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This document has been prepared under the direction of the U.S. Naval Facilities Engineering
Service Center (NFESC). The NFESC is the Navy’s center for specialized facilities
engineering and technology. Products and services include shore, ocean, and waterfront
facilities; environment, amphibious and expeditionary operations, and energy and utilities. As
a member of the Naval Facilities Engineering Command (NAVFAC) team, NFESC provides
worldwide support to Navy engineering activities, fleet and shore activities, the Marine Corps,
and other Department of Defense (DoD) agencies. NFESC provides solutions to problems
through engineering, design, construction, consultation, test and evaluation, technology
implementation, and management support.

The vendors and products, including the equipment, system components, and other materials
identified in this report, are primarily for information purposes only. Although the Navy may
have used some of these vendors and products in the past, mention in this report does not
constitute the Navy’s recommendation for using these vendors or products.
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1.0 INTRODUCTION

This document was developed by the Naval Facili-
ties Engineering Service Center (NFESC) to provide
guidance on selection, design, installation, operation,
optimization and shutdown of air sparging systems. This
guidance document is intended for use by Navy, Marine
Corps, and other Department of Defense (DoD)
Remedial Project Managers (RPMs) and their
contractors. The manual applies the results from full-
scale systems, field studies, and research to provide a
concise yet complete life-cycle approach to air sparging
design and implementation.

1.1 Background

Air sparging is an innovative in situ treatment tech-
nology that uses injected air to remove volatile or bio-
degradable contaminants from the saturated zone. The
primary application of air sparging entails the injection
of air directly into the saturated subsurface to remove
volatile contaminants such as solvents and gasoline
from the dissolved phase to the vapor phase through air
stripping. The stripped compounds are then biodegraded

and/or removed via soil vapor extraction (SVE) in the
vadose zone. For semivolatile contaminants, such as
diesel and jet fuels, air stripping is not the removal
mechanism. Rather, the primary removal mechanism is
stimulated microbial activity caused by the introduction
of dissolved oxygen, which increases the biodegradation
rate of the contaminant in the saturated zone. The major
components of a typical air sparging system, shown in
Figure 1-1, include an air sparge/injection well, a com-
pressor or blower to supply air, monitoring points and
wells, and an optional SVE system.

For sites contaminated with halogenated and non-
halogenated volatile organic compounds (VOCs) as a
result of leaking underground storage tanks, pipelines, or
other accidental releases, air sparging is a viable reme-
dial option. The use of air sparging to remove VOCs has
been demonstrated successfully; in fact, in many cases,
air sparging is the most cost-effective remedial alter-
native. As with any in situ technology, well-engineered
design followed by proper installation and operation are
essential for achieving remedial goals and site closure.

Atmospheric Air Atmospheric Air for Vent to
Vacuum Regulation Atmosphere
. Blower or | Air/Water +| Vacuum - Emigsisrions
ompressor Extracted ”| Separator 1 Blower ~
Air Treatment
Ground Surface
H = Monitoring
Sparge —p! Well
Well
Water
Table y
= Impacted
Monitoring Point Installation Groundwater
Soil Vapor Extraction Well (Optional)
ASSVCOVERDZ COR

FIGURE 1-1. Air Sparging Conceptual Diagram
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1.2 Scope of Document

The primary goal of this document is to provide
RPMs and others with a management resource for the
selection and cost-effective implementation of air sparg-
ing groundwater remediation systems. As such, the
document provides detailed information covering all
aspects of air sparging including feasibility analysis,
regulatory and permitting issues, pilot testing, system

design and construction, operation and maintenance,
and site closure. The need for a life-cycle approach to
system design, optimization, and long-term monitoring
is also addressed. In general, this document attempts to
answer the most common questions an RPM might have
with respect to air sparging. Table 1-1 provides a quick
reference to finding answers to these questions within
the document. Figure 1-2 is a flowchart showing the
general approach to implementing air sparging at a site.

TABLE 1-1.

Where to Locate Answers to Common Questions on Air Sparging

Question

Answer Location

1.

Will air sparging work at my
site?

Section 2.0. Site Characterization and Feasibility Analysis: Provides
information regarding site characterization requirements as well as the effect
of site-specific data, such as contaminant type and geology, on air sparging
effectiveness, implementability, and cost.

Appendix C. Properties of Selected VOCs: Provides physical properties
of VOCs necessary in evaluating air sparging feasibility.

Appendix D. Soil Properties: Provides soil properties to aid in evaluating
air sparging feasibility.

issues do | need to consider
when using air sparging?

2. How much will it cost? Appendix E. Air Sparging Economics and Cost Estimating Worksheet:
Summarizes air sparging economics and provides a worksheet to quickly
estimate budgetary costs.

3. Where can | find more informa- | Appendix A. Focused Literature Review: Provides the results and

tion on the field application of lessons learned from other air sparging field applications.
air sparging at other sites?

4. |s air sparging the best Appendix B. Compendium of Competing Remedial Technologies:

technology for my site? Evaluates competing remedial technologies to air sparging.

5. What regulatory and permitting | Section 3.0. Regulatory Issues and Permitting: Identifies potentially

applicable federal, state, and local regulations and permitting requirements.

Appendix F. Overview of Applicable Federal Environmental
Regulations: Summarizes federal regulations that may be applicable at air
sparging sites.

contractor to focus on?

6. How are air sparging systems Section 4.0. System Design and Construction: Describes pilot-scale
designed? testing requirements and full-scale design and construction considerations.

7. Does air sparging require Appendix G. Air Sparging Pilot-Scale Testing Activity Matrix:
predesign (pilot) studies? Summarizes pilot-scale testing activities and interpretation of pilot study

data.

8. How long will it take to achieve | Section 5.0. System Operation, Monitoring, and Optimization:
cleanup goals? Provides information on how to ensure that the air sparging system is

9. How do | know if the system is | operating in a cost-effective manner and how to evaluate progress toward
operating effectively and achieving cleanup goals.
efficiently? - Section 6.0 System Shutdown, Long-Term Monitoring, and Site

10. When can | stop operating the | ¢josure: Describes when and how to stop system operation and methods
system? to obtain site closure.

11. The system is not operating/ Appendix H. Troubleshooting Operation Matrix: Provides a list of
performing as intended. common problems encountered during air sparging operation and a
What's wrong? recommended solution.

12. What are the key issues for my | Appendix |l. Air Sparging Statement of Work Guidance: Provides

guidance for preparation of a statement of work for an air sparging site.




Evaluate Feasibility
of Air Sparging

Guidance Document Resources:

Section 2.0. Site Characterization and
t the Site? Pursue Alternate Feasibility Analysis
(%ect?onl 2e b) Remedial Option Appendix A. Focused Literature Review
' Appendix B. Competing Technologies Matrix

Appendix C. Properties of Selected VOCs
Appendix D. Soil Properties
Appendix E. Air Sparging Economics

Pursue Most Cost-

Effective Remedial

Option

Establish Regulatory
and Permitting
Requirements

Determine Target
Treatment Area
(Section 4.1)

Y

Conduct Pilot-Scale Testing
to Determine Site-Specific
Design Parameters
(Section 4.2)

Y

Design and Install System
(Section 4.3)

Operate, Monitor,
and Optimize System

Y

Guidance Document Resources:
Section 3.0. Regulatory Issues and Permitting

Appendix F. Overview of Applicable Federal Environmental
Regulations

Guidance Document Resources:

Section 4.0. System Design and Construction

Appendix A. Focused Literature Review

Appendix C. Contaminant Properties of Selected VOCs
Appendix D. Soil Properties

Appendix G. Air Sparging Pilot-Scale Testing Activity Matrix

Guidance Document Resources:

Section 5.0. System Operation, Monitoring, and Optimization
Appendix A. Focused Literature Review

Appendix H. Troubleshooting Operation Matrix

System Shutdown,
Long-Term Monitoring,
and Site Closure

Guidance Document Resources:

Section 6.0. System Shutdown, Long-Term Monitoring, and
Site Closure

SCFLOWO02.CDR
e

FIGURE 1-2.

Air Sparging Project Flowchart



In addition, the following appendices are designed to
expand on the main text and guide the RPM in other
aspects of air sparging project management:

Appendix A:
Appendix B:

Appendix C:
Appendix D:

Focused Literature Review
Compendium of Competing Remedial
Technologies

Properties of Selected VOCs

Soil Properties

Appendix E:
Appendix F:
Appendix G:

Appendix H:
Appendix I:

Air Sparging Economics and Cost
Estimating Worksheet

Overview of Applicable Federal
Environmental Regulations

Air Sparging Pilot-Scale Testing
Activity Matrix

Troubleshooting Operation Matrix
Air Sparging Project Statement of
Work Guidance



2.0 SITE CHARACTERIZATION AND FEASIBILITY ANALYSIS

Air sparging is a relatively simple and effective
treatment technology that has a proven record of suc-
cessful performance when properly applied. This section
is designed to aid RPMs in determining if air sparging
will achieve objectives at a given site based on the
results of site characterization and technical considera-
tions such as contaminant type, geology, hydrogeology,
and other factors. Technical feasibility issues are ad-
dressed by considering effectiveness, implementability,
and costs of air sparging systems.

A feasibility analysis is a necessary first step in
determining if air sparging will be the best technology
for remediation at a site, and typically is accomplished
as part of a Feasibility Study or Corrective Action Plan.
In order to make an informed decision as to whether or
not air sparging is the most appropriate remedy, it also
is necessary to evaluate other competing treatment tech-
nologies. Although technology evaluation is not the focus
of this document, a compendium of competing technol-
ogies with their advantages and limitations respective to
air sparging is provided in Appendix B, and serves as a
starting point for evaluation.

2.1 Site Characterization

Site conditions and contaminant characteristics, as
defined by the conceptual site model, drive decisions
determining whether or not air sparging is the most
appropriate and effective technology for a site. Current
and site-specific data are necessary for the feasibility
analysis and, if a good conceptual site model has not
been developed, additional data will need to be col-
lected. Figure 2-1 shows the elements of a good con-
ceptual site model.

A conceptual site model (CSM) is a useful engi-
neering management tool that summarizes all available
site history, site characterization, receptor survey, and
land use data into a form that helps decision makers. For
existing data, the project manager must determine
whether the data set was collected properly and if it is
current enough to be useful. For example, if the most
recent assessment of contaminant concentrations is
more than five years old, additional, more recent con-
taminant data are likely to be needed prior to remedy
selection. The existing data set should be reviewed to
ensure that it is sufficient for site screening and design

purposes. The following issues are common reasons for
failure of site investigation programs:

U Inadequate preparation and planning can cause
cost overruns and incomplete site characterization.

U Inexact definition of geology/hydrogeology can
cause the selection of an inefficient remediation
method.

Q Poor definition of contaminant distribution leads
to incomplete site remediation.

Q Inadequate collection of chemical data can cause
the selection of an inappropriate remediation
method.

To avoid the difficulties listed above, Table 2-1
identifies the site characterization parameters needed for
the feasibility analysis of an air sparging site.

2.2 Air Sparging System Effectiveness

Effectiveness is a measure of the remediation tech-
nology’s ability to meet remedial objectives based on
site-specific conditions. The potential effectiveness of
air sparging at a site must be carefully evaluated during
the feasibility analysis. Figure 2-2 is a flowchart that
serves as an initial screening methodology for deter-
mining if air sparging is appropriate for a given site.

The following sections summarize contaminant,
geology, and hydrogeology-related issues that impact
the effectiveness of air sparging.

2.2.1 Contaminant-Related Issues

Q  Air sparging is typically effective at removing
dissolved VOCs, and has potential application for
low levels of light, nonaqueous-phase liquid

(LNAPL), or dense, nonaqueous-phase liquid

(DNAPL). If recoverable free product is present

at a site, it should be removed to the extent

practicable and the site should then be evaluated
for groundwater remediation requirements.

LNAPL free-product recovery can be evaluated by

methods described in Hoeppel and Place (1998).



Background Information

o Location of water supply wells.

« Groundwater classification.

« Nearby wellhead protection areas or sole-source aquifers.
o Locations of potential receptors exposure points.

Risk Assessment

« Current and future receptors.
e Exposure scenarios.
Contaminant Source and Release Information o Completed pathways?
« Exposure concentrations.

¢ Location, nature, and history of previous
contaminant releases or sources.

¢ Locations and characterizations of continuing
releases or sources.

« Locations of subsurface sources (e.g.,
DNAPLs).

o Flux of contamination.

Geologic and Hydrologic Information

o Description of regional and site geology.

¢ Physical properties of subsurface materials
(e.g., porosity, bulk density).

¢ Stratigraphy, including thickness, lateral
extent, continuity of units, and presence of
depositional features, such as channel
deposits, that may provide preferential
pathways for, or barriers to, contaminant
transport.

¢ Geologic structures that may form preferential
pathways for contaminants migration or zones
of accumulation.

o Depth to groundwater.

¢ Hydraulic gradients (horizontal and vertical).

¢ Hydraulic properties of subsurface materials

(e.g., hydraulic conductivity, storage Contaminant Distribution, Transport, and
coefficient, effective porosity) and their Fate Parameters
directional variability (anisotropy).

» Spatial distribution of soil or bedrock « Properties of contaminants that affect
physical/hydraulic properties (degree of transport (e.g., composition, effective
heterogeneity). ' B constituent solubilities, density, viscosity).

« Seasonal changes in hydrologic conditions « Phase distribution of each contaminant

« Groundwater recharge and discharge (gaseous, aqueous, sorbed, free-phase NAPL
information. or residual NAPL) in the unsaturated and

¢ Groundwater/surface water interactions. saturated zones.

« Estimates of subsurface contaminant mass.

e Temporal trends in contaminant concentrations
in each phase.

« Partitioning coefficients and migration rates.

« Contaminant natural attenuation processes
(destructive and nondestructive).

Modified from U.S. EPA, 1993 SITEMODELO1.CDR

FIGURE 2-1. Conceptual Site Model



TABLE 2-1. Site Characterization Parameters for Assessing Feasibility of Air Sparging
Objective Parameter Comments
Site history Site engineering plans The primary purpose of this assessment is to determine which
Chemical inventory records parameters have already been characterized and which must
Contaminant release records | still be collected.
Site geology/ | Subsurface geology Collect data within the target treatment area. This can involve
hydrogeology | Soil type/stratification collecting soil cores, installing groundwater wells, performing

Groundwater depth

Groundwater velocity

Groundwater direction

Hydraulic gradient

aquifer characterization tests, and monitoring groundwater
elevations. It is useful to take water-level measurements at
several times during the year and over several years so
seasonal and long-term variations in groundwater flow velocity
and direction can be evaluated.

Contaminant

Contaminant type

It is necessary to collect data that is sufficient to define the

type and Contaminant(s) of concern extent of the contaminant plume both horizontally and vertically,
distribution LNAPL thickness (if present) | as well as to understand plume movement over time.
LNAPL recovery potential Contaminant distribution data should be plotted on isocontour
(if present) maps and on cross-section profiles to visualize the lateral and
Volume of contaminant vertical extent of the plumes.
released
Geochemical | Dissolved oxygen Define horizontal and vertical distribution through multilevel
assessment | Redox potential wells for thicker contaminant plumes; Define horizontal
pH distribution for thinner contaminant plumes. These parameters
Conductivity are optional for most air sparging sites, but critical when the
Nitrate application is meant to enhance bioremediation.
Fe(ll)
Methane
Receptor Identify potential receptors of | Conduct a site visit and examine site boundaries. ldentify
assessment | groundwater contamination persons or resources that could be impacted by the
Identify potential receptors of | contamination and remediation process.
vapor migration
Political Identify regulatory authorities | Early contact with the appropriate regulatory agencies is
assessment | and define the remedial encouraged, as regulatory guidelines may exist that must be

action objective (RAO).

followed during site characterization.

1 Table 2-2 lists contaminants that have been suc-

aqueous solubility (see Table C-1). For example,

cessfully removed via air sparging. In general, for
air sparging to be effective, contaminants must be
either sufficiently volatile to strip out of the
groundwater, or aerobically biodegradable. Addi-
tional testing is required to evaluate sites with
compounds for which there are no data supporting
contaminant removal via air sparging.

In many geological settings, groundwater con-
taminated with petroleum hydrocarbons and/or
dissolved chlorinated solvents can be readily
remediated through air sparging. These com-
pounds generally exhibit good strippability as
characterized by a high Henry’s law constant.

The Henry’s law constant can be approximated by
the ratio of a compound’s vapor pressure to its

tetrachloroethylene (PCE) has a relatively high
Henry’s law constant (1.8 x 107 atm-m’/mol) due
to both its high volatility and low aqueous
solubility. Even though acetone has a relatively
high vapor pressure (180 mm Hg), it has a low
Henry’s constant (3.88 x 107 atm-m’/mol) due to
its high water solubility (1,000,000 mg/L). In
general, compounds like acetone and MTBE, with
relatively low Henry’s constants will be more
costly to treat with air sparging because a greater
flowrate of injected air and/or extended treatment
duration are likely to be required to achieve
remedial objectives.
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TABLE 2-2. Example Cases with Contaminants Amenable to Remediation Using Air Sparging
Initial Maximum
Compound(s) Concentration® Reference

Benzene 811 ug/L Covell and Thomas, 1997
BTEX 11 mg/L Hartley et al., 1999

BTEX 11,701 ug/L Klemm et al., 1997

BTEX 11,510 pg/L Muehlberger et al., 1997
BTEX 38.1 mg/L Klemm et al., 1997

BTEX; 1,1-DCA; 1,2-DCA; cis-DCE;
trans-DCE; MC; PCE; 1,1,1-TCA; TCE; VC

470; 14; 0.052; 91; 0.93; 36; 69;
17; 3.6; 11 (all mg/L)

Maheux and McKee, 1997

BTEX; MTBE

2.0 mg/L; 7,010 pg/L

Damera et al., 1997

BTEX; TPH 22,000 ug/L; 9,300 mg/kg (soil) | Strzempka et al., 1997
Ethylbenzene; xylenes 41,000 pg/L; 150,000 ug/L Kraus et al., 1997

MTBE 5.9 g Bruce et al., 1998

PCE 20-50 pg/L Marnette et al., 1999

PCE 489 ug/L Dreiling, 1998

PCE; TCE; cis-DCE 6,670: 9,870; 26,400 (all ug/L) | Hughes and Dacyk, 1998
TCE 1.0 mg/L Aubertin and Hise, 1998

TCE; DCE; VC 94 ug/L; 960 pg/L; 3,000 pg/L Kershner and Theoret, 1997
TPH >10,000 mg/kg (soil) Basinet and Wollenberg, 1997

(a)

Concentration in groundwater unless noted.

(b) Laboratory study in which 5.9 g of MTBE was injected into large-scale reactor.

BTEX = benzene, toluene, ethylbenzene, and total xylenes.

DCA = dichloroethane.

DCE = dichloroethene.

MC = methylene chloride.

MTBE = methyl-tert-butyl ether.

O At most air sparging sites, the volatilization pro-

cess is the primary mechanism for mass recovery
and can account for up to 99% of the mass
removed (based on typical biodegradation rates of
8 kg/day vs. 810 kg/day for volatilization rates in
Leeson et al., 2001). However, sites contaminated
with SVOC:s, such as diesel and jet fuels that can-
not be removed effectively via volatilization, may
be remediated through enhanced aerobic biodegra-
dation. If the goal of the air sparging system is to
enhance bioremediation by increasing ground-
water dissolved oxygen (DO) concentrations, and
the site already has DO concentrations greater than
2 mg/L, then air sparging may not be warranted.

2.2.2 Geology- and Hydrogeology-

Q

Related Issues

Air sparging is best suited to sites with sandy soils
and medium to shallow aquifer depths at less than
50 ft below ground surface (bgs).

TCA = trichloroethane.

TCE = trichloroethene.

TPH = total petroleum hydrocarbons.
VC = vinyl chloride.

Site geological conditions such as stratification,
heterogeneity, and anisotropy will prevent uniform
airflow through the medium, thus reducing air
sparging effectiveness. For in situ air sparging
applications, good characterization of the geology
in the area where the air sparging system is to be
installed is critical. The subsurface geology
should be evaluated by collecting at least one
continuous soil core from ground surface to the
bottom of the contaminated aquifer in the area
where air sparging is being considered. A hydro-
geologist should evaluate the soil core to deter-
mine the soil type and to identify the depth and
location of distinct soil layers that may influence
airflow.

Figure 2-3 depicts the potential effect of geologic
conditions on injected air distribution. If the sub-
surface is relatively homogenous, the airflow dis-
tribution pattern will tend to form a symmetrical,
conical shape. If thick, continuous confining
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layers are present in the contaminated zone, they
may prevent airflow from reaching the contami-
nants altogether. If thin, discontinuous layers are
present, there will be less disruption to airflow,
but preferential flowpaths may develop. Air flow-
paths that are formed during air sparging are
sensitive to small changes in soil permeability, so
identification of layers of lower permeability
material between the water table and greatest
depth of contaminant penetration is important.

Although stratification and heterogeneity may
reduce effectiveness, their presence does not
directly lead to the conclusion that air sparging is

Effect of Heterogeneity on Injected Air Distribution

not the best remedial approach. In general, sites
having high clay or silt content in soils with
hydraulic conductivities less than 1 x 107 cm/s are
not typical candidates for this technology.
However, a recent pilot test has demonstrated
successful contaminant removal using pulsed air
sparging in a low permeability, highly stratified
formation with hydraulic conductivities on the
order of 6 x 107 to 3 x 10~ cm/s (Kirtland and
Aelion, 2000). In these suboptimal cases, pilot
testing may still be warranted. Appendix D lists
typical hydraulic conductivity values for a variety
of soil types.



U At sites with LNAPL present, the majority of the
contaminant mass is often contained in the smear
zone or a band of residual product just above and
below seasonal water table levels. If a smear zone
is present, air sparging may be an effective
approach because air moves vertically upward
through this region. SVE alone would not be able
to fully address the residual LNAPL source in the
smear zone due to the seasonal submergence of
this zone by the fluctuating water table.

2.3 Air Sparging System Implementability

Implementability is a measure of both the technical
and administrative feasibility of the chosen remediation
technology. Implementability issues relating to air sparg-
ing systems include the following advantages and limita-
tions:

Advantages

U Application of the technology is widely recognized
by the regulatory community as an effective reme-
dial technology for removing volatile contaminants
from groundwater.

O Implementation is relatively simple, because only
readily available commercial equipment is utilized
(i.e., polyvinyl chloride [PVC] well casing,
compressors or blowers, etc.). The equipment is
relatively easy to install and causes minimal
disturbance to site operations.

U Cleanup times are relatively short, typically taking
less than two years to achieve performance
objectives.

U Use of low-cost, direct-push well installation
techniques is possible. Direct-push technologies
are most applicable in unconsolidated sediments
and at depths of less than 30 ft. (Although, in
relatively coarse-grained lithologies, direct-push
rigs may experience some difficulty in obtaining
good material recovery and specialized equipment
may be needed to obtain relatively undisturbed
samples from depths greater than 10 ft [Kram,
2001]). In soils where utilizing this technology is
feasible, this option offers the advantage of being
more rapid and less expensive than traditional
drilling techniques such as the hollow-stem auger
method.

U If SVE is not necessary, minimal operational over-
sight is required once the system is installed and
no wastestreams are generated that require treat-
ment. If SVE is required, soil vapor treatment
prior to discharge to the atmosphere is likely to be
required. This will necessitate obtaining an air
discharge permit and additional manpower to
operate and maintain the treatment equipment.

Limitations

U Because air sparging increases the rate of contam-
inant volatilization, it is important to be aware of
the potential for migration of VOC-impacted
vapor to human and/or ecological receptors at
potential levels of concern. An SVE system can
be used to reduce or eliminate vapor migration
problems, but the proximity of the site to buildings
or other structures should be taken into careful
consideration. SVE is widely used and is one of
the U.S. EPA’s presumptive remedies for the
remediation of VOC-contaminated vadose zone
soils. SVE is relatively easy to implement, but
depth to groundwater should generally be greater
than 5 ft bgs to prevent SVE well submergence.

Q If air sparging is applied to contain a dissolved
phase plume, at a high air injection rate in a
sparging barrier configuration, the injection of air
into the subsurface can produce a zone of reduced
hydraulic conductivity. If operation of the air
sparging system is not managed properly, this
could divert the plume away from the zone of air
sparging influence and reduce treatment
efficiency. Proper management includes pulsing
air flow which allows water to flow through the
sparged zone when the system is turned off.

2.4 Air Sparging System Costs

The potential economic benefit of air sparging has
been an important driving force for utilization of this
technology. The main categories of costs for air sparg-
ing projects are initial investment and operations and
maintenance (O&M). Initial investment costs include
expenditures such as additional site characterization,
pilot-scale testing, design, and system construction,
whereas O&M costs can include monitoring, vapor treat-
ment, and site decommissioning costs. Although system
design and installation costs may be comparable to other
competing technologies, O&M costs may be significant-



ly reduced due to the typically short duration of opera-
tion. Developing a life-cycle approach to system design
and optimization can help to minimize equipment and
O&M costs. Typically, full-scale air sparging remedia-
tion costs range from $150,000 to $350,000 per acre of
groundwater treated (FRTR, 2001). The remaining sec-
tions of this document will highlight ways to improve
system design and operation to ensure cost-effective
implementation throughout the life of the project. Air
sparging project costs are discussed in more detail and
an initial cost-estimating worksheet is provided in
Appendix E.

The following is a list of the major factors that
impact project design and installation and O&M costs:

Type of contaminant

Area and depth of contaminant

Depth of groundwater

Site geology

Air sparging/SVE well spacing

Drilling method

Required flowrate and vacuum and pressure
Treatment duration

Regulatory requirements (e.g., monitoring,
permitting, etc.)

Vapor treatment requirements.

U Oo0o000o0oooo

The installation costs of an air sparging system are
based primarily on the number of air sparging and SVE

12

wells required to adequately cover the target treatment
area. The required number of wells is controlled by the
areal extent of the contamination and the subsurface air
distribution characteristics. The costs for well installa-
tion and construction will also increase as the depth to
the contaminated zone increases and the drilling
becomes more costly. Capital equipment costs are
impacted by the air injection and extraction flowrates,
which relate to compressor and blower sizing, and by
vapor treatment requirements, which determine the type
and capacity of air pollution control equipment selected.

The O&M costs are influenced primarily by those
factors that tend to increase the time required to reach
remedial action objectives. The presence of nonaqueous-
phase liquids (NAPLSs) can significantly increase project
duration because they provide a continuing source of
groundwater contamination. Site subsurface character-
istics are also important because the achievable air
injection rate and/or extraction rate affects the rate of
contaminant removal and therefore the project duration.
The soil characteristics also impact the required operat-
ing pressure for injection and the required vacuum for
extraction, which can increase energy use at the site. As
discussed in Section 3.0, vapor treatment requirements
are often the most significant O&M costs for an air
sparging project coupled with SVE. The replacement
and disposal of activated carbon or the need for supple-
mental fuel for thermal/catalytic oxidation plays a large
role in project economics.



3.0

REGULATORY ISSUES AND PERMITTING

Numerous environmental regulations will impact
the design, installation, and operation of an air sparging
system. This section summarizes regulatory and permit-
ting issues that must be considered for remediation proj-
ects using air sparging technologies. In the planning
phase, it is important to research the regulatory frame-
work involved because important issues such as limits
on VOC emissions and stringent cleanup standards can
significantly impact feasibility. Numerous federal regu-
lations and executive orders may impact a remediation
project (Appendix F provides a summary of these regu-
lations), including:

O Comprehensive Environmental Response,
Compensation, and Liability Act (CERCLA)

Q

Superfund Amendments and Reauthorization Act
(SARA)

U

Emergency Planning and Community Right-to-
Know Act (EPCRA)

Resource Conservation and Recovery Act (RCRA)
Clean Water Act (CWA)
Safe Drinking Water Act (SDWA)

Clean Air Act (CAA)

0o 0O 0 0 O

Occupational Safety and Health Administration
(OSHA) rules

Endangered Species Act (ESA)

Executive Order No. 11988, Floodplain
Management

Executive Order No. 11990, Protection of
Wetlands

Federal Insecticide, Fungicide, and Rodenticide
Act (FIFRA)

National Environmental Policy Act (NEPA)
National Historic Preservation Act (NHPA)

Toxic Substances Control Act (TSCA).
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However, state and local regulations typically are
the most critical because establishing site cleanup goals,
permitting, and site closure negotiations take place under
state and local jurisdictions. The majority of the regu-
latory compliance work will include obtaining permits
from, and submitting reports to, state or local agencies.
Although a detailed review of state and/or local regu-
lations is beyond the scope of this guidance document,
the following general considerations for establishing
cleanup goals, performance objectives, and permitting
requirements will apply to most sites.

3.1 Establishing Cleanup Goals

Remediation projects typically will fall under the
jurisdiction of CERCLA, RCRA, or state and local
underground storage tank (UST) programs. In most cases,
the cleanup goals will consist of either site-specific risk-
based levels or regulated concentrations, such as maxi-
mum contaminant levels (MCLs), established for con-
taminants in groundwater. The risk-based remediation
goals usually are calculated based on industrial and/or
residential exposure scenarios and derived using stand-
ard contaminant partitioning and transport equations.
These risk-based approaches are presented in the Ameri-
can Society for Testing and Materials (ASTM) Standard
Guide for Risk-Based Corrective Action (RBCA) at
petroleum release sites (ASTM, 1996). Most states
either have their own risk-based guidance for low-risk
site closure or accept a RBCA-type approach. Progress
towards remedial goals should be tracked and reviewed
on a quarterly basis or as new compliance and system
monitoring data become available. The following sug-
gestions should be considered when establishing or
reviewing cleanup objectives for an air sparging remedi-
ation project:

U Identify opportunities for modifying cleanup goals
based on regulatory changes or updated contami-
nant toxicity information. Often stringent cleanup
levels such as MCLs may be required initially, but
through a site-specific risk assessment and nego-
tiation with state/local regulators, more appropri-
ate and/or feasible cleanup levels may be agreed
upon.



U Utilize groundwater monitoring data or develop
site-specific groundwater transport models to help
negotiate cleanup levels or to demonstrate that
levels of residual contamination at the site do not
pose a threat to potential receptors.

Identify sites where engineering and institutional
controls can be used to reduce receptor exposure
to contaminated soil or groundwater. For exam-
ple, the cleanup requirements can be reduced with
the use of appropriate deed restrictions which
establish the site as a Brownfield, limit future land
use, and prevent future residential development.
These options must be discussed with legal coun-
sel and the long-term use of the site should be
considered. Land use controls may not always be
feasible for federally owned sites.

Where the contaminants of concern are petroleum
hydrocarbons, attempt to remove remediation
projects from RCRA or CERCLA authority and
place them under state and local UST programs.
This change results in fewer regulatory require-
ments and increased options for site-specific, risk-
based cleanup.

3.2 Performance Objectives

The development of performance objectives for air
sparging systems is critical to cost-effective remediation
because air sparging alone may not achieve cleanup
goals. Air sparging is effective at removing contaminant
mass. Surveyed literature indicates that over half of air

TABLE 3-1.
at Selected Sites

sparging systems achieve greater than 90% reduction in
contaminant concentrations (Bass et al., 2000). How-
ever, permanent reductions in groundwater VOC con-
centrations greater than 90% can be insufficient to meet
stringent cleanup standards. Table 3-1 shows that sites
with similar percent reductions in total contaminant mass
can have varying success towards achieving cleanup
objectives. With a 92% reduction in TCE groundwater
concentrations, the United States Army Corps of Engi-
neers (USACE) could not meet the stringent cleanup
standard of 5 pg/L (USACE, 1998). Alternately, a
greater than 99% reduction of TCE concentrations in
groundwater was reported by Glass (2000), which effec-
tively met the 1,000-pg/L remedial objective.

As with any remediation technology, air sparging
should be utilized when its operation is cost-effective.
At sites where the air sparging system reaches asymp-
totic levels of VOC recovery and system operation loses
its cost-effectiveness, a transition to other remedies
(such as monitored natural attenuation) should be con-
sidered (see Section 6.0). To avoid regulatory bottle-
necks, the performance objectives and the site closeout
strategy should be discussed with regulatory authorities
during system design and documented in the site’s
remediation work plan or Record of Decision (ROD) as
appropriate. Some performance objectives or issues to
consider include:

U Establish contaminant mass removal objectives
rather than agreeing to meet stringent groundwater
contaminant concentrations. For example, data
from other full-scale air sparging systems indicate

Example Percent Contaminant Reductions after Air Sparging Application

Remedial Action Percent Reduction Duration of
Compound(s) Objective for Each Contaminant | Operation Reference
DCE, PCE, TCE, VC TCE <5 nug/L DCE 100% 12 months | USACE, 1998
VC <1 pg/L TCE 92%
VC 100%
DCE, PCE, TCE PCE <5 nug/L DCE 9% 9 months Hughes and Dacyk, 1998
TCE <5 pg/L PCE 82%
TCE 95%
DCA, DCE, TCE, VC TCE <1,000 pg/L TCE 99.9% 8 months [ Glass, 2000
BTEX BTEX <2 ug/L BTEX 99.9% 15 months | Hartley et al., 1999
Ethylbenzene and Xylenes E <680 ug/L E 98% 10 months | Kraus et al., 1997
X < 1,750 ng/L® X 99%

(a) Remedial action objectives not provided for this site, so MCLs were added for comparison.
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that the majority of systems achieve significant
reductions in contaminant mass; therefore, 80%
mass removal can be proposed as a performance
objective.

Establish criteria to trigger a transition to moni-

tored natural attenuation once VOC recovery by
the air sparging/SVE system has reached asymp-
totic levels and VOC levels in groundwater have
been reduced compared to initial baseline levels.

The SVE component of air sparging typically is
the most costly aspect of system operation.
Consider establishing performance goals for usage
of the SVE system. Determine the contaminant
loading where biological degradation in the vadose
zone is sufficient to control contaminated vapor
migration/releases and discontinue SVE operation
at this point. (Discontinuing SVE operations may
require increased vapor monitoring requirements
to ensure safety and regulatory compliance.)

Contaminant rebound following system shutdown
is an important consideration in measuring air
sparging performance. Consider leaving the air
sparging system on standby (off, but still func-
tional) for a 12- to 18-month period after turning
off the system. If significant rebound occurs,
reinitiate operation. This contingency will help
ease regulatory concerns regarding discontinuation
of system operation prior to achieving cleanup
goals and yield substantial savings in mobilization
and startup costs if reinitiation is required.

3.3 Permitting Issues

Permitting is an important aspect of air sparging
regulatory compliance as well as a significant cost con-
sideration. The following sections discuss the permits
typically required for the installation and operation of an
air sparging system including well installation and bor-
ing permits, air permits, and underground injection con-
trol permits.

3.3.1  Well Installation and Boring Permits

Local agencies, such as a county Department of
Health, often require permits for subsurface installa-
tions. All sparge wells, SVE wells, soil vapor monitor-
ing points, and groundwater monitoring wells typically
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will require well or boring permits. Applications for
these permits usually request a description of the well
construction details along with information regarding
subsurface lithology. Right-of-way permits also may
have to be obtained for the installation of monitoring
wells off-site, near roadways, or on public property.

3.3.2 Permit to Construct and Operate an
Air Pollution Control Device

Additionally, before the air sparging/SVE system is
installed, both a permit to construct and a permit to
operate an air pollution control device typically will be
required. These permits can involve separate applica-
tions or a combined single application and usually are
submitted to local Air Pollution Control Boards or Dis-
tricts at the county level. The application for these per-
mits typically include the following elements:

U Site location diagrams and system piping and
instrumentation diagrams

List of major pieces of equipment (e.g., blower,
thermal oxidizer)

List of stack parameters (e.g., height, diameter,
flowrate)

Description of flow monitoring and inlet/outlet
vapor phase monitoring techniques

Estimates of criteria air pollutant emissions (e.g.,
NO,, SOy, CO, particulate matter)

Estimates of hazardous air pollutant emissions
(e.g., benzene).

Several issues are involved in these permit applica-
tions that can impact the performance and economics of
the air sparging remediation project. The selection of the
type of air pollution control equipment has a substantial
impact on project economics. Pilot test data can be used
to select and size the air pollution control device (e.g.,
thermal or catalytic oxidizer or granular activated car-
bon system), but a practitioner must take into account
the fact that the VOC removal rate will drop dramatic-
ally over time from the initial levels. Figure 3-1 illus-
trates the impact of decreasing mass removal rate on
vapor treatment costs by displaying the following data
versus time:
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FIGURE 3-1.

Q

VOC extraction rate data from an air
sparging/SVE system (green)

True cost per pound of VOC extracted (yellow)

Projected cost per pound of VOC extracted for
thermal oxidation (blue)

Projected cost per pound of VOC extracted for
granular activated carbon (GAC) (red).

During the first three months of the project, thermal
oxidation was the most cost-effective technology be-
cause VOC levels were high (5,000 to 500 ppmv) and
significant heat value was present in the extracted soil
vapor. As the VOC levels declined down to levels below
500 ppmv, the need for supplemental fuel continued to
increase, and eventually thermal oxidation costs reached
a level that made GAC purchase and disposal costs
competitive. Figure 3-1 shows that it is important to
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True and Projected Vapor Treatment Costs Over Time at an Air Sparging/SVE Site

optimize the selection of vapor treatment technology
because system operating costs can be more than
doubled if a less than optimal vapor treatment
technology is used.

The permit should contain provisions to change out
air pollution control equipment as the VOC extraction
rates and the resulting vapor treatment required dimin-
ishes. Once granted, this permit will set emission limits
and monitoring requirements for each pollution control
device. The permit usually will require weekly or
monthly monitoring and periodic submission of reports
that document the required performance parameters of
the air pollution control device.

3.3.3 Certificate of Exemption Permit

At sites where an air pollution control device is not
required (i.e., SVE is not required), the local air pollu-
tion regulatory agency may require a Certificate of
Exemption permit. This permit documents that direct



discharge from the air sparging system will not impact
air quality above certain allowable limits.

3.3.4 Underground Injection
Control Permit

Some states regulate the injection of air into the
subsurface through underground injection control pro-
grams. These programs often cover injection wells used
for innovative remediation technologies such as air
sparging, in situ oxidation, and enhanced bioremediation.
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The remedial project manager should determine if an
underground injection control permit is required at the
site. These permits typically include provisions for the
following:

Q Classification of the injection well(s)

Q Classification and protection of the affected
groundwater

U Requirements for abandonment, monitoring, and
reporting.



4.0 SYSTEM DESIGN AND CONSTRUCTION

In a case study of 49 air sparging sites, Bass et al.
(2000) reported that groundwater VOC concentration
reductions ranged from 27% to almost 100%. The over-
all success of the systems varied due to differing
designs, construction techniques, and operational condi-
tions, which indicates that correct design and construc-
tion of an air sparging system is necessary for successful
implementation. This section discusses the following
aspects of air sparging system design and construction:

Target treatment area definition

Pilot-scale testing

Air injection system design

SVE system design

Monitoring network placement and construction.

oo00Do

Air sparging relies upon two different mass removal
mechanisms: (1) air stripping, and (2) aerobic biodegra-
dation. The percentage of mass removed by these two
mechanisms can vary widely and can be influenced by
system design. At most air sparging sites, air stripping is
the primary mechanism for VOC removal, and en-
hanced biodegradation through aquifer oxygenation is
usually of secondary importance. The relative import-
ance of the above mechanisms should be considered
when designing an air sparging system. Air sparging
systems can be designed and implemented in the follow-
ing ways:

U Air sparging can be used to restore aquifer water
quality at the source, throughout the plume, or as a
barrier to prevent elevated concentrations from
passing by a selected boundary.

Air sparging, with SVE, can be designed to oper-
ate at high injection flowrates (6 to 20 cubic feet
per minute [cfim]) to effectively partition contami-
nants from the groundwater into the vapor phase.
The volatilized contaminants are then captured in
the vadose zone by the SVE system and treated
before release to the atmosphere.

Air sparging, without SVE, can be used to parti-
tion VOCs from the groundwater into the vapor
phase for aerobic biodegradation in the vadose
zone. In this approach, soil vapor monitoring is
necessary to establish that the system does not
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exceed the biodegradation capacity of the vadose
zone and/or impact ambient air quality above the
appropriate regulatory thresholds.

Air sparging, without SVE, can be designed to
deliver a mixture of oxygen to the saturated zone
to stimulate microbial growth and therefore
enhance aerobic biodegradation of target com-
pounds dissolved in groundwater. This approach
can be an option if the contaminants are
aerobically biodegradable SVOCs.

4.1 Target Treatment Area Definition

The target treatment area is the area where the air
sparging system will be installed to achieve the most
effective treatment. The area will be defined based on
the site characterization data and regulatory requirements.
It may encompass the source zone, the dissolved plume,
localized areas with elevated concentrations within the
plume, or the downgradient boundary of the dissolved
plume. In determining the target treatment area for an
air sparging system, development of a conceptual site
model is necessary as discussed in Section 2.1 of this
manual. The conceptual site model will help determine
the potential feasibility of air sparging, the most effec-
tive location for pilot testing and full-scale system
installation, and facilitate understanding among all
involved parties.

Most practitioners advocate targeting the source
zone for remediation of petroleum-contaminated aqui-
fers, while targeting the localized areas with elevated
concentrations within the dissolved plume is recom-
mended for chlorinated solvent-contaminated aquifers.
In general, if the source zone can be located and
remediated, then the remaining dissolved plume will
dissipate rapidly through natural attenuation processes.
Remediation outside the source area is warranted,
however, when further migration of a recalcitrant
chemical (e.g., TCE or MTBE) must be prevented.

Location of the target treatment zone is dependent
on the contamination type, distribution, and the prox-
imity to receptors. Contaminants commonly are classi-
fied into general types based on similar sources and
chemical properties. These properties can affect the
optimal density and location of sparging wells, as dis-
cussed in Sections 4.1.1 and 4.1.2.
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For petroleum hydrocarbon contamination, the tar-
get treatment area is influenced by three factors:

Petroleum Hydrocarbons

U Typically, the more hazardous components (i.e.,
BTEX compounds) are volatilized fairly readily,
and petroleum hydrocarbons are biodegradable

under aerobic conditions.

Petroleum hydrocarbon source zones often are
relatively small in contrast to a dissolved-phase
plume that may be much larger.

Petroleum hydrocarbon dissolved-phase plumes
often naturally attenuate readily, and additional
plume control may be unnecessary.

Given these factors, the most economical air sparging
installation may be one that is installed into the source
zone to remove high concentrations of contaminants.
Natural attenuation could then be implemented for reme-
diation of the remaining dissolved-phase plume. If natural
attenuation is not sufficient to control plume migration
before the plume contacts potential receptors, an air sparg-
ing system can also be installed at the leading edge of the
plume. This is sometimes referred to as a sparge curtain
or wall.

4.1.2 Chlorinated Volatile Organic
Compounds

For chlorinated solvent contamination, the target
treatment area is influenced by three factors:
U Chlorinated solvents such as PCE and TCE
degrade slowly or not at all under aerobic condi-
tions, but are volatilized fairly readily.

Chlorinated solvent source zones may be
relatively large and difficult to locate due to the
sinking and spreading of DNAPL in the aquifer.

Chlorinated solvent plumes often are quite large
because natural attenuation processes are relatively
slow.

Given these three factors, chlorinated solvent source
zone treatment may not be feasible due to a large and/or
unknown location of the source zone. If the contaminant
plume is very large, air sparging may be economically
prohibitive due to the number of wells that would have
to be installed. Therefore, the most appropriate air sparg-
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ing system location may be treatment within localized
areas of elevated concentrations throughout the plume
and/or location of a system at the leading edge of the
plume. If the source zone can be identified, treatment of
the source zone is recommended to shorten the remedi-
ation time.

4.2 Pilot-Scale Testing

Pilot testing should be conducted in a portion of the
target treatment area and should be performed to
determine air sparging feasibility. If the target treatment
area is very large, it may be necessary to conduct pilot
testing in more than one location, particularly if site
soils vary significantly throughout the site. The air
sparging pilot test is designed to: (a) look for indicators
of infeasibility; (b) characterize the air distribution to
the extent practicable; (c) identify unexpected
challenges; (d) identify any safety hazards to be
addressed in the full-scale design; and (e) provide data
to size the full-scale system.

In order to accomplish these objectives, pilot-scale
testing typically includes the following activities:

Q

Baseline sampling
U Injection pressure and flowrate testing

U Groundwater pressure response testing

Q  Soil vapor sampling and off-gas sampling
(with SVE)

U

DO measurements

U

Helium tracer testing

Q

Direct observations

In complex geologic conditions and where well spac-
ing greater than 15 to 20 ft is being considered, additional
tests, such as sulfur hexafluoride (SFe)-distribution test-
ing, neutron probe analyses, and geophysical testing,
may be appropriate. Table 4-1 summarizes pilot-scale
testing activities and the data objectives met by each
activity. A more extensive discussion of pilot-scale
testing activities and implementation can be found in the
Air Sparging Design Paradigm (Leeson et al., 2001).
An Air Sparging Pilot-Scale Testing Activity Matrix is
provided in Appendix G and includes more discussion
of the key issues related to pilot test activities as pre-
sented in Table 4-1.



TABLE 4-1.

Summary of Pilot Test Activities

* Groundwater
COCs

Activity Question(s) Answered
Baseline sampling | What are aquifer and vadose
* Pressure zone conditions prior to air
DO sparging startup?

response test

* Soil vapor

* Geophysical

Injection Is it possible to achieve desired
pressure/ flowrate at safe and reasonable
flowrate test pressures?

Groundwater What are the general character-
pressure istics of the air distribution?

a) Semiconical air distribution
or

b) Irregular distribution with
preferential channels

Helium tracer test

What is the lateral extent of the
air distribution? Are there indica-
tions of preferential flowpaths?

Soil vapor/SVE
off-gas sampling

What is the volatilization rate?
Are there any obvious safety
hazards?

Dissolved oxygen

What is the lateral extent of the

measurements air distribution? Are there indi-
cations of preferred directions?

Direct Are there any odors, noise, or

observations other factors present that make
system operation less
acceptable?

SF; distribution What is the vertical and lateral

test extent of the air distribution in
the target treatment zone?
What are the oxygen transfer
rates to groundwater?

Other geophysical | What is the vertical and lateral

tools (e.g., extent of the air distribution in

neutron probes, the target treatment zone?

electrical

resistance

tomography)

4.21 Pilot-Scale Testing Equipment

Figure 4-1 shows the typical components of an air
sparging system. The following equipment typically is
needed to conduct pilot test activities:

O At least one air injection well equipped with a well-
head pressure gauge, flowmeter, and control valve.
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An air supply system consisting of an air filter,

air compressor, and pressure vessel. The air
compressor should be capable of providing at least
20 cfm at pressures up to 10 to 15 pounds per
square inch (gage) (psig) above the calculated
hydrostatic pressure.

Three or more groundwater piezometers or
monitoring wells.

Three or more multilevel groundwater/vadose
zone monitoring points.

A soil vapor extraction system may be needed to
reduce the potential for adverse vapor migration
impacts (or it may be required by regulation). The
SVE system consists of control valves, sampling
ports, air/water separator, air filter, blower, and
vapor treatment equipment.

The air injection well should be designed the same
as wells intended to be used for full-scale implementa-
tion (see Section 4.3.1). A typical air injection well is a
1- to 4-inch-diameter vertical well having a 1- to 2-ft-
long screened interval installed 5 ft below the lowest
depth of observed contamination. For drilled wells as
opposed to direct-push wells, it is important to ensure a
good annular seal between the top of the screened inter-
val and the water table to prevent vertical airflow within
the borehole.

To the extent possible, existing groundwater moni-
toring wells and other monitoring installations should be
incorporated into the design. The piezometers and
groundwater sampling points ideally should be screened
only within the target treatment area. Groundwater wells
should be designed and installed such that the length of
screen exposed above the water table is minimized.

Vapor monitoring points should be screened over a
narrow interval (1 to 2 ft maximum) and placed just
above the capillary fringe. Seasonal water table fluctua-
tions should be considered when selecting appropriate
depths for vapor monitoring points. For shallow sites
(i.e., depth to groundwater <30 ft bgs), monitoring net-
works like these are often quickly and cost-effectively
installed with direct-push methods. At deeper sites, or
sites with access restrictions, practical considerations
may dictate the use of fewer wells or multilevel
samplers.
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FIGURE 4-1. Components of a Typical Air Sparging System

4.2.2 Pilot-Scale Testing Layout

A sample pilot test layout is shown in Figure 4-2.
When determining the vapor monitoring point layout, it
is important to recognize that air distributions often
have unpredictable preferred directions. Vapor monitor-
ing points should be spatially varied and placed at sev-
eral different angles from the sparge well because pref-
erential flow and channeling make the air distribution
pattern unpredictable and a straight line of vapor moni-
toring points might provide inadequate or nonrepresent-
ative data (Bruce et al., 2001). Furthermore, the loca-
tions should reflect the hydrogeologic setting and the
preferred well spacing. In most circumstances, the vapor
monitoring points should not be installed more than 10
ft away from the injection well to obtain adequate data
to characterize the injected air distribution. The ground-
water monitoring wells should be located at three
different distances, no more than 20 ft out from the
injection well, to obtain good pressure transducer
measurements.
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4.2.3 Pilot-Scale Test Evaluation

The data from pilot-scale testing should be evalu-
ated and a decision made about whether or not air sparg-
ing is an effective remedial option for the site. The
results of the pilot test can sometimes be a challenge to
interpret because no site will have completely homoge-
neous flow around an air sparging well. However, the
following is a list of some pilot test results that would
indicate that air sparging is infeasible or less than opti-
mal at a specific site. It should be noted that some of
the following results may also be caused by the
lithology in a highly localized region of the site and the
results of the test could change if the injection point is
moved to a new location.

Q If air could not be injected into the aquifer at a
flowrate of 5 to 20 cfin at a pressure that does not
exceed the soil overburden, then air sparging
system design requires more engineering effort.
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FIGURE 4-2. Sample Pilot Test Layout
U If mass removal rates during the pilot test are very mentability, if buildings and/or other potential
low, then there should be considerable concern receptors are located nearby.
about the viability of air sparging at the site. If
pilot sparging wells are placed in high concentra- Q Odors caused by the contaminants, noise caused

tion areas, pilot test data typically represent the
maximum achievable removal rate observed over
the lifetime of the air sparging project.

If all of the injected air appears to be conducted
through a channel of high permeability based on
tracer testing, then air sparging either may be
infeasible or site-specific system design
enhancements may be necessary to avoid and/or
compensate for this channeling.

If the groundwater pressures remain elevated for
more than 8 hours, it can be assumed that the
injected air is trapped or limited by subsurface
stratification and may not be reaching the targeted
treatment zone.

For sites with SVE systems, if helium recovery is
low (less than 20%), the air is most likely being
trapped by less permeable lenses or layers that
conduct it beyond the SVE system or out of range
from monitoring wells (Figure 4-3). This indica-
tion of poor air distribution may impact mass
recovery, but could also limit air sparging imple-
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by the equipment, or other environmental factors
may not make air sparging infeasible from a tech-
nical standpoint, but may make the system less
acceptable for the community or property owner.

4.3 Full-Scale Implementation

If results from pilot testing are favorable, then the

full-scale design may be developed and implemented. If
buildings or underground corridors may be impacted,
vapor migration management must be accommodated in
the system design. This topic is discussed in detail in
Leeson and Hinchee (1996). The engineering design pro-
cess can be divided into these categories:

Q
Q

Q

Air injection system

Vapor extraction and treatment system
(if applicable)

Monitoring network.

Table 4-2 summarizes the critical design consider-

ations involved in full-scale implementation of an air
sparging installation.
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FIGURE 4-3.

4.3.1 Air Injection System

The air injection system is the primary component
of the air sparging system and consists of an air com-
pressor with pressure vessel, air filter, piping, valves/
controls, and injection wells (see Figure 4-1). The fol-
lowing sections discuss injection well placement and
design as well as air compressor selection.
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Helium Tracer Test Results with Optimal and Suboptimal Site Geology

4.3.1.1 Injection Well Placement

Starting with a plan view map, air injection wells
are placed in locations consistent with the selected well
spacing within the target treatment area. A relatively
dense well spacing of 15 to 20 ft, as shown in Figure 4-4,
is recommended (Leeson et al., 2001; Bass et al., 2000).
The study by Bass et al. (2000) showed that the most



TABLE 4-2. Critical Design Considerations for Air Sparging Installations

Installation Design Parameter
Air injection | Injection well screen begins approximately 5 ft® below target treatment area.
system Separate pressure control and flowmeter for each injection well.
Competent annular well seal immediately above injection well screen (if drilled installation).
Flowrate between 5 to 20 ft*/min. Note that 20 ft*)min has been found to be the most effective.
Pulsed injection in banks of 2 to 5 wells.
Vapor extrac- | Extract 2 to 3 times the volume of air injected and maintain vacuum in soil vapor monitoring points.
tion and If VOC concentrations in the extracted vapor exceed 150 ppmyv, consider thermal treatment (i.e.,
treatment thermal or catalytic oxidation). GAC treatment is typically cost-effective for concentrations below
system 150 ppmv.
Refer to standard design manuals (USACE, 1995).
Option for colocating extraction wells in same borehole as injection wells.
Groundwater | Refer to standard design manuals (USACE, 1998).
monitoring Diameter at least 2 inches to allow for insertion of pressure transducer.
wells
Multilevel At least two sampling depths:
groundwater | e In contaminated groundwater area
and vapor e In vadose zone approximately 1 to 2 ft above water table.
mqn{toring Discrete sampling intervals: 0.5 to 1 ft in length and 0.25 to 0.5 inches in diameter.
points

(a) If site stratigraphy does not allow for a separation of 5 ft, the injection screen can be installed at lesser distances
below target treatment zone. However, the shorter the distance from the target treatment zone to the top of the
injection well screen, the greater the chance that portions of the target treatment zone will not receive direct

contact with air channels.

Triangular Well
Placement

X
@uv,‘,

Contaminant
Plume

High Concentration

AlR INJECTION WELL
© Area

— AREA OF INFLUENCE

FIGURE 4-4. Standard Design Approach to
Injection Well Placement

successful air sparging systems consisted of multiple
wells spaced less than 30 ft apart. Typically, a triangu-
lated spacing is preferred because it increases the amount
of overlap of the influence of the individual wells.
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4.3.1.2 Injection Well Design

The critical design parameters for air injection wells
are the depth of the injection well screen, the use of
flowmeters, and the annular well seal. Figure 4-5 illus-
trates a typical air sparging injection well design.

The vertical air injection well should be constructed
of 1- to 4-inch-diameter, schedule 40 PVC well casing
with a slotted screen. For vertical wells, the well screen
interval should typically be about 1 to 2 ft long and
placed entirely below the groundwater table. Longer
well screens generally are not necessary, but may be
appropriate for some sites where greater air flowrates
are desired and the formation is relatively tight. The
specific screen depth at any given site is based on con-
siderations of the contaminant depth and subsurface
stratigraphy. Performance data demonstrates that plac-
ing the top of the injection screen approximately 5 ft
below the bottom of the contaminated zone is preferable
(Leeson et al., 2001). If the source is a DNAPL that
results in dissolved contaminants through the entire
saturated interval, sparging well screens should be
installed such that the bottom of the screen is at or just
above the aquitard underlying the aquifer (assuming
fairly homogenous soils). Injection well screens that are
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FIGURE 4-5. Typical Sparge Well Construction

installed much greater than 5 ft below the target treat-
ment zone run the risk of air bypassing the contaminated
area. Likewise, injection wells installed too shallowly
will likely result in air channels not contacting the lower
portions of the contaminated area. If confining layers
are present, they may prevent airflow from reaching the
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contaminants. However, this negative impact can be
avoided by modification of well screen depths or well
spacing. Subsurface stratigraphy may force the practi-
tioner to install the injection well screens closer to the
bottom of the target treatment zone than 5 ft.



Injection wells should be installed with a competent
annular seal in the borehole above the screened interval,
using a bentonite-and-grout slurry. However, bentonite
chips can be used if hydrated continuously during instal-
lation. In the absence of a good seal, the injected air will
flow up along the well bore and the well will be ineffec-
tive. At some sites, driven points can be used without
injecting grout; site soils will dictate this use.

The piping and manifolding of the wells need to be
designed such that each injection well has its own dedi-
cated pressure control and flowmeter. This design allows
observation and optimization of airflow into each well,
and unless flow can be regulated to each individual
injection well, air injection will not be uniform through-
out the system.

To understand the need for dedicated controls for
each injection well in a network, it is necessary to
understand how airflow is introduced into the saturated
zone. First, a threshold pressure must be attained before
the airflow can push through into the saturated zone.
Enough pressure has to be applied to make room for the
introduced air which involves overcoming the resistance
to airflow contributed by the well screen, the packing
material, the soil matrix, and the groundwater. Once the
threshold pressure is achieved, very small changes in
pressure can result in large flowrate changes (Rutherford
and Johnson, 1996). The minimum pressure needed to
achieve airflow into the saturated zone will be deter-
mined during the pilot-scale test. The practitioner should
be aware of the fact that if the minimum pressure
needed to induce flow is too high, there could be safety
issues and practical operational difficulties to air sparg-
ing. It is important that the air injection pressure does not
exceed safe levels since high pressures can damage air
sparging well seals and cause fracturing in the formation.
As a general guideline, to maintain the integrity of the
injection well seal, practitioners should proceed with cau-
tion when operating in a range near the estimated frac-
turing pressure (Pgacue). This pressure is related to the
overburden or weight of the soil matrix above the injec-
tion point (based on a bulk density of 105 Ib/ft’) and can
be estimated with the following theoretical relationship:

Pfracturc [p51g] =0.73 x Dsoil [ft] (4'1)
where: Dy, [ft] = depth below ground surface to the top
of the air injection well screened interval. The actual
fracture pressure of the formation may be greater due to
the resistance offered by friction along the margin of the
overburden column and resistance offered by surface
completion features (e.g., concrete pad).
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Vertical Injection Wells

Air injection wells can be installed using either
direct-push technology or traditional auger drilling tech-
niques. Injection wells installed using direct-push tech-
nology tend to be less expensive; however, site soils or
contaminant depth may necessitate the use of traditional
auger drilling techniques.

Direct-push techniques are believed to minimize
disturbance of the soil column and to eliminate the need
for well packing material. In less permeable soils, sand
pack installation and grouting below the water table
may be necessary to prevent short-circuiting. If site con-
ditions are suitable, direct-push is quicker than
traditional auger drilling.

Direct-push wells are typically small diameter wells
with pre-packed well screens. Air sparging injection
wells can be constructed with standard off-the-shelf
groundwater well systems. These pre-packaged systems
are available in two sizes: 1.4 inches OD (outer
diameter) (0.5 in or 0.75 in ID [inner diameter]) and 2.5
inches OD (1.0 in or 1.5 in ID). The pre-packed well
screens typically consist of 20/40 grade sand. The small
diameter well has a 0.50-inch Schedule 80 PVC riser
and is installed with a 2.125-inch OD probe rod. The
large diameter well uses a 1.0-inch Schedule 40 PVC
riser pipe and is installed with a 3.25-inch OD probe
rod. The wells are lowered to the required depth after
the probe rod has been driven into the subsurface to the
target depth. Once the well assembly has been lowered,
and the probe rod retracted, a sand barrier is created
directly above the well screen, which prevents grout
from entering the screen. A granular bentonite or
bentonite slurry is then installed in the annulus and the
well is sealed and grouted according to EPA and ASTM
D-5092 method requirements. Standard aboveground or
flush-mount well protectors can be used with direct
push wells.

If site geology and/or contaminant depth prevent the
use of direct-push techniques, other drilling methods,
such as hollow-stem augering, will be required. When
using a hollow-stem auger, it is vital to have a good
annular seal that begins well below the water table.
Whenever possible, the diameter of the borehole should
be at least two times greater than the sparging well out-
side diameter. The annular space corresponding to the
screened interval should be filled with silica sand or
equivalent. The annular space above the screened inter-
val should be sealed with a bentonite-and-grout slurry to
prevent short-circuiting of air to the vadose zone.



Existing groundwater monitoring wells are unlikely
to be suitable for use as an injection well. Groundwater
monitoring wells are frequently screened above the
water, or may at least have a sand pack that extends
above the water table. In these situations, the majority of
the injected air will be delivered into the vadose zone
with little or no air entering the saturated zone outside
the borehole.

Horizontal Injection Wells

Horizontal wells are occasionally installed to inject
air below structures within or through which drilling is
not possible. However, horizontal wells have the dis-
advantage of higher installation costs and a high poten-
tial for nonuniform aeration. Wade et al. (1996) docu-
ments the difficulties with non-uniform aeration during
the use of a 200-ft horizontal well as a barrier to the
migration of a chlorinated solvent plume, although rela-
tively successful implementations have been documented
(Kershner and Theoret, 1997; Roth et al., 1998). Hori-
zontal well installation for air sparging is not typically
recommended.

4.3.1.3 Air Compressor Selection

An air compressor provides the driving force to
move air through the sparging system. Compressors typ-
ically are selected during the pilot-testing phase based
on expected injection flowrates and pressure require-
ments. According to current design practices, the prac-
titioner should expect to inject air at flowrates ranging
from 5 to 20 cfm per injection well at pressures 10 to
15 psig above the hydrostatic pressure. Compressor
selection should be discussed with a reputable vendor
and/or manufacturer. It is important that the unit(s) be
capable of: (a) providing the necessary flow capacity of
clean air at the design pressures, and (b) long-term con-
tinuous operation with minimal maintenance require-
ments. In selecting the compressor size, one must
consider the required air flowrate and the total system
pressure drop. System pressure drop includes the back-
pressure due to the injection wells and formation in an
air injection configuration plus any pressure drop in the
system piping. Both oil-less, rotary vane compressors
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and reciprocating piston-type compressors are suitable
for air sparging applications. Reciprocating piston air
compressors are typically designed to deliver low flow
at higher pressures than rotary vane compressors, so
they can be used for sparging at deep sites or in low
permeability soils. Figure 4-6 shows a typical perform-
ance curve for a 5-hp reciprocating piston air compressor.

Air compressors should be selected based on their
ability to deliver the desired flow at a pressure that does
not exceed 60% to 80% of the maximum pressure. The
empirical data collected during pilot testing should be
used to properly size the compressor for full-scale use.
Proper sizing and selection of a compressor is essential
to ensure that the unit can deliver the required airflow at
the necessary pressure and that it operates properly.
Choosing the wrong compressor can result in an inabil-
ity to deliver sufficient air or a significantly shortened
compressor life. It is best to select the compressor to
allow operation near the middle of its performance range.
A compressor operating near its maximum pressure is
running inefficiently and under stressed conditions,
thereby increasing operating costs and shortening its life.
Selection of an oversized compressor reduces operating
efficiency and increases design and installation costs
unnecessarily.

Practitioners have varied opinions on the effect of
changing air injection flowrates. Some believe that low-
er air injection rates favor biological treatment relative
to volatilization, while others believe that increased injec-
tion rates can improve air distribution. Johnson et al.
(2001) states that low air flowrates generally yield less
extensive air distributions compared to high air flowrates.
Laboratory-scale studies (Ji et al., 1993; Rutherford and
Johnson, 1996) indicate that increasing the injection
flowrate results in positive effects, especially in strati-
fied geological settings, by allowing the air to break
through soil layers under which it might normally be stra-
tified, creating a dense air distribution network. Although
a high injection rate is favorable, it will undoubtedly
result in higher costs due to the necessity of selecting a
larger compressor. The practitioner must weigh all these
factors when selecting a compressor.
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FIGURE 4-6.

4.3.2 Vapor Extraction and Treatment
System

Vapor extraction systems are installed in conjunc-
tion with in situ air sparging systems when contaminant
vapors must be recovered, or where there is concern that
contaminant vapors could migrate to enclosed spaces
(e.g., utility conduits, basements, buildings). An SVE
system should not be installed when vapors, particularly
petroleum hydrocarbon vapors, can be degraded in the
vadose zone. In general, if safe and feasible, air injec-
tion into the aquifer with no SVE is the preferred and
most economical configuration for full-scale air sparg-
ing systems. However, several conditions may require
vapor collection and treatment:

O  One or more of the target contaminants are not aero-
bically biodegradable (e.g., chlorinated solvents).

U Soil vapor monitoring indicates that contaminants
are not adequately biodegraded in the vadose zone
and could potentially impact utility conduits,
basements, and/or buildings.

U Substantial contaminant mass remains in the
vadose and/or smear zone through which the water
table fluctuates (typically this condition exists in
or near the source area).

SVE systems are routinely installed and design con-
siderations are covered thoroughly in several manuals
(including U.S. Army Corps of Engineers, 1995). The

Example Air Compressor Performance Curve

typical components of an SVE system include the
vacuum blower, air filter, air/water separator, valves/
controls, extraction wells, and vapor treatment system
(see Figure 4-1).

The soil vapor extraction rate should typically be 2
to 3 times the air injection rate and should maintain
adequate vacuum in the nearby soil vapor monitoring
points. The number of SVE wells required will typically
be less than the number of air sparging wells because
the spacing for SVE wells is generally on the order of
30 ft or more, compared to the 15-ft spacing for a stand-
ard air sparging design. The minimum number of SVE
wells required can be estimated by the ratio of target
treatment area to the area of influence of the SVE well
as follows:

Atarget

Nayp = — et 42
e t(Rgye) *2

where: Ngyg = minimum number of SVE wells
Atelrget = target treatment area
Rgve radius of influence for SVE well.

The radius of influence for SVE wells is typically
around 20 ft for sandy/silty soil types and 30 ft or more
for sand to gravel soil types.

The SVE wells can be located adjacent to an air
sparging well or in between a network of air sparging
wells. An additional option for SVE well placement is
to colocate the extraction well and air sparging injection
well in the same borehole. This strategy provides a



conservative SVE well spacing, but will reduce installa-
tion costs.

Figure 4-7 is a diagram of a typical SVE well. The
SVE wells should be screened above the seasonal high
water table to avoid flooding of the wells. The SVE well
should be constructed of 2- to 4-inch-diameter, schedule
40 PVC well casing with a slotted screen. After the
screen and riser are installed, the annular space is filled
with a silica sand mixture to a height of 2 ft above the
screen. A 2-ft-thick (minimum) bentonite seal is placed
on top of the sand pack and the remaining annular space
filled with a bentonite-cement grout mixture. A flush-
mount protective vault with a watertight, locking well
cap is often placed over the well.

There are several options for the vapor treatment
system such as: thermal oxidation, catalytic oxidation,
and granular activated carbon. Thermal oxidation and
catalytic oxidation rely on thermal destruction to com-
bust the contaminants and convert them to carbon diox-
ide and water, while granular activated carbon relies
upon adsorption of the contaminants onto a carbon sub-
strate for later regeneration and/or disposal. If VOC
concentrations in the extracted soil vapor exceed
150 ppmv, consider thermal oxidation or catalytic oxi-
dation. Granular activated carbon is generally cost-
effective for concentrations below 150 ppmv. However,
each constituent has a different adsorption capacity
ranging from 1.5g/100g GAC for VC to 54g/100g GAC
for PCE. Catalytic oxidation is typically not suited to
sites with chlorinated volatile organic compounds.

4.3.3 Monitoring Network

The monitoring network for an air sparging system
consists of groundwater monitoring wells and multilevel
monitoring points. Groundwater monitoring wells are
traditional wells with a relatively large screened interval
(approximately 5 ft) in the contaminated zone of the
aquifer. Multilevel monitoring points are much smaller
and are designed to collect water and soil vapor samples
from discrete intervals in the groundwater and vadose
zone.

4.3.3.1 Groundwater Monitoring Wells

Construction of groundwater monitoring wells is
standardized and often dictated by local regulatory
issues, and is defined in detail in several manuals
(including U.S. Army Corps of Engineers, 1998). A
typical groundwater monitoring well may consist of
4-inch-diameter PVC casing with the well screen in the
saturated zone. The annular space outside the screened
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interval of the monitoring wells is filled with a medium-
grade silica sand filter pack. The remainin