verify
and quantify the potential effectiveness of the approach and provide data
necessary to design the system. For bioventing, these studies may range
in scope and complexity from a simple soil column test or microbial
count to field respirometry tests and soil vapor extraction (or injection)
pilot studies. The scope of pilot testing or laboratory studies should be
commensurate with the size of the area to be remediated, the reduction
in constituent concentration required, and the results of the initial
effectiveness screening.

A list and description of commonly used laboratory and pilot-scale
studies is provided below.

O Soil Vapor Extraction and Injection Treatability Tests are generally

used to determine the radius of influence that an extraction well or
injection well can exert in the surrounding soils, the optimum vapor

111-20 October 1994



flow rate and pressure (or vacuum) that should be applied to the
wells, and the concentration of petroleum constituents in the induced
air stream. The test most often includes short-term vapor extraction
or air injection from a single well while measuring the pressure effect
in monitoring wells or probes spaced at increasing distances from the
extraction well or the injection well. The test can assist in determining
the spacing, number, and type of wells needed for the full-scale
system. It is usually not economically attractive to perform this test
for sites with areas smaller than 5,000 cubic yards of in situ
contaminated soil or for sites with soil permeabilities greater

than 10 cm?.

O Respirometry Studies are generally used to determine the oxygen
transport capacity of the site soils and to estimate the biodegradation
rates under field conditions. The test includes short-term injection of
an oxygen/inert gas mixture into a well that has been screened in the
contaminated soil horizon. Carbon dioxide, inert gas (typically
helium), and oxygen concentrations are measured in the injection well
and surrounding wells periodically for about 1 to 5 days. The
measurements are then compared to baseline concentrations of the
gases prior to injection. Increases in carbon dioxide and decreases in
oxygen concentrations are indications of biological metabolism of
constituents; the inert gas concentration provides the baseline for
these calculations. Temperature of the extracted vapor may also be
monitored to serve as an additional indicator of biological activities.
Field respirometry studies are usually only needed for sites with large
areas of contamination, perhaps greater than 100,000 cubic yards of
in situ soils requiring remediation; at sites where soil permeability is
less than 108 cm?; or when reductions of more than 80 percent of the
constituents that have vapor pressures less than 0.5 mm Hg are
required.

O Laboratory Microbial Screening tests are used to determine the
presence of a population of naturally-occurring bacteria that may be
capable of degrading petroleum product constituents. Samples of soils
from the site are analyzed in an offsite laboratory. Microbial plate
counts determine the number of colony forming units (CFU) of
heterotrophic bacteria and petroleum-degrading bacteria are present
per unit mass of dry soil. These tests are relatively inexpensive.

O Laboratory Biodegradation Studies can be used to estimate the rate of
oxygen delivery and to determine if the addition of inorganic nutrients
is necessary. However, laboratory studies cannot duplicate field
conditions, and field tests are more reliable. There are two kinds of
laboratory studies: slurry studies and column studies. Slurry studies,
which are more common and less costly, involve the preparation of
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numerous “soil microcosms” consisting of small samples of site soils
mixed into a slurry with site groundwater. The microcosms are
divided into several groups which may include control groups that are
“poisoned” to destroy any bacteria, non-nutrified test groups that
have been provided oxygen but not nutrients, and nutrified test
groups which are supplied both oxygen and nutrients. Microcosms
from each group are analyzed periodically (usually weekly) for the test
period duration (usually 4 to 12 weeks) for bacterial population
counts and constituent concentrations. Results of slurry studies
should be considered as representing optimal conditions because
slurry microcosms do not consider the effects of limited oxygen
delivery or soil heterogeneity. Column studies are set up in a similar
way using columns of site soils and may provide more realistic
expectations of bioventing performance.

Evaluation Of The Bioventing System Design

Once you have completed the detailed evaluation of bioventing
effectiveness, you can evaluate the design of the system. The CAP should
include a discussion of the design basis for the system and the
conceptual design. Detailed engineering design documents might also be
included, depending on state requirements. Further detail about
information to look for in the discussion of the design is provided below.

Rationale For The Design

The rationale for the design includes the fundamental design
decisions and requirements that form the foundation for the system
design. For bioventing systems, the design should include the following
information:

O Design Radius of Influence (ROI) is an estimate of the maximum
distance from a vapor extraction well (or injection well) at which
sufficient air flow can be induced to sustain acceptable degradation
rates. Establishing the design ROI is not a trivial task because it
depends on many factors including intrinsic permeability of the soil,
soil chemistry, moisture content, and desired remediation time. The
ROI should usually be determined through field pilot studies but can
be estimated from air flow modeling or other empirical methods.
Generally, the design ROI can range from 5 feet (for fine-grained soils)
to 100 feet (for coarse-grained soils). For sites with stratified geology,
radii of influence should be defined for each soil type. The ROl is
important in determining the appropriate number and spacing of
extraction or injection wells.
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0 Wellhead Pressure is the pressure (or vacuum) that is required at the
top of the vent well to produce the desired induced air stream flow
rate from the well. Although wellhead pressure (or vacuum) is usually
determined through field pilot studies, it can be estimated and
typically ranges from 3 to 100 inches of water vacuum for extraction
and 10 to 50 psi for injection. Less permeable soils generally require
higher vacuum or pressure to produce a reasonable radius of influ-
ence. It should be noted, however, that high vacuum pressures can
cause upwelling of the water table and occlusion of the extraction well
screens. For air injection, high pressure may push the contaminated
vapor to previously uncontaminated soil and ground water.

O Induced Vapor Flow Rate is the volumetric flow rate of soil vapor that
will be induced by each extraction or injection well and establishes
the oxygen delivery rate to the in situ treatment area. The induced
vapor flow rate, radius of influence, and wellhead pressure are all
interdependent (i.e., a certain vapor flow rate requires a certain
wellhead pressure and radius of influence). The induced vapor flow
rate should be determined from pilot studies, but it may be calculated
using mathematical or physical models (EPA, 1993). The flow rate will
contribute to the operational time requirements of the bioventing
system. Typical induced flow rates can range from 5 to 100 CFM per
well.

O Initial Constituent Vapor Concentrations can be measured during pilot
studies or estimated from soil gas samples or soil samples. They are
used to estimate constituent mass extraction rate to determine
whether treatment of extracted vapors will be required prior to
atmospheric discharge or reinjection. Be advised that state
regulations may not allow reinjection.

O Required Final Constituent Concentrations in soils or vapors are either
defined by state regulations as "remedial action levels" or determined
on a site-specific basis using transport modeling and risk assessment.
They will determine what areas of the site require treatment and when
bioventing operations can be terminated.

O Required Remedial Cleanup Time may also influence the design of the

system. The designer may vary the well spacing to speed remediation
to meet cleanup deadlines, if required.

O Soil Volume To Be Treated is determined by state action levels or a
site-specific risk assessment using site characterization data for the
soils.
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O Pore Volume Calculations are used along with extraction flow rate to
determine the pore volume exchange rate and, therefore, oxygen
delivery rate. The exchange rate is calculated by dividing the soil pore
space within the treatment zone by the design vapor extraction rate.
The pore space within the treatment zone is calculated by multiplying
the soil porosity by the volume of soil to be treated. Some literature
suggests that one pore volume of soil vapor should be extracted at
least weekly for effective remedial progress.

You can calculate the time required to exchange one pore volume of
soil vapor using the following equation:

E=-
Q
where: E = pore volume exchange time (hr)

& = soil porosity (m® vapor/m? soil)
V = volume of soil to be treated (m* soil)
Q = total vapor extraction flowrate (m® vapor/hr)

3 3 il . (3 ami
E = (m” vapor / m* soil) * (m* soil) _ hr

(m® vapor / hr)

O Discharge Limitations And Monitoring Requirements are usually
established by state air quality regulations. Such requirements must
be considered by designers of a bioventing system to ensure that
monitoring ports are included in the system for sites where volatile
constituents will be extracted. Discharge limitations imposed by state
air quality regulations will determine whether offgas treatment is
required.

O Site Construction Limnitations, such as buildings, utilities, buried
objects, and residences, must be identified and considered in the
design process.

O Nutrient Formulation and Delivery Rate, which can be established
through either field or laboratory pilot studies, determines if nutrients
are required.
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Components Of A Bioventing System

Once the design basis is defined, the design of the bioventing system
can be developed. A typical bioventing system design will include the
following components and information:

0 Extraction well (or injection well) orientation, placement, and
construction details

Piping design

Vapor pretreatment design (if necessary)

Vapor treatment system selection (if necessary)

Blower specification

Instrumentation and control design

Monitoring locations

Ooooodgod

Nutrient additions are sometimes included in bioventing designs. If
nutrients are added, the design should specify the nutrient addition well
orientation, placement, and construction details. Note that state
regulations may either require permits for nutrient injection wells or
prohibit them entirely. Exhibit I11-17 is a conceptual schematic diagram
for a bioventing system using vapor extraction.

The following subsections provide guidance for selecting the
appropriate system configuration, standard system components, and
additional system components to adequately address petroleum
contaminated soils at a particular UST site.

Extraction Wells
Well Orientation. A bioventing system can use either vertical or horizontal
extraction wells. Orientation of the wells should be based on site-specific

needs and conditions. Exhibit I11-18 lists site conditions and the
corresponding appropriate well orientation.
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Exhibit 111-18
Well Orientation And Site Conditions

Well Orientation Site Conditions

Vertical extraction well 0 Shallow to deep contamination (5 to
100+ feet).
O Depth to groundwater > 10 feet.

Horizontal extraction well O Shallow contamination (< 25 feet). More

effective than vertical wells at depths
< 10 feet. Construction difficult at depths
> 25 feet.

O Zone of contamination confined to a
specific stratigraphic unit.

Well Placement and Number of Wells. You can determine the number and
location of extraction wells by using several methods. In the first
method, divide the area of the site requiring treatment by the area
corresponding to the design ROI of a single well to obtain the total
number of wells needed. Then space the wells evenly within the
treatment area to provide areal coverage so that the areas of influence
cover the entire area of contamination.

2
Number of wells needed = Treatment area (m-)

Area for single extraction well (m? /7 well)

In the second method, determine the total extraction flow rate needed to
exchange the soil pore volume within the treatment area in a reasonable
amount of time (3 to 7 days). Determine the number of wells required by
dividing the total extraction flow rate needed by the flow rate achievable
with a single well.

eV/t,
q

Number of wells needed =
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where: & = soil porosity (m® vapor / m® soil)
V = volume of soil in treatment area (m> soil)
q= vagor extraction rate from single extraction well
(m” vapor/hr).
te= time for exchange of pore volume(s), (hrs)

In the example below, a 7-day exchange time is used.

{ms vapor] . [ (m?® SOil)]
3 ni 168 hrs
Number of wells needed = L ! soil
m?3 vapor

hr

Consider the following additional factors in evaluating proposed well
spacing.

O In areas of high contaminant concentrations, closer well spacing is
desired to increase oxygen flow and accelerate contaminant
degradation rates.

O Wells may be spaced slightly farther apart if a surface seal is planned
for installation or if one already exists. A surface seal increases the
radius of influence by forcing air to be drawn from a greater distance
by preventing short-circuiting from land surface. However, passive
vent wells or air injection wells may be required to supplement the
flow of air in the subsurface.

O In stratified or structured soils, well spacings may be irregular. Wells
screened in zones of lower intrinsic permeability must be spaced
closer together than wells screened in zones of higher intrinsic
permeability.

Well Construction. Vertical Well Construction. Vertical extraction wells are
similar in construction to monitoring wells and are installed using the
same techniques. Extraction wells are usually constructed of polyvinyl
chloride (PVC) casing and screen. Extraction well diameters typically
range from 2 to 12 inches, depending on flow rates and depth; a 4-inch
diameter is most common.

Exhibit III-19 depicts a typical vertical extraction well. Vertical
extraction wells are constructed by placing the casing and screen in the
center of a borehole. Filter pack material is placed in the annular space
between the casing/screen and the walls of the borehole. The filter pack
material extends 1-2 feet above the top of the well screen and is
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Exhibit 111-19
Typical Bioventing Vertical Well Construction
Grade ‘ _
i ] //\\\//\\ é = Cement/Bentonite Seal
WA
3 KL
? \\\//\\ é Bentonite
L
= < . Sched. 40 PVC Solid Casing
K
- A
§ <//\ |—~—— Bore Hole
o NN
> K
7l ?\\i//j\ | _— Sand Pack
al 8 A Sched. 40 Slotted PVC
ol s R Well Screen
3 = X2
= = //>
C
@
-
c
[}
[
3
Y
s
R4
X
A N,
NI S
o
Flat Bottomed, Sched. 40
PVC Threaded Plug
—

followed by a 1-2 foot thick bentonite seal. Cement-bentonite grout seals
the remaining space up to the surface. Filter pack material and screen
slot size must be consistent with the grain size of the surrounding soils.

The location and length of the well screen in vertical extraction or
injection wells can vary and should be based on the depth to
groundwater, the stratification of the soil, and the location and
distribution of contaminants. In general, the length of the screen has
little effect on the ROI of an extraction or injection well. However,
because the ROI is affected by the intrinsic permeability of the soils in
the screened interval (lower intrinsic permeability will result in a smaller
ROI, other parameters being equal), the placement of the screen can
affect the ROI.

October 1994 111-29



0 At a site with homogeneous soil conditions, ensure that the well is
screened throughout the contaminated zone. The well screen may be
placed as deep as the seasonal low water table. A deep well helps to
ensure remediation of the greatest amount of soil during seasonal low
groundwater conditions.

0 At a site with stratified soils or lithology, the screened interval can be
placed at a depth corresponding to a zone of lower permeability. This
placement will help ensure that air passes through this zone rather
than merely flow through adjacent zones of higher permeability.

Horizontal Well Construction. Horizontal extraction wells or trench
systems are generally used in shallow groundwater conditions.
Exhibit I11-20 shows a typical shallow horizontal well construction detail.
Horizontal extraction wells are constructed by placing slotted PVC piping
near the bottom of an excavated trench. Gravel bedding surrounds the
piping. A bentonite seal or impermeable liner prevents air leakage from
the surface. When horizontal wells are used, the screen must be high
enough above the groundwater table so that normal groundwater table
fluctuations do not submerge the screen. Additionally, if vacuum
extraction is used, pressures should be monitored to ensure that
induced groundwater upwelling does not occlude the screen(s).

Exhibit 111-20
Typical Horizontal Well

To Blower Fabric Liner
Note: f Bentonite
Piping may be buried S . .
in utility trenches. Backfilled Soil
Grade
RO
NSNS
//>\//>\\///§\///\ =i
NS =
K
\ | X,
_lT i (K7 SVSNSNNINNE PVC Threaded Cap
= Hig / \
Groundwater Slotted PVC Pipe

Level
Pea Gravel
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Air Injection Wells

Air injection wells are similar in construction to extraction wells, but
air injection wells can be designed with a longer screened interval in
order to ensure uniform air flow. Other design criteria for injection wells’
orientation, well placement, and well construction are the same as that
of extraction wells described above. Horizontal wells are also applicable
for air injection. Active injection wells force compressed air into soils.
Passive injection wells, or inlets, simply provide a pathway that helps
extraction wells draw air from the atmosphere into the subsurface. Air
injection wells should be placed to eliminate stagnation zones, but
should not force contaminants to an area where they will not be
recovered (i.e., off-site) or could cause adverse health or safety effects.

Air injection wells can be used alone or, more commonly, in
conjunction with extraction wells. The injection well/extraction well
combination is often used at sites that are covered with an impermeable
cap (e.g., pavement or buildings) because the cap restricts direct air flow
to the subsurface. They are used also to help prevent short-circuiting the
air flow which may be restricted by preferential pathways in the
subsurface. In addition, air injection can be used to eliminate potential
stagnation zones (areas of no flow), which sometimes exist between
extraction wells.

Air injection wells are seldom used by themselves primarily because
the contaminated offgas can not be collected. Without the ability to
collect the offgas, contaminated vapor may spread to previously
uncontaminated areas. Also the offgas can not be used to evaluate the
extent of subsurface biological activities. In most cases, air injections are
limited to removing low or non-volatile petroleum products.

Manifold Piping

Manifold piping connects to the extraction or injection blower. Piping
can either be placed above or below grade depending on site operations,
ambient temperature, and local building codes. Below-grade piping is the
more common and is installed in shallow utility trenches that lead from
the wellhead vault to a central equipment location. The piping can either
be manifolded in the equipment area or connected to a common pressure
(or vacuum) main that supplies the wells in series, in which case flow
control valves are sited at the wellhead. Piping to extraction well
locations should be sloped toward the well so that condensate or
entrained groundwater will flow back toward the well.
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Vapor Pretreatment

Extracted vapor can contain condensate, entrained groundwater, and
particulates that can damage blower parts and inhibit the effectiveness
of downstream treatment systems. In order to minimize the potential for
damage, vapors are usually passed through a moisture separator and a

particulate filter prior to entering the blower. Check the CAP to verify
that both a moisture separator and a particulate filter have been
included in the design.

Blower Selection

The type and size of blower selected should be based on (1) the
vacuum or pressure required to achieve design pressure at the wellheads
(including upstream and downstream piping losses) and (2) the total flow
rate. The flow rate requirement should be based on the sum of the flow
rates from the contributing extraction or injection wells. In applications
where explosions may occur, be sure the CAP specifies blowers with
explosion-proof motors, starters, and electrical systems. Exhibit 111-21
depicts the performance curves for the three basic types of blowers that
can be used in a bioventing system.

O Centrifugal blowers (such as squirrel-cage fans) should be used for
high-flow, low-pressure, or low-vacuum applications (less than 20
inches of water).

0 Regenerative and turbine blowers should be used when a higher
pressure or vacuum (up to 80 inches of water) is needed.

0 Rotary lobe and other positive displacement blowers should be used
when a very high pressure or vacuum (greater than 80 inches of
water) is needed. Rotary lobe blowers are not generally applicable to
bioventing systems.

Instrumentation and Controls
The parameters typically monitored in a bioventing system include:

Pressure (or vacuum)

Air/vapor flow rate

Carbon dioxide and/or oxygen concentration in extracted vapor
Contaminant mass extraction rates

Temperature

Nutrient delivery rate (if nutrients are added)

Oooogodno
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Exhibit 11-21
Performance Curves For Three Types Of Blowers
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Airflow — Standard Cubic Feet per Minute (SCFM)

Notes:

Centrifugal blower type shown is a New York model 2004A at 3500 rpm. Regenerative
blower type shown is a Rotron model DR707. Rotary lobe blower type shown is a M-D
Pneumatics model 3204 at 3000 rpm.

From “Guidance for Design, Installation and Operation of Soil Venting Systems.”
Wisconsin Department of Natural Resources, Emergency and Remedial Response
Section, PUBL-SW185-93, July 1993.

The monitoring equipment in a bioventing system enables you to
observe the progress of remediation and to control each component of
the system. Exhibit I11-22 describes where each of these pieces of

monitoring equipment is typically placed and the types of equipment
that are available.

Optional Bioventing Components

Additional bioventing system components might be used when certain

site conditions exist or when pilot studies dictate they are necessary.
These components include:

O Nutrient delivery systems (if needed)
0 Surface seals

O Groundwater depression pumps
[0 Vapor treatment systems.
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Exhibit [11-22
Monitoring Equipment

Instrument Location In System Example Of Equipment
Flow meter O At each well head O Pitot tube
O Manifold to blower O In-line rotameter
O Blower discharge O Orifice plate
O Nutrient manifold O Turbine wheel
O Venturi or flow tube
Vacuum/Pressure gauge O At each well head or O Manometer
manifold branch O Magnehelic gauge

Sampling port

Flow control valves

Vapor temperature sensor

Vapor sample collection
equipment (used through a
sampling port)

Control Equipment

Flow control valves

Before and after filters
before blower

Before and after vapor
treatment

At each well head or
manifold branch
Manifold to blower
Blower discharge

At each well head or
manifold branch

Dilution or bleed valve at
manifold to blower

Manifold to blower
Blower discharge (prior to
vapor treatment)

At each well head or
manifold branch
Manifold to blower
Blower discharge

At each well head or
manifold branch

Dilution or bleed valve at
manifold to blower

Oo0oodg

O

Vacuum gauge

Hose barb
Septa fitting

Ball valve

Gate valve
Dilution/ambient air bleed
valve

Bi-metal dial-type
thermometer

Tedlar bags

Sorbent tubes

Sorbent canisters
Polypropylene tubing for
direct GC injection

Ball valve
Gate/globe valve
Butterfly valve

111-34
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Each of these system components is discussed below.

Nutrient Delivery Systems. If the addition of nutrients is required to
support biological growth, a nutrient delivery system will be needed.
Nutrients are usually supplied to the subsurface through topical
application or by injection through horizontal trenches or wells. Topical
application is either by hand-spraying or through conventional irrigation
systems (e.qg., sprinklers). Horizontal wells are similar in design to those
used for extraction, and typically consist of slotted or perforated PVC
pipe installed in shallow (< 2 feet) trenches laid in a gravel bed. Nutrient
solutions can be prepared from solid formulations used in agricultural
applications of sodium tripolyphosphate and ammonium salts, and
should be added monthly to quarterly. Nutrient delivery systems may
also be used to add solutions to adjust pH as required.

Surface Seals. Surface seals might be included in a bioventing system
design in order to prevent surface water infiltration that can reduce air
flow rates, to reduce fugitive emissions, to prevent short-circuiting of air
flow, or to increase the design ROI. These results are accomplished
because surface seals force fresh air to travel a greater distance from the
extraction or injection well. If a surface seal is used, the lower pressure
gradients result in decreased flow velocities. This condition may require
a higher vacuum or pressure to be applied to the extraction or injection
well.

Surface seals or caps should be selected to match the site conditions
and regular business activities at the site. Options include high density
polyethylene (HDPE) liners (similar to landfill liners), clay or bentonite
seals, or concrete or asphalt paving. Existing covers (e.g., pavement or
concrete slabs) might not be applicable if they are constructed with a
porous subgrade material.

Groundwater Pumps. Groundwater depression pumping might be
necessary at a site with a shallow groundwater table or to expose
contaminated soils in the capillary or saturated zone. Groundwater
pumps reduce the upwelling of water into the extraction wells or lower
the water table and allow a greater volume of soil to be remediated.
Because groundwater depression is affected by pumping wells, these
wells must be placed so that the surface of the groundwater is depressed
in all areas where bioventing is to occur. Groundwater pumping,
however, can create two additional waste streams requiring appropriate
disposal:

0 Groundwater contaminated with dissolved hydrocarbons; and
0 Liquid hydrocarbons (i.e., free product), if present.
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Vapor Treatment. Look for vapor treatment systems in the bioventing
design if pilot study data indicate that extracted vapors will contain VOC
concentrations in excess of established air quality limits. Commonly
available treatment options are granular activated carbon (GAC),
catalytic oxidation, or thermal oxidation for vapor treatment.

GAC is a popular choice for vapor treatment because it is readily
available, simple to operate, and can be cost effective. Catalytic
oxidation, however, is generally more economical than GAC when the
contaminant mass loading is high. However, catalytic oxidation is not
recommended when concentrations of chemical constituents are
expected to be sustained at levels greater than 20 percent of their lower
explosive limit (LEL). In these cases, a thermal oxidizer is typically
employed because the vapor concentration is high enough for the
constituents to burn. Biofilters, an emerging vapor-phase biological
treatment technique, can be used for vapors with less than 10 percent
LEL, appear to be cost effective, and may also be considered.

Evaluation Of Operation And Monitoring Plans

It is important to make sure that a system operation and monitoring
plan has been developed for both the system start-up phase and for
long-term operations. Operations and monitoring are necessary to
ensure that system performance is optimized and contaminant mass
extraction and degradation are tracked. Monitoring of remedial progress
for bioventing systems is more difficult than for SVE systems in that
mass removal cannot be directly measured in extracted vapors.
Typically, both VOC concentrations (extracted mass) and carbon dioxide
concentrations (a product of microbial respiration) must both be
monitored.

Systems involving only injection wells will have an especially limited
capability for performance monitoring because it is not possible to collect
the offgas. The monitoring plan should include subsurface soil sampling
to track constituent reduction and biodegradation conditions. Also, to
ensure the injected air is not causing contamination of the atmosphere
or previously uncontaminated soil or ground water, samples from each
medium should be analyzed for potential constituents.

Start-Up Operations

The start-up phase should include 7 to 10 days of manifold valving
adjustments. These adjustments should balance flow to optimize carbon
dioxide production and oxygen uptake rate while, to the extent possible,
minimizing volatilization by concentrating pressure (or vacuum) on the
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wells that are in areas of higher contaminant concentrations. To
accomplish this, flow measurements, pressure or vacuum readings,
carbon dioxide concentrations, oxygen concentrations, and VOC
concentrations should be recorded daily from each extraction well, from
the manifold, and from the effluent stack. Nutrient delivery (if needed)
should not be performed until after start-up operations are complete.

Long-Term Operations

Long-term monitoring should consist of flow-balancing, flow and
pressure measurements, carbon dioxide measurements, oxygen
measurements, and VOC concentration readings. Measurements should
take place at weekly or biweekly intervals for the duration of the system
operational period. Nutrient addition, if necessary, should occur on a
periodic basis rather than continuously. Some literature suggests that
nutrient solutions be injected in wells or trenches or applied to the
surface at monthly or quarterly intervals. Exhibit 111-23 provides a brief
synopsis of system monitoring recommendations.

Exhibit [11-23
System Monitoring Recommendations

Phase Frequency What To Monitor Where To Monitor

Start-up At least daily O Flow O Extraction vents
O Vacuum readings O Manifold
o VOCs O Effluent stack
o Carbon dioxide
o Oxygen

Remedial Weekly to bi-weekly O Flow O Extraction vents
O Vacuum O Manifold
o VOCs O Effluent stack
o Carbon dioxide
o Oxygen

Remedial Progress Monitoring

Monitoring the performance of the bioventing system in reducing
contaminant concentrations in soils is necessary to determine if remedial
progress is proceeding at a reasonable pace. A variety of methods can be
used.

Since concentrations of petroleum constituents may be reduced due

to both volatilization and biodegradation, both processes should be
monitored in order to track the cumulative effect. The constituent mass
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extraction component can be tracked and calculated using the VOC
concentrations measured in the extraction manifold multiplied by the
extraction flow rate. The constituent mass that is degraded is more
difficult to quantify but can be monitored qualitatively by observing
trends in carbon dioxide and oxygen concentrations in the extracted soil
vapors.

Remedial progress of bioventing systems typically exhibits asymptotic
behavior with respect to VOC, oxygen, and carbon dioxide
concentrations in extracted vapors as shown in Exhibit I11-24. When
asymptotic behavior begins to occur, the operator should closely
evaluate alternatives that may increase bioventing effectiveness (e.g.,
increasing extraction flow rate or nutrient addition frequency). Other,
more aggressive steps to curb asymptotic behavior can include adding
injection wells, additional extraction wells, or injecting concentrated
solutions of bacteria.

If asymptotic behavior is persistent for periods greater than about
6 months, modification of the system design and operations (e.g., pulsing
of injection or extraction air flow) may be appropriate. If asymptotic
behavior continues, termination of operations may be appropriate.
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VOC/CO,

Exhibit 111-24
Concentration Reduction And Constituent Mass Removal And

Degradation Behavior For Bioventing Systems

VOC Mass Removed
VOC Concentration

Cumulative VOC
Mass Removal
and Degradation

VOC Concentrations
in Extracted
Soil Vapor

Asymptotic
Behavior
(Irreducible)

COxConcentrations
in Extracted
Soil Vapor

Operational Time ——————
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Checklist: Can Bioventing Be Used At This Site?

This checklist can help you evaluate the completeness of the CAP and
to identify areas that require closer scrutiny. As you go through the CAP,
answer the following questions. If the answer to several questions is no,
you should request additional information to determine if bioventing will
accomplish cleanup goals at the site.

1. Site Characteristics

Is the soil intrinsic permeability greater than 10710 cm?2?

Is the soil free of imperrneable layers or other conditions that
would disrupt air flow?

Is the total heterotrophic bacteria count > 1,000 CFU/gram
dry soil?

Is soil pH between 6 and 8?

Is the moisture content of soil in contaminated area between
40% to 85% of saturation?

Is soil temperature between 10°C and 45°C during the
proposed treatment season?

Is the carbon:nitrogen:phosphorus ratio between 100:10:5
and 100:1:0.5?

Is the depth to groundwater > 3 feet?!

2. Constituent Characteristics

Yes No
Q a
Q a
Q Q
W] [ ]
a Q
Q Q
Q Qa
Q a
Yes No
Q a
g [ |
a a

Are constituents all sufficiently biodegradable?

Is the concentration of Total Petroleum Hydrocarbon
< 25,000 ppm and heavy metals < 2,500 ppm?

If there are constituents with vapor pressures greater than
0.5 mm Hg, boiling ranges above 300°C, or Henry’s law
constants greater than 100 atm/mole fraction, has the CAP
addressed the potential environmental impact of the
volatilized constituents?

! This parameter alone may not negate the use of bioventing. However, provisions for
the construction of horizontal wells or trenches or for lowering the water table should be
incorporated into the CAP.
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3. Evaluation Of The Bioventing System Design

Yes No

ad O Will the induced air flow rates achieve cleanup in the time
allotted for remediation in the CAP?

ad 0 Does the radius of influence (ROI) for the proposed
extraction or injection wells fall in the range of 5 to 100 feet?

ad O Has the ROI been calculated for each soil type at the site?

ad O Is the type of well proposed (horizontal or vertical)
appropriate for the site conditions present?

ad O Is the proposed well density appropriate, given the total area
to be cleaned up and the radius of influence of each well?

ad 0 Do the proposed well screen intervals match soil conditions
at the site?

ad O Are air injection wells proposed?

ad O Is the proposed air injection well design appropriate for this
site?

ad O Is the selected blower appropriate for the desired vacuum
conditions?

4. Optional Bioventing Components

Yes No

ad O If nutrient delivery systems will be needed, are designs for
those systems provided?

ad O Are surface seals proposed?

ad O Are the proposed sealing materials appropriate for this site?

ad O Will groundwater depression be necessary?

ad O If groundwater depression is necessary, are the pumping
wells correctly spaced?

ad 0 Is a vapor treatment system required?

If a vapor treatment system is required, is the proposed
system appropriate for the contaminant concentration at the
site?
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5. Operation And Monitoring Plans

Yes No

ad O Is monitoring of offgas vapors for VOC and carbon dioxide
concentration proposed?

ad O Is subsurface soil sampling proposed for tracking constituent
reduction and biodegradation conditions?

ad O Are manifold valving adjustments proposed for the start-up
phase?

ad O Is nutrient addition (if necessary) proposed to be controlled
on a periodic rather than continuous basis?
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Chapter IV
Biopiles

Overview

Biopiles, also known as biocells, bioheaps, biomounds, and compost
piles, are used to reduce concentrations of petroleum constituents in
excavated soils through the use of biodegradation. This technology
involves heaping contaminated soils into piles (or “cells”) and stimulating
aerobic microbial activity within the soils through the aeration and/or
addition of minerals, nutrients, and moisture. The enhanced microbial
activity results in degradation of adsorbed petroleum-product
constituents through microbial respiration. Biopiles are similar to
landfarms in that they are both above-ground, engineered systems that
use oxygen, generally from air, to stimulate the growth and reproduction
of aerobic bacteria which, in turn, degrade the petroleum constituents
adsorbed to soil. While landfarms are aerated by tilling or plowing,
biopiles are aerated most often by forcing air to move by injection or
extraction through slotted or perforated piping placed throughout the
pile. (Chapter V provides a detailed description of landfarming.) A typical
biopile cell is shown in Exhibit IV-1.

Biopiles, like landfarms, have been proven effective in reducing
concentrations of nearly all the constituents of petroleum products
typically found at underground storage tank (UST) sites. Lighter (more
volatile) petroleum products (e.g., gasoline) tend to be removed by
evaporation during aeration processes (i.e., air injection, air extraction,
or pile turning) and, to a lesser extent, degraded by microbial
respiration. Depending upon your state's regulations for air emissions of
volatile organic compounds (VOCs), you may need to control the VOC
emissions. Control involves capturing the vapors before they are emitted
to the atmosphere, passing them through an appropriate treatment
process, and then venting them to the atmosphere. The mid-range
hydrocarbon products (e.g., diesel fuel, kerosene) contain lower
percentages of lighter (more volatile) constituents than does gasoline.
Biodegradation of these petroleum products is more significant than
evaporation. Heavier (non-volatile) petroleum products (e.g., heating oil,
lubricating oils) do not evaporate during biopile aeration; the dominant
mechanism that breaks down these petroleum products is
biodegradation. However, higher molecular weight petroleum
constituents such as those found in heating and lubricating oils, and, to
a lesser extent, in diesel fuel and kerosene, require a longer period of
time to degrade than do the constituents in gasoline. A summary of the
advantages and disadvantages of biopiles is shown in Exhibit IV-2.
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Exhibit V-2
Advantages And Disadvantages Of Biopiles

Advantages

Disadvantages

Relatively simple to design and
implement.

Short treatment times: usually 6 months
to 2 years under optimal conditions.

Cost competitive: $30-90/ton of
contaminated soil.

Effective on organic constituents with
slow biodegradation rates.

Requires less land area than landfarms.

Can be designed to be a closed system;
vapor emissions can be controlled.

Can be engineered to be potentially
effective for any combination of site
conditions and petroleum products.

Concentration reductions > 95% and
constituent concentrations < 0.1 ppm are
very difficult to achieve.

May not be effective for high constituent
concentrations (> 50,000 ppm total
petroleum hydrocarbons).

Presence of significant heavy metal
concentrations (> 2,500 ppm) may inhibit
microbial growth.

Volatile constituents tend to evaporate
rather than biodegrade during treatment.

Requires a large land area for treatment,
although less than landfarming.

Vapor generation during aeration may
require treatment prior to discharge.

May require bottom liner if leaching from
the biopile is a concern.

O

This chapter will assist you in evaluating a corrective action plan
(CAP) that proposes biopiles as a remedy for petroleum-contaminated
soil. The evaluation guidance is presented in the three steps described
below. The evaluation process, summarized in a flow diagram shown in
Exhibit IV-3, will serve as a roadmap for the decisions you will make
during your evaluation. A checklist has been provided at the end of this
chapter for you to use as a tool for evaluating the completeness of the
CAP and for focusing on areas where additional information may be
needed. Because a biopile system can be engineered to be potentially
effective for any combination of site conditions and petroleum products,
the evaluation process for this technology does not include initial
screening. The evaluation process can be divided into the following steps.

Step 1: An evaluation of biopile effectiveness, in which you can
identify the soil, constituent, and climatic factors that contribute to
the effectiveness of biopiles and compare them to acceptable operating
ranges. To complete the evaluation, you will need to compare these
properties to ranges in which biopiles are effective.
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Exhibit IV-3
Biopile Evaluation Process Flow Chart

EVALUATION OF

BIOPILE EFFECTIVENESS

Identify soil characteristics important

to biopile effectiveness

Microbial Population Density
Soil pH
Moisture Content

Are
background
heterotrophic bacteria
> 1000 CFU/gram?

Soil Temperature
Nutrient Concentrations
Soil Texture

NO

YES
I 0 Biotreatability studies
H 'S S0 NO should include special
pH D o ! studies to evaluate
6 and 87 out-of-range parameters.
YES

Are
soils free of
clays that could cause
clumping and poor
aeration?

YES

NO

Do
biotreatability
studies demonstrate

YES

Is moisture
content of soils in
contaminated area between

40% and 85% of field
capacity?
YES Biopile will not
be effective at
the site.
Is soil Biopile design and Consider other
temperature between NO operation should include technologies.
10° C and 45° C during considerations to adjust Thermal
? _OFf - 3 [}
treatment? out-of-range parameters. Desorption
YES
Do
) biopile design
Do nutrient and operation account
concentrations have NO for out-of-range
a C:N:P ratio between

100:10:1 and
100:1:0.5?

YES

NO

biopile
effectiveness?

parameters?

E a

Continue with evaluation
of biopile design.
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Exhibit IV-3
Biopile Evaluation Process Flow Chart

EVALUATION OF

BIOPILE EFFECTIVENESS

Identify constituent characteristics
important to biopile effectiveness

Volatility
Chemical Structure
Concentration and Toxicity

Is
gasoline or
other highly volatile product
proposed for
treatment?

Biotreatability studies
should include special
studies to evaluate
out-of-range parameters.

Are
constituents all sufficiently
biodegradable?

NO

< 50,000 ppm and
heavy metals <.2,500

Do
biotreatability
studies demonstrate
biopile
effectiveness?

YES

Identify climate conditions
important to biopile effectiveness

Ambient Temperature
Rainfall
Wind

Biopile will not
be effective at

Are ambient the site
temperatures between N .
10°C and 45°C for at least (ionﬁ'd?r other
4 months a year? Biopile design and echnologies.
operation should include o Thermal
considerations to adjust Desorption

out-of-range parameters.

NO

Is annual
precipitation less than
30 inches?

biopile design
and operation account
for out-of-range
parameters?

Is the site
subject to only light or
infrequent winds?

&

The biop?ie/system is likely
to be effective at the site.
Proceed to evaluate the design.
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Exhibit IV-3
Biopile Evaluation Process Flow Chart

EVALUATION OF
BIOPILE OPERATION &
MONITORING PLANS

EVALUATION OF
BIOPILE DESIGN

Review the 0 & M plans
for the proposed biopile
for the following:

Determine the design elements
e Land Requirements
o Biopile Layout

o Biopile Construction
o Aeration Equipment
o Water Management
o Soil Erosion Control
o pH Adjustment

* Moisture Addition

o Nutrient Supply

o Site Security

e Air Emission Controls

e Operations Plan
o Remedial Progress
Monitoring Plan

Are
operations procedures

described, and are their Request
scope & frequency additional
adequate? information on
operations

procedures.

Have the

design elements been The Biopile
identified and are they _design is
appropriate? incomplete. I§ a
monitoring
Request plan described; is it of
additional adequate scope & frequency; Request
information. does it include additional
discharge permit information on
monitoring? monitoring
plans.

o

The Biopile design
is complete. Proceed
to O&M evaluation.

B

The Biopile system is
likely to be effective.
The design and O&M
plans are complete.
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0 Step 2: An evaluation of the biopile system design will allow you
to determine if the rationale for the design has been appropriately
defined, whether the necessary design components have been
specified, and whether the construction designs are consistent with
standard practice.

0 Step 3: An evaluation of the operation and monitoring plans,
which are critical to the effectiveness of biopiles, will allow you to
determine whether start-up and long-term system operation and
monitoring plans are of sufficient scope.

Evaluation Of Biopile Effectiveness

The effectiveness of a biopile system depends on many parameters
which are listed in Exhibit IV-4. The parameters are grouped into three
categories: soil characteristics, constituent characteristics, and climatic
conditions.

Exhibit IV-4
Parameters Used To Evaluate The Effectiveness Of Biopile Systems

Soil Characteristics Constituent Characteristics Climatic Conditions
Microbial population density Volatility Ambient temperature
Soil pH Chemical structure Rainfall
Moisture content Concentration and toxicity Wind
Soil temperature
Nutrient concentrations
Soil texture

The following paragraphs contain descriptions of each parameter that
include: why it is important; how it can be determined; and what its
appropriate range is. During your evaluation, remember that because a
biopile is an above-ground treatment technique, most parameters (except
climatic conditions) can be controlled during the design and operation of
the biopile. Therefore, during your evaluation, identify those parameters
that fall outside the effective ranges provided and verify that the system
design and proposed operating specifications compensate for any site
conditions that are less than optimal.
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Soil Characteristics
Microbial Population Density

Soil normally contains large numbers of diverse microorganisms
including bacteria, algae, fungi, protozoa, and actinomycetes. In well-
drained soils, which are most appropriate for biopiles, these organisms
are generally aerobic. Of these organisms, bacteria are the most
numerous and biochemically active group, particularly at low oxygen
levels. Bacteria require a carbon source for cell growth and an energy
source to sustain metabolic functions required for growth. Bacteria also
require nitrogen and phosphorus for cell growth. Although sufficient
types and quantities of microorganisms are usually present in the soil
for landfarming, recent applications of ex-situ soil treatment include
blending the soil with cultured microorganisms or animal manure
(typically from chickens or cows). Incorporating manure serves to both
augment the microbial population and provide additional nutrients.
Recently, the use of a certain fungi for biodegradation of organic
contaminants has been proposed based on promising laboratory tests.
Microorganisms require inorganic nutrients such as nitrogen and
phosphorus to support cell growth and sustain biodegradation processes.
Nutrients may be available in sufficient quantities in the site soils but,
more frequently, nutrients need to be added to the biopile soils to maintain
bacterial populations.

The metabolic process used by bacteria to produce energy requires a
terminal electron acceptor (TEA) to enzymatically oxidize the carbon
source to carbon dioxide. Microbes are classified by the carbon and TEA
sources they use to carry out metabolic processes. Bacteria that use
organic compounds (e.g., petroleum constituents and other naturally
occurring organics) as their source of carbon are heterotrophic; those
that use inorganic carbon compounds (e.g., carbon dioxide) are
autotrophic. Bacteria that use oxygen as their TEA are aerobic; those that
use a compound other than oxygen, (e.g., nitrate, sulfate), are anaerobic;
and those that can utilize both oxygen and other compounds as TEAs
are facultative. For applications directed at cleaning up petroleum
products, only bacteria that are both aerobic (or facultative) and
heterotrophic are important in the degradation process.

In order to evaluate the presence and population of naturally
occurring bacteria that will contribute to degradation of petroleum
constituents, conduct laboratory analyses of soil samples from the site.
These analyses, at a minimum, should include plate counts for total
heterotrophic bacteria. Plate count results are normally reported in
terms of colony-forming units (CFUs) per gram of soil. Microbial
population densities in typical soils range from 10* to 10’ CFU/gram of
soil. For biopiles to be effective the minimum heterotrophic plate count
should be 10° CFU/gram or greater. Plate counts lower than 102 could
indicate the presence of toxic concentrations of organic or inorganic (e.qg.,
metals) compounds. In this situation, biopiles may still be effective if the
soil is conditioned or amended to reduce the toxic concentrations and
increase the microbial population density. More elaborate laboratory
tests are sometimes conducted to identify the bacterial species present.
This may be desirable if there is uncertainty about whether
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microbes capable of degrading specific petroleum hydrocarbons occur
naturally in the soil. If insufficient numbers or types of microorganisms
are present, the population density may be increased by introducing
cultured microbes that are available from numerous different vendors.
See Exhibit IV-5 for the relationship between counts of total
heterotrophic bacteria and the effectiveness of biopiles.

Exhibit IV-5
Heterotrophic Bacteria And Biopile Effectiveness

Total Heterotrophic Bacteria

(prior to biopile operation) Biopile Effectiveness
> 1,000 CFU/gram dry soil Generally effective.
< 1,000 CFU/gram dry soil May be effective; needs further evaluation to

determine if toxic conditions are present.

The use of fungi (specifically the white rot fungus) is emerging as a
remedial technology that may be effective on many types of organic
contaminants. These fungi do not metabolize contaminants; degradation
occurs outside their cells. The fungi degrade lignin, which must be
supplied to them, usually in the form of sawdust or woodchips blended
with the soil. In the process of degrading lignin, the fungi excrete other
chemicals that degrade the organic contaminants. This process is called
co-metabolism. Although the technology has not as yet been subject to
extensive field testing, laboratory tests show it can degrade organic
chemicals to non-detectable levels.

Soil pH

To support bacterial growth, the soil pH should be within the 6 to 8
range, with a value of about 7 (neutral) being optimal. Soils with pH
values outside this range prior to biopile operation will require pH
adjustment during construction of the biopile and during operation of
the biopile. Soil pH within the biopile soils can be raised through the
addition of lime and lowered by adding elemental sulfur during
construction. Liquid solutions may also be injected into the biopile
during operations to adjust pH. However, mixing with soils during
construction results in more uniform distribution. Exhibit V-6
summarizes the effect of soil pH on biopile effectiveness. Review the CAP
to verify that soil pH measurements have been made. If the soil pH is
less than 6 or greater than 8, make sure that pH adjustments, in the
form of soil amendments, are included in the construction plans for the
biopile and that the operations plan includes monitoring of pH.
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Exhibit IV-6
Soil pH And Biopile Effectiveness

Soil pH
(prior to biopile construction) Biopile Effectiveness
6<pH<8 Generally effective.
6>pH>8 Biopile soils will require amendments to

correct pH to effective range.

Moisture Content

Soil microorganisms require moist soil conditions for proper growth.
Excessive soil moisture, however, restricts the movement of air through
the subsurface thereby reducing the availability of oxygen which is
essential for aerobic bacterial metabolic processes. In general, soils
should be moist but not wet or dripping wet. The ideal range for soil
moisture is between 40 and 85 percent of the water-holding capacity
(field capacity) of the soil or about 12 percent to 30 percent by weight.
Periodically, moisture must be added to the biopile because soils become
dry as a result of evaporation, which is increased during aeration
operations. Excessive accumulation of moisture can occur within
biopiles in areas with high precipitation or poor drainage. These condi-
tions should be considered in the biopile design. For example, an imper-
meable cover can mitigate excess infiltration and potential erosion of the
biopile. Exhibit IV-7 shows the optimal range for soil moisture content.

Exhibit IV-7
Soil Moisture And Biopile Effectiveness

Soil Moisture Biopile Effectiveness
40% < field capacity < 85% Effective.
Field capacity < 40% Periodic moisture addition is needed to

maintain proper bacterial growth.

Field capacity > 85% Biopile design should include special water
drainage considerations or impervious covetr.

Soil Temperature

Bacterial growth rate is a function of temperature. Soil microbial
activity has been shown to significantly decrease at temperatures below
10°C and to essentially cease below 5°C. The microbial activity of most
bacteria important to petroleum hydrocarbon biodegradation also
diminishes at temperatures greater than 45°C. Within the range of 10°C
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to 45°C, the rate of microbial activity typically doubles for every 10°C
rise in temperature. Because soil temperature varies with ambient
temperature, there will be certain periods during the year when bacterial
growth and, therefore, constituent degradation will diminish. When
ambient temperatures return to the growth range, bacterial activity will
be gradually restored.

In colder parts of the United States, such as the Northeastern states,
optimum operating temperatures typically exist for periods of 7 to 9
months. In very cold climates, special precautions can be taken,
including enclosing the biopile within a greenhouse-type structure,
injecting heated air into the biopile, or introducing special bacteria
capable of activity at lower temperatures. In warm regions, optimum
temperatures for biopile effectiveness can last all year. Exhibit 1V-8
shows how soil temperature affects biopile operation.

Exhibit IV-8
Soil Temperature And Biopile Effectiveness

Soil Temperature Biopile Effectiveness
10°C < soil temperature < 45°C Effective.
10°C > soil temperature > 45°C Not generally effective; microbial activity

diminished during seasonal temperature
extremes but restored during periods within
the effective temperature range.
Temperature-controlled enclosures, heated
(or cooled) air injection, or special bacteria
required for areas with extreme
temperatures.

Nutrient Concentrations

Microorganisms require inorganic nutrients such as nitrogen and
phosphorus to support cell growth and sustain biodegradation
processes. Nutrients may be available in sufficient quantities in the site
soils but, more frequently, nutrients need to be added to the biopile soils
to maintain bacterial populations. However, excessive amounts of certain
nutrients (i.e., phosphate and sulfate) can repress microbial metabolism.
The typical carbon:nitrogen:phosphorus ratio necessary for
biodegradation falls in the range of 100:10:1 to 100:1:0.5, depending on
the specific constituents and microorganisms involved in the
biodegradation process.
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The naturally occurring available nitrogen and phosphorus content of
the soil should be determined by chemical analyses of samples collected
from the site. These types of analyses are routinely conducted in
agronomic laboratories that test soil fertility for farmers. These
concentrations can be compared to the nitrogen and phosphorus
requirements calculated from the stoichiometric ratios of the
biodegradation process. A conservative approximation of the amount of
nitrogen and phosphorus required for optimum degradation of petroleum
products can be calculated by assuming that the total mass of
hydrocarbon in the soil represents the mass of carbon available for
biodegradation. This simplifying assumption is valid because the carbon
content of the petroleum hydrocarbons commonly encountered at UST
sites is approximately 90 percent carbon by weight.

As an example, assume that at a LUST site the volume of
contaminated soil is 90,000 ft3, the average TPH concentration in the
contaminated soil is 1,000 mg/kg, and the soil bulk density is 50 kg/ft®
(1.75 g/cmd).

The mass of contaminated soil is equal to the product of volume and
bulk density:

soil mass = 90,000 ft3 x &;‘g = 4.5 x 10° kg
ft
The mass of the contaminant (and carbon) is equal to the product of
the mass of contaminated soil and the average TPH concentration in the
contaminated soil:

contaminantmass =
4.5 x 10° kg x 1,000 % - 4.5 x 10° kg ~ 10,000 Ibs
g

Using the C:N:P ratio of 100:10:1, the required mass of nitrogen
would be 1,000 Ibs, and the required mass of phosphorus would be
100 Ibs. After converting these masses into concentration units
(56 mg/kg for nitrogen and 5.6 mg/kg for phosphorus), they can be
compared with the results of the soil analyses to determine if nutrient
addition is necessary. If nitrogen addition is necessary, slow release
sources should be used. Nitrogen additions can lower soil pH, depending
on the amount and type of nitrogen added.

Soil Texture

Texture affects the permeability, moisture content, and bulk density
of the soil. To ensure that oxygen addition (by air extraction or injection),
nutrient distribution, and moisture content of the soils can be
maintained within effective ranges, you must consider the texture of the
soils. For example, soils that tend to clump together (such as clays) are
difficult to aerate and result in low oxygen concentrations. It is also
difficult to uniformly distribute nutrients throughout these soils. They
also retain water for extended periods following a precipitation event.
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You should identify whether clayey soils are proposed for the biopile
at the site. Soil amendments (e.g., gypsum) and bulking materials (e.g.,
sawdust, or straw) should be blended into the soil as the biopile is being
constructed to ensure that the biopile medium has a loose or divided
texture. Clumpy soil may require shredding or other means of
pretreatment during biopile construction to incorporate these
amendments.

Constituent Characteristics

Volatility

The volatility of contaminants proposed for treatment in biopiles is
important because volatile constituents tend to evaporate from the
biopile into the air during extraction or injection, rather than being
biodegraded by bacteria. Constituent vapors in air that is injected into
the biopile will dissipate into the atmosphere unless the biopile is
covered and collection piping is installed beneath the cover. If air is
added to the pile by applying a vacuum to the aeration piping, volatile
constituent vapors will pass into the extracted air stream which can be
treated, if necessary. In some cases (where allowed), it may be acceptable
to reinject the extracted vapors back into the soil pile for additional
degradation. It is important to optimize the aeration rate to the biopile.
Evaporation of volatile constituents can be reduced by minimizing the air
extraction or injection rate, which also reduces degradation rates by
reducing oxygen supply to bacteria.

Petroleum products generally encountered at UST sites range from
those with a significant volatile fraction, such as gasoline, to those that
are primarily nonvolatile, such as heating and lubricating oils. Petroleum
products generally contain more than one hundred different constituents
that possess a wide range of volatility. In general, gasoline, kerosene,
and diesel fuels contain constituents with sufficient volatility to
evaporate from a biopile. Depending upon state-specific regulations for
air emissions of volatile organic compounds (VOCs), control of VOC
emissions may be required. Control involves capturing vapors before
they are emitted to the atmosphere and then passing them through an
appropriate treatment process before being vented to the atmosphere.

Chemical Structure

The chemical structures of the contaminants present in the soils
proposed for treatment by biopiles are important in determining the rate
at which biodegradation will occur. Although nearly all constituents in
petroleum products typically found at UST sites are biodegradable, the
more complex the molecular structure of the constituent, the more
difficult and less rapid is biological treatment. Most low molecular-weight
(nine carbon atoms or less) aliphatic and monoaromatic constituents are
more easily biodegraded than higher molecular weight aliphatic or
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polyaromatic organic constituents. Exhibit V-9 lists, in order of
decreasing rate of potential biodegradability, some common constituents
found at petroleum UST sites.

Exhibit V-9

Chemical Structure And Biodegradability

Products In Which
Constituent Is Typically

Biodegradability Example Constituents Found
More degradable n-butane, I-pentane, O Gasoline
n-octane
[ Nonane O Diesel fuel
I Methyl butane, 0 Gasoline
dimethylpentenes,
methyloctanes
Benzene, toluene, O Gasoline
ethylbenzene, xylenes
Propylbenzenes O Diesel, kerosene
Decanes O Diesel
Dodecanes 0 Kerosene
Tridecanes O Heating fuels
Tetradecanes O Lubricating oils
Less degradable Naphthalenes O Diesel
Fluoranthenes O Kerosene
Pyrenes O Heating oil
Acenaphthenes O Lubricating oils

Evaluation of the chemical structure of the constituents proposed for
reduction by biopiles at the site will allow you to determine which
constituents will be the most difficult to degrade. You should verify that
remedial time estimates, biotreatability studies, field-pilot studies (if
applicable), and biopile operation and monitoring plans are based on the
constituents that are most difficult to degrade (or “rate limiting”) in the

biodegradation process.

Concentration And Toxicity

The presence of very high concentrations of petroleum organics or
heavy metals in site soils can be toxic or inhibit the growth and
reproduction of bacteria responsible for biodegradation in biopiles.
Conversely, very low concentrations of organic material will result in
diminished levels of microbial activity.
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In general, soil concentrations of total petroleum hydrocarbons (TPH)
in the range of 10,000 to 50,000 ppm, or heavy metals exceeding 2,500
ppm, are considered inhibitory and/or toxic to most microorganisms. If
TPH concentrations are greater than 10,000 ppm, or the concentration of
heavy metals is greater than 2,500 ppm, then the contaminated soil
should be thoroughly mixed with clean soil to dilute the contaminants so
that the average concentrations are below toxic levels. Exhibit IV-10
provides the general criteria for constituent concentration and biopile
effectiveness.

Exhibit IV-10
Constituent Concentration And Biopile Effectiveness

Constituent Concentration Biopile Effectiveness
Petroleum constituents < 50,000 ppm Effective, however, if contaminant
and concentration is > 10,000 ppm, then soil
Heavy metals < 2,500 ppm should be blended with clean soil to reduce

the concentration of the contaminants.

Petroleum constituents > 50,000 ppm Ineffective; toxic or inhibitory conditions to
or bacterial growth exist. Dilution by blending
Heavy metals > 2,500 ppm necessary.

In addition to maximum concentrations, you should consider the
cleanup goals proposed for the biopile soils. Below a certain “threshold”
constituent concentration, the bacteria cannot obtain sufficient carbon
(from degradation of the constituents) to maintain adequate biological
activity. The threshold level can be determined from laboratory studies
and should be below the level required for cleanup. Although the
threshold limit varies greatly depending on bacteria-specific and
constituent-specific features, generally constituent concentrations below
0.1 ppm are not achievable by biological treatment alone. In addition,
experience has shown that reductions in TPH concentrations greater
than 95 percent can be very difficult to achieve because of the presence
of “recalcitrant” or nondegradable hydrocarbon species that are included
in the TPH analysis. If a cleanup level lower than 0.1 ppm is required for
any individual constituent or a reduction in TPH greater than 95 percent
is required to reach the cleanup level for TPH, either a pilot study is
required to demonstrate the ability of a biopile system to achieve these
reductions at the site or another technology should be considered.
Exhibit IV-11 shows the relationship between cleanup requirements and
biopile effectiveness.
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Exhibit IV-11
Cleanup Requirements And Biopile Effectiveness

Cleanup Requirement Biopile Effectiveness

Constituent concentration > 0.1 ppm Effective.
and
TPH reduction < 95%

Constituent concentration < 0.1 ppm Potentially ineffective; pilot studies are
or required to demonstrate contaminant
TPH reduction > 95% reductions.

Climatic Conditions

Ambient Temperature

The ambient temperature is important because it influences soil
temperature. As described previously, the temperature of the soils in the
biopile impacts bacterial activity and, consequently, biodegradation. The
optimal temperature range for biopiles is 10°C to 45°C. Special
considerations (e.g., heating, covering, or enclosing) in biopile design can
overcome the effects of colder climates and extend the length of the
bioremediation season.

Rainfall

Some biopile designs do not include covers, leaving the biopile
exposed to climatic factors including rainfall, snow, and wind, as well as
ambient temperatures. Rainwater that falls on the biopile area will
increase the moisture content of the soil and cause erosion. As
previously described, effective biopile operation requires a proper range
of moisture content. During and following a significant precipitation
event, the moisture content of the soils may be temporarily in excess of
that required for effective bacterial activity. On the other hand, during
periods of drought, moisture content may be below the effective range
and additional moisture may need to be added.

If the site is located in an area subject to annual rainfall of greater
than 30 inches during the biopile season, a rain shield (such as a cover,
tarp, plastic tunnel, or greenhouse structure) should be considered in
the design of the biopile. In addition, rainfall runon and runoff from the
biopile area should be controlled using berms at the perimeter of the
biopile. A leachate collection system at the bottom of the biopile and a
leachate treatment system may also be necessary to prevent
groundwater contamination from the biopile.
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Wind

Erosion of the biopile soils can occur during windy periods. Wind
erosion can be limited by applying moisture periodically to the surface of
the biopile or by enclosing or covering the biopile.

Biotreatability Evaluation

Biotreatability studies are especially desirable if toxicity is a concern
or natural soil conditions are not conducive to biological activity.
Biotreatability studies are usually performed in the laboratory and
should be planned so that, if successful, the proper parameters are
developed to design and implement the biopile system. If biotreatability
studies do not demonstrate effectiveness, field trials or pilot studies will
be needed prior to implementation, or another remedial approach should
be evaluated. If the soil, constituents, and climatic characteristics are
within the range of effectiveness for biopiles, review biotreatability
studies to confirm that biopiles have the potential for effectiveness and
to verify that the parameters needed to design the full-scale biopile
system have been obtained. Biotreatability studies should provide data
on contaminant biodegradability, ability of indigenous microorganisms to
degrade contaminants, optimal microbial growth conditions and
biodegradation rates, and sufficiency of natural nutrients and minerals.

There are two types of biotreatability studies generally used to
demonstrate biopile effectiveness: (1) Flask Studies and (2) Pan Studies.
Both types of studies begin with the characterization of the baseline
physical and chemical properties of the soils to be treated in the biopile.
Typical physical and chemical analyses performed on site soil samples
for biotreatability studies are listed on Exhibit IV-12. The specific
objectives of these analyses are to:

0 Determine the types and concentrations of contaminants in the soils
that will be used in the biotreatability studies.

0 Assess the initial concentrations of constituents present in the study
samples so that reductions in concentration can be evaluated.

0 Determine if nutrients (nitrogen and phosphorus) are present in
sufficient concentrations to support enhanced levels of bacterial
activity.

0 Evaluate parameters that may inhibit bacterial growth (e.g., toxic
concentrations of metals, pH values lower than 6 or higher than 8).

October 1994 1V-17



Exhibit IV-12
Physical And Chemical Parameters For Biotreatability Studies

Parameter Measured Properties

Soil toxicity Type and concentration of contaminant
and/or metals present, pH.

Soil texture Grain size, clay content, moisture content,
porosity, permeability, bulk density.

Nutrients Nitrate, phosphate, other anions and cations.

Contaminant biodegradability Total organic carbon concentration, volatility,
chemical structure.

After you have characterized the soil samples, perform bench studies
to evaluate biodegradation effectiveness. Flask (or bottle) studies which
are simple and inexpensive, are used to test for biodegradation in water
or soils using soil/water slurry microcosms. Flask studies may use a
single slurry microcosm that is sampled numerous times or may have a
series of slurry microcosms, each sampled once. Flask studies are less
desirable than pan studies for evaluation of biopile effectiveness and are
primarily used for evaluation of water-phase bioremedial technologies.
Pan studies use soils, without dilution in an agueous slurry, placed in
steel or glass pans as microcosms that more closely resemble biopiles.

In either pan or flask studies, degradation is measured by tracking
constituent concentration reduction and changes in bacterial population
and other parameters over time. A typical treatment evaluation using
pan or flask studies may include the following types of studies.

0 No Treatment Control Studies measure the rate at which the existing
bacteria can degrade constituents under oxygenated conditions
without the addition of supplemental nutrients.

O Nutrient Adjusted Studies determine the optimum adjusted C:N:P ratio
to achieve maximum degradation rates using microcosms prepared
with different concentrations of nutrients.

0 Inoculated Studies are performed if bacterial plate counts indicate that
natural microbial activity is insufficient to promote sufficient
degradation. Microcosms are inoculated with bacteria known to
degrade the constituents at the site and are analyzed to determine if
degradation can be increased by inoculation.
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0 Sterile Control Studies measure the degradation rate due to abiotic
processes (including volatilization) as a baseline comparison with the
other studies that examine biological processes. Microcosm soils are
sterilized to eliminate bacterial activity. Abiotic degradation rates are
then measured over time.

Review the CAP to determine that biotreatability studies have been
completed, biodegradation is demonstrated, nutrient application and
formulation have been evaluated and defined, and potential inhibitors or
toxic conditions have been identified.

Evaluation Of The Biopile Design

Once you have verified that biopiles have the potential to be effective,
you can evaluate the design of the biopile system. The CAP should
include a discussion of the rationale for the design and present the
conceptual engineering design. Detailed engineering design documents
might also be included, depending on state requirements. Further detail
about information to look for in the discussion of the design is provided
below.

0 Land Requirements can be determined by dividing the amount of soil
to be treated by the height of the proposed biopile(s). The typical
height of biopiles varies between 3 and 10 feet. Additional land area
around the biopile(s) will be required for sloping the sides of the pile,
for containment berms, and for access. The length and width of
biopiles is generally not restricted unless aeration is to occur by
manually turning the soils. In general, biopiles which will be turned
should not exceed 6 to 8 feet in width.

O Biopile Layout is usually determined by the configuration of and
access to the land available for the biopile(s). The biopile system can
include single or multiple piles.

0 Biopile Construction includes: site preparation (grubbing, clearing, and
grading); berms; liners and covers(if necessary); air injection,
extraction and/or collection piping arrangement; nutrient and
moisture injection piping arrangement; leachate collection and
treatment systems; soil pretreatment methods (e.g., shredding,
blending, amendments for fluffing, pH control); and enclosures and
appropriate vapor treatment facilities (where needed). The
construction design of a typical biopile is shown as Exhibit IV-13.

0 Aeration Equipment usually includes blowers or fans which will be

attached to the aeration piping manifold unless aeration is to be
accomplished by manually turning the soil.
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Exhibit IV-13
Construction Design Of A Typical Biopile
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0 Water Management systems for control of runon and runoff are neces-
sary to avoid saturation of the treatment area or washout of the soils
in the biopile area. Runon is usually controlled by earthen berms or
ditches that intercept and divert the flow of stormwater. Runoff can be
controlled by diversion within the bermed treatment area to a reten-
tion pond where the runoff can be stored, treated, or released under a
National Pollution Discharge Elimination System (NPDES) permit.

0 Soil Erosion Control from wind or water generally includes sloping the
sides of the pile, covering the pile, constructing water management
systems, and spraying to minimize dust.

0 pH Adjustment, Moisture Addition, and Nutrient Supply methods
usually include incorporation of solid fertilizers, lime and/or sulfur
into the soils while constructing the biopile, or injection of liquid
nutrients, water and acid/alkaline solutions preferably through a
dedicated piping system during operation of the biopile. The
composition of nutrients and acid or alkaline solutions/solids for pH
control is developed in biotreatability studies, and the frequency of
their application is modified during biopile operation as needed.

O Site Security may be necessary to keep trespassers out of the
treatment area. If the biopile is accessible to the public, a fence or
other means of security is recommended to deter public contact with
the contaminated material within the biopile area.

0 Air Emission Controls (e.g., covers or structural enclosures) may be
required if volatile constituents are present in the biopile soils. For
compliance with air quality regulations, the volatile organic emissions
should be estimated based on initial concentrations of the petroleum
constituents present. Vapors in extracted or injected air should be
monitored during the initial phases of biopile operation for compliance
with appropriate permits or regulatory limits on atmospheric
discharges. If required, appropriate vapor treatment technology
should be specified, including operation and monitoring parameters.

Evaluation Of Operation And Remedial
Progress Monitoring Plans

It is important to make sure that system operation and monitoring
plans have been developed for the biopile operation. Regular monitoring
is necessary to ensure optimization of biodegradation rates, to track
constituent concentration reductions, and to monitor vapor emissions,
migration of constituents into soils beneath the biopile (if unlined), and
groundwater quality. If appropriate, ensure that monitoring to determine
compliance with stormwater discharge or air quality permits is also
proposed.
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Operations Plan

Make certain that the plan for operating the biopile system described
in the CAP includes the anticipated frequency of aeration, nutrient
addition, and moisture addition. The plan should be flexible and
modified based on the results of regular monitoring of the biopile soils.
The plan should also account for seasonal variations in ambient
temperature and rainfall. In general, aeration and moisture and nutrient
applications should be more frequent in the warmer, drier months. If the
biopile is covered with impervious sheeting (e.g., plastic or geofabric/
geotextile), the condition of the cover must be checked periodically to
ensure that it remains in place and that it is free of rips, tears, or other
holes. Provision should be made for replacement of the cover in the event
that its condition deteriorates to the point where it is no longer effective.

Remedial Progress Monitoring Plan

Make certain that the monitoring plan for the biopile system is
described in detail and include monitoring of biopile soils for constituent
reduction and biodegradation conditions (e.g., CO,, O,, CH,, H,S), air
monitoring for vapor emissions if volatile constituents are present, soil
and groundwater monitoring to detect potential migration of constituents
beyond the biopile area, and runoff water sampling (if applicable) for
discharge permits. Make sure that the number of samples collected,
sampling locations, and collection methods are in accordance with state
regulations. A monitoring plan for a typical biopile operation is shown in
Exhibit 1V-14.

Soils within the biopile should be monitored at least quarterly during
treatment to determine pH, moisture content, bacterial population,
nutrient content, and constituent concentrations. For biopiles using air
extraction or for those using air injection and off-gas collection,
biodegradation conditions can be tracked by measuring oxygen and
carbon dioxide concentrations in the vapor extracted from the biopile.
These measurements should be taken weekly during the first 3 months
of operation. The results of these analyses, which may be done using
electronic instruments, field test kits, or in a field laboratory are critical
to the optimal operation of the biopile. The results should be used to
adjust air injection or extraction flow rates, nutrient application rates,
moisture addition frequency and quantity, and pH. Optimal ranges for
these parameters should be maintained to achieve maximum
degradation rates.
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Checklist: Can Biopiles Be Used At This Site?

This checklist can help you to evaluate to completeness of the CAP
and to identify areas that require closer scrutiny. As you go through the
CAP, answer the following questions. If the answer to several questions
is no and biotreatability studies demonstrate marginal to ineffective
results, request additional information to determine if biopiles will
accomplish cleanup goals at the site.

1. Soil Characteristics That Contribute To Biopile Effectiveness

Yes No

ad O Is the total heterotrophic bacteria count > 1,000 CFU/gram
dry soil?

ad O Is the soil pH between 6 and 8?
O O Is the soil moisture between 40% and 85%?
ad O Is the soil temperature between 10°C and 45°C?

ad O Is the carbon:nitrogen:phosphorous ratio between 100:10:1
and 100:1:0.5?

ad O Does the soil divide easily and tend not to clump together?

2. Constituent Characteristics That Contribute To Biopile
Effectiveness

Yes No

ad O Are products to be treated primarily kerosene or heavier (i.e.,
not gasoline), or will air emissions be monitored and, if
necessary, controlled?

ad O Are most of the constituents readily degradable?

ad O Are total petroleum constituents < 50,000 ppm and total
heavy metals < 2,500 ppm?

3. Climatic Conditions That Contribute To Biopile Effectiveness

Yes No
ad O Is the rainfall less than 30 inches during the biopile season?

ad O Are high winds unlikely?
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4. Biotreatability Evaluation

Yes No
ad 0 Has a biotreatability study been conducted?

ad 0 Was biodegradation demonstrated, nutrient application and
formulation defined, and potential inhibitors or toxic
conditions checked?
5. Evaluation Of Biopile Design
Yes No

ad O Is sufficient land available considering the biopile depth and
additional space for berms and access?

ad O Is runon and runoff controlled?
ad O Are erosion control measures specified?

ad O Are the frequency of application and composition of
nutrients and pH adjustment materials specified?

O O Is moisture addition needed?

ad O Are other sub-optimal natural site conditions addressed in
the biopile design (e.g., low temperatures, poor soil texture,
and excessive rainfall)?

O O Is the site secured?

O O Are air emissions estimated and will air emissions
monitoring be conducted?

O O Are provisions included for air emissions controls, if needed?
6. Operation And Monitoring Plans

Yes No

O O Are frequencies of aeration, nutrient addition, and moisture
addition provided in the operation plan?

ad 0 Is monitoring for constituent reduction and biodegradation
conditions proposed?
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6. Operation And Monitoring Plans (continued)

Yes No

ad O Are air, soil, and surface runoff water sampling (if applicable)
proposed to ensure compliance with appropriate permits?

ad O Are the proposed number of samples to be collected,
sampling locations, and collection methods in accordance
with state regulations?

ad O Is quarterly (or more frequent) monitoring for soil pH,
moisture content, bacterial population, nutrient content, and
constituent concentrations proposed?
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Chapter V
Landfarming

Overview

Landfarming, also known as land treatment or land application, is an
above-ground remediation technology for soils that reduces
concentrations of petroleum constituents through biodegradation. This
technology usually involves spreading excavated contaminated soils in a
thin layer on the ground surface and stimulating aerobic microbial
activity within the soils through aeration and/or the addition of
minerals, nutrients, and moisture. The enhanced microbial activity
results in degradation of adsorbed petroleum product constituents
through microbial respiration. If contaminated soils are shallow (i.e., < 3
feet below ground surface), it may be possible to effectively stimulate
microbial activity without excavating the soils. If petroleum-
contaminated soil is deeper than 5 feet, the soils should be excavated
and reapplied on the ground surface. A typical landfarming operation is
shown in Exhibit V-1.

Landfarming has been proven effective in reducing concentrations of
nearly all the constituents of petroleum products typically found at
underground storage tank (UST) sites. Lighter (more volatile) petroleum
products (e.g., gasoline) tend to be removed by evaporation during
landfarm aeration processes (i.e., tilling or plowing) and, to a lesser
extent, degraded by microbial respiration. Depending upon your state’s
regulations for air emissions of volatile organic compounds (VOCs), you
may need to control the VOC emissions. Control involves capturing the
vapors before they are emitted to the atmosphere, passing them through
an appropriate treatment process, and then venting them to the
atmosphere. The mid-range hydrocarbon products (e.qg., diesel fuel,
kerosene) contain lower percentages of lighter (more volatile)
constituents than does gasoline. Biodegradation of these petroleum
products is more significant than evaporation. Heavier (non-volatile)
petroleum products (e.g., heating oil, lubricating oils) do not evaporate
during landfarm aeration; the dominant mechanism that breaks down
these petroleum products is biodegradation. However, higher molecular
weight petroleum constituents such as those found in heating and
lubricating oils, and, to a lesser extent, in diesel fuel and kerosene,
require a longer period of time to degrade than do the constituents in
gasoline. A summary of the advantages and disadvantages of
landfarming is shown in Exhibit V-2.

The policies and regulations of your state determine whether
landfarming is allowed as a treatment option. Before reading this
chapter, consider whether your state allows the use of this remedial
option.
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Exhibit V-2
Advantages And Disadvantages Of Landfarming

Advantages Disadvantages
O Relatively simple to design and 0 Concentration reductions > 95% and
implement. constituent concentrations < 0.1 ppm are

very difficult to achieve.
O Short treatment times: usually 6 months

to 2 years under optimal conditions. O May not be effective for high constituent
concentrations (> 50,000 ppm total
0 Cost competitive: $30-60/ton of petroleum hydrocarbons).

contaminated soil.
O Presence of significant heavy metal
O Effective on organic constituents with concentrations (> 2,500 ppm) may inhibit
slow biodegradation rates. microbial growth.

O Volatile constituents tend to evaporate
rather than biodegrade during treatment.

O Requires a large land area for treatment.
O Dust and vapor generation during
landfarm aeration may pose air quality

concerns.

O May require bottom liner if leaching from
the landfarm is a concern.

This chapter will assist you in evaluating a corrective action plan
(CAP) that proposes landfarming as a remedy for petroleum
contaminated soil. The evaluation guidance is presented in the three
steps described below. The evaluation process, which is summarized in a
flow diagram shown in Exhibit V-3, will serve as a roadmap for the
decisions you will make during your evaluation. A checklist has also
been provided at the end of this chapter to be used as a tool to evaluate
the completeness of the CAP and to help you focus on areas where
additional information may be needed. The evaluation process can be
divided into the following steps.

0 Step 1: An evaluation of landfarming effectiveness, in which you
can identify the soil, constituent, and climatic factors that contribute
to the effectiveness of landfarming and compare them to acceptable
operating ranges. To complete the evaluation, you will need to
compare these properties to ranges where landfarming is effective.
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Exhibit V-3
Landfarming Evaluation Process Flow Chart

EVALUATION OF

LANDFARMING EFFECTIVENESS

Identify soil characteristics important
to landfarming effectiveness

Microbial Population Density Soil Temperature

Soil pH Nutrient Concentrations

Moisture Content Soil Texture

Are

background
heterotrophic bacteria NO
> 1000 CFU/gram?
YES
h Biotreatability studies
" ISest\?v"een NO should include special
P 6 and 87 studies to evaluate
. out-of-range parameters.
YES
Are
soils free of
clays that could cause NO
clumping and poor
aeration? Do
biotreatability
YES YES studies demonstrate
landfarming
effectiveness?
Is moisture
content of soils in NO

contaminated area between
40% and 85% of field
capacity?

YES

Is soil
temperature between
10° C and 45 ° C during
treatment?

NO

YES

Do nutrient
concentrations have
a C:N:P ratio between
100:10:1 and
100:1:0.5?

NO

YES

Landfarming will
not be effective

at the site.
Landfarm design and Consider other
operation should include technologies.
considerations to adjust
e Thermal

out-of-range parameters.

Desorption

Do
landfarm design
and operation account
for out-of-range
parameters?

V-4

Contiriue with evaluation
of landfarming design.
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Exhibit V-3
Landfarming Evaluation Process Flow Chart

EVALUATION OF
LANDFARMING EFFECTIVENESS

Identify constituent characteristics
important to landfarming effectiveness

Volatility
Chemical Structure
Concentration and Toxicity

Is
gasoline or
other highly volatile product
proposed for
treatment?

Biotreatability studies
should include special
studies to evaluate
out-of-range parameters.

Are
constituents all sufficiently
biodegradable?

NO

< 50,000 ppm and
heavy metals < 2,500

Do
biotreatability
studies demonstrate
landfarming
effectiveness?

YES

Identify climate conditions important
to landfarming effectiveness

Ambient Temperature
Rainfall
Wind

Landfarming will
not be effective

Are ambient

at the site.
temperatures between Consider other
10°C and 45°C for at least technologies.
4 months a year? Landfarm design and
e Thermal

operation should include
considerations to adjust
out-of-range parameters.

Desorption

Is annual
precipitation less than
30 inches?

NO

Do
landfarming
design and operation
account for out-of-range
parameters?

Is the site
subject to only light or
infrequent winds?

The Ian&farrning system is
likely to be effective at the site.
Proceed to evaluate the design.
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Exhibit V-3
Landfarming Evaluation Process Flow Chart

EVALUATION OF
LANDFARMING DESIGN

Determine the design elements

e Land Requirements
e Landfarm Layout

o Landfarm Construction
® Aeration Equipment
* Water Management
® Soil Erosion Control
® pH Adjustment

® Moisture Addition

® Nutrient Supply

® Site Security

® Air Emission Controls

Have the

design elements been The Landfarm

identified and are they _design is
appropriate? incomplete.
Request
additional
information.

&

| _an

The Landfarm design
is complete. Proceed
to O&M evaluation.

EVALUATION OF
LANDFARMING OPERATION
& MONITORING PLANS

Review the O & M plans for
the proposed landfarm for
the following:

e Operations Plan
¢ Remedial Progress
Monitoring Plan

Are
operations procedures

described, and are their Request
scope & frequency additional
adequate? information on
operations
procedures.

Isa
monitoring
plan described; is it of
adequate scope & frequency;

R
does it include adz(iltlij::atl
discharge permit information on
monitoring? monitoring

plans.

The Landfarm system is
likely to be effective.
The design and O&M

plans are complete.
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0 Step 2: An evaluation of the landfarming system design will allow
you to determine if the rationale for the design has been appropriately
defined, whether the necessary design components have been
specified, and whether the construction designs are consistent with
standard practice.

0 Step 3: An evaluation of the operation and monitoring plans,
which are critical to the effectiveness of landfarming, will allow you to
determine whether start-up and long-term system operation and
monitoring plans are of sufficient scope and frequency.

Evaluation Of Landfarming Effectiveness

The effectiveness of landfarming depends on many parameters which
are listed in Exhibit V-4. The parameters are grouped into three
categories: soil characteristics, constituent characteristics, and climatic
conditions.

Exhibit V-4
Parameters Used To Evaluate The Effectiveness Of Landfarming
Soil Characteristics Constituent Characteristics ~ Climatic Conditions
Microbial population density Volatility Ambient temperature
Soil pH Chemical structure Rainfall
Moisture content Concentration and toxicity Wind
Soil temperature
Nutrient concentrations
Texture

The following paragraphs contain descriptions of each parameter that
include: why it is important; how it can be determined; and what its
appropriate range is. During your evaluation, remember that because
landfarming is an above-ground treatment technique, most parameters
(except climatic conditions) can be controlled during the design and
operation of the landfarm. Therefore, during your evaluation, identify
those parameters that fall outside the effectiveness ranges provided and
verify that the system design and proposed operating specifications
compensate for any site conditions that are less than optimal.
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Soil Characteristics

Microbial Population Density

Soil normally contains large numbers of diverse microorganisms
including bacteria, algae, fungi, protozoa, and actinomycetes. In well-
drained soils, which are most appropriate for landfarming, these
organisms are generally aerobic. Of these organisms, bacteria are the
most numerous and biochemically active group, particularly at low
oxygen levels. Bacteria require a carbon source for cell growth and an
energy source to sustain metabolic functions required for growth.
Bacteria also require nitrogen and phosphorus for cell growth. Although
sufficient types and quantities of microorganisms are usually present in
the soil, recent applications of ex-situ soil treatment include blending the
soil with cultured microorganisms or animal manure (typically from
chickens or cows). Incorporating manure serves to both augment the
microbial population and provide additional nutrients.

The metabolic process used by bacteria to produce energy requires a
terminal electron acceptor (TEA) to enzymatically oxidize the carbon
source to carbon dioxide. Microbes are classified by the carbon and TEA
sources they use to carry out metabolic processes. Bacteria that use
organic compounds (e.g., petroleum constituents and other naturally
occurring organics) as their source of carbon are heterotrophic; those
that use inorganic carbon compounds (e.g., carbon dioxide) are
autotrophic. Bacteria that use oxygen as their TEA are aerobic; those that
use a compound other than oxygen, (e.g., nitrate, sulfate), are anaerobic;
and those that can utilize both oxygen and other compounds as TEAs
are facultative. For landfarming applications directed at petroleum
products, only bacteria that are both aerobic (or facultative) and
heterotrophic are important in the degradation process.

In order to evaluate the presence and population of naturally
occurring bacteria that will contribute to degradation of petroleum
constituents, conduct laboratory analyses of soil samples from the site.
These analyses, at a minimum, should include plate counts for total
heterotrophic bacteria. Plate count results are normally reported in
terms of colony-forming units (CFUs) per gram of soil. Microbial
population densities in typical soils range from 10* to 10’ CFU/gram of
soil. For landfarming to be effective, the minimum heterotrophic plate
count should be 10° CFU/gram or greater. Plate counts lower than 10°
could indicate the presence of toxic concentrations of organic or
inorganic (e.g., metals) compounds. In this situation, landfarming may
still be effective if the soil is conditioned or amended to reduce the toxic
concentrations and increase the microbial population density. More
elaborate laboratory tests are sometimes conducted to identify the
bacterial species present. This may be desirable if there is uncertainty
about whether or not microbes capable of degrading specific petroleum
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hydrocarbons occur naturally in the soil. If insufficient numbers or types
of microorganisms are present, the population density may be increased
by introducing cultured microbes that are available from vendors.
Exhibit V-5 shows the relationship between plate counts of total
heterotrophic bacteria and the effectiveness of landfarming.

Exhibit V-5
Heterotrophic Bacteria And Landfarming Effectiveness

Total Heterotrophic Bacteria

(prior to landfarming) Landfarming Effectiveness
> 1000 CFU/gram dry soil Generally effective.
<1000 CFU/gram dry soil May be effective; needs further evaluation to

determine if toxic conditions are present.

Soil pH

To support bacterial growth, the soil pH should be within the 6 to 8
range, with a value of about 7 (neutral) being optimal. Soils with pH
values outside this range prior to landfarming will require pH
adjustment prior to and during landfarming operations. Soil pH within
the landfarm can be raised through the addition of lime and lowered by
adding elemental sulfur. Exhibit V-6 summarizes the effect of soil pH on
landfarming effectiveness. Review the CAP to verify that soil pH
measurements have been made. If the soil pH is less than 6 or greater
than 8, make sure that pH adjustments, in the form of soil amendments,
are included in the design and operational plans for the landfarm.

Exhibit V-6
Soil pH And Landfarming Effectiveness

Soil pH
(prior to landfarming) Landfarming Effectiveness
6<pH<8 Generally effective.
6>pH>8 Landfarm soils will require amendments to

correct pH to effective range.
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Moisture Content

Soil microorganisms require moisture for proper growth. Excessive
soil moisture, however, restricts the movement of air through the
subsurface thereby reducing the availability of oxygen which is also
necessary for aerobic bacterial metabolic processes. In general, the soil
should be moist but not wet or dripping wet. The ideal range for soil
moisture is between 40 and 85 percent of the water-holding capacity
(field capacity) of the soil or about 12 percent to 30 percent by weight.
Periodically, moisture must be added in landfarming operations because
soils become dry as a result of evaporation, which is increased during
aeration operations (i.e., tilling and/or plowing). Excessive accumulation
of moisture can occur at landfarms in areas with high precipitation or
poor drainage. These conditions should be considered in the landfarm
design. For example, an impervious cover can mitigate excessive
infiltration and potential erosion of the landfarm. Exhibit V-7 shows the
optimal range for soil moisture content.

Exhibit V-7
Soil Moisture And Landfarming Effectiveness

Soil Moisture Landfarming Effectiveness
40% < field capacity < 85% Effective.
Field capacity < 40% Periodic moisture addition is needed to

maintain proper bacterial growth.

Field capacity > 85% Landfarm design should include special
water drainage considerations.

Soil Temperature

Bacterial growth rate is a function of temperature. Soil microbial
activity has been shown to decrease significantly at temperatures below
10°C and to essentially cease below 5°C. The microbial activity of most
bacteria important to petroleum hydrocarbon biodegradation also
diminishes at temperatures greater than 45°C. Within the range of 10°C
to 45°C, the rate of microbial activity typically doubles for every 10°C
rise in temperature. Because soil temperature varies with ambient
temperatures, there will be certain periods during the year when
bacterial growth and, therefore, constituent degradation, will diminish.
When ambient temperatures return to the growth range, bacterial
activity will be gradually restored. The period of the year when the
ambient temperature is within the range for microbial activity is
commonly called the “landfarming season.”
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In colder parts of the United States, such as the Northeastern states,
the length of the landfarming season is shorter, typically ranging from
only 7 to 9 months. In very cold climates, special precautions can be
taken, including enclosing the landfarm within a greenhouse-type
structure or introducing special bacteria (psychrophiles), which are
capable of activity at lower temperatures. In warm regions, the
landfarming season can last all year. Exhibit V-8 shows how soil
temperature affects landfarming operation.

Exhibit V-8
Soil Temperature And Landfarming Effectiveness

Soil Temperature Landfarming Effectiveness
10°C < soil temperature < 45°C Effective.
10°C > soil temperature > 45°C Not generally effective; microbial activity

diminished during seasonal temperature
extremes but restored during periods within
the effective temperature range.
Temperature-controlled enclosures or special
bacteria required for areas with extreme
temperatures.

Nutrient Concentrations

Microorganisms require inorganic nutrients such as nitrogen and
phosphorus to support cell growth and sustain biodegradation
processes. Nutrients may be available in sufficient quantities in the site
soils but, more frequently, nutrients need to be added to landfarm soils
to maintain bacterial populations. However, excessive amounts of certain
nutrients (i.e., phosphate and sulfate) can repress microbial metabolism.
The typical carbon:nitrogen:phosphorus ratio necessary for
biodegradation falls in the range of 100:10:1 to 100:1:0.5, depending
upon the specific constituents and microorganisms involved in the
biodegradation process.

The naturally occurring available nitrogen and phosphorus content of
the soil should be determined by chemical analyses of samples collected
from the site. These types of analyses are routinely conducted in
agronomic laboratories that test soil fertility for farmers. These
concentrations can be compared to the nitrogen and phosphorus
requirements calculated from the stoichiometric ratios of the
biodegradation process. A conservative approximation of the amount of
nitrogen and phosphorus required for optimum degradation of petroleum
products can be calculated by assuming that the total mass of
hydrocarbon in the soil represents the mass of carbon available for
biodegradation. This simplifying assumption is valid because the carbon
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content of the petroleum hydrocarbons commonly encountered at UST
sites is approximately 90 percent carbon by weight.

As an example, assume that at a LUST site the volume of
contaminated soil is 90,000 ft3, the average TPH concentration in the
contaminated soil is 1,000 mg/kg, and the soil bulk density is 50 kg/ft®
(1.75 g/cmd).

The mass of contaminated soil is equal to the product of volume and
bulk density:

soil mass = 90,000 ft3 x &;‘g = 4.5 x 10° kg

ft
The mass of the contaminant (and carbon) is equal to the product of
the mass of contaminated soil and the average TPH concentration in the
contaminated soil:

contaminantmass =
4.5 x 10° kg x 1,000 % - 4.5 x 10° kg ~ 10,000 Ibs
g

Using the C:N:P ratio of 100:10:1, the required mass of nitrogen
would be 1,000 Ibs, and the required mass of phosphorus would be
100 Ibs. After converting these masses into concentration units
(56 mg/kg for nitrogen and 5.6 mg/kg for phosphorus), they can be
compared with the results of the soil analyses to determine if nutrient
addition is necessary. If nitrogen addition is necessary, slow release
sources should be used. Nitrogen addition can lower pH, depending on
the amount and type of nitrogen added.

Soil Texture

Texture affects the permeability, moisture content, and bulk density
of the soil. To ensure that oxygen addition (by tilling or plowing),
nutrient distribution, and moisture content of the soils can be
maintained within effective ranges, you must consider the texture of the
soils. For example, soils which tend to clump together (such as clays) are
difficult to aerate and result in low oxygen concentrations. It is also
difficult to uniformly distribute nutrients throughout these soils. They
also retain water for extended periods following a precipitation event.

You should identify whether clayey soils are proposed for landfarming
at the site. Soil amendments (e.g., gypsum) and bulking materials (e.g.,
sawdust, or straw) should be blended into the soil as the landfarm is
being constructed to ensure that the landfarming medium has a loose or
divided texture. Clumpy soil may require shredding or other means of
pretreatment during landfarm construction to incorporate these
amendments.
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Constituent Characteristics

Volatility

The volatility of contaminants proposed for treatment by landfarming
is important because volatile constituents tend to evaporate from the
landfarm, particularly during tilling or plowing operations, rather than
being biodegraded by bacteria. Constituent vapors emitted from a
landfarm will dissipate into the atmosphere unless the landfarm is
enclosed within a surface structure such as a greenhouse or plastic
tunnel or covered with a plastic sheet.

Petroleum products generally encountered at UST sites range from
those with a significant volatile fraction, such as gasoline, to those that
are primarily nonvolatile, such as heating and lubricating oils. Petroleum
products generally contain more than one hundred different constituents
that possess a wide range of volatility. In general, gasoline, kerosene,
and diesel fuels contain constituents with sufficient volatility to
evaporate from a landfarm. Depending upon state-specific regulations for
air emissions of volatile organic compounds (VOCs), control of VOC
emissions may be required. Control involves capturing vapors before
they are emitted to the atmosphere and then passing them through an
appropriate treatment process before being vented to the atmosphere.

Chemical Structure

The chemical structures of the contaminants present in the soils
proposed for treatment by landfarming are important in determining the
rate at which biodegradation will occur. Although nearly all constituents
in petroleum products typically found at UST sites are biodegradable,
the more complex the molecular structure of the constituent, the more
difficult, and less rapid, is biological treatment. Most low molecular-
weight (nine carbon atoms or less) aliphatic and monoaromatic
constituents are more easily biodegraded than higher molecular weight
aliphatic or polyaromatic organic constituents. Exhibit V-9 lists, in order
of decreasing rate of potential biodegradability, some common
constituents found at petroleum UST sites.

Evaluation of the chemical structure of the constituents proposed for
reduction by landfarming at the site will allow you to determine which
constituents will be the most difficult to degrade. You should verify that
remedial time estimates, biotreatability studies, field-pilot studies (if
applicable), and landfarm operation and monitoring plans are based on
the constituents that are most difficult to degrade (or “rate limiting”) in the
biodegradation process.
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Exhibit V-9

Chemical Structure And Biodegradability

Products In Which
Constituent Is Typically

Biodegradability Example Constituents Found
More degradable n-butane, n-pentane, O Gasoline
n-octane
| Nonane 0 Diesel fuel
I Methyl butane, O Gasoline
dimethylpentenes,
methyloctanes
Benzene, toluene, O Gasoline
ethylbenzene, xylenes
Propylbenzenes O Diesel, kerosene
Decanes O Diesel
Dodecanes 0 Kerosene
Tridecanes O Heating fuels
Tetradecanes O Lubricating oils
Less degradable Naphthalenes O Diesel
Fluoranthenes O Kerosene
Pyrenes O Heating oil
Acenaphthenes O Lubricating oils

Concentration And Toxicity

The presence of very high concentrations of petroleum organics or
heavy metals in site soils can be toxic or inhibit the growth and
reproduction of bacteria responsible for biodegradation in landfarms. In
addition, very low concentrations of organic material will also result in
diminished levels of bacteria activity.

In general, soil concentrations of total petroleum hydrocarbons (TPH)
in the range of 10,000 to 50,000 ppm, or heavy metals exceeding
2,500 ppm, are considered inhibitory and/or toxic to most
microorganisms. If TPH concentrations are greater than 10,000 ppm, or
the concentration of heavy metals is greater than 2,500 ppm, then the
contaminated soil should be thoroughly mixed with clean soil to dilute
the contaminants so that the average concentrations are below toxic
levels. Exhibit V-10 provides the general criteria for constituent

concentration and landfarming effectiveness.

V-14

October 1994




Exhibit V-10
Constituent Concentration And Landfarming Effectiveness

Constituent Concentration Landfarming Effectiveness
Petroleum constituents < 50,000 ppm Effective; however, if contaminant
and concentration is > 10,000 ppm, the soil may
Heavy metals < 2,500 ppm need to be blended with clean soil to reduce
the concentration of the contaminants.
Petroleum constituents > 50,000 ppm Ineffective; toxic or inhibitory conditions to
or bacterial growth exist. Dilution by blending
Heavy metals > 2,500 ppm necessary.

In addition to maximum concentrations, you should consider the
cleanup goals proposed for the landfarm soils. Below a certain
“threshold” constituent concentration, the bacteria cannot obtain
sufficient carbon (from degradation of the constituents) to maintain
adequate biological activity. The threshold level can be determined from
laboratory studies and should be below the level required for cleanup.
Although the threshold limit varies greatly depending on bacteria-specific
and constituent-specific features, generally constituent concentrations
below 0.1 ppm are not achievable by biological treatment alone. In
addition, experience has shown that reductions in TPH concentrations
greater than 95 percent can be very difficult to achieve because of the
presence of “recalcitrant” or nondegradable species that are included in
the TPH analysis. If a cleanup level lower than 0.1 ppm is required for
any individual constituent or a reduction in TPH greater than 95 percent
is required to reach the cleanup level for TPH, either a pilot study is
required to demonstrate the ability of landfarming to achieve these
reductions at the site or another technology should be considered.
Exhibit V-11 shows the relationship between cleanup requirements and
landfarming effectiveness.

Climatic Conditions

Typical landfarms are uncovered and, therefore, exposed to climatic
factors including rainfall, snow, and wind, as well as ambient
temperatures.

Ambient Temperature

The ambient temperature is important because it influences soil tem-
perature. As described previously, the temperature of the soils in the
landfarm impacts bacterial activity and, consequently, biodegradation.
The optimal temperature range for landfarming is 10°C to 45°C. Special
considerations (e.g., heating, covering, or enclosing) can overcome the
effects of colder climates and extend the length of the landfarming
season.
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Exhibit V-11
Cleanup Requirements And Landfarming Effectiveness

Cleanup Requirement Landfarming Effectiveness

Constituent concentration > 0.1 ppm Effective.
and
TPH reduction < 95%

Constituent concentration < 0.1 ppm Potentially ineffective; pilot studies are
or required to demonstrate contaminant
TPH reduction > 95% reduction.
Rainfall

Rainwater that falls directly onto, or runs onto, the landfarm area will
increase the moisture content of the soil and cause erosion. As
previously described, effective landfarming requires a proper range of
moisture content. During and following a significant precipitation event,
the moisture content of the soils may be temporarily in excess of that
required for effective bacterial activity. On the other hand, during
periods of drought, moisture content may be below the effective range
and additional moisture may need to be added.

If the site is located in an area subject to annual rainfall of greater
than 30 inches during the landfarming season, a rain shield (such as a
tarp, plastic tunnel, or greenhouse structure) should be considered in
the design of the landfarm. In addition, rainfall runon and runoff from
the landfarm should be controlled using berms at the perimeter of the
landfarm. A leachate collection system at the bottom of the landfarm and
a leachate treatment system may also be necessary to prevent
groundwater contamination from the landfarm.

Wind
Erosion of landfarm soils can occur during windy periods and
particularly during tilling or plowing operations. Wind erosion can be

limited by plowing soils into windrows and applying moisture
periodically.
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Biotreatability Evaluation

Biotreatability studies are especially desirable if toxicity is a concern
or natural soil conditions are not conducive to biological activity.
Biotreatability studies are usually performed in the laboratory and
should be planned so that, if successful, the proper parameters are
developed to design and implement the landfarming approach. If
biotreatability studies do not demonstrate effectiveness, field trials or
pilot studies will be needed prior to implementation, or another remedial
approach should be evaluated. If the soil, constituents, and climatic
characteristics are within the range of effectiveness for landfarming,
review biotreatability studies to confirm that landfarming has the
potential for effectiveness and to verify that the parameters needed to
design the full-scale landfarm have been obtained. Biotreatability studies
should provide data on contaminant biodegradability, ability of
indigenous microorganisms to degrade contaminants, optimal microbial
growth conditions and biodegradation rates, and sufficiency of natural
nutrients and minerals.

There are two types of biotreatability studies generally used to
demonstrate landfarming effectiveness: (1) Flask Studies and (2) Pan
Studies. Both types of studies begin with the characterization of the
baseline physical and chemical properties of the soils to be treated in the
landfarm. Typical physical and chemical analyses performed on site soil
samples for biotreatability studies are listed on Exhibit V-12. The
specific objectives of these analyses are to:

0 Determine the types and concentrations of contaminants in the soils
that will be used in the biotreatability studies.

0 Assess the initial concentrations of constituents present in the study
samples so that reductions in concentration can be evaluated.

0 Determine if nutrients (nitrogen and phosphorus) are present in
sufficient concentrations to support enhanced levels of bacterial
activity.

0 Evaluate parameters that may inhibit bacterial growth (e.g., toxic
concentrations of metals, pH values lower than 6 or higher than 8).

After the characterization of the soil samples is complete, perform
bench studies to evaluate biodegradation effectiveness. Flask (or bottle)
studies, which are simple and inexpensive, are used to test for
biodegradation in water or soils using soil/water slurry microcosms.
Flask studies may use a single slurry microcosm that is sampled
numerous times or may have a series of slurry microcosms, each
sampled once. Flask studies are less desirable than pan studies for
evaluation of landfarming effectiveness and are primarily used for
evaluation of water-phase bioremedial technologies. Pan studies use
soils, without dilution in an aqueous slurry, placed in steel or glass pans
as microcosms that more closely resemble landfarming.
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Exhibit V-12
Physical And Chemical Parameters For Biotreatability Studies

Parameter Measured Properties

Soil toxicity Type and concentration of contaminant
and/or metals present, pH.

Soil texture Grain size, clay content, moisture content,
porosity, permeability, bulk density.

Nutrients Nitrate, phosphate, other anions and cations.

Contaminant biodegradability Total organic carbon concentration, volatility,

chemical structure.

In either pan or flask studies, degradation is measured by tracking
constituent concentration reduction and changes in bacterial population
and other parameters over time. A typical treatment evaluation using
pan or flask studies may include the following types of studies.

0 No Treatment Control Studies measure the rate at which the existing
bacteria can degrade constituents under oxygenated conditions
without the addition of supplemental nutrients.

O Nutrient Adjusted Studies determine the optimum adjusted C:N:P ratio
to achieve maximum degradation rates using microcosms prepared
with different concentrations of nutrients.

0 Inoculated Studies are performed if bacterial plate counts indicate that
natural microbial activity is insufficient to promote sufficient
degradation. Microcosms are inoculated with bacteria known to
degrade the constituents at the site and are analyzed to determine if
degradation can be increased by inoculation.

0 Sterile Control Studies measure the degradation rate due to abiotic
processes (including volatilization) as a baseline comparison with the
other studies that examine biological processes. Microcosm soils are
sterilized to eliminate bacterial activity. Abiotic degradation rates are
then measured over time.

Review the CAP to determine that biotreatability studies have been
completed, biodegradation is demonstrated, nutrient application and
formulation have been evaluated and defined, and no potential inhibitors
or toxic conditions have been identified.
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Evaluation Of The Landfarm Design

Once you have verified that landfarming has the potential for
effectiveness, you can evaluate the design of the landfarm. The CAP
should include a discussion of the rationale for the design and present
the conceptual engineering design. Detailed engineering design
documents might also be included, depending on state requirements.
Further detail about information to look for in the discussion of the
design is provided below.

0 Land Requirements can be determined by dividing the amount of soil
to be treated by the depth of the landfarm soils. The depth of
landfarms can vary between 12 inches and 18 inches depending on
the capabilities of the tilling equipment to be used. Very powerful
tillers can reach as much as 24 inches deep to aerate landfarm soils.
Additional land area around the landfarm will be required for
containment berms and for access.

0 Landfarm Layout is usually determined by the configuration of and
access to the land available for the landfarm. The landfarm can
include single or multiple plots.

0 Landfarm Construction includes: site preparation (grubbing, clearing
and grading); berms; liners (if necessary); leachate collection and
treatment systems; soil pretreatment methods (e.g., shredding,
blending and amendments for fluffing, pH control); and enclosures
and appropriate vapor treatment facilities (where needed). The
construction design of a typical landfarm is shown as Exhibit V-13.

0 Aeration Equipment usually includes typical agricultural equipment
such as roto-tillers. The most favorable method is to use a disking
device towed behind a tractor so that aerated soils are not tamped by
the tractor tires.

O Water Management systems for control of runon and runoff are
necessary to avoid saturation of the treatment area or washout of the
soils in the landfarm. Runon is usually controlled by earthen berms
or ditches that intercept and divert the flow of stormwater. Runoff can
be controlled by diversion within the bermed treatment area to a
retention pond where the runoff can be stored, treated, or released
under a National Pollution Discharge Elimination System (NPDES)
permit.

0 Soil Erosion Control from wind or water generally includes terracing

the soils into windrows, constructing water management systems, and
spraying to minimize dust.
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Exhibit V-13
Construction Design Of A Typical Landfarm

|~

\%(((((((((((((((((((((((((((((

P

(¢

Windrows

Contaminated Soil

jJ—— Berm

%))))))))))))))A))))))))))))))))))))))))“J

f{((((((((((((((((((((((((((((((((((((((

LMD |= M

|--4————— Access Ramp

PLAN VIEW
NOT TO SCALE

Porous Cup Lysimeters Contaminated Soil

-Air Emission Sampling Windrows

NN g
X NN
N RN

R - S — R4
AN ON ENSANN \\f
//<\</<\\ VIYOY Native Soil
D AN /7
= Sand Layer for
Impermeable Liner Leachate Collection
\ (optional) (optional)

<&

Groundwater Leachate Collection
Monitoring Well System (optional)
CROSS SECTION
NOT TO SCALE

V-20 October 1994



0 pH Adjustment and Nutrient Supply methods usually include periodic
application of solid fertilizers, lime and/or sulfur while disking to
blend soils with the solid amendments, or applying liquid nutrients
using a sprayer. The composition of nutrients and acid or alkaline
solutions/solids for pH control is developed in biotreatability studies
and the frequency of their application is modified during landfarm
operation as needed.

O Site Security may be necessary to keep trespassers out of the
treatment area. If the landfarm is accessible to the public, a fence or
other means of security is recommended to deter public contact with
the contaminated material within the landfarm.

0 Air Emission Controls (e.g., covers or structural enclosures) may be
required if volatile constituents are present in the landfarm soils. For
compliance with air quality regulations, the volatile organic emissions
should be estimated based on initial concentrations of the petroleum
constituents present. Vapors above the landfarm should be monitored
during the initial phases of landfarm operation for compliance with
appropriate permits or regulatory limits on atmospheric discharges. If
required, appropriate vapor treatment technology should be specified,
including operation and monitoring parameters.

Evaluation Of Operation And Remedial
Progress Monitoring Plans

It is important to make sure that system operation and monitoring
plans have been developed for the landfarming operation. Regular
monitoring is necessary to ensure optimization of biodegradation rates,
to track constituent concentration reductions, and to monitor vapor
emissions, migration of constituents into soils beneath the landfarm (if
unlined), and groundwater quality. If appropriate, ensure that
monitoring to determine compliance with stormwater discharge or air
quality permits is also proposed.

Operations Plan

Make certain that the plan for operating the landfarm described in the
CAP includes the anticipated frequency of aeration, nutrient addition,
and moisture addition. The plan should be flexible and modified based
on the results of regular monitoring of the landfarm soils. The plan
should also account for seasonal variations in ambient temperature and
rainfall. In general, aeration and moisture and nutrient applications
should be more frequent in the warmer, drier months. If the landfarm is
covered with impervious sheeting (e.g., plastic or geofabric/textile), the
condition of the cover must be checked periodically to ensure that it
remains in place and that it is free of rips, tears, or other holes.
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Provision should be made for replacement of the cover in the event that
its condition deteriorates to the point where it is no longer effective.
Particularly in the more northern states, operations may be suspended
altogether during the winter months.

Remedial Progress Monitoring Plan

Make certain that the monitoring plan for the landfarm is described in
detail and includes monitoring of landfarm soils for constituent
reduction and biodegradation conditions (e.g., CO,, O,, CH,, H,S), air
monitoring for vapor emissions if volatile constituents are present, soil
and groundwater monitoring to detect potential migration of constituents
beyond the landfarm, and runoff water sampling (if applicable) for
discharge permits. Make sure that the number of samples collected,
sampling locations, and collection methods are in accordance with state
regulations. A monitoring plan for a typical landfarm operation is shown
in Exhibit V-14.

Soils within the landfarm should be monitored at least quarterly
during the landfarming season to determine pH, moisture content,
bacterial population, nutrient content, and constituent concentrations.
The results of these analyses, which may be done using electronic
instruments, field test kits, or in a field laboratory are critical to the
optimal operation of the landfarm. The results should be used to adjust
aeration frequency, nutrient application rates, moisture addition
frequency and quantity, and pH. Optimal ranges for these parameters
should be maintained to achieve maximum degradation rates.
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Checklist: Can Landfarming Be Used At This Site?

This checklist can help you to evaluate the completeness of the CAP
and to identify areas that require closer scrutiny. As you go through the
CAP, answer the following questions. If the answer to several questions
is no and biotreatability studies demonstrate marginal to ineffective
results, request additional information to determine if landfarming will
accomplish cleanup goals at the site.

1. Soil Characteristics That Contribute To Landfarming
Effectiveness

Yes No

ad 0 Is the total heterotrophic bacteria count > 1,000 CFU/gram
dry soil?

ad O Is the soil pH between 6 and 87
O O s the soil moisture between 40% and 85%?
ad O Is the soil temperature between 10°C and 45°C?

ad O Is the carbon:nitrogen:phosphorous ratio between 100:10:1
and 100:1:0.5?

ad O Does the soil divide easily and tend not to clump together?

2. Constituent Characteristics That Contribute To Landfarming
Effectiveness

Yes No

ad O Are products to be treated primarily kerosene or heavier (i.e.,
not gasoline), or will air emissions be monitored and, if
necessary, controlled?

ad O Are most of the constituents readily degradable?

ad O Are total petroleum constituents < 50,000 ppm and total
heavy metals < 2,500 ppm?

3. Climatic Conditions That Contribute To Landfarming
Effectiveness

Yes No

ad O Is the rainfall less than 30 inches during the landfarming
season?

ad O Are high winds unlikely?
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4. Biotreatability Evaluation

Yes No

ad 0 Has a biotreatability study been conducted?

ad 0 Were biodegradation demonstrated, nutrient application and
formulation defined, and potential inhibitors or toxic
conditions checked?

5. Evaluation Of Landfarm Design

Yes No

ad O Is sufficient land available considering the landfarm depth
and additional space for berms and access?

ad O Are runon and runoff controlled?
ad O Are erosion control measures specified?

ad O Are the frequency of application and composition of
nutrients and pH adjustment materials specified?

O O Is moisture addition needed?

ad O Are other sub-optimal natural site conditions addressed in
the landfarm design?

O O Is the site secured?

O O Are air emissions estimated and will air emissions
monitoring be conducted?

O O Are provisions included for air emissions controls, if needed?
6. Operation And Monitoring Plans

Yes No

ad O Is monitoring for stormwater discharge or air quality permits
(if applicable) proposed?

ad 0 Does the operation plan include the anticipated frequency of
aeration, nutrient addition, and moisture addition?

ad 0 Does the monitoring plan propose measuring constituent
reduction and biodegradation conditions in the landfarm
soils?
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6. Operation And Monitoring Plans (continued)

Yes No

ad O Are air, soil, and surface runoff water sampling (if applicable)
proposed to ensure compliance with appropriate permits?

ad O Are the proposed numbers of samples to be collected,
sampling locations, and collected methods in accordance
with state regulations?

ad O Is quarterly (or more frequent) monitoring for soil pH,
moisture content, bacterial population, nutrient content, and
constituent concentrations proposed?
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Chapter VI
Low-Temperature Thermal Desorption

Low-Temperature Thermal Desorption (LTTD), also known as low-
temperature thermal volatilization, thermal stripping, and soil roasting,
is an ex-situ remedial technology that uses heat to physically separate
petroleum hydrocarbons from excavated soils. Thermal desorbers are
designed to heat soils to temperatures sufficient to cause constituents to
volatilize and desorb (physically separate) from the soil. Although they
are not designed to decompose organic constituents, thermal desorbers
can, depending upon the specific organics present and the temperature
of the desorber system, cause some of the constituents to completely or
partially decompose. The vaporized hydrocarbons are generally treated in
a secondary treatment unit (e.g., an afterburner, catalytic oxidation
chamber, condenser, or carbon adsorption unit) prior to discharge to the
atmosphere. Afterburners and oxidizers destroy the organic constituents.
Condensers and carbon adsorption units trap organic compounds for
subsequent treatment or disposal.

Some pre- and postprocessing of soil is necessary when using LTTD.
Excavated soils are first screened to remove large (> 2 inches in
diameter) objects. These may be sized (e.g., crushed or shredded) and
then introduced back into the feed material. After leaving the desorber,
soils are cooled, re-moistened to control dust, and stabilized (if
necessary) to prepare them for disposal/reuse. Treated soil may be
redeposited onsite, used as cover in landfills, or incorporated into
asphalt.

Thermal desorption systems fall into two general classes -- stationary
facilities and mobile units. Contaminated soils are excavated and
transported to stationary facilities; mobile units can be operated directly
onsite. Desorption units are available in a variety of process
configurations including rotary desorbers, asphalt plant aggregate
dryers, thermal screws, and conveyor furnaces.

LTTD has proven very effective in reducing concentrations of
petroleum products including gasoline, jet fuels, kerosene, diesel fuel,
heating oils, and lubricating oils. LTTD is applicable to constituents that
are volatile at temperatures as great as 1,200°F. Exhibit VI-1 provides an

illustration of a typical LTTD operation. The advantages and
disadvantages of LTTD are listed in Exhibit VI-2.
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Exhibit VI-2
Advantages And Disadvantages Of LTTD

Advantages

Disadvantages

Readily available equipment for onsite or
offsite treatment.

Very rapid treatment time; most
commercial systems capable of over
25 tons per hour throughput.

Cost competitive for large volumes

(> 1,000 yd®) of soils: $30-70/ton of
contaminated soil, exclusive of excavation
and transportation costs.

Can be used to mitigate “hot spot” source
areas with very high concentrations of

Requires excavation of soils; generally
limited to 25 feet below land surface.

Onsite treatment will require significant
area (> %2 acre) to locate LTTD unit and
store process soils.

Offsite treatment will require costly
transportation of soils and possibly
manifesting.

Soils excavated from below the

groundwater table require dewatering
prior to treatment because of high

petroleum hydrocarbons. moisture content.

O Easily combinable with other
technologies, such as air sparging or
groundwater extraction.

O Treated soil can be redeposited onsite or
used for landfill cover (if permitted by a
regulatory agency).

O Can consistently reduce TPH to below
10 ppm and BTEX below 100 ppb (and
sometimes lower).

This chapter will assist you in evaluating a corrective action plan
(CAP) which proposes LTTD as a remedy for petroleum-contaminated
soil. It is not intended to serve as a guide for designing, operating,
monitoring, or permitting thermal desorption systems. Further, LTTD
processes generate additional waste streams (e.g., gaseous and/or liquid)
that require treatment and typically come under the authority of
different regulatory agencies. Desorption units are permitted by these
other agencies and must comply with monitoring and treatment
requirements that are beyond the purview of most UST programs. The
evaluation process is summarized in a flow diagram shown on
Exhibit VI-3 and will serve as a roadmap for the decisions you will make
during your evaluation. A checklist has also been provided at the end of
this chapter to be used as a tool to evaluate the completeness of the CAP
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Exhibit VI-3

Low-Temperature Thermal Desorption Process Flow Chart

EVALUATION OF THE

APPLICABILITY OF LTTD

Identify soil characteristics that
determine applicability of LTTD

Soil Plasticity
Particle Sizes
Moisture Content

Humic Material
Metals Concentration

Is
contaminated
soil highly

plastic?

Does
contaminated
soil contain large
particles?

Is
moisture
content between
10% and 25% ?

NO

Pretreatment of soil
is probably required.
Pretreatment may
involve shredding,
crushing, blending,
amending, and/or
drying.

parameters are within normal operating
ranges for proposed LTTD system

Octanol/Water Partition Coefficient (K ow )

Determine whether constituent

Constituent Concentrations
Boiling Point
Vapor Pressure

Aqueous Solubility
Thermal Stability
Dioxin Formation

Are
contamination
concentration, boiling
point, and vapor pressure
within acceptable
ranges?

Does
soil contain
high concentration of
humic material?

YES

Does
soil contain
high concentration
of metals?

YES

LTTD is not
applicable.
Consider other
remedial
technologies:

e Landfarming
o Biopiles

e Bioventing
e SVE

Pilot-test or "test
bum" may be
necessary to

demonstrate that

LTTD is applicable
for this site.

Do results
of pilot test indicate
that LTTD is
applicable?

-

LTTD is an applicable

remedial technology
for the soils and

contaminants at this site.

YES

contaminant

(K ow ), solubility, and
thermal stability within
acceptable
ranges?

Are
dioxin precursors
present in the
soil?

NO

y

Proceed to evaluate
if LTTD is practical.
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Exhibit VI-3
Low-Temperature Thermal Desorption Process Flow Chart

EVALUATION OF THE
PRACTICALITY OF USING LTTD

EEE Y =

Excavation of contaminated
soil is practical.
Determine if soil can be
treated on-site or if it must be
transported off-site.

Determine if excavation of
contaminated soil is practical

Is depth
of contamination

> 25 feet?
Is
sufficient
area (> 1/2 acre) and
Excavation of volumt_e of contami;lated
contaminated soil ( >.300 yd®)
lateral extent of YES soil is not available?
contamination outside practical
site boundaries? Consider Ot'h er
technologies:
* Bioventing Is
® SVE distance
o Air Sparging to off-site facility
o Biosparging > 200 miles?,

contamination

beneath buildings
or close to

foundations?

YES

current site

use accommodate
on-site

treatment?

Wwill
surrounding
land use permit
on-site
treatment?

Off-site treatment On-site
is a potential treatment is

option. a potential
On-site treatment option.
is not.

2

LTTD is an applicable remedial
technology for the soils and
contaminants at this site.
Proceed to evaluate
whether LTTD is practical.
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VI-6

Exhibit VI-3

EVALUATION OF THE
LTTD EFFECTIVENESS

Evaluate whether
sampling/monitoring
plans are adequate to
demonstrate effectiveness

Will
an adequate
number of soil samples
be collected and
analyzed?

NO

Sampling
plans are not
adequate.
Request that
sampling plan
be improved.

adequate number
of treated soil samples

be collected and
analyzed?

YES

Has

proposed .
LTTD unit successfully NO Pilot-test or test
treated similar burn results are
soils? necessary to
demonstrate LTTD
effectiveness.
YES
Is
proposed
ultimate disposal NO

of soil
acceptable?

Request
additional
information.

YES

/@
LTTD is likely to be an
effective remedial
technology for this site and

the proposed corrective
action plan is complete.

Low-Temperature Thermal Desorption Process Flow Chart
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and to help focus attention on areas where additional information may
be needed. The evaluation process is divided into the following three
steps:

0 Step 1: An evaluation of the applicability of LTTD. Factors that
influence the applicability of thermal desorption include physical and
chemical properties of the soil and constituents present at the site,
and the process operating conditions of the desorption system. To
complete the evaluation, you will need to verify that these properties
are within the range of LTTD effectiveness. Pre- and post-treatment of
the soil should be also be considered. If factors are outside the
demonstrated range of LTTD effectiveness, then pilot studies (e.g. test
burns) may be appropriate to verify that LTTD will be effective.

0 Step 2: An evaluation of the practicality of using LTTD.
Determination of the practicality of using thermal desorption depends
upon site-specific factors such as volume of contaminated soil,
horizontal and vertical extent of contamination, site area, site usage
and surrounding land use. In addition, desorption process parameters
(e.g., soil processing rate, mobile vs stationary unit) and target
residual levels should also be considered. Other considerations
include economic factors and disposition of treated soils.

0 Step 3: An evaluation of LTTD effectiveness. The effectiveness of
LTTD treatment systems may be evaluated by either (1) calculating
the percent reduction in constituent concentrations by comparing the
pre- and post-treatment levels in the soil or, (2) determining if
residual contaminant levels are at or below regulatory limits.
Monitoring plans should specify an adequate number of samples of
treated soil to be analyzed.

Evaluation Of The Applicability Of LTTD

This section defines the key parameters that should be used to
decide whether LTTD will be a viable remedy for a particular site. In
order to determine if LTTD is an applicable remedial alternative, factors
to be considered include the characteristics of the soil and constituents
present at the site, as well as the LTTD process operating conditions.
Thermal desorption is applicable to a wide range of organic constituents,
including most petroleum hydrocarbon fuels (Exhibit VI-4). Specific soil
and constituent characteristics that influence the applicability of LTTD
are summarized in Exhibit VI-5.
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Recommended Treatment Temperatures For Selected Petroleum Products

Exhibit VI-4
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Exhibit VI-5
Key Soil And Constituent Characteristics That Influence Applicability Of LTTD

Soil Characteristics Constituent Characteristics
Soil plasticity Contaminant concentrations
Particle size distribution Boiling point range
Moisture content Vapor pressure
Heat capacity Octanol/water partition coefficient
Concentration of humic material Aqueous solubility
Metals concentration Thermal stability
Bulk density Dioxin formation

The remainder of this section describes each of these parameters, why
each is important to LTTD, how each can be determined, and the range
of each parameter considered appropriate for LTTD.

Soil Characteristics

Essentially all soil types are amenable for treatment by LTTD systems.
However, different soils may require varying degrees and types of
pretreatment. For example, coarse-grained soils (e.g., gravel and cobbles)
may require crushing; fine-grained soils that are excessively cohesive
(e.g., clay) may require shredding.

Soil Plasticity

The plasticity of the soil is a measure of its ability to deform without
shearing and is to some extent a function of water content. Plastic soils
tend to stick to screens and other equipment, and agglomerate into large
clumps. In addition to slowing down the feed rate, plastic soils are
difficult to treat. Heating plastic soils requires higher temperatures
because of the low surface area to volume ratio and increased moisture
content. Also, because plastic soils tend to be very fine-grained, organic
compounds tend to be tightly sorbed. Thermal treatment of highly plastic
soils requires pretreatment, such as shredding or blending with more
friable soils or other amendments (e.g., gypsum).

Plasticity characteristics are formally measured using a set of
parameters known as Atterberg Limits. Atterberg Limits are defined as
the moisture contents which define a soil's liquid limit, plastic limit, and
sticky limit. The range of water content where the soil is in a plastic state
is defined as the plasticity index.
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The plasticity index is the difference between the soil's liquid and
plastic limits, and indicates the range of water content through which
the soil remains plastic. Thus, the greater the plastic index, the more
likely the soil will clump. In general, clumping is most likely for silt and
clay soils.

From a practical standpoint, formal determination of a soil's plasticity
index is unnecessary. One of the first stages in the LTTD treatment train
is screening to remove material larger than about 2 inches in diameter.
Desorption unit operators will take the steps necessary to ensure that
the soils will move freely through the treatment process, whether this
requires shredding, blending, or amending. If the soils are to be blended,
the characteristics of the blending stock should be determined to ensure
that no contaminants are present that could adversely affect treatment
of the soils excavated from the UST site.

Particle Size Distribution

Particle size distribution is important for proper selection of the type
of thermal desorber and pretreatment process to be used. Material larger
than 2 inches in diameter will need to be crushed or removed. Crushed
material is recycled back into the feed to be processed. Coarser-grained
soils tend to be free-flowing and do not agglomerate into clumps. They
typically do not retain excessive moisture, therefore, contaminants are
easily desorbed. Finer-grained soils tend to retain soil moisture and
agglomerate into clumps. When dry, they may yield large amounts of
particulates that may require recycling after being intercepted in the
baghouse. Other consequences of fine-grained soils are discussed under
Soil Plasticity and Moisture Content.

Moisture Content

The solids processing capacity of a thermal desorption system is
inversely proportional to the moisture content of the feed material. The
presence of moisture in the excavated soils to be treated in the LTTD
unit will determine the residence time required and heating
requirements for effective removal of contaminants. In order for
desorption of petroleum constituents to occur, most of the soil moisture
must be evaporated in the desorber. This process can require significant
additional thermal input to the desorber and excessive residence time for
the soil in the desorber (Exhibit VI-6). In general, soil moisture content
ranges from 5 to 35 percent. Exhibit VI-7 shows the applicability of
various LTTD system configurations for various soil moisture ranges. For
LTTD treatment, the optimal soil moisture range is from 10 to 25
percent. For moisture content above 10 percent by weight,
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Exhibit VI-6
Energy Demand Versus Soil Moisture Content
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moisture is the major heat sink in the system. Moisture content also
influences plasticity which affects handling of the soil. Soils with
excessive moisture content (> 20 percent) must be dewatered. Typical
dewatering methods include air drying (if storage space is available to
spread the soils), mixing with drier soils, or mechanical dewatering. For
example, if 10 feet of soil will be excavated, including 1 foot in the
capillary fringe, and 9 feet of drier soil, the excavated soils when mixed
would likely be suitable for LTTD.

If soils located beneath the water table or those with moisture
contents greater than 20 to 35 percent are proposed for treatment by
LTTD, you should verify that dewatering is planned. If the soil is to be
mixed with drier soils there needs to be a sufficient volume of this
material available to produce a mixture with an acceptable moisture
level.

Heat Capacity

Heat capacity of soil partially determines the amount of heat that
must be transferred to raise the temperature of the soil sufficiently to
volatilize the organic contaminants. However, since the typical range in
heat capacity values of various soils is relatively small, variations are not
likely to have a major impact on application of thermal desorption
processes.

Concentration Of Humic Material

Humic material is composed of organic material formed by the decay
of vegetation. Humic material is found in high concentrations in peat
and other highly organic soils. The presence of humic material can cause
analytical interferences, yielding a false positive indication of the
presence of TPH or BTEX. Organic material in soil also enhances the
adsorption of certain organic compounds, making desorption more
difficult.

Metals Concentration

In the past, various lead compounds (e.g., tetraethyl lead) were
commonly used as fuel additives to boost the octane rating in gasoline.
Although the use of lead has been discontinued, sites of older spills may
have relatively high lead concentrations in the soil. The presence of
metals in soil can have two implications: (1) limitations on disposal of
the solid wastes generated by desorption, and (2) attention to air
pollution control regulations that limit the amount of metals that may be
released in stack emissions. At normal LTTD operating temperatures,
heavy metals are not likely to be significantly separated from soils.

VI-12 October 1994



Bulk Density

Bulk density is required to estimate the mass of contaminated soil
from the volume of soil excavated. The typical in situ (bank) bulk density
range is 80-120 Ib/ft®. Ex situ (excavated) soil bulk density ranges from
75 to 90 percent of the in situ bulk density.

Constituent Characteristics

The concentrations and characteristics of constituents are the key
parameters to be evaluated during screening studies to evaluate the
potential use of thermal desorption processes. The thermal treatment
contractor will want to know the concentration of total petroleum
hydrocarbons (TPH) in the soil. A number of state and local regulatory
agencies require testing of the soils for other specific hazardous
characteristics. The following analyses may be required to be conducted
during screening studies:

O Benzene, toluene, ethylbenzene, xylenes (BTEX)

0 Total organic halides (TOX)

Toxicity Characteristic Leaching Procedure (TCLP) for volatiles,
semivolatiles, and metals

Total metals

Polychlorinated biphenyls (PCBSs)

Ignitability

Corrosivity

Reactivity

O

Ooo0oo0ooOoaog

Constituent Concentrations

Constituent concentrations have several impacts on the thermal
desorption process. The selection of the appropriate LTTD process
configuration is dependent to some extent on constituent concentrations
because they influence the soil treatment temperature and residence
time required to meet soil cleanup criteria. Each petroleum product
possesses a heating value that is a measure of the amount of thermal
energy that will be released when the product is burned. High
concentrations of petroleum products in soil can result in high soil
heating values. Heat released from soils can result in overheating and
damage to the desorber. Soils with heating values > 2,000 Btu/Ib require
blending with cleaner soils to dilute the high concentration of
hydrocarbons. High hydrocarbon concentrations in the offgas may
exceed the thermal capacity of the afterburner and potentially result in
the release of untreated vapors into the atmosphere.
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Excessive constituent levels in soil could also potentially result in the
generation of vapors in the desorber at concentrations exceeding the
lower explosive limit (LEL). The LEL for most organics is generally 1-5
percent by volume. For safety reasons, the concentration of organic
compounds in the exhaust gas of a thermal desorption device operating
in an oxygen-rich environment should be limited to < 25 percent of the
lower explosive limit. For directly heated rotary dryers, the maximum
concentration of TPH in feed material that can be treated without
exceeding the lower explosive limits is generally in the range of 1-

3 percent. If the organic content exceeds 3 percent, the soil must be
blended with soil that has a lower organics content to avoid exceeding
the LEL. Systems that operate in an inert atmosphere (e.g., thermal
screws) do not have limitations on the concentration of organics that can
be processed. In an inert atmosphere, the concentration of oxygen is too
low (< 2 percent by volume) to support combustion. Exhibit VI-8 shows

feed soil TPH concentration limits for various LTTD system
configurations.

Exhibit VI-8
Feed Soil TPH Concentration Limits
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Potential Operating Range - Determine
if Moisture is Below Plastic Limit
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Boiling Point Range

Petroleum products are often classified by their boiling point ranges.
Because the boiling point of a compound is a measure of its volatility,
the applicability of LTTD at a site can be estimated from the boiling point
range of the petroleum product present. In general, most petroleum-
related organics are capable of removal by LTTD, but higher molecular
weight (and higher boiling point) constituents require longer residence
time in the desorber and higher desorber operating temperatures.
Heavier products tend to break down before volatilizing, or they may
form non-toxic wax-like compounds that do not volatilize. The boiling
point ranges for common petroleum products are shown in Exhibit VI-9.

Exhibit VI-9
Petroleum Product Boiling Ranges
Boiling Range Boiling Range

Product (°C) (°F)

Gasoline 40 to 225 104 to 437

Kerosene 180 to 300 356 to 572

Diesel fuel 200 to 338 392 to 640

Heating oil > 275 > 527

Lubricating oils Nonvolatile Nonvolatile

Most desorbers operate at temperatures between 300°F-1,000°F.
Desorbers constructed of special alloys can operate at temperatures up
to 1,200°F. More volatile products (e.g., gasoline) can be desorbed at the
lower operating range, while semivolatile products (e.g., kerosene, diesel
fuel) generally require temperatures in excess of 700°F, and relatively
nonvolatile products (e.g., heating oil, lubricating oils) require even
higher temperatures.

Vapor Pressure

Vapor pressure is the force per unit area exerted by a vapor in an
equilibrium state with its pure solid, liquid, or solution at a given
temperature. Along with boiling point, vapor pressure is used to
measure a compound's volatility. Vapor pressure influences the rate of
thermal desorption and increases exponentially with an increase in
temperature. Therefore, modest increases in desorption temperature
result in large increases in the rate of desorption.
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Octanol/Water Partition Coefficient (K,,)

The octanol/water partition coefficient (K,,) represents the ratio of the
solubility of a compound in octanol (a non-polar solvent) to its solubility
in water (a polar solvent). The higher the K,,, the more non-polar the
compound. Log K, is generally used as a relative indicator of the
tendency of an organic compound to absorb to soil. Log K, values are
generally inversely related to aqueous solubility and directly proportional
to molecular weight. Compounds with high Log K, values tend to
remain sorbed to soil for a long period of time and are more difficult to
desorb than compounds with low values.

Aqueous Solubility

Agueous solubility is a measure of the extent to which a compound
will dissolve in water. Solubility is generally inversely related to
molecular weight: the higher the molecular weight, the lower the
solubility. Compounds with higher molecular weight are also generally
more difficult to desorb from soil than are compounds with lower
molecular weight.

Thermal Stability

Petroleum hydrocarbons are not expected to significantly
decompose/combust in LTTD units, provided that the offgas temperature
is below the temperature at which a compound will spontaneously
combust (the autoignition temperature). Autoignition temperature is,
therefore, an indicator of the thermal stability of petroleum
hydrocarbons, and the degree of thermal decomposition is related to the
maximum temperature exposure.

Dioxin Formation

Dioxins can be formed from the thermal destruction of PCBs and
other chlorinated compounds. The petroleum hydrocarbons typically
present at UST sites do not contain PCBs; therefore, formation of dioxins
is usually not of concern. Waste oils that contain chlorinated
hydrocarbons may, however, be potential precursors of dioxins. Soils
from waste oil spills should be analyzed for PCBs and other chlorinated
hydrocarbons.

Process Operating Conditions

Process operating conditions are dependent upon the type of thermal
desorption system and vary over a wide range. Each system
configuration has its own advantages and disadvantages, and each is
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applicable for treatment of specific ranges of constituents (Exhibit VI-10).
LTTD systems vary in the manner in which the soils are transported
through the desorber, the method used to heat the soils; the
temperature at which the desorber operates; the time required to treat
the soils; and the offgas treatment method used to control emissions.

Types Of Low-Temperature Thermal Desorption Systems

The term thermal desorber describes the primary treatment operation
that heats petroleum-contaminated materials and desorbs organic
materials into a purge gas. Mechanical design features and process
operating conditions vary considerably among the various types of LTTD
systems. Desorption units are available in the following configurations:
rotary dryer, asphalt plant aggregate dryer, thermal screw, and conveyor
furnace. Systems may either be stationary facilities or mobile units.
Contaminated soils are excavated and transported to stationary facilities,

while mobile units can be operated directly on the site of the
contaminated soil.

Although all LTTD systems use heat to separate (desorb) organic
contaminants from the soil matrix, each system has a different
configuration with its own set of advantages and disadvantages. The
decision to use one system over another depends on the nature of the
contaminants as well as machine availability, system performance, and
economic considerations. System performance may be evaluated on the
basis of pilot tests (e.g., test burns) or examination of historical machine
performance records. Pilot tests to develop treatment conditions are
generally not necessary for petroleum-contaminated soils.

Mechanical design features and process operating conditions vary
among the different types of LTTD systems. The four systems mentioned
above are briefly described below, and the advantages and disadvantages
of each are listed.

Rotary Dryers. Rotary dryer systems use a cylindrical metal reactor
(drum) that is inclined slightly from the horizontal. A burner located at
one end provides heat to raise the temperature of the soil sufficiently to
desorb organic contaminants. The flow of soil may be either cocurrent
with or countercurrent to the direction of the purge gas flow. As the
drum rotates, soil is conveyed through the drum. Lifters raise the soil,
carrying it to near the top of the drum before allowing it to fall through
the heated purge gas. Mixing in a rotary dryer enhances heat transfer by
convection and allow soils to be rapidly heated. Rotary desorber units
are manufactured for a wide range of treatment capacities; these units
may be either stationary or mobile.
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The maximum soil temperature that can be obtained in a rotary dryer
depends on the composition of the dryer shell. The soil discharge
temperature of carbon steel drums is typically 300°-600° F. Alloy drums
are available that can increase the soil discharge temperature to
1,200° F. Most rotary dryers that are used to treat petroleum
contaminated soil are made of carbon steel. After the treated soil exits
the rotary dryer, it enters a cooling conveyor where water is sprayed on
the soil for cooling and dust control. Water addition may be conducted in
either a screw conveyor or a pugmill.

Besides the direction of purge gas flow relative to soil feed direction,
there is one major difference in configuration between countercurrent
and cocurrent rotary dryers. The purge gas from a countercurrent rotary
dryer is typically only 350°F-500°F and does not require cooling before
entering the baghouse where fine particles are trapped. A disadvantage
is that these particles may not have been decontaminated and are
typically recycled to the dryer. Countercurrent dryers have several
advantages over cocurrent systems. They are more efficient in
transferring heat from purge gas to contaminated soil, and the volume
and temperature of exit gas are lower, allowing the gas to go directly to a
baghouse without needing to be cooled. The cooler exit gas temperature
and smaller volume eliminates the need for a cooling unit, which allows
downstream processing equipment to be smaller. Countercurrent
systems are effective on petroleum products with molecular weights
lower than No.2 fuel oil.

In cocurrent systems, the purge gas is 50°-100°F hotter than the soil
discharge temperature. The result is that the purge gas exit temperature
may range from 400°-1,000°F and cannot go directly to the baghouse.
Purge gas first enters an afterburner to decontaminate the fine particles,
then goes into a cooling unit prior to introduction into the baghouse.
Because of the higher temperature and volume of the purge gas, the
baghouse and all other downstream processing equipment must be
larger than in a countercurrent system. Cocurrent systems do have
several advantages over countercurrent systems. The afterburner is
located upstream of the baghouse ensuring that fine particles are
decontaminated. In addition, because the heated purge gas is
introduced at the same end of the drum as the feed soil, the soil is
heated faster, resulting in a longer residence time. Higher temperatures
and longer residence time mean that cocurrent systems can be used to
treat soils contaminated with heavier petroleum products. Cocurrent
systems are effective for light and heavy petroleum products including
No. 6 fuel oil, crude oil, motor oil, and lubricating oil.
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Asphalt Plant Aggregate Dryers. Hot-mix asphalt plants use aggregate
that has been processed in a dryer before it is mixed with liquid asphalt.
The use of petroleum contaminated soils for aggregate material is
widespread. Aggregate dryers may either be stationary or mobile. Soil
treatment capacities range from 25-150 tons per hour. The soil may be
incorporated into the asphalt as a recycling process or the treated soil
may be used for other purposes.

Asphalt rotary dryers are normally constructed of carbon steel and
have a soil discharge temperature of 300°-600°F. Typically, asphalt plant
aggregate dryers are identical to countercurrent rotary desorbers
described above and are effective on the same types of contaminants.

The primary difference is that an afterburner is not required for
incorporation of clean aggregate into the asphalt mix. In some areas,
asphalt plants that use petroleum contaminated soil for aggregate may
be required to be equipped with an afterburner.

Thermal Screws. A thermal screw desorber typically consists of a series
of 1-4 augers. The auger system conveys, mixes, and heats contaminated
soils to volatilize moisture and organic contaminants into a purge gas
stream. Augers can be arranged in series to increase the soil residence
time, or they can be configured in parallel to increase throughput
capacity. Most thermal screw systems circulate a hot heat-transfer oil
through the hollow flights of the auger and return the hot oil through the
shaft to the heat transfer fluid heating system. The heated oil is also
circulated through the jacketed trough in which each auger rotates.
Thermal screws can also be steam-heated. Systems heated with oil can
achieve soil temperatures of up to 500°F, and steam-heated systems can
heat soil to approximately 350°F.

Most of the gas generated during heating of the heat-transfer oil does
not come into contact the waste material and can be discharged directly
to the atmosphere without emission controls. The remainder of the flue
gas maintains the thermal screw purge gas exit temperature above
300°F. This ensures that volatilized organics and moisture do not
condense. In addition, the recycled flue gas has a low oxygen content
(< 2 percent by volume) which minimizes oxidation of the organics and
reduces the explosion hazard. If pretreatment analytical data indicates a
high organic content (> 4 percent), use of a thermal screw is
recommended. After the treated soil exits the thermal screw, water is
sprayed on the soil for cooling and dust control. Thermal screws are
available with soil treatment capacities ranging from 3-15 tons per hour.
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Since thermal screws are indirectly heated, the volume of purge gas
from the primary thermal treatment unit is less than one half of the
volume from a directly-heated system with an equivalent soil processing
capacity. Therefore, offgas treatment systems consist of relatively small
unit operations that are well suited to mobile applications. Indirect
heating also allows thermal screws to process materials with high
organic contents since the recycled flue gas is inert, thereby reducing the
explosion hazard.

Conveyor Furnace. A conveyor furnace uses a flexible metal belt to
convey soil through the primary heating chamber. A one-inch-deep layer
of soil is spread evenly over the belt. As the belt moves through the
system, soil agitators lift the belt and turn the soil to enhance heat
transfer and volatilization of organics. The conveyor furnace can heat
soils to temperatures from 300°-800°F. At the higher temperature range,
the conveyor furnace is more effective in treating some heavier petroleum
hydrocarbons than are oil or steam-heated thermal screws, asphalt plant
aggregate dryers, and carbon steel rotary dryers. After the treated soil
exits the conveyor furnace, it is sprayed with water for cooling and dust
control. As of February, 1993, only one conveyor furnace system was
currently in use for the remediation of petroleum contaminated soil. This
system is mobile and can treat 5-10 tons of soil per hour.

OffGas Treatment

Treatment systems for LTTD system offgas are designed to address
three types of air pollutants: particulates, organic vapors, and carbon
monoxide. Particulates are controlled with both wet (e.g., venturi
scrubbers) and dry (e.g., cyclones, baghouses) unit operations. Rotary
dryers and asphalt aggregate dryers most commonly use dry gas
cleaning unit operations. Cyclones are used to capture large particulates
and reduce the particulate load to the baghouse. Baghouses are used as
the final particulate control device. Thermal screw systems typically use
a venturi scrubber as the primary particulate control.

The control of organic vapors is achieved by either destruction or
collection. Afterburners are used downstream of rotary dryers and
conveyor furnaces to destroy organic contaminants and oxidize carbon
monoxide. Conventional afterburners are designed so that exit gas
temperatures reach 1,400°-1,600°F. Organic destruction efficiency
typically ranges from 95 to > 99 percent.
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Condensers and activated carbon may also be used to treat the offgas
from thermal screw systems. Condensers may be either water-cooled or
electrically-cooled systems to decrease offgas temperatures to 100°-
140°F. The efficiency of condensers for removing organic compounds
ranges from 50 to > 95 percent. Noncondensible gases exiting the
condenser are normally treated by a vapor-phase activated carbon
treatment system. The efficiency of activated carbon adsorption systems
for removing organic contaminants ranges from 50-99 percent.
Condensate from the condenser is processed through a phase separator
where the non-aqueous phase organic component is separated and
disposed of or recycled. The remaining water is then processed through
activated carbon and used to rehumidify treated soil.

Treatment Temperature

Treatment temperature is a key parameter affecting the degree of
treatment of organic components. The required treatment temperature
depends upon the specific types of petroleum contamination in the soil.
Exhibit VI-4 illustrates the recommended treatment temperatures for
various petroleum products and the operating temperature ranges for
various LTTD systems. The actual temperature achieved by an LTTD
system is a function of the moisture content and heat capacity of the
soil, soil particle size, and the heat transfer and mixing characteristics of
the thermal desorber.

Residence Time

Residence time is a key parameter affecting the degree to which
decontamination is achievable. Residence time depends upon the design
and operation of the system, characteristics of the contaminants and the
soil, and the degree of treatment required.

Pilot Testing

The requirement for pilot testing of petroleum-contaminated soils, in
which a quantity of soil from the site is processed through the LTTD
system (a “test burn”), is specified by state and local regulations. The
results of preliminary testing of soil samples should identify the relevant
constituent properties, and examination of the machine's performance
records should indicate how effective the system will be in treating the
soil. However, it should be noted that the proven effectiveness of a
particular system for a specific site or waste does not ensure that it will
be effective at all sites or that the treatment efficiencies achieved will be
acceptable at other sites. If a test burn is conducted, it is important to
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ensure that the soil tested is representative of average conditions and
that enough samples are analyzed before and after treatment to
confidently determine whether LTTD will be effective.

Determination Of The Practicality Of Using LTTD

This section identifies the factors that determine whether LTTD is a
practical remedial alternative. While many of these factors are dependent
upon site-specific characteristics (e.g., the location and volume of
contaminated soils, site layout), practicality is also determined by
regulatory, logistical, and economic considerations. The economics of
LTTD as a remedial option are highly site-specific. Economic factors
include site usage (because excavation and onsite soil treatment at a
retail site (e.g., gasoline station, convenience store) will most likely
prevent the business from operating for an extended period of time), the
cost of LTTD per unit volume of soil relative to other remedial options,
and the location of the nearest applicable LTTD system (because
transportation costs are a function of distance). Further discussion of
the economics of LTTD use is beyond the scope of this manual.

Vertical And Horizontal Extent Of Contamination

Because soils to be treated in an LTTD unit must be excavated, their
location must be suitable for removal by excavation techniques. Soils
that are located more than 25 feet below the land surface cannot be
removed by conventional equipment. In addition, soils that are located
beneath a building or near building foundations cannot be excavated
without removal of the building itself. In addition, as mentioned
previously, soils located beneath the groundwater table can be excavated
but generally cannot be treated in the LTTD unit unless dried,
dewatered, or blended with other soils to reduce moisture content.

You should identify the location of the proposed excavation and verify
that soils to be excavated are less than 25 feet below land surface, above
the water table, and not beneath or near buildings or other structures.

The vertical and horizontal extent of contamination determines the
volume of soil that must be treated. The cost of remediation and time
required for processing is directly proportional to the volume of contam-
inated soil to be treated. Volume also determines whether onsite treat-
ment is viable. A small mobile LTTD system with a throughput capacity
of 5 to 15 tons per hour may be able to stockpile materials and operate
in an area as small as ¥ acre. Exhibit VI-11 shows the relationship
between thermal desorber size and the amount of soil to be treated.
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Exhibit VI-11
Thermal Desorption Size Versus Amount Of Soil To Be Treated

|
Small Sized Mobile
System (On-Site)
|
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- 1 1 1 1 |

0 2,000 4,000 6,000 8,000 10,000 12,000
| 1 1 1 1 1 1

Amount of Soil to be Treated

System Type

Small Medium Large  Stationary
Mobile Mobile Mobile Facility

1-2 3-6 7-10 NA
5-15 15-30 30-50 30-120
5-15a 15-30@ 30-50 30-100b

5-15 15-30 25-100 30-300

a gystems with Condensers do not Include Afterburners.

b Some Fixed Base Asphalt Aggregate Dryers do not Include Afterburners.
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Site Layout

Site layout factors influence whether excavation of soils is possible at
all. If excavation is possible, consideration can be given to whether onsite
thermal treatment is a viable option. Site layout factors that must be
considered in evaluating onsite thermal desorption treatment include:

O Amount of space available for stockpiling treated and untreated
materials and operating process equipment,

O Space required for continuation of daily business, and

O Minimum distances required by fire and safety codes for operating
thermal desorption equipment in the vicinity of petroleum storage
facilities.

The amount of area available to stockpile soils and operate processing
equipment may dictate the maximum size of the treatment system that
can be operated at the site. In general, onsite treatment operations will
require a minimum of ¥ acre. This has further economic implications
because the costs associated with LTTD are strongly affected by the
physical size and soil processing capacity of the thermal treatment
system.

Adjacent Land Use

When land adjacent to an UST site is being used for schools, parks,
health care facilities, high-value commercial development, or dense
residential development, problems may develop in obtaining permits for
the use of onsite thermal desorption. Air discharge restrictions may
require the use of expensive control measures that could make onsite
treatment economically infeasible. Thermal desorption units are most
economical when they are operated on a 24-hour-per-day schedule.
However, noise considerations may limit hours of operation in some
locations.

Other Considerations

Treatment goals are also important when considering the use of LTTD.
For soils contaminated with lighter petroleum hydrocarbons, residual
TPH levels can be reduced to 10 ppm or less. Some newer rotary units
can consistently achieve TPH levels of < 1 ppm and BTEX levels
< 100 ppb. System effectiveness can be evaluated based on the
treatment records for a specific machine.
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Treated soils are typically disposed of in a landfill, used as cover in
landfills, incorporated into asphalt, or returned to the site to backfill the
excavation. Final disposition of the soil depends upon the residual levels
of contaminants in the treated soil and economic factors such as
transportation and disposal costs, as well as costs for clean material to
backfill the excavation. It should be noted that treatment processes may
alter the physical properties of the material. A thorough geotechnical
evaluation of the treated material may be necessary to determine its
suitability for use in an engineering application (e.g., road bed, building
foundation support, grading and filling).

Evaluation Of The Effectiveness Of LTTD

For sites with petroleum contaminated soils, the primary concern is to
reduce the residual concentration of the organic constituents to or below
regulatory levels. This criterion applies to both the soil surrounding the
excavation and the soil that was excavated and thermally treated. An
appropriate number of soil samples should be collected from around the
walls and bottom of the excavation. These samples should then be
analyzed for the requisite parameters to ensure that all of the soil that
must be thermally treated has been excavated.

The effectiveness of an LTTD treatment system may be evaluated by
either (1) determining whether residual contaminant levels are at or
below regulatory limits or (2) calculating the percent reduction in soil
constituent concentrations by comparing pre- and post-treatment levels.
Monitoring plans should specify an adequate number of samples of
treated soil to be analyzed. A typical sample density is one sample per
100 cubic yards of treated soil. Exhibit VI-12 lists typical monitoring
locations and frequency for petroleum contaminated soils treated by
LTTD.

Exhibit VI-12
Monitoring Recommendations

Phase Frequency Where To Monitor What To Monitor
Excavation At proposed limit of O Excavation walls 0 TPH, constituents of
excavation concern

[ Excavation floor

LTTD treatment ~ Every 100 cu.yd. of feed O Feed soil 0 TPH, constituents of
soil and treated soil 0 Treated soil concern
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Operation of LTTD units requires various permits and demonstration
of compliance with permit requirements. Monitoring requirements for
LTTD systems are by their nature different from monitoring required at
an UST site. Monitoring of LTTD system waste streams (e.g.,
concentrations of particulates, volatiles, and carbon monoxide in stack
gas) are required by the agency(ies) issuing the permits for operation of
the facility. Compliance with limits specified by the permits is the
responsibility of the LTTD facility owner/operator. Other LTTD system
operating parameters (e.g., desorber temperature, soil feed rate,
afterburner temperature) are also the responsibility of the LTTD facility
owner/operator.
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Checklist: Can LTTD Be Used At This Site?

This checklist can help you to evaluate the completeness of the CAP
and to identify areas that require closer evaluation. As you go through
the CAP, answer the following questions.

1. Evaluation Of LTTD Effectiveness

Yes No

ad ad Do soils have high plasticity?

ad ad Do soils contain large rocks or debris?

O O Is moisture content > 35%7?

ad ad Is the TPH concentration > 2% by weight?
ad ad Are hydrocarbons highly volatile?

If the answer to any of the above questions is yes, then the soils
require pretreatment.

ad ad Do the soils have a high concentration of humic
material?

ad ad Do the soils have a high concentration of heavy
metals?

ad ad Are contaminant K, s relatively high?

ad ad Are dioxin precursors present in the soils?

If the answer to any of the above questions is yes, then a pilot test
or “test burn” should be conducted to demonstrate that LTTD is an
applicable remedial technology.

ad ad Do the results of the pilot test indicate that LTTD is
applicable?
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2. Evaluation Of The Practicality Of Using LTTD

Yes No

ad ad Is the depth of contaminated soil 25 feet or less below
land surface?

ad ad Is contaminated soil contained within site
boundaries?

ad ad Is there no contamination beneath buildings or near

building foundations?

If the answer to any of the above questions is no, then excavation of
the soil is not practical; therefore, LTTD is not practical. Consider
an in situ remedial technology instead.

ad ad Is sufficient land area available for operation of
equipment and temporary storage (staging) of
contaminated soil and treated soil?

ad ad Is the distance to an off-site facility prohibitively far?

ad ad Will surrounding land use permit operation of an
onsite system in the neighborhood?

If the answer to any of the above questions is no, then excavated
soils must be transported to an off-site facility for treatment.

3. Evaluation Of The Effectiveness Of Using LTTD

Yes No

ad ad Will an adequate number of in situ soil samples be
collected and analyzed?

ad ad Will an adequate number of treated soil samples be

collected and analyzed?
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3. Evaluation Of The Effectiveness Of Using LTTD (continued)

Yes No

ad ad Has the proposed desorption unit successfully treated
similar soils with similar contaminant concentration
levels?

ad ad Is the proposed ultimate disposal of the soil (e.qg.,

return to excavation, transport to landfill for cover)
acceptable?

If the answer to any of the above questions is no, then additional
information is necessary to evaluate whether LTTD is likely to be an
effective remedial technology.
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Chapter VI
Air Sparging

Overview

Air sparging (AS) is an in situ remedial technology that reduces
concentrations of volatile constituents in petroleum products that are
adsorbed to soils and dissolved in groundwater. This technology, which
is also known as “in situ air stripping” and “in situ volatilization,”
involves the injection of contaminant-free air into the subsurface
saturated zone, enabling a phase transfer of hydrocarbons from a
dissolved state to a vapor phase. The air is then vented through the
unsaturated zone. Air sparging is most often used together with soil
vapor extraction (SVE), but it can also be used with other remedial
technologies. When air sparging is combined with SVE, the SVE system
creates a negative pressure in the unsaturated zone through a series of
extraction wells to control the vapor plume migration. This combined
system is called AS/SVE. Chapter Il provides a detailed discussion of
SVE.

The existing literature contains case histories describing both the
success and failure of air sparging; however, since the technology is
relatively new, there are few cases with substantial documentation of
performance. When used appropriately, air sparging has been found to
be effective in reducing concentrations of volatile organic compounds
(VOCs) found in petroleum products at underground storage tank (UST)
sites. Air sparging is generally more applicable to the lighter gasoline
constituents (i.e., benzene, ethylbenzene, toluene, and xylene [BTEX]),
because they readily transfer from the dissolved to the gaseous phase.
Air sparging is less applicable to diesel fuel and kerosene. Appropriate
use of air sparging may require that it be combined with other remedial
methods (e.g., SVE or pump-and-treat). Exhibit VII-1 provides an
illustration of an air sparging system with SVE. Exhibit VII-2 provides a
summary of the advantages and disadvantages of air sparging.

This chapter will assist you in evaluating a corrective action plan
(CAP) that proposes air sparging as a remedy for petroleum-
contaminated soil. The evaluation guidance is presented in the four
steps described below. The evaluation process, which is summarized in a
flow diagram shown in Exhibit VII-3, serves as a roadmap for the
decisions you will make during your evaluation. A checklist has also
been provided at the end of the chapter for you to use as a tool both to
evaluate the completeness of the CAP and to focus on areas where
additional information may be needed.
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Exhibit VII-2
Advantages And Disadvantages Of Air Sparging

Advantages

Disadvantages

Readily available equipment; easy
installation.

Implemented with minimal disturbance to
site operations.

Short treatment times: usually less than 1
to 3 years under optimal conditions.

At about $20-50/ton of saturated soil, air
sparging is less costly than aboveground
treatment systems.

Requires no removal, treatment, storage,
or discharge considerations for
groundwater.

Can enhance removal by SVE.

Cannot be used if free product exists
(i.e., any free product must be removed
prior to air sparging).

Cannot be used for treatment of confined
aquifers.

Stratified soils may cause air sparging to
be ineffective.

Some interactions among complex
chemical, physical, and biological
processes are not well understood.

Lack of field and laboratory data to
support design considerations.

Potential for inducing migration of

constituents.

O Requires detailed pilot testing and
monitoring to ensure vapor control and
limit migration.

0 Step 1: An initial screening of air sparging effectiveness allows
you to quickly gauge whether air sparging is likely to be effective,
moderately effective, or ineffective. You can use the initial screening
process as a yardstick to determine whether the technology has the
potential to be effective.

0 Step 2: A detailed evaluation of air sparging effectiveness
provides further screening criteria to confirm whether air sparging is
likely to be effective. You will need to find specific soil and product
constituent characteristics and properties, compare them to ranges
where air sparging is effective, and evaluate pilot study plans.

0 Step 3: An evaluation of the air sparging system design allows
you to determine if basic design information has been defined, if
necessary design components have been specified, if construction
process flow designs are consistent with standard practice, and if a
detailed field pilot scale test has been properly performed.
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Exhibit VII-3

Air Sparging Evaluation Process Flow Chart

INITIAL SCREENING
OF AIR SPARGING -=-
EFFECTIVENESS

Is floating
free product
present?

Remove free
product

Are nearby
basements, sewers,
or other subsurface
confined spaces
present?

Will
SVE be
used to control
migration of
vapors?,

NO

Is
contaminated
groundwater in a
confined
aquifer?

YES NO

Determine which petroleum
products are targeted for
remediation by Air Sparging

o Kerosene

e Gasoline

o Diesel Fuel

o Heating Oil

o Lubricating Oil

Are lubricating
oils targeted for
remediation?

YES

Determine the types of soils
that occur within the
contaminated area

Gravels Silts
Sands Clay

Air Sparging
is not likely to be
effective at the site.
Consider other
technologies.

Is clay
soil targeted for
remediation?

¢ Biosparging

e Vacuum-enhanced
Pump and Treat

e |n-situ
Groundwater
Bioremediation

e
Air Sparging
has the potential to be
effective at the site.

Proceed to next panel.

VII-4

DETAILED EVALUATION
OF AIR SPARGING
EFFECTIVENESS

Identify product constituent
properties important to
air sparging effectiveness.

Henry's Law Constant

of product constituents

Identify site characteristics
important to
air sparging effectiveness.

Intrinsic Permeability
Soil Structure and Stratification
Dissolved Iron Content

Boiling Range
Vapor Pressure

Is intrinsic
permeability
> 109 cm2?

Is Henry's
Law constant
> 100 atm?

soil free of
impermeable layers
or other conditions that
would disrupt
air flow?

Is constituent
boiling range
< 250-300°C?

Is the
dissolved iron
concentration at the
site < 10 mg/L?

vapor pressures

> 0.5 mm Hg?

y

Pilot studies are required to
demonstrate effectiveness.
Review pilot study results.

Have
pilot studies
been completed and

do the results demonstrate Air Sparging will
Air Sparging not be
effectiveness? effective at the
site.
Consider other

technologies.

¢ Biosparging

e Vacuum-enhanced
Pump and Treat

® In-situ
Groundwater

Bioremediation

Air Sparging is likely to
be effective at the site.
Proceed to evaluate
the design.
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Exhibit VII-3

Air Sparging Evaluation Process Flow Chart

EVALUATION OF
AIR SPARGING
SYSTEM DESIGN

Determine the design elements
based on pilot study results

¢ Radius of Influence

e Sparging Air Flow Rate
e Sparging Air Pressure
¢ Required Final Dissolved Concentrations
o Required Cleanup Time

o Saturated Zone Volume to be Treated

o Pore Volume Calculations

o Discharge Limits

e Construction Limitations

Have design
elements been identified
and are they within
appropriate
ranges?

Review the conceptual
process flow design & identify
the system components

Sparging Well Orientation,

Placement, and Construction Alrsflgtaerg:ng
¢ Manifold Piping design is
* Sparging Compressor incomplete.
® Monitoring & Control

Equipment Request

additional

information.

Has the
conceptual
design been provided
and is it
adequate?

The Air Sparging system
design is complete and
its elements are within

appropriate ranges.
Proceed to O&M
evaluation.

October 1994

EVALUATION OF AIR SPARGING

SYSTEM OPERATION &
MONITORING PLANS

Review the O&M
plan for the proposed
Air Sparging system for
the following:

o Start-Up Operations Plan

¢ Long-Term Operations &
Monitoring Plan

¢ Remedial Progress

Monitoring Plan

Are
start-up

operations & monitoring Request
described, and are their _additional
scope & frequency information
adequate? on startup
procedures and
monitoring.

Isa
long-term O&M
plan described; is it

of adequate scope & Request
frequency? additional
information
on long-term
O&M.

remedial progress
monitoring plan estab-
lished; is it of adequate scope

& frequency; does it include a%?j?t?::;
provisions for detect- information
ing asymptotic i
i on remedial
progress
monitoring.

The Air Sparging
system is

likely to be effective.

The design and O&M

plans are complete.
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0 Step 4: An evaluation of the operation and monitoring plans
allows you to determine whether start-up and long-term system
operation and monitoring is of sufficient scope and frequency and
whether remedial progress monitoring plans are appropriate.

Initial Screening Of Air Sparging Effectiveness

This section allows you to perform an initial screening of whether air
sparging will be effective at a site. First, you need to determine if site-
specific factors which prohibit the use of air sparging are present.
Second, you need to determine if the key parameters which contribute to
the effectiveness and design are within appropriate ranges for air
sparging.

Air sparging should not be used if the following site conditions exist:

0 Free product is present. Air sparging can create groundwater
mounding which could potentially cause free product to migrate and
contamination to spread.

0 Nearby basements, sewers, or other subsurface confined spaces are
present at the site. Potentially dangerous constituent concentrations
could accumulate in basements unless a vapor extraction system is
used to control vapor migration.

0 Contaminated groundwater is located in a confined aquifer system. Air
sparging cannot be used to treat groundwater in a confined aquifer
because the injected air would be trapped by the saturated confining
layer and could not escape to the unsaturated zone.

The effectiveness of air sparging depends primarily on two factors:

0 Vapor/dissolved phase partitioning of the constituents determines the
equilibrium distribution of a constituent between the dissolved phase
and the vapor phase. Vapor/dissolved phase partitioning is, therefore,
a significant factor in determining the rate at which dissolved
constituents can be transferred to the vapor phase.

O Permeability of the soil determines the rate at which air can be
injected into the saturated zone. It is the other significant factor in
determining the mass transfer rate of the constituents from the
dissolved phase to the vapor phase.

Effectiveness of air sparging can be gauged by determining these two
factors. In general, air sparging is more effective for constituents with
greater volatility and lower solubility and for soils with higher
permeability.
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Exhibit VII-4 can be used as a screening tool to help you assess the
general effectiveness of air sparging for a given site. It provides boiling
point ranges for the petroleum products typically encountered at UST

sites as a rough gauge for vapor/dissolved phase partitioning. The higher
boiling point products contain more constituents of higher volatility (but

not necessarily lower solubility) which generally results in greater
partitioning to the vapor phase from the dissolved phase. Exhibit VII-4

also provides the range of intrinsic permeabilities for soil types typically

encountered at UST sites.

Exhibit VII-4
Iniital Screening for Air Sparging Effectiveness

Permeability of Soil

Ineffective Moderate to Minimal Effective
Effectiveness
Intrinsic Permeability, k (cm?)
1078 1071 107" 10710 1078 1078 10~ 1072
| Glacial Till |
| Silt, Loess |
| Silty Sand |
| Clean Sand |
| Gravel |
Vapor/Dissolved Phase Partitioning
Ineffective Moderate_ to Minimal
Effectiveness
Boiling Point (°C)
Nonvolatile 300 250 200 100
| Lube Oils |
| Heating Oils |
| Diesel |
| Kerosene |
| Gasoline

October 1994
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Detailed Evaluation Of Air Sparging Effectiveness

Once you have completed the initial screening and determined that air
sparging may have the potential to be effective for the soils and
petroleum product present, evaluate the CAP further to confirm that air
sparging will be effective.

Begin by reviewing the two major components that determine the
effectiveness of air sparging: (1) the vapor/dissolved phase partitioning of
the constituents and (2) the permeability of the soils. The combined
effect of these two components determines the rate at which the
constituent mass will be removed (i.e., the constituent mass removal
rate). This rate will decrease as air sparging operations proceed and
concentrations of dissolved constituents are reduced. They also
determine the placement and number of air sparge points required to
address the dissolved phase plume.

Many site-specific and constituent-specific parameters can be used to
determine vapor/dissolved partitioning and permeability. These
parameters are summarized in Exhibit VII-5. The remainder of this
section describes each parameter, why it is important to air sparging,
how it can be determined, and its range for effective air sparging.

Exhibit VII-5
Key Parameters Used To Evaluate Vapor/Dissolved Phase Partitioning And
Permeability Of Soil

Constituent Vapor/Dissolved

Phase Partitioning Permeability Of Soil
Henry's law constant Intrinsic permeability
Product composition and boiling point Soil structure and stratification
Vapor pressure Iron concentration dissolved in groundwater
Constituent concentration

Solubility

Factors That Contribute To Constituent Vapor/Dissolved
Phase Partitioning

Henry’s Law Constant

The most important characteristic to evaluate vapor/dissolved phase
partitioning is the Henry's law constant, which quantifies the relative
tendency of a dissolved constituent to transfer to the vapor phase.
Henry's law states that, for ideal gases and solutions under equilibrium
conditions, the ratio of the partial pressure of a constituent in the vapor
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phase to the concentration of the constituent in the dissolved phase is
constant. That is:

where:

P, = partial pressure of constituent a in air (atm)
H, = Henry's law constant (atm)
X, = Solution concentration of constituent (mole fraction)

Henry's law constants for several constituents commonly found in
petroleum products are shown in Exhibit VII-6. Constituents with
Henry's law constants greater than 100 atmospheres are generally
considered amenable to removal by air sparging.

Exhibit VII-6
Henry's Law Constant Of Common Petroleum Constituents
Constituent Henry's Law Constant At 20°C (atm)
Tetraethyl lead 4700
Ethylbenzene 359
Xylenes 266
Benzene 230
Toluene 217
Naphthalene 72
Ethylene dibromide 34
Methyl t-butyl ether 27

Product Composition And Boiling Point

Because petroleum products are often classified by their boiling point
range and because the boiling point of a compound is a measure of its
volatility, vapor/dissolved phase partitioning of the dissolved petroleum
product can be estimated from its boiling point range. However, because
vapor/dissolved phase partitioning is a function of both volatility and
solubility, boiling point range should be used only as a gauge to consider
effectiveness for the product in general.

The most commonly encountered petroleum products from UST
releases are gasoline, kerosene, diesel fuel, heating oils, and lubricating
oils. Petroleum products are a complex mixture often containing more
than 100 separate compounds. Each compound responds to air sparging
with differing levels of success based on its individual volatility. Shown
in Exhibit VII-7 are the boiling point ranges for common petroleum
products.
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Exhibit VII-7
Petroleum Product Boiling Point Ranges

Product Boiling Point Range (°C)
Gasoline 40 to 225
Kerosene 180 to 300
Diesel fuel 200 to 338
Heating oil > 275
Lubricating oils Nonvolatile

In general, constituents in petroleum products with boiling points less
than 250°C to 300°C are sufficiently volatile for removal from the
saturated zone by air sparging. Nearly all gasoline constituents and a
portion of kerosene and diesel fuel constituents can be removed from the
saturated zone by air sparging. Heating and lubricating oils cannot be
removed by air sparging. However, air sparging can promote biodegrada-
tion of semivolatile and nonvolatile constituents (see Chapter VIII:
Biosparging).

Vapor Pressure

Vapor pressure is another means by which the volatility of a
constituent can be determined and used as a gauge for vapor/dissolved
phase partitioning. The vapor pressure of a chemical is a measure of its
tendency to evaporate. More precisely, it is the pressure that a vapor
exerts when in equilibrium with its pure liquid or solid form.
Constituents with higher vapor pressures are generally transferred from
the dissolved phase to the vapor phase more easily. Those constituents
with vapor pressures higher than 0.5 mm Hg are considered to be
amenable to air sparging. Exhibit VII-8 presents vapor pressures of some
common petroleum constituents.

Exhibit VII-8
Vapor Pressures Of Common Petroleum Constituents
Vapor Pressure

Constituent (mm Hg at 20°C)
Methyl t-butyl ether 245
Benzene 76
Toluene 22
Ethylene dibromide 11
Ethylbenzene 7
Xylenes 6
Naphthalene 0.5
Tetraethyl lead 0.2
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Constituent Concentrations

If it is determined that air sparging is a potentially viable technology
for the site, the initial and the target cleanup levels for the contaminants
in the groundwater must be evaluated. No apparent upper level of
contaminant concentration exists for air sparging to be effective;
however, if floating free product is present, air sparging is not suitable
because induced groundwater mounding can spread the contamination.
Thus, any free product must be removed prior to initiating air sparging.

The achievable cleanup level may vary greatly depending on the
contaminant type and soil concentrations. Exhibit VII-9 presents
examples of the effectiveness of air sparging (used with SVE). After
varying operational durations, each system reached a residual
contaminant level that could not be lowered (listed as the final
concentration).

Solubility

The aqueous solubility of a constituent is a measure of the maximum
weight of the constituent that can be dissolved in water. Solubility, like
volatility, is a component of the vapor/dissolved phase partitioning
behavior for a constituent. However, solubility is less important than
vapor pressure and Henry's law constant and should not be used as the
sole gauge for air sparging effectiveness. Thus, no threshold value can be
provided. Constituents with relatively high solubility, such as benzene,
can still exhibit sufficiently high vapor/dissolved phase partitioning for
air sparging when they possess high volatility (vapor pressure). When
considering a constituent for removal by air sparging, however, it is
important to consider that sparging creates turbulence in the subsurface
which will enhance dissolution of constituents adsorbed to saturated
zone soils. Constituents with relatively high solubilities and low Henry's
law constants, such as MTBE and ethylene dibromide, could be
mobilized through dissolution but not removed effectively by air
sparging. Exhibit VII-10 lists the solubilities of several constituents
typically found in petroleum products at UST sites.

Factors That Contribute To Permeability Of Soil

Intrinsic Permeability

Intrinsic permeability is a measure of the ability of soils to transmit
fluids and is the single most important characteristic of the soil in
determining the effectiveness of air sparging. Intrinsic permeability
varies over 13 orders of magnitude (from 10 to 10 cm?) for the wide
range of earth materials, although a more limited range applies to most
soil types (102 to 10° cm?). Although the intrinsic permeability of the
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Exhibit VII-10
Solubility Of Common Petroleum Constituents
Solubility
Constituent (mglL at 20°C)
Methyl t-butyl ether 48,000
Ethylene dibromide 4,310
Benzene 1,780
Toluene 515
Xylene 185
Ethylbenzene 152
Naphthalene 30
Tetraethyl lead 0.0025

saturated zone (for air sparging) and unsaturated zone (when SVE is
used) is best determined from field tests, it can be estimated from soil
boring logs and laboratory tests. Coarse-grained soils (e.g., sands) have
greater intrinsic permeability than fine-grained soils (e.g., clays and
silts). Use the values shown in Exhibit VII-11 to determine if intrinsic
permeability is within the range of effectiveness for air sparging.

Exhibit ViI-11
Intrinsic Permeability And Air Sparging Effectiveness

Intrinsic Permeability (k)(cmz)

k310'9

Air Sparging Effectiveness

Generally effective
10° >k> 10710 May be effective; needs further evaluation

k<1070 Marginal effectiveness to ineffective

Intrinsic permeability of saturated-zone soils is usually determined in
the field by aquifer pump tests that measure hydraulic conductivity. You
can convert hydraulic conductivity to intrinsic permeability using the
following equation:

k = K (u/pg
where:  k = intrinsic permeability (cm?)
K = hydraulic conductivity (cm/sec)
Rk = water viscosity (g/cm - sec)
p = water density (g/cm3)
g = acceleration due to gravity (cm/sec?)
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At 20°C: p/pg = 1.02 - 10> cm/sec
To convert k from cm? to darcy, multiply by 108

Intrinsic permeability of the unsaturated zone can be estimated from
the intrinsic permeability of the saturated zone if similar soil types are
present or can be determined in the field by conducting permeability
tests or SVE pilot studies. (See Chapter II: Soil Vapor Extraction.)

Soil Structure And Stratification

The types of soil present and their micro- and macro-structures
control the air sparging pressure and the distribution of air in the
saturated zone. For example, fine-grained soils require higher sparging
air pressures because gas pockets have a tendency to form in these
types of soils, thereby further reducing the minimal effectiveness of
sparging for treating them. Greater lateral dispersion of the air is likely
in fine-grained soils and can result in lateral displacement of the
groundwater and contaminants if groundwater control is not maintained.

Soil characteristics will also determine the preferred zones of vapor
flow in the vadose zone, thereby indicating the ease with which vapors
can be controlled and extracted using SVE (if used).

Stratified or highly variable heterogeneous soils typically create the
greatest barriers to air sparging. Both the injected air and the stripped
vapors will travel along the paths of least resistance (coarse-grained
zones) and could travel a great lateral distance from the injection point.
This phenomenon could result in the contaminant-laden sparge vapors
migrating outside the vapor extraction control area.

Information about soil type, structure, and stratification can be
determined from boring logs or geologic cross-section maps. You should
verify that soil types have been identified and visual observations of soil
structure have been documented.

Iron Concentration Dissolved In Groundwater

The presence of dissolved iron (Fe*?) in groundwater can reduce the
permeability of the saturated zone soils during air sparging operations.
When dissolved iron is exposed to oxygen, it is oxidized to insoluble iron
(Fe*3) oxide which can precipitate within the saturated zone and occlude
soil pore space, thereby reducing the region available for air (and
groundwater) flow, and reducing permeability. Precipitation of iron oxide
occurs predominantly in the saturated zone near air sparging well
screens where oxygen content (from injected air) is the highest. This
oxidation can render air sparging wells useless after even short periods
of operation and necessitate the installation of new wells in different
locations.
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You should verify that laboratory measurements of total dissolved iron
have been completed for groundwater samples from the site. Use Exhibit
VII-12 to determine the range where dissolved iron is a concern for air
sparging effectiveness.

Exhibit VII-12
Dissolved Iron And Air Sparging Effectiveness

Dissolved Iron Concentration (mg/L) Air Sparging Effectiveness
Fe?<10 Air sparging effective
10 < Fe?<20 Air sparging wells require periodic testing

and may need periodic replacement

Fe?>20 Air sparging not recommended

Field Pilot-Scale Studies

Field pilot studies are necessary to adequately design and evaluate
any air sparging system. However, pilot tests should not be conducted if
free product is known to exist at the groundwater table, if uncontrolled
vapors could migrate into confined spaces, sewers, or buildings, or if the
contaminated groundwater is in an unconfined aquifer. The air sparge
well used for pilot testing is generally located in an area of moderate
constituent concentrations. Testing the system in areas of extremely low
constituent concentrations may not provide sufficient data. In addition,
because sparging can induce migration of constituents, pilot tests are
generally not conducted in areas of extremely high constituent
concentrations. The air sparging pilot study should include an SVE pilot
study if SVE is to be included in the design of the air sparging system.

Pilot studies for air sparging often include SVE pilot testing to
determine if SVE can be used to effectively control the vapor plume. Pilot
studies, therefore, should include the installation of a single sparge
point, several vapor extraction points (if SVE is to be included in the
design), and soil gas monitoring points to evaluate vapor generation
rates and to define the vapor plume. Existing groundwater monitoring
wells (normally not fewer than three to five wells around the plume) that
have been screened above the saturated zone and through the dissolved
phase plume can be used to monitor both dissolved and vapor phase
migration, to monitor for changes in dissolved oxygen, and to measure
changes in the depth to the groundwater table surface. Additional vapor
probes should be used to further define the vapor plume and identify
any preferential migration pathways. These probes should be designed
and installed as discussed in Chapter Il: Soil Vapor Extraction.
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If SVE is to be used in the air sparging system, the first portion of the
test should be conducted using vapor extraction only and evaluated as
described in Chapter Il: Soil Vapor Extraction without the air sparging
system being operated. This portion of the pilot test will establish the
baseline vapor extraction levels, the extent of the non-sparged vapor
plume, the SVE well radius of influence, and the intrinsic permeability of
the unsaturated zone (discussed in Chapter Il). The air sparging portion
of the test should be conducted with the sparging point operating at
variable sparge pressures (e.g., 5 pounds per square inch-gauge [psig],
10 psig) and different depths (e.g., 5 feet, 10 feet below the dissolved
phase plume). It is essential that vapor equilibrium be obtained prior to
changing the sparge rate or depth. When no change in vapor emission
rates from baseline occurs, the air sparging system may not be
controlling the sparge vapor plume, possibly due to soil heterogeneity.
Assess the potential for this problem by reviewing the site's soil lithology,
typically documented on soil boring logs. During this test, the hydraulic
gradient and VOC concentrations in soil vapors extracted from
monitoring wells must be monitored until equilibrium is reached.

The final portion of the pilot test is the concurrent operation of the
SVE pilot system and the air sparging system. This portion of the test
will determine the optimum SVE system (i.e., the number and orienta-
tion of wells) that will capture the sparged VOCs for various sparging
rates. In addition, this portion of the test requires monitoring of VOC
emissions, sparging pressure and flow rates, SVE vacuum and flow
rates, monitoring well vapor concentrations, and dissolved constituent
concentrations. Exhibit VII-13 presents a summary of the Pilot Test Data
Obijectives.

Evaluation Of The Air Sparging System Design

Once you have verified that air sparging is applicable to your site, you
can evaluate the design of the system. The CAP should include a discus-
sion of the rationale for the system design and the results of the pilot
tests. Detailed engineering design documents might also be included,
depending on individual state requirements. Discussion of the SVE
portion of the design is included in Chapter Il: Soil Vapor Extraction.

Rationale For The Design

The following factors should be considered as you evaluate the design
of the air sparging system in the CAP.

O Design ROI for air sparging wells. The ROI is the most important
parameter to be considered in the design of the air sparging system.
The ROI is defined as the greatest distance from a sparging well at
which sufficient sparge pressure and airflow can be induced to
enhance the mass transfer of contaminants from the dissolved phase
to the vapor phase. The ROI will help determine the number and
spacing of the sparging wells.
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Exhibit VII-13
Pilot Test Data Objectives

Data Requirement Source
SVE Test Portion (if necessary)
SVE radius of influence (ROI) Monitoring point pressure gauges
Wellhead and monitoring point vacuum Well head pressure gauge
Initial contaminant vapor concentrations SVE exhaust flame ionization detector (FID)
readings (or other suitable detection device)
Initial hydraulic gradient Water level tape at monitoring wells or

pressure transducers and data logger
Air Sparging Test Portion

Air sparging ROI Monitoring point pressure gauge

Sparging rate Compressor discharge flow gauge

Sparging vapor concentrations Monitoring well and vapor point FID readings
(or other suitable detection device)

Hydraulic gradient influence Water level tape at monitoring wells or
pressure transducers and data logger

Dissolved oxygen and carbon dioxide Dissolved oxygen and carbon dioxide probes

at monitoring wells

Combined Test (if necessary)
Sparging/SVE capture rates Pressure/flow gauges
Constituent vapor concentrations Blower discharge and monitoring points

The ROI should be determined based on the results of pilot tests. One
should be careful, however, when evaluating pilot test results because
the measurement of air flow, increased dissolved oxygen, or the
presence of air bubbles in a monitoring point can be falsely
interpreted as an air flow zone that is thoroughly permeated with
injected air. However, these observations may only represent localized
sparging around sparsely distributed air flow channels. The ROI
depends primarily on the hydraulic conductivity of the aquifer
material in which sparging takes place. Other factors that affect the
ROI include soil heterogeneities, and differences between lateral and
vertical permeability of the soils. Generally, the design ROI can range
from 5 feet for fine-grained soils to 100 feet for coarse-grained soils.

O Sparging Air Flow Rate. The sparging air flow rate required to provide
sufficient air flow to enhance mass transfer is site-specific and will be
determined via the pilot test. Typical air flow rates range from 3 to 25
standard cubic feet per minute (scfm) per injection well. Pulsing of the
air flow (i.e., turning the system on and off at specified intervals) may
provide better distribution and mixing of the air in the contaminated
saturated zone, thereby allowing for greater contact with the dissolved
phase contaminants. The vapor extraction system should have a
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greater flow capacity and greater area of influence than the air
sparging system. The air sparging rate should vary between 20
percent and 80 percent of the soil vapor extraction flow rate.

0 Sparging Air Pressure is the pressure at which air is injected into the
saturated zone. The saturated zone requires pressures greater than
the static water pressure (1 psi for every 2.3 ft of hydraulic head) and
the head necessary to overcome capillary forces of the water in the
soil pores near the injection point. A typical system will be operated at
approximately 10 to 15 psig. Excessive pressure may cause fracturing
of the soils and create permanent air channels that can significantly
reduce air sparging effectiveness.

O Initial Constituent Vapor Concentrations are measured during pilot
studies. They are used to estimate constituent mass removal rates
and system operational time requirements and to determine whether
treatment of extracted vapors will be required prior to atmospheric
discharge or reinjection.

O Required Final Dissolved Constituent Concentrations in the saturated
zone will determine which areas of the site require treatment and
when air sparging system operations can be terminated. These levels
are usually defined by state regulations as remedial action levels. In
some states, these levels are determined on a site-specific basis using
transport modeling and risk assessment.

0 Required Remedial Cleanup Time may influence the design of the
system. The designer may vary the spacing of the sparging wells to
speed remediation to meet cleanup deadlines, if required.

0 Saturated Zone Volume To Be Treated is determined by state action
levels or a site-specific risk assessment using site characterization
data for the groundwater.

O Pore Volume Calculations are used along with extraction flow rate to
determine the pore volume exchange rate. Some literature suggests
that at a minimum one pore volume of soil vapor should be extracted
daily for effective remedial progress.

O Discharge Limitations And Monitoring Requirements are usually
established by state regulations but must be considered by designers
of an air sparging system which uses SVE to ensure that monitoring
ports are included in the system hardware. Discharge limitations
imposed by state air quality regulations will determine whether offgas
treatment is required.

0 Site Construction Limitations (e.g., building locations, utilities, buried
objects, residences) must be identified and considered in the design
process.

VII-18 October 1994



What Are The Typical Components Of An Air Sparging System?

Once the rationale for the design is defined, the design of the air
sparging system can be developed. A typical air sparging system design
may include the following components and information:

O Well orientation, placement, and construction details.
0 Manifold piping.

0 Compressed air equipment.

O Monitoring and controls.

If an SVE system is used for vapor control, the following components
and information will also be needed:

O Vapor pretreatment design.
O Vapor treatment system selection.
O Blower specification.

Exhibit VII-14 provides a schematic diagram of a typical air sparging
system used with SVE. Chapter Il: Soil Vapor Extraction should be
consulted for information on the design of the SVE portion of the
remedial system (if necessary) including vapor pretreatment design,
vapor treatment system selection, and blower specification.

Exhibit VII-14
Schematic of Air Sparging System Used With SVE
Am&iﬁnt Blow Back Loop Rgscharﬁe to
Condensate mospnere
Separator Vg%lfilérfn —_—— @ (Permit May
SP % | Be Required)
T t Silencer NO |
: |
Particulate R Meter
P Vapor
Fiter Extraction TVa{)or t
T Blower | fr'ga men
Water (If Required)
Transfer  |Storage
Pump Tank _|6.|_
Flow Air
Meter
Ambient
Air
Particulate SP SP
Filter
PO =T O
Legend: Slotted Vertical @ H ﬂ H @
Pl Pressure Indicator Extraqlt_lor] V?m 4
SP  Sampling Port ipe (Typical) —__
{31 Flow Control Valve N3/ N3/
E Flow Met Slotted Vertical
ow Meter Air Sparge Point
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Sparge And Extraction Wells

Well Orientation. An air sparging system can use either vertical or
horizontal sparge wells. Well orientation should be based on site-specific
needs and conditions. For example, horizontal systems should be
considered when evaluating sites that will require 10 or more sparge or
extraction points or if the affected area is under an operational facility.
Exhibit VII-15 lists site conditions and the corresponding appropriate
well orientation.

Exhibit VII-15
Well Orientation And Site Conditions

Well Orientation Site Conditions

Vertical wells O Deep contamination (> 25 feet)
O Depthto groundwater (> 10 feet)
O Fewer than 10 wells

Horizontal wells O Shallow groundwater table (< 25 feet)
O Zone of contamination within a specific
stratigraphic unit

0 System under an operational facility

Well Placement And Number of Wells. Exhibit VII-16, Air Sparging/Vapor
Extraction Well Configurations, shows various configurations that can be
used in laying out air sparging systems used in conjunction with SVE.
The essential goals in configuring the wells and monitoring points are (1)
to optimize the influence on the plume, thereby maximizing the removal
efficiency of the system and (2) to provide optimum monitoring and vapor
extraction points to ensure minimal migration of the vapor plume and no
undetected migration of either the dissolved phase or vapor phase
plumes. In shallow applications, in large plume areas, or in locations
under buildings or pavements, horizontal vapor extraction wells are very
cost effective and efficient for controlling vapor migration. Exhibit VII-17
is a typical layout of a system that surrounds and contains a plume and
includes air sparging and SVE wells.
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Exhibit VII-16
Air Sparging/Soil Vapor Extraction Well Configurations

Extraction | | Sparging Extraction Sparging Extraction
Well Well Well Well Well
(Typ.) (Typ.)

2N 2N
€

a) Spaced Configuration b) Nested Wells

N Extraction Sparging
Extraction Well Well
Well
T T

9i || {88

A~
AN

= <
Spargin ) &\ E —J/ )
Well g
¢) Horizontal Wells d) Combined Horizontal/Vertical Wells

Source: “Advances in Air Sparging Design,” The Hazardous Waste Consultant, Vol. 11,
Issue 1, January/February 1993, p. 1-4.

The number and location of extraction wells can be determined by
using several methods as discussed in Chapter Il: Soil Vapor Extraction.
However, the following general points should be considered:

O Closer well spacing is often appropriate in areas of high contaminant
concentrations in order to enhance air distribution and removal rates.

O If a surface seal exists or is planned for the design, the extraction
wells can be spaced slightly farther apart because air is drawn from a
greater distance and not directly from the surface.

O At sites with stratified soils, wells screened in strata with low
permeabilities might require closer well spacing than wells screened in
strata with higher permeabilities.
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Exhibit VII-17
Combined Air Sparging/SVE System Layout
Equipment
Compound
LS
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Legend:
A Air Sparging Well
B SVE Well
—==-= SVE (Vacuum) Manifold
—— Air Sparging (Compressed Air) Manifold
{__> Extent of Dissolved Petroleum Contamination

Well Construction. The air sparging (injection) wells are generally
constructed of 1 to 5 inch PVC or stainless steel pipe. The screened
interval is normally from 1 to 3 feet and is generally set from 5 to 15 feet
below the deepest extent of adsorbed contaminants. Setting the screen at
a deeper interval requires higher pressures on the system but generally
does not achieve higher sparge rates. Increased screened intervals do not
improve system efficiency because air tends to exit at the top portion of
the screen. Air sparging wells must be properly grouted to prevent short
circuiting of the air. Horizontal injection wells should be designed and
installed carefully to ensure that air exits from along the entire screen
length. Perforated pipe, rather than well screening, is sometimes
preferable. Exhibits VII-18 and VII-19 present typical vertical and
horizontal air sparging well constructions, respectively.

Injection wells should be fitted with check valves to prevent potential
line fouling caused by pressure in the saturated zone forcing water up

the point when the system is shut down. Each air sparging well should
also be equipped with a pressure gauge and flow regulator to enable

adjustments in sparging air distribution. Refer to Chapter Il: Soil Vapor
Extraction for vapor extraction well details.
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Exhibit VII-18
Typical Vertical Air Sparging Well Construction

Pressure Indicator
Flow Regulating Valve
Check Valve

B Manifold
K From Air
S+ Compressor

Sched. 40 PVC
Solid Casing

Cement/Bentonite Seal

Total Depth: Variable
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Variable

Slotted Sched. 40 =
PVC Well Screen

Y 5 o)
I 2 -
T
NN S

X
N
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X
X
$

Flat Bottomed, Sched.
40 PVC Threaded Plug

Exhibit VII-19
Typical Horizontal Air Sparging Well Construction
From Air
Compressor
Fabric Liner
Note: ‘ Bentonite

Piping may be buried
in utility trenches. Backfilled Soil

PVC Threaded Cap
Slotted PVC Pipe

Pea Gravel
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Manifold Piping

Manifold piping connects the sparging wells to the air compressor.
Piping can be placed either above or below grade depending on site
operations, ambient temperature, and local building codes. Below-grade
piping is more common and is installed in shallow utility trenches that
lead from the sparging wellhead vault(s) to a central equipment location.
The piping can be either manifolded in the equipment area or connected
to a common compressor main that supplies the wells in series, in which
case flow control valves are located at the wellhead. Piping to the well
locations should be sloped toward the well so that condensate or
entrained groundwater will flow back toward the well.

The pressurized air distribution system can be made of metal pipe or
rubber-reinforced air hose. PVC pipe should not be connected directly to
the compressor because of the high temperatures of air leaving the
compressor which can diminish the integrity of the PVC. If pipe trenches
are used for the distribution system, they must be sealed to prevent
short circuiting of air flow.

Compressed Air Equipment

An oil-free compressor or a standard compressor equipped with
downstream coalescing and particulate filters should be used to ensure
that no contaminants are injected into the saturated zone. The
compressor should be rated for continuous duty at the maximum
expected flow rate and pressure to provide adequate flexibility during full
operations.

Monitoring And Controls
The parameters typically monitored in an air sparging system include:

O Pressure (or vacuum)
O Air/vapor flow rate

The equipment in an air sparging system used to monitor these
parameters provides the information necessary to make appropriate
system adjustments and track remedial progress. The control equipment
in an air sparging system allow the flow and sparge pressure to be
adjusted at each sparging well of the system, as necessary. Control
equipment typically includes flow control valves/regulators.

Exhibit VII-20 lists typical monitoring and control equipment for an air
sparging system, where each of these pieces of equipment should be
placed, and the types of equipment that are available.

VII-24 October 1994



Exhibit VII-20
Monitoring And Control Equipment

Monitoring Equipment Location In System Example Of Equipment

Flow meter At each injection and O Pitot tube
vapor extraction well O In-line rotameter
head O Orifice plate
Manifold to blower O Venturi or flow tube
Stack discharge
Pressure gauge At each injection and 0 Manometer
vapor extraction well O Magnehelic gauge
head or manifold branch 0 Vacuum gauge
Before blower (before
and after filters)
Before and after vapor
treatment
Vapor or air sparge Manifold to blower O Bi-metal dial-type
temperature sensor Blower or compressor thermometer
discharge (prior to vapor O Thermocouple
treatment)
Sampling port At each vapor extraction O Hose barb
well head or manifold O Septa fitting
branch
Manifold to blower
Blower discharge
Control Equipment
Flow control valves/ At each vapor extraction O Ballvalve
regulators well head or manifold O Gate valve
branch O Dilution/ambient air bleed
Dilution or bleed valve at valve
manifold to blower O Gate valve
Atheader to each sparge [ Dilution/ambient air bleed

point

valve

Evaluation Of Operation And Monitoring Plans

The system operation and monitoring plan should include both
system startup and long-term operations. Operations and monitoring are
necessary to ensure optimal system performance and to track the rate of
contaminant mass removal.
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Startup Operations

The startup phase should begin with only the SVE portion of the
system (if used) as described in Chapter Il. After the SVE system is
adjusted, the air sparging system should be started. Startup operations
should include 7 to 10 days of manifold valving adjustments to balance
injection rates and optimize mass flow rates. Injection and extraction
rates, pressures, depth to groundwater, hydraulic gradient, and VOC
levels should be recorded hourly during initial startup until the flow is
stabilized. Injection rates should then be monitored daily. Vapor
concentration should also be monitored in any nearby utility lines,
basements, or other subsurface confined spaces. Other monitoring of the
system should be done in accordance with the SVE requirements from
Chapter II.

Long-Term Operations

Long-term monitoring should consist of contaminant level
measurements (in the groundwater, vapor wells, and blower exhaust),
flow-balancing (including flow and pressure measurements), and vapor
concentration readings. Measurements should take place at biweekly to
monthly intervals for the duration of the system operational period.

Samples collected during sparging operations may give readings that
show lower concentrations of dissolved contaminants than those found
in the surrounding aquifer. These readings could lead to the erroneous
conclusion that remediation is occurring throughout the aquifer.
Therefore, contaminant concentrations should be determined shortly
following system shutdown, when the subsurface environment has
reached equilibrium.

Exhibit VII-21 provides a brief synopsis of system monitoring
requirements.

Remedial Progress Monitoring

Monitoring the performance of the air sparging system in reducing
contaminant concentrations in the saturated zone is necessary to
determine if remedial progress is proceeding at a reasonable pace. A
variety of methods can be used. One method includes monitoring
contaminant levels in the groundwater and vapors in the monitoring
wells and blower exhaust, respectively. The vapor and contaminant
concentrations are then each plotted against time.
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Exhibit VII-21
System Monitoring Recommendations

Monitoring
Phase Frequency What To Monitor Where To Monitor
Startup (7-10 days) At least daily O Sparge pressure O Air sparging wellhead
O Flow O Sparge and extraction
O Vacuum readings (SVE) wells
O Vapor concentrations (SVE) 0 Manifold
O Effluent stack
Long-term Biweekly to monthly 0O Flow (SVE) O Extraction vents
(ongoing) O Vacuum readings (SVE) O Manifold
O Sparge pressure O Air sparging wellhead
O Vapor concentrations (SVE) 0O Effluent stack
Quarterly to O Dissolved constituent O Groundwater
annually concentrations monitoring wells

Remedial progress of air sparging systems typically exhibits
asymptotic behavior with respect to both dissolved-phase and vapor-
phase concentration reduction (Exhibit VII-22). Systems that use SVE
can monitor progress through mass removal calculations. (See
Chapter Il: Soil Vapor Extraction for calculations.) When asymptotic
behavior begins to occur, the operator should evaluate alternatives that
increase the mass transfer removal rate (e.g., pulsing, or turning off the
system for a period of time and then restarting it). Other more aggressive
steps to further reduce constituent concentrations can include
installation of additional air sparging or extraction wells.

If asymptotic behavior is persistent for periods greater than about 6
months and the concentration rebound is sufficiently small following
periods of temporary system shutdown, the appropriate regulatory
officials should be consulted; termination of operations may be
appropriate.
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Exhibit VII-22
Concentration Reduction And Mass Removal Behavior For Both
Air Sparging And SVE Systems

Cumulative
VOC Mass
Removal (Ibs)

Asymptotic
Behavior
(Irreducible)

VOC Mass Removed
VOC Concentration

VOC Concentrations
in Extracted Soil /'
Vapor (ppm)

Operation Time —————— =

VII-28 October 1994



References

Brown, L.A. and R. Fraxedas. “Air sparging extending volatilization to
contaminated aquifers.” Proceedings of the Symposium on Soil Venting,
April 29-May 1, 1991, Houston, Texas, pp. 249-269. U.S. EPA, Office
of Research and Development. EPA/600/R-92/174, 1992.

Johnson, R.L., P.C. Johnson, D.B. McWhorter, R.E. Hinchee, and I.
Goodman. “An overview of in situ air sparging.” Ground Water
Monitoring Review. Vol. 13, No. 4, pp. 127-135, 1993.

Hinchee, R.E. Air Sparging for Site Remediation. Boca Raton, FL: Lewis
Publishers, 1994.

Marley, M., D.J. Hazenbronck, and M.T. Walsh. “The application of in
situ air sparging as an innovative soils and groundwater remediation
technology.” Ground Water Monitoring Review. Vol. 12, No. 2, pp. 137-
145, 1992.

Martin, L.M., R.J. Sarnelli, and M.T. Walsh. “Pilot-scale evaluation of
groundwater air sparging: site-specific advantages and limitations.”
Proceedings of R&D 92-National Research and Development Conference
on the Control of Hazardous Materials. Greenbelt, MD: Hazardous
Materials Control Research Institute, 1992.

U.S. Environmental Protection Agency. A Technology Assessment of Soil

Vapor Extraction and Air Sparging. Washington, D.C.: Office of
Research and Development. EPA/600/R-92/173, 1992.

October 1994 VII-29



Checklist: Can Air Sparging Be Used At This Site?

This checklist can help you to evaluate the completeness of the CAP
and to identify areas that require closer scrutiny. As you go through the
CAP, answer the following questions. If the answer to several questions
is no, you will want to request additional information to determine if air
sparging will accomplish the cleanup goals at the site.

1. Factors That Contribute To The Vapor/Dissolved Phase
Partitioning Of The Constituents

Yes No

ad O Is the Henry’s law constant for the contaminant greater
than 100 atm?

ad O Are the boiling points of the contaminant constituents less
than 300°C?

ad 0 Is the contaminant vapor pressure greater than 0.5 mm Hg?

2. Factors That Contribute To Permeability Of Soil

Yes No
O O Isthe intrinsic permeability greater than 10° cm??

ad O Is the soil free of impermeable layers or other conditions that
would disrupt air flow?

ad O Is the dissolved iron concentration at the site < 10 mg/L?

3. Evaluation Of The Air Sparging System Design

Yes No

ad 0 Does the radius of influence (ROI) for the proposed air
sparging wells fall in the range 5 to 100 feet?

ad 0 Has the ROI been calculated for each soil type at the site?

ad 0 Examine the sparging air flow rate. Will these flow rates
provide sufficient vapor/dissolved phase partitioning of
constituents to achieve cleanup in the time allotted for
remediation in the CAP?
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3. Evaluation Of The Air Sparging System Design (continued)

Yes No

ad 0 Examine the sparging air pressure. Will the proposed
pressure be sufficient to overcome the hydraulic head and
capillary forces?

ad O Is the number and placement of wells appropriate, given the
total area to be cleaned up and the radius of influence of
each well?

ad 0 Do the proposed well screen intervals account for
contaminant plume location at the site?

ad O Is the proposed well configuration appropriate for the site
conditions present?

ad O Is the air compressor selected appropriate for the desired
sparge pressure?

4. Operation And Monitoring Plans

Yes No

ad 0 Does the CAP propose starting up the SVE system prior to
starting the air sparging system?

ad O Are manifold valving adjustments proposed during the first 7
to 10 days of operation?

ad O Is monitoring for sparge pressure and flows, vacuum
readings (for SVE), groundwater depth, vapor concentrations,
dissolved oxygen levels, carbon dioxide levels, and pH
proposed for the first 7 to 10 days of operation?

ad O Is weekly to biweekly monitoring of groundwater pH and
levels of contaminants, carbon dioxide, and dissolved oxygen
proposed following startup?

ad O Is weekly to biweekly monitoring of the effluent stack for
levels of contaminants, oxygen, and carbon dioxide proposed
following startup?
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Chapter VIII
Biosparging

Overview

Biosparging is an in-situ remediation technology that uses indigenous
microorganisms to biodegrade organic constituents in the saturated
zone. In biosparging, air (or oxygen) and nutrients (if needed) are injected
into the saturated zone to increase the biological activity of the
indigenous microorganisms. Biosparging can be used to reduce
concentrations of petroleum constituents that are dissolved in
groundwater, adsorbed to soil below the water table, and within the
capillary fringe. Although constituents adsorbed to soils in the
unsaturated zone can also be treated by biosparging, bioventing is
typically more effective for this situation. (Chapter |1l provides a detailed
description of bioventing.)

The biosparging process is similar to air sparging. However, while air
sparging removes constituents primarily through volatilization,
biosparging promotes biodegradation of constituents rather than
volatilization (generally by using lower flow rates than are used in air
sparging). In practice, some degree of volatilization and biodegradation
occurs when either air sparging or biosparging is used. (Air sparging is
discussed in Chapter VIl.)

When volatile constituents are present, biosparging is often combined
with soil vapor extraction or bioventing (collectively referred to as vapor
extraction in this chapter), and can also be used with other remedial
technologies. When biosparging is combined with vapor extraction, the
vapor extraction system creates a negative pressure in the vadose zone
through a series of extraction wells that control the vapor plume
migration. Chapters Il and |1l provide detailed discussions of soil vapor
extraction and bioventing, respectively. Exhibit VIII-1 provides a
conceptual drawing of a biosparging system with vapor extraction.

The existing literature contains case histories describing both the
successes and failures of biosparging; however, because the technology
is relatively new, few cases provide substantial documentation of
performance. When used appropriately, biosparging is effective in
reducing petroleum products at underground storage tank (UST) sites.
Biosparging is most often used at sites with mid-weight petroleum
products (e.qg., diesel fuel, jet fuel); lighter petroleum products (e.g.,
gasoline) tend to volatilize readily and to be removed more rapidly using
air sparging. Heavier products (e.g., lubricating oils) generally take
longer to biodegrade than the lighter products, but biosparging can still
be used at these sites. Exhibit VIII-2 provides a summary of the
advantages and disadvantages of biosparging.
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Exhibit VIII-2
Advantages And Disadvantages Of Biosparging

Advantages

Disadvantages

O Readily available equipment; easy to
install.

O Creates minimal disturbance to site
operations.

O Short treatment times, 6 months to 2
years under favorable conditions.

O s cost competitive.

O Enhances the effectiveness of air
sparging for treating a wider range of
petroleum hydrocarbons.

or discharge of groundwater.

O Low air injection rates minimize potential
need for vapor capture and treatment.

O Requires no removal, treatment, storage,

Can only be used in environments where
air sparging is suitable (e.g., uniform and
permeable soils, unconfined aquifer, no
free-phase hydrocarbons, no nearby
subsurface confined spaces).

Some interactions among complex
chemical, physical, and biological
processes are not well understood.

Lack of field and laboratory data to
support design considerations.

Potential for inducing migration of
constituents.

This chapter will assist you in evaluating a corrective action plan
(CAP) that proposes biosparging as a remedy for petroleum-contaminated
groundwater and soil. The evaluation process is summarized in a flow
diagram shown in Exhibit VIII-3, which serves as a roadmap for the
decisions you will make during your evaluation. A checklist has also
been provided at the end of this chapter for you to use as a tool to both
evaluate the completeness of the CAP and to focus attention on areas
where additional information may be needed. The evaluation process can
be divided into the four steps described below.

O Step 1: An initial screening of biosparging effectiveness allows
you to quickly gauge whether biosparging is likely to be effective,

moderately effective, or ineffective.

0 Step 2: A detailed evaluation of biosparging effectiveness
provides further screening criteria to confirm whether biosparging is
likely to be effective. You will need to identify site and constituent
characteristics, compare them to ranges where biosparging is
effective, and evaluate pilot study plans.
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Exhibit VIII-3
Biosparging Evaluation Process Flow Chart

INITIAL SCREENING
OF BIOSPARGING

EFFECTIVENESS

Is floating
free product Remozj/e :{ee
present? produ

Are nearby
basements, sewers,
or other subsurface
confined spaces
present?

YES

Will
SVE be
used to control
migration of
vapors?

Is
contaminated
groundwater in
a confined
aquifer?

Biosparging is
not likely to be
effective at the site.
Consider other
technologies.

i
Biosparging has
the potential to be
effective at the site.
Proceed to next panel.

Pump and Treat
® |n-Situ
Groundwater
Bioremediation

® VVacuum-enhanced
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Exhibit VIII-3
Biosparging Evaluation Process Flow Chart

Identify site characteristics important
to biosparging effectiveness.

Is soil free of
impermeable layers or other
conditions that would

disrupt air flow?

Is intrinsic
permeability
>109cm?2?

temperature of
groundwater between
10° C and 45°C?

Is pH
of subsurface
environment between
6 and 87

Is heterotrophic
bacterial population density
> 1,000 CFU/gram?

NO

Is the

DETAILED EVALUATION
OF BIOSPARGING
EFFECTIVENESS

dissolved iron
concentration at the
site < 10 mg/L?

YES

Biosparging will not
be effective at the site.

technologies.

® Vacuum-enhanced
Pump and Treat

¢ In-Situ Groundwater

Bioremediation

October 1994

Consider other NO

Biosparging
will not be
effective at
the site.
Consider other
technologies.

® Vacuum-enhanced
Pump and Treat

® |n-Situ Groundwater

Bioremediation

Offgas may be
contaminated.
Pilot study and
system design
should consider
vapor control.

Pilot studies
are required to
demonstrate
effectiveness.
Review pilot
study results.

Do pilot
study results

demonstrate biosparging

effectiveness?

IEEEREREE =

Identify constituent characteristics
important to biosparging effectiveness.

Are all targeted
constituents sufficiently
biodegradable?

Is TPH
<50,000 ppm
and heavy metals
< 2,500 ppm?

Are vapor
pressures of
product constituents
< 0.5mm Hg?

Is
constituent

boiling range

< 250-300° C?,

Is Henry's
Law Constant
<100 atm?

&

Biosparging is
likely to be effective
at the site.
Proceed to evaluate
the design.
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Exhibit VIII-3
Biosparging Evaluation Process Flow Chart

EVALUATION OF EVALUATION OF BIOSPARGING
BIOSPARGING SYSTEM OPERATION &
SYSTEM DESIGN MONITORING PLANS

Determine the design elements

Review th M
based on pilot study results eview the O&

plan for the proposed

* Bubble Radius biosparging sy_stem for

® Sparging Air Flow Rate the following:

e Sparging Air Pressure g .

¢ Nutrient Formulation and Delivery Rate : f:)?\g-#grg%:::ggznzlﬁ
L]

Initial Temperature, Concentrations of O,
and CO,, and Constituent Concentrations
Required Final Dissolved Concentrations
Required Cleanup Time

Saturated Zone Volume to be Treated
Discharge Limits and Monitoring
Requirements

Site Construction Limitations

Monitoring Plan
¢ Remedial Progress
Monitoring Plan

Are

start-up

operations & monitoring Request
described, and are their _additional
. scope & frequency information

Have design on starty|
= adequate? P

elements been identified procedures and

and are they within monitoring.

appropriate
ranges?

Isa

long-term O&M
Review the conceptual plan described; is it
process flow design & identify of adequate scope & Reqyest
the system components frequency? | sg?:g:g;
o Sparging Well Orientation, Biosparain on long-term
Placement, and Construction parging O&M.
N - system
e Manifold Piping design is
e Sparging Compressor incomplete.
® Monitoring & Control Equipment
e Vapor Extraction System (Optional) Request
ina;gﬁ:,t‘g)t?:;_ remedial progress

monitoring plan estab-
lished; is it of adequate scope

& frequency; does it include I?jzc_ltyestl

Has the provisions for detect- _af ' |o?_a
conceptual ing asympitotic (I;:'l (:en:'!aetli(i)gl

design been provided behavior? progress
andis it monitoring.

adequate?

p

The biosparging system
design is complete and The biosparging system
its elements are within is likely to be effective.

appropriate ranges.
Proceed to O&M
evaluation.

The design and O&M
plans are complete.
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0 Step 3: An evaluation of the biosparging system design allows you
to determine whether basic design information has been defined,
whether necessary design components have been specified, whether
construction process flow designs are consistent with standard
practice, and if a detailed field pilot scale test has been properly
performed.

0 Step 4: An evaluation of the operation and monitoring plans
allows you to determine whether start-up and long-term system
operation and monitoring is of sufficient scope and frequency and
whether remedial progress monitoring plans are appropriate.

Initial Screening Of Biosparging Effectiveness

This section allows you to perform an initial screening of whether
biosparging will be effective at a site. First, you need to determine
whether or not any site-specific factors which could prohibit the use of
biosparging are present. Second, you need to determine if the key
parameters which contribute to the effectiveness and design are within
appropriate ranges for biosparging.

Biosparging should not be used if the following site conditions exist:

O Free product is present. Biosparging can create groundwater
mounding which could cause free product to migrate and
contamination to spread.

0 Basements, sewers, or other subsurface confined spaces are located
near the site. Potentially dangerous constituent concentrations could
accumulate in basements and other subsurface confined spaces
unless a vapor extraction system is used to control vapor migration.

0 Contaminated groundwater is located in a confined aquifer system.
Biosparging cannot be used to treat groundwater in a confined aquifer
because the air sparged into the aquifer would be trapped by the
saturated confining layer and could not escape to the unsaturated
zone.

The effectiveness of biosparging depends primarily on two factors:

O The permeability of the soil which determines the rate at which oxygen
can be supplied to the hydrocarbon-degrading microorganisms in the
subsurface.

0 The biodegradability of the petroleum constituents which determines

both the rate at which and the degree to which the constituents will
be degraded by microorganisms.
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In general, the type of soil will determine its permeability. Fine-grained
soils (e.g., clays and silts) have lower permeabilities than coarse-grained
soils (e.g., sands and gravels). The biodegradability of a petroleum
constituent is a measure of its ability to be metabolized by hydrocarbon-
degrading bacteria or other microorganisms. Petroleum constituents are
generally biodegradable, regardless of their molecular weight, as long as
indigenous microorganisms have an adequate supply of oxygen and
nutrients. For heavier constituents (which are generally less volatile and
less soluble than lighter constituents), biodegradation will exceed
volatilization as the primary removal mechanism, even though
biodegradation is generally slower for heavier constituents than for
lighter constituents.

Exhibit VIII-4 is an initial screening tool that you can use to help
assess the potential effectiveness of biosparging for a given site. To use
this tool, first determine the type of soil present and the type of
petroleum product released at the site. Information provided in the
following section will allow a more thorough evaluation of effectiveness
and will identify areas that could require special design considerations.

Exhibit VIII-4
Initial Screening For Biosparging Effectiveness
Permeability
Ineffective Moderate to Minimal Effective
Effectiveness
Intrinsic Permeability, k (cm?)
1078 107" 10772 10-10 1078 10-¢ 1074 1072
[ Glacial Till |
| Silt, Laess |
| Silty Sand |
| Clean Sand |
| Gravel |
Product Composition
Less Effective More Effective
Lube Oils
| Fuel Oils |
| Diesel |
| Gasoline
Nate:
All petroleum products listed are amenable
for the bioventing remediation alternative.
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Detailed Evaluation Of Biosparging Effectiveness

Once you have completed the initial screening and determined that
biosparging may be effective for the soils and petroleum product present,
evaluate the CAP further to confirm that biosparging will be effective.

While the initial screen focused on soil permeability and constituent
biodegradability, the detailed evaluation should consider a broader range
of site and constituent characteristics, which are listed in Exhibit VIII-5.

Exhibit VIII-5
Key Parameters Used To Evaluate The Suitability Of Biosparging

Site Characteristics Constituent Characteristics
Intrinsic permeability Chemical structure
Soil structure and stratification Concentration and toxicity
Temperature Vapor pressure
pH Product composition and boiling point
Microbial population density Henry's law constant
Nutrient concentrations

Dissolved iron concentration

The remainder of this section describes each parameter, why it is
important to biosparging, how it can be determined, and its range for
effective biosparging. If a vapor extraction system is considered for vapor
control requirements, additional factors such as depth to groundwater
and moisture content of the unsaturated zone should be examined to
determine if vapor extraction is suitable. See Chapter Il: Soil Vapor
Extraction for the evaluation of the vapor extraction component, if used.

Site Characteristics That Affect Biosparging
Intrinsic Permeability

Intrinsic permeability is a measure of the ability of soil to transmit
fluids and is the single most important characteristic of the soil in
determining the effectiveness of biosparging because it controls how well
oxygen can be delivered to the subsurface microorganisms. Aerobic
hydrocarbon-degrading bacteria use oxygen to metabolize organic
material to yield carbon dioxide and water. To degrade large amounts of
a petroleum product, a substantial bacterial population is required
which, in turn, requires oxygen for both metabolic processes and an
increase in the overall bacterial population. Approximately 3 to 3%
pounds of oxygen are needed to degrade one pound of petroleum
product.
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Intrinsic permeability varies over 13 orders of magnitude (from 10*°
to 102 cm?) for the wide range of earth materials, although a more
limited range applies to most soil types (10 to 10 cm?). Intrinsic
permeability of the saturated zone for biosparging is best determined
from field tests, but it can also be estimated from soil boring logs and
laboratory tests. Procedures for these tests are described in EPA (1991a).
Coarse-grained soils (e.g., sands) have greater intrinsic permeability than
fine-grained soils (e.qg., clays and silts). Use the values shown in Exhibit
VI1I-6 to determine if the intrinsic permeability of the soils at the site are
within the range of effectiveness for biosparging.

Exhibit VIII-6
Intrinsic Permeability And Biosparging Effectiveness

Intrinsic Permeability (k)(cm?) Biosparging Effectiveness
k>10° Generally effective.
109> k> 10™ May be effective; needs further evaluation.
k<10™ Marginal effectiveness to ineffective.

Intrinsic permeability of saturated-zone soils is usually determined in
the field by aquifer pump tests that measure hydraulic conductivity. You
can convert hydraulic conductivity to intrinsic permeability using the
following equation:

k = K (W/pg)

where: k = intrinsic permeability (cm?)
K = hydraulic conductivity (cm/sec)
« = water viscosity (g/cm - sec)
p = water density (g/cm?)
g = acceleration due to gravity (cm/sec?)

At 20°C: u/pg = 1.02 - 10° cm/sec
Convert k from cm? to darcy, multiply by 108,
Intrinsic permeability of the unsaturated zone can be estimated from
the intrinsic permeability of the saturated zone if similar soil types are

present. Alternatively, it can be determined in the field by conducting
permeability tests or soil vapor extraction pilot studies. (See Chapter II:

Soil Vapor Extraction.)
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Soil Structure And Stratification

The types of soil present and their micro- and macro-structures will
control the biosparging pressure and distribution of oxygen and
nutrients in the saturated zone. For example, fine-grained soils require
higher sparging air pressures because air flow is restricted through
smaller pores, thereby reducing the efficiency of oxygen distribution. In
general, air injection rates used in biosparging are low enough that
vapor migration is not a major concern. However, this rate must be
assessed on a site-by-site basis.

Soil characteristics also determine the preferred zones of vapor flow in
the unsaturated zone, thereby indicating the ease with which vapors can
be controlled and extracted (if vapor extraction is used). Stratified or
highly variable heterogeneous soils typically create the greatest
impediments to biosparging. Both the injected air and the stripped
vapors will travel along the paths of least resistance (coarse-grained
zones) and could travel a great lateral distance from the injection point.
This phenomenon could result in enhanced migration of constituents.

Information about soil type, structure, and stratification can be
determined from boring logs or geologic cross-section maps. You should
verify that soil types have been identified and that visual observations of
soil structure have been documented.

Temperature Of The Groundwater

Bacterial growth rate is a function of temperature. Subsurface
microbial activity has been shown to decrease significantly at
temperatures below 10°C and essentially to cease below 5°C. Microbial
activity of most bacterial species important to petroleum hydrocarbon
biodegradation also diminishes at temperatures greater than 45°C.
Within the range of 10°C to 45°C, the rate of microbial activity typically
doubles for every 10°C rise in temperature. In most cases, because
biosparging is an in-situ technology, the bacteria are likely to experience
stable groundwater temperatures with only slight seasonal variations. In
most areas of the U.S., the average groundwater temperature is about
13°C, but groundwater temperatures may be somewhat lower or higher
in the extreme northern and southern states.

pH Levels

The optimum pH for bacterial growth is approximately 7; the
acceptable range for biosparging is between 6 and 8. If the groundwater
pH is outside of this range, it is possible to adjust the pH prior to and
during biosparging operations. However, pH adjustment is often not
cost-effective because natural buffering capacity of the groundwater
system generally necessitates continuous adjustment and monitoring
throughout the biosparging operation. In addition, efforts to adjust pH
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may lead to rapid changes in pH, which are also detrimental to bacterial
activity.

Microbial Population Density

Soil normally contains large numbers of diverse microorganisms
including bacteria, algae, fungi, protozoa, and actinomycetes. Of these
organisms, the bacteria are the most numerous and biochemically active
group, particularly at low oxygen levels. Bacteria require a carbon source
for cell growth and an energy source to sustain metabolic functions
required for growth. Nutrients, including nitrogen and phosphorus, are
also required for cell growth. The metabolic process used by bacteria to
produce energy requires a terminal electron acceptor (TEA) to
enzymatically oxidize the carbon source to carbon dioxide.

Microbes are classified by the carbon and TEA sources they use to
carry out metabolic processes. Bacteria that use organic compounds
(such as petroleum constituents and other naturally occurring organics)
as their source of carbon are heterotrophic; those that use inorganic
carbon compounds such as carbon dioxide are autotrophic. Bacteria that
use oxygen as their TEA are aerobic; those that use a compound other
than oxygen (e.g., nitrate or sulfate) are anaerobic; and those that can
utilize both oxygen and other compounds as TEAs are facultative. For
biosparging applications directed at petroleum products, bacteria that
are both aerobic (or facultative) and heterotrophic are most important in
the degradation process.

To evaluate the presence and population density of naturally
occurring bacteria that will contribute to degradation of petroleum
constituents, laboratory analysis of soil samples from the site (collected
from below the water table) should be conducted. These analyses, at a
minimum, should include plate counts for total heterotrophic bacteria.
Plate count results are normally reported in terms of colony-forming
units (CFUs) per gram of soil. Microbial population densities in typical
soils range from 10* to 10’ CFU/gram of soil. For biosparging to be
effective, the minimum heterotrophic plate count should be 103
CFU/gram or greater. Plate counts lower than 102 could indicate the
presence of toxic concentrations of organic or inorganic (e.g., metals)
compounds. These conditions are summarized in Exhibit VIII-7.

Even when plate counts are lower than 10°, biosparging may still be
effective if the soil is conditioned or amended to reduce the toxic concen-
trations and increase the microbial population density. More elaborate
laboratory tests are sometimes conducted to identify the bacterial
species present. Such tests may be desirable if you are uncertain
whether or not microbes capable of degrading specific petroleum
hydrocarbons occur naturally in the soil. If insufficient numbers or types
of microorganisms are present, the population density may be increased
by introducing cultured microbes that are available from numerous
vendors. These conditions are summarized in Exhibit VIII-7.
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Exhibit VIII-7
Heterotrophic Bacteria And Biosparging Effectiveness

Total Heterotrophic Bacteria

(prior to biosparging) Biosparging Effectiveness
> 1,000 CFU/gram dry soil Generally effective.
< 1,000 CFU/gram dry soil May be effective; needs further evaluation to

determine if toxic conditions are present.

Nutrient Concentrations

Bacteria require inorganic nutrients such as nitrogen and phosphate
to support cell growth and sustain biodegradation processes. Nutrients
may be available in sufficient quantities in the aquifer but, more
frequently, nutrients need to be added to maintain adequate bacterial
populations. However, excessive amounts of certain nutrients (i.e.,
phosphate and sulfate) can repress metabolism.

A rough approximation of minimum nutrient requirements can be
based on the stoichiometry of the overall biodegradation process:

C-source + N-source + O, + Minerals + Nutrients --->
Cell mass + CO, + H,0O + other metabolic by-products

Different empirical formulas of bacterial cell mass have been proposed;
the most widely accepted are C;H,O,N and C4,Hg,05,N,,P. Using the
empirical formulas for cell biomass and other assumptions, the
carbon:nitrogen:phosphorus ratios necessary to enhance biodegradation
fall in the range of 100:10:1 to 100:1:0.5, depending on the constituents
and bacteria involved in the biodegradation process.

Chemical analyses of soil samples from the site (collected from below
the water table) should be completed to determine the available
concentrations of nitrogen (expressed as ammonia) and phosphate that
are naturally in the soil. These types of analyses are routinely conducted
in agronomic laboratories that test soil fertility for farmers. Using the
stoichiometric ratios, the need for nutrient addition can be determined
by using an average concentration of the constituents (carbon source) in
the soils to be treated. If nitrogen addition is necessary, slow release
sources should be used. Nitrogen addition can lower pH, depending on
the amount and type of nitrogen added.

[ron Concentration Dissolved In Groundwater

The presence of dissolved ferrous iron (Fe*?) in groundwater can
reduce the permeability of the saturated zone soils during the sparging
operations. When dissolved iron is exposed to oxygen, it is oxidized to
ferric iron (Fe*®) oxide which, because it is less soluble than ferrous iron,
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can precipitate within the saturated zone and occlude soil pore space.
On a large scale this could reduce the region available for air (and
groundwater) flow, thereby reducing permeability. Precipitation of iron
oxide occurs predominantly in the saturated zone near sparging well
screens where oxygen content (from injected air) is the highest. This
oxidation can render sparging wells useless after even short periods of
operation; installation of new wells in different locations would then be
required.

Verify that laboratory measurements of total dissolved iron have been
completed for groundwater samples from the site. Use Exhibit VIII-8 to
determine the range in which dissolved iron is a concern for biosparging
effectiveness.

Exhibit VIII-8
Dissolved Iron And Biosparging Effectiveness

Dissolved Iron Concentration (mg/L) Biosparging Effectiveness
Fe< 10 Biosparging effective.
10 < Fe*< 20 Sparging wells require periodic testing and
may need periodic replacement.
Fe*?> 20 Biosparging not recommended.

Constituent Characteristics That Affect Biosparging

Chemical Structure

The chemical structures of the constituents to be treated by
biosparging are important for determining the rate at which
biodegradation will occur. Although nearly all constituents in petroleum
products typically found at UST sites are biodegradable, the more
complex the molecular structure of the constituent, the more difficult
and less rapid is biological treatment. Most low-molecular-weight (nine
carbon atoms or less) aliphatic and monoaromatic constituents are more
easily biodegraded than higher-molecular-weight aliphatic or
polyaromatic organic constituents. Exhibit VIII-9 lists, in order of
decreasing rate of potential biodegradability, some common constituents
found at petroleum UST sites.

Evaluation of the chemical structure of the constituents proposed for
reduction by biosparging at the site will allow you to determine which
constituents will be the most difficult to degrade. You should verify that
remedial time estimates, biotreatability studies, field-pilot studies (if
applicable), and biosparging operation and monitoring plans are based
on the constituents that are the most difficult to degrade (or “rate
limiting”) in the biodegradation process.
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Exhibit VIII-9
Chemical Structure And Biodegradability
Products In Which
Constituent Is Typically
Biodegradability Example Constituents Found
More degradable n-butane, I-pentane, O Gasoline
n-octane
| Nonane O Diesel fuel
I Methyl butane, O Gasoline
dimethylpentenes,
methyloctanes
Benzene, toluene, O Gasoline
ethylbenzene, xylenes
Propylbenzenes O Diesel, kerosene
Decanes O Diesel
Dodecanes O Kerosene
Tridecanes O Heating fuels
Tetradecanes O Lubricating oils
Less degradable Naphthalenes O Diesel
Fluoranthenes O Kerosene
Pyrenes O Heating oil
Acenaphthenes O Lubricating oils

Concentration And Toxicity

The presence of very high concentrations of petroleum organics or
heavy metals in site soils can be toxic or inhibit the growth and
reproduction of bacteria responsible for biodegradation. In addition, very
low concentrations of organic material will also result in diminished
levels of bacterial activity.

In general, concentrations of petroleum hydrocarbons in excess of
50,000 ppm, or heavy metals in excess of 2,500 ppm, in soils are
considered inhibitory and/or toxic to aerobic bacteria. Review the CAP to
verify that the average concentrations of petroleum hydrocarbons and
heavy metals in the soils and groundwater to be treated are below these
levels. Exhibit VIII-10 provides the general criteria for constituent
concentration and biosparging effectiveness.

In addition to maximum concentrations, you should consider the
cleanup concentrations proposed for the treated soils. Below a certain
“threshold” constituent concentration, the bacteria cannot obtain
sufficient carbon (from degradation of the constituents) to maintain
adequate biological activity. The threshold level can be determined from
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Exhibit VIII-10
Constituent Concentration And Biosparging Effectiveness

Constituent Concentration Biosparging Effectiveness

Petroleum constituents < 50,000 ppm Effective.
and
Heavy metals < 2,500 ppm

Petroleum constituents > 50,000 ppm Ineffective; toxic or inhibitory conditions to
or bacterial growth exist. Long remediation
Heavy metals > 2,500 ppm times likely.

laboratory studies and should be below the level required for cleanup.
Although the threshold limit varies greatly depending on bacteria-specific
and constituent-specific features, constituent concentrations below

0.1 ppm are generally not achievable by biological treatment alone. In
addition, experience has shown that reductions in total petroleum
hydrocarbon concentrations (TPH) greater than 95 percent can be very
difficult to achieve because of the presence of “recalcitrant” or
nondegradable petroleum hydrocarbons that are included in the TPH
analysis. Identify the average starting concentrations and the cleanup
concentrations in the CAP for individual constituents and TPH. If a
cleanup level lower than 0.1 ppm is required for any individual
constituent or a reduction in TPH greater than 95 percent is required to
reach the cleanup level for TPH, either a pilot study should be required
to demonstrate the ability of biosparging to achieve these reductions at
the site or another technology should be considered. These conditions
are summarize