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SECTION 1
INTRODUCTION

1.1  BACKGROUND

The Comprehensive Environmental Response, Compensation, and Liability
Act of 1980 (CERCLA or "Superfund") and its reauthorization in the Super-
fund Amendments and Reauthorization Act (SARA) of 1986 established a na-
tional program for responding to releases of hazardous substances into the
environment. The mandate of the CERCLA program is to protect human health
and the environment from current and potential threats posed by these
releases.

Occupants of existing structures proximate to a CERCLA site may be
exposed to the released chemicals from their transport into the indoor
environment. The potential also exists for similar exposures to occupants
of future structures proximate to the site. Mitigation may be needed when
investigations of the site and proximate areas demonstrated that these |
exposures reach levels determined unacceptable for occupants of current
structures, or are likely to be reached for octupants of potential new
structures.

Many EPA Regions have sites where such impacts have occurred and
mitigation has been required. Methods used to select the mitigation
procedure(s) for those impacts vary within and among Regions. Although
information and reference documents exist for mitigation techniques for
certain types of impacts, most notably for radon, no information or
guidénce document exists for developing or evaluating indoor air impact
mitigation strategies.

1.2  PURPOSE

The purpose of this document is to present and analyze approaches that
may be used to mitigate CERCLA site impacts on the indoor air quality of
nearby structures. This document is based on relevant published 1it-
erature, information on specific cases made available by EPA, and expertise
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and experience provided by its review committee. The document is designed
to provide information that may assist in resolution of indoor air quality
concerns at CERCLA sites. The procedures and methods, however, may also be
useful in developing mitigation strategies for indoor air impacts from
other hazardous wastes and hazardous materials sources.

1.3  SCOPE

This document assumes that the need for mitigation of indoor air
impacts related to the site has been established. Assessment procedures
are, therefore, not included. The reader may refer to the Air/Superfund
National Technical Guidance Study Series Report "Assessing potential Indoor
Air Impacts for Superfund Sites", EPA-451/R-92-002, for assistance in
assessing the potential impacts. '

This document focuses primarily on mitigation methods which may be
applied in the immediate vicinity of the impacted or potentially impacted
structure(s). Reference is made to CERCLA site remediation methods which
may also have a beneficial impact on indoor air quality, but these are not
discussed in detail here. The document includes summary level information
on technical methods to prevent or reduce the intrusion of site related
chemicals into the indoor environment and institutional methods to restrict
the use of developed and undeveloped property to the extent necessary to
reduce risks to acceptable levels.

1.4  RELATIONSHIP TO EXISTING REGULATIONS AND GUIDANCE

This document provides supplemental information to assist the reviewer
in focusing on mitigation of indoor air impacts occurring at a CERCLA site
using techniques that involve Tittle or no treatment to reduce or prevent
indoor air exposures. This document assumes that other actions designed to
eliminate the contaminants at the site through treatment or removal may be
occurring that also reduce or eliminate indoor air impacts.

The RI/FS guidance requires that, while developing alternatives,
screening procedures be used that consider effectiveness, implementability,
and costs for media-specific technologies and to assist with reducing the
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- number of alternatives prior to detailed evaluation. Section 3 of this
document, which discusses procedures for developing alternative strategies
for detailed evaluation, assists in the screening of the alternatives

regarding effectiveness, costs, and reduction of the number of alterna-
tives.

The NCP and RI/FS guidance requires that remedy selection for a site be
accomplished by detailed evaluation of alternatives against nine criteria.
The suggested alternative strategies development procedures in Section 3
and the review procedures of Section 4 were designed to consider these
criteria. The review procedures of Section 4 assist in addressing specific
concerns relevant to the criteria for the indoor air pathway.

CERCLA and the NCP require a periodic review of remedial actions, at
least every five years after initiation, for so long as hazardous substanc-
es, pollutants, or contaminants that do not allow unrestricted use remain
at the site. Section 5 provides procedures that may be of use in conduct
of such reviews for the indoor air mitigation efforts at a site as well as
for effectiveness reviews that may be desirable following implementation of
the mitigation.
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SECTION 2
MITIGATION TECHNIQUES

The techniques described in this document are provided as options that
may assist in the development of mitigation strategies for the indoor air
jmpacts at CERCLA sites. These techniques may be considered as supplement
to state-of-the-art source control technologies, such as soil gas extrac-
tion wells, ground water pumping systems, etc.

The mitigation techniques presented are intended to address indoor air
contaminants that migrate into a building from external sources. The
primary transport mechanisms for indoor air impacts on pfoximate structures
are ambient air (to include wind driven), soil gas intrusion, and ground
water migration. Development of the mitigation strategy may be influenced
by the transport mechanism.

The techniques are presented in one of two broad classes: technical
measures; and institutional controls. Technical measures are mitigation
techniques that employ engineering principles to reduce the indoor air
impact. Institutional controls are mitigation techniques based on legal
principles that reduce indoor air impacts by restricting the use of the
affected property. Institutional controls are used to supplement engineer-
ing controls at the site.

2.1 CONTAMINANT PATHWAYS
Air emissions from the site, both gaseous and particulate, may be

carried by ambient air to the impacted structure. The rate at which ambi-
ent air infiltrates a building is a function of several factors including
wind speed, indoor-outdoor temperature differences, height of the building,
and leaks in the building envelope. The use of vented equipment, such as
mechanical ventilation systems, bathroom and kitchen fans, or o0il and gas
furnaces and fireplaces also affects infiltration. Typical buildings ex-
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change between about 0.5 and 1.0 building volumes of air per hour. "Tight"
buildings may have exchange rates as low as 0.25 building volumes per hour.

Volatile pollutants in migrating soil gases, such as from a landfill
or groundwater plume, may also enter the ambient air at the ground surface
near the structure and enter with the ambient air. While generally these
concentrations would be expected to be Tow, they may be high enough to be
of concern in cases where the pollutant is highly toxic.

Contaminated soil gases can enter a structure through any opening in
that part of the building shell directly above or in contact with the
ground. This includes, among others, cracks in below-grade floors and
walls, porous structural components such as cinder blocks, sumps, and open-
ings where utilities such as electrical, water, or gas or o0il lines enter.
Soil gases may diffuse into the building or be drawn in due to reduced
pressure in the building. Air pressures below ambient can develop in the
Tower stories of a building as a result of indoor-outdoor thermal differ-
ences, the use of vented equipment, or it may be wind induced. Although
these pressure differences are small, typically between 1 and 10 pascals,
they can result in the building literally sucking in soil gases through
cracks and openings.

If the water table is near the ground surface, direct intrusion of
contaminated groundwater into below-grade parts of the structure is possi-
ble. Contamination may be from a migrating plume of contaminated ground-
water or from groundwater contact with contaminated soil near the struc-
ture.

Many commercial and residential buildings use wells as a water supply.
If these wells intersect the contaminated groundwater, the pollutants may
be volatilized from indoor uses of that water. Typical residential
activities which may result in volatilization of the pollutants are
showering, cooking, and clothes washing.
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2.2 TECHNICAL MEASURES

Much of the technical information contained in this Section is based
on techniques found to be applicable to radon reduction in indoor air.
Although that information was intended only for the mitigation of radon,
the principles of operation and the primary entry routes are theoretically
comparable to those for other gases. They are applicable, therefore, to
the development of mitigation strategies for the indoor air impacts related
to CERCLA sites.

The following technical measures are offered as available options to
be considered when developing a mitigation strategy. The 1list is not ex-
haustive. It is likely that combinations of, or adaptations to, the listed
- techniques may produce the most benefit. This technology is in its infancy
and innovation and ingenuity are often required to obtain the desired re-
sults. The technical measures discussed in this Section are:

J Source Removal

o Prevention of Soil Gas Entry
o Removal from Indoor Air

° . New Construction Techniques

2.2.1 Source Removal

Source removal requires substantial or complete removal of the source
generating the indoor air contaminant. This technique may involve the
removal of contaminated soil and the back fi1l of uncontaminated soil or
the removal of the remote source of the contamination. Applicability is
Timited to situations in which a significant amount of the source can be
isolated and removed. Obviously, the cost-effectiveness and feasibility of
this alternative should be evaluated.

Building materials may be contaminated by settled particulate matter
or groundwater intrusion. In some cases, removal of these contaminants
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from the building materials, or removal of the contaminated building

materials that have been identified as causing elevated indoor contaminant
levels, may be indicated. Applicability is limited to situations in which
the contaminant source has been isolated and can be effectively remediated

or removed. The cost-effectiveness and feasibility of this alternative can
restrict its application.

2.2.2 Prevention of Soil Gas Entry

Soil permeability is a function of the void to solid ratio of soil.
The voids between the solids will be occupied by either liquids or gases.
Pressure and/or concentration differentials between adjacent voids cause
the liquids or gases to migrate. This migration is a primary pathway for
contaminant transport from the source to an impacted building.

In order for contaminated soil gas to have a deleterious effect on the
" indoor air of an impacted building, the soil gas must enter the building
envelope. The driving forces influencing the entry of soil gas are
somewhat complex. Examples of the driving forces influencing soil gas
entry are weather, building design, indoor/outdoor temperature differences,
and mechanical depressurization (e.g., exhaust fans). Figure 2-1 illus-
trates some of the driving forces acting on a residential building which
may induce a negative pressure differential between the building and the
soil. A checklist of factors that may contribute to the driving force of
soil gas entry are listed in Table 2-1. In general, soil gas entry can be
prevented or controlled through:

. Sealing soil gas entry routes,

° Ventilating the soil or crawl space beneath the building to
divert soil gas away from the building substructure, and

° Adjusting the pressure inside the building to reduce or elimi-
nate the driving force for soil gas entry.
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2.2.2.1 Sealing of Soil Gas Entry Routes

Soil gas may enter a building via numerous pathways or entry routes.
Soil gas entry routes can be categorized by their relative potential for
soil gas influx. Major entry routes allow virtually unrestricted flow of
soil gas into_the bui]ding; Examples of major entry routes include exposed
soil, sumps, floor drains, French drains, and uncapped hollow block walls.
Minor entry routes include slab/wall cracks and block wall pore openings.
Although minor entry routes have a lower potential for soil gas influx than
major entry routes, they are considered a significant pathway for soil gas
migration into a building (EPA8S). Figure 2-2 diagrams potential entry
routes into a building. Table 2-2 lists possible soil gas entry routes
into a residential building. These can be used to assist with a visual
inspection to identify entry routes. Visual inspection alone is not likely
to locate all entry routes. Some actual examples of locating and sealing
entry routes are described in the Appendix (Case examples 3 and 5).

In order to effectively seal an entry route, a gas-tight physical
barrier must be placed in the pathway between the source and the interior
space. Numerous sealants, caulks, and membranes are commercially available
to seal entry routes. When properly selected and applied, these products
effectively seal entry routes. One-part gun grade or flowable urethane
caulks are most effective for cement surfaces and when permanent sealing is
being considered. Silicon caulks are not as effective on cement surfaces
and are easily removed. Gas-tight sealing of minor entry routes and
inaccessible major entry routes is often impractical or impossible. In
some cases it is possible to partially seal or close entry routes. Closure
of an entry route will restrict gas flow but not necessarily provide a gas-
tight seal. Periodic inspection of the installed seals will help to ensure
the seals or closures effectively minimize soil gas entry.

The complexity of the sealing effort is dependent on the level of
mitigation required and is site specific. Some form of entry route sealing
is recommended for almost all mitigation techniques. Sealing is often used
in conjunction with other remediation techniques. The sealing of potential
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Figure 2-1. Negative Pressure Sources in a Typical House
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Table 2-1.

Factors Contributing to the Driving Force for Soil Gas Entry”

WEATHER FAC

TORS

Cold temperatures outdoors create a buoyant force on the
inside warm air and depressurize lTower levels.

High winds contribute to depressurizing the building.

ORS

| DESIGN FACT

Openings through the building shell above the neutral plane
contribute to exfiltration of warm air, potentially in-
creasing soil gas infiltration. Such openings can include:
spaces between windows and window frames; uncaulked gaps
between window frames and the exterior house finish; attic
soffit vents (must remain open); open dampers in chimneys
and flues; concealed openings through walls and roof (e.g.,
openings around electrical junction boxes and switch plates
in the walls, seams between strips of siding).

Openings through the floors and ceilings inside the house
can potentially increase warm air exfiltration and soil gas
infiltration. Internal airflow bypasses include: open
stairwells; utility and duct chases; laundry chutes; cavity
inside frame walls; attic access doors; recessed ceiling
lights; hollow block walls; HVAC ducts.

OCCUPANT AC

TIVITIES AND APPLIANCE USE

Appliance which draw combustion air from inside and exhaust
to the outside such as: fireplaces; wood or coal stoves;
central gas or oil furnaces and fuel fired water heaters
located indoors.

Fans which exhaust indoor air outdoors such as: window or
portable fans in exhaust mode; clothes dryer exhausts;
kitchen, bath, and attic fans.

HVAC systems where the return ducts, by design or through
leaks, preferentially withdraws air from, and depressuriz-
es, the lower floors of the structure.

Open doors in the stairwells between floors.

Open doors or windows only on downwind side of building.

* - Adapted from EPA8S
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-

A.. Cracks in concrete slabs

B. Spaces behind brick veneer walls that rest on uncapped
hollow-block foundation

C. Pores and cracks in concrete blocks

D. Floor-wall joints

E. Exposed soil, as in a sump

F. Weeping (drain) tile, if drained to open sump

6. Mortar joints

H. Loose fitting pipe penetrations

I. Open tops of block walls

J. Openings around fireplace and chimney supports

K. Water (from some wells)

Source: EPAST

Figure 2-2. Major Soil Gas Entry Routes
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Table 2-2. Possible Soil Gas Entry Routes into a Typical House

ENTRY ROUTES ASSOCIATED WITH THE FOUNDATION WALL

Holes in foundation walls around utility penetrations
through the wall (e.g., water, sewer, electrical, fuel o0il)

Any other holes in the walls, such as defects in individual
blocks in hollow-block walls, drilled holes for electrical
junction boxes, chinks between fieldstones in this type wall

underlying rock

Any location in which the wall consists of exposed soil or u
|

With hollow-block walls, unclosed voids in the top course,
unclosed voids in blocks around windows and door penetra-
tions, pores in the face of the blocks, cracks through the
blocks or along mortar joints (including hairline cracks).
Applies to exterior walls and interior walls which penetrate
the floor slab and rest on footings beneath the slab.

With poured concrete foundation walls, settling cracks in |
the concrete, pressure cracks, and pouring flaws I

In split-level houses with slab-on-grade or partial basement
section adjoining Tower basement, joint between the lower
basement wall and the floor slab of the higher level

Any block or stone structure built into a wall, such as
fireplace or fireplace support, where a cavity can serve as
hidden conduit for soil gas entry

ENTRY ROUTES ASSOCIATED WITH CONCRETE FLOORS

Any exposed soil or rock in which concrete is absent, such
as sometimes found in fruit cellars, attached greenhouses,
and earthen floor basements

Any holes in the slab exposing soil, such as from wooden
forms or posts that have been removed or rotted

Sumps which have exposed soil at the bottom and/or drain
tiles opening into the sump (drain tiles can serve as soil
gas collectors and route it into the house via the sump

Floor drains, if untrapped or no water in trap or cleanout
plug missing, and if drain connects to the soil (e.g., con-
nects to perforated drain tiles or to septic system.

Openings through the slab around utility penetrations
Cold joints in the slab

Settling Cracks in the slab
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Table 2-2. (Cont’d)

the foundation wall. The crack can be 1 to 2 in. wide in
houses with French drains. Wall/floor joints for interior
walls which penetrate the slab can also be entry points.

Any hollow objects which penetrate the slab, such as: hollow
metal load-bearing posts; hollow concrete blocks (e.g., ser-
ving as base for furnace or water tank); hollow pipes (e.g.,
serving as legs for fuel oil tank)

ENTRY ROUTES ASSOCIATED WITH DECOUPLED CRAWL SPACE HOUSES

Seams and openings in the subflooring between the crawlspace

and t?e living area (e.g., openings around utility penetra-
tions

l‘ Wall/floor joint around the perimeter where the slab meets

If a central forced-air HVAC is situated in the crawl space,
leaks in the low-pressure return ducting which permits crawl
space air to leak into the house circulating air

entry routes can be a simple quick fix to reduce the infiltration of con-
taminated soil gas or a major effort to form a gas-tight membrane over
exposed soil in the basement of a building. In most cases, in order to
significantly reduce the infiltration of soil gas, sealing must be supple-
mented with another mitigation technique (EPA88).

Foundation and/or soil settling can cause a building’s sub-structure
to move or shift. These dynamics often cause sealed entry routes to reopen
over time and to introduce new entry routes. Therefore, periodic inspec-
tions of the sealed openings and condition of the unsealed substructure are
critical aspects of ensuring the long-term effectiveness of this mitigation
technique. Table 2-3 identifies some of the advantages and disadvantages
of using sealing entry routes as the primary mitigation technique.

The application of this mitigation strategy is, in theory, relatively
simple. The first step is to identify major and minor soil gas entry
routes, which can be difficult in many cases. Once these are identified,
the mitigator should compare possible alternatives and select the most
appropriate and cost effective products to achieve the desired results.
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Table 2-3 SEALING OF ENTRY ROUTES

ADVANTAGES DISADVANTAGES
Applicable to all buildings Extensive surface preparation may
~ be required

Relatively simple to implement Requires periodic inspections to
ensure airtight seals over time

30 to 90 percent reduction in Difficult to seal all entry

contaminant level possible if all | routes. Access to floor/wall

major entry routes sealed joints is difficult and can be

labor intensive

Sealants recommended for specific
applications are readily avail-
able

Detailed preparation of the substrate will often be required to form an
effective gas-tight seal. This preparation can be time consuming and ex-
pensive. The manufacturer’s installation instructions should be followed
during application of the selected product.

After installation, periodic inspection of the sealed areas should be
conducted to identify damage from physical contact, degradation, or water.
The inspection should include damaged seals, seals that may have reopened,
and new cracks that have opened due to movement and shifting of the sub-
structure caused by normal settling of the foundation over the life of the
building. Identified new openings and damaged seals should be repaired.

The cost of materials for sealing soil gas entry routes can range from
$100 to $500 depending on the extent of the sealing effort (EPA88). Labor
costs could cause significant increases when extensive surface preparation
or elaborate membrane systems are required (EPASS).

A 1ist of manufacturers is provided in Table 2-4. A list of commer-
cially available products is provided in Table 2-5.
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Table 2-5.

Sealant Information

| : Sealant Name

Sealant type

Manufacturer

| SMALL CRACKS

" Fomofill

Bead caulk Fomo Products
" Geocel Construction 1200 Caulk, silicone Geocel
“ Geocel SPEC 3000 Caulk, urethane Geocel

" Sikatop Nonshrink grout w/ Sika Chemical
binder
“ Silastic Caulk, silicone Wright/Dow Corning
Illntra-Sea1 Kit, I-S 550 Bead caulk Insta-Foam
Bead caulk Fomo Products

" Handi-Foam, Model I-160
'LARGE CRACKS

Versi-foam 1

2-part urethane foams

Universal Foam

Versi-foam 15

2-part urethane foams

Universal Foam

Froth Pak FP-180 2-part urethane foams Insta-Foam

" Dow Corning Fire Stop Foam | 2-part silicone liquid | Insta-Foam
Kit # 2001 '

" Insta-Seal Kit, I-S 550 Bead caulk Insta-Foam
Handi-Foam, Model I-160 Bead caulk Fomo Products
Froth-Pak Kit FP-9.5 2-part spray foam Insta-Foam
Fomofill | Bead caulk Fomo Products

u Geocel Construction 2000 Caulk, silicone Geocel
Temco THC-900 Flowable urethane, Geocel

two-part
Zonolite 3300 Spray foam W.R. Grace
Polycel One Expanding foam, ure- W.R. Grace

thane
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Table 2-5 (Cont’d)

I Sealant Name .

PORES

Sealant type

__Manufacturer |

Thiocol WD-6 Alkylpolsulfide copol- | Thiokol "
ymer (0.102 cm thick)

Rock Coat 82-3 PVC copolymer solution | Halltech “

Resitron I1I 2-part furan Ventron "

2-part water based
epoxy

Acme Chemical “

Aerospray 70

One component

American Cyanamid

HydrEpoxy 300
Acryl 60

Surface bonding cement

Standard Dry Wall
Products ﬂ

Sheeting; polymer, Al-
mylar, PVC, polyethyl-
ene

Dynamit Nobel Of
America, Inc.

“ Trocal, etc.

DESIGN OPENINGS

“ Versi-foam 1 & 15

2-part urethane foam

Universal Foam

Froth Pak FP-180 2-part urethane foam Insta-Foam
Froth Pak Kit FP-9.5 2-part spray foam Insta-Foam
Velkem Flowable urethane

Zonolite 3300 Spray foam W.R. Grace

Note: Inclusion of a sealant

endorsement by EPA of this sealant or its manufacturer.

in this table should not be construed as an

This table is not

represented as a complete listing of suitable products or manufacturers.
This table is intended only as a partial listing of some of the sealants
known to be commercially available.
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2.2.2.2 Diverting Soil Gas Away from Foundation

Active and passive systems to effectively divert soil gases away from
a building’s foundation have been developed. These systems fall into one
of three general categories: the system may mechanically introduce a nega-
tive pressure on sub-floor soil and vent contaminated gas away from the
foundation; the system may mechanically introduce a positive pressure on
the sub-floor soil to dilute the contaminated soil gas before it enters the
building (not recommended); the system may afford the soil gas a controlled
means to vent away from the house without active mechanical assistance.
Based on currently available information, negative pressure soil ventila-
tion has been a consistently effective method of mitigation for radon
reduction (EPA88).

In the pressurization mode, outdoor air is forced into the sub-floor
region to create a "pressure bubble" under the building to force soil gases
away from the foundation. This technique can cause re-entry of sub-slab
contaminants into the building through unsealed entry routes. EPA has
experienced pesticide re-entry when using positive pressurization.

In the depressurization mode, a negative pressure is mechanically
applied to the sub-floor region which causes soil gases to be evacuated be-
fore they can enter the building (Figure 2-3). Gas movement through un-
sealed entry routes should be toward the gas collection system when the
system is properly operating.

Particular care should be used when installing any of the active
depressurization systems discussed below due to the potential to cause
backdrafting of combustion equipment.. If significant amounts of indoor air
are drawn into the depressurization system through unsealed entry routes,
the relative negative pressure created in the building may draw combustion
products from fireplaces and fired furnaces into the structure. Diagnostic
testing should be performed after installation to assess this possibility.

2-15
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Figure 2-3. Theory of Qperation of a Sub-slab Depressurization System



Gases from the system vents should be exhausted above the building
roofline in a lTocation that will minimize the potential for the exhausted
gases to reenter the building. Generally, the gases are exhausted directly
to the atmosphere. In a few cases, control devices, such as activated
carbon, have been used to capture the pollutants in the system exhaust.
These exhaust emissions may be included as part of the pathway in calculat-
ing risks to determine if controls are actually warranted.

Passive venting of contaminated soil gas may be accomplished in some
instances. Soil gases are vented from the sub-floor region as a result of
the buoyancy caused by temperature and pressure differentials across the
building envelope. '

The types of soil ventilation techniques that have been used include:

. Drain Tile Soil Ventilation (Active)

. Sub-S1ab Ventilation (Active)

. Block Wall Ventilation (Active)

° Isolation and Ventilation of Sources (Active and Passive)
. Passive Ventilation

2.2.2.2.1 Drain Tile Soil Ventilation

Drain tiles are frequently used to control water intrusion into a
building. They are placed during construction and can either circle the
perimeter of the building on the interior or exterior of the foundation
wall. Interior (or sub-floor) drain tiles can be p1aced either around the
perimeter adjacent to footings or in a pattern under the floor. Water col-
lected in the drain tiles is routed to a remote above-grade discharge, a
dry well, or to a sump for mechanical pumping to an above grade discharge.

Drain tiles provide a convenient in-place network that enables the
suction or pressure field to be applied over a relatively wide area. Ac-
tive drain tile ventilation may be applied to buildings having drain tile
loops which surround most or all of the perimeter of the foundation or
buildings with open sumps with connected drain tiles (Figure 2-4). This
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Figure 2-4, Drain Tile Ventilation Where Tile Drains to Sump
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technique has demonstrated a high degree of success in the mitigation of
radon. Reductions as high as 99 percent have been achieved (EPA88). As-
suming an intact unclogged drain tile network, a marked reduction in soil
gas contaminant entry may be achieved using this mitigation technique.

_ Ventilation of drain tile systems should receive first consideration
if it is in place and soil ventilation appears appropriate. Because a
considerable amount of outside air may be drawn into the suction system, in
some cases an adequate lowering of sub-slab pressure may not be practically
achieved. Diagnostic testing is required to assess the practicality of
this technique. However, alternative mitigation techniques are likely to
be more cost effective than retrofitting a drain tile system around an
existing structure.

The design and installation costs for a drain tile ventilation system
(not incTuding dréin tile installation) for a single family residential
building might cost between $700 and $2,500 (EPA88). This cost estimate is
dependent on the depth of the drain tile network, the presence of a sump,
the location of the exhaust fan, the length of piping, and the number of
vertical connections to the drain tile required to achieve adequate venti-
Tation of the sub-slab region. Existing building finishes, performance
requirements, the lTevel of diagnostic testing performed, and the specific
construction characteristics of the building will influence the cost.
Table 2-6 identifies some advantages and disadvantages of using drain tile
soil ventilation as the primary mitigation technique.

2.2.2.2.2 Sub-slab Ventilation (Active)

In the application of this technique, either a suction or pressure
field may be applied to the gravel fill beneath a concrete slab. The field
is mechanically induced by installing a venting system with an attached
fan. Sub-slab depressurization (SSD) has been the most successful and
widely used radon reduction technique in slab-on-grade and basement houses.
It has been proven capable of achieving very high radon reductions in
single-family residential buildings. Its applicability to larger struc-
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tures has been tested in schools and proven effective.

It has also been

used successfully in cbntro]]ing VOC intrusions for

Table 2-6 DRAIN TILE SOIL VENTILATION (Active)

ADVANTAGES

DISADVANTAGES

Applies ventilation at major
entry routes. Effective on
hollow block wall construction

Drain tile loops difficult to ac-
cess

Provides an in-place metwork for
pressure field

Requires intact, undamaged drain
tile loop for optimum performance

90 percent or higher reduction in
contaminant level possible

Major entry routes should be
sealed

Can be installed where tiles
drain to an internal sump

Outside air flow into system can
reduce performance

Flooding may reduce performance

Energy penalty for fan use

Fan maintenance required

detached houses, townhouse c]usters, and a school (see the Appendix).

As-

suming good permeability of the sub-slab region and sufficient ventilation
points to create a pressure field beneath the entire s]ab, it is likely
that a marked reduction in soil gas contaminant entry will be achieved

using this mitigation technique.

In the depressurization (suction) mode, soil gases are drawn from the
sub-slab region and exhausted via a network of pipes to the outside of the

building (Figures 2-5 and 2-6).

The intent of the system is to create a

continuous low-pressure region beneath the entire slab sufficient to pre-

vent soil gas from entering the building.

Systems operating in suction

mode rather than in pressure mode have a greater likelihood of success.
Results have been mixed with pressure systems and there is evidence that
pressurization can result in an increase of soil gas influx and resuspen-
sion of contaminants through some entry routes.
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Typical systems installed use 3 to 6 inch diameter PVC pipes (size
depends on length of pipe run, number of bends, etc.) for gas collection
and venting. Exhaust fans are generally sized to produce about 0.5 to 1
inch water column vacuum at the point the suction pipe enters the floor
slab. In-line 250 cubic feet per minute fans are frequently used. Howev-
er, the actual fan selected for a given installation will depend on the
sub-slab permeability, the air leakage into the system, the piping pressure
losses, among other considerations.

This mitigation technique may be applied to any building or any area
of a building that has an impermeable floor slab. However, the permeabili-
ty of the sub-slab region is a significant factor in the effectiveness of
this mitigation technique. Good permeability will permit the ventilation
effects of a Timited number of suction points to extend effectively under
the entire slab. Slabs having limited permeability under all or part of
the sub-slab region will require a greater number of ventilation points.

A variation of SSD is referred to as sub-membrane depressurization
(SMD). SMD has been successful in reducing radon levels in a number of
houses constructed over crawl spaces. A polyethylene or rubber membrane is
laid over the soil floor and sealed to the crawl space walls and internal
piers. Suction is applied to the soil underneath the membrane and the soil
gas is exhausted to the outdoors.

The design and installation costs for a sub-slab ventilation system
for a single-family residential building might cost between $900 and $2,500
(EPA88). This cost estimate is influenced by the presence of a permeable
sub-slab region, the location of the exhaust fan, the length of piping, and
the number of vertical ventilation points required to achieve adequate
ventilation of the sub-slab region. Existing interior finishes, perfor-
mance requirements, the level of diagnostic testing performed, and the
specific construction characteristics of the building will influence the
cost of design and installation. Table 2-7 list some advantages and disad-
vantages of this technique.
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Table 2-7 SUB-SLAB SOIL VENTILATION (Active)

ADVANTAGES DISADVANTAGES

Can be applied to any building | Soil permeability unknown prior to
with a concrete floor slab under | diagnostic testing
all or part of the building

Extensive installation perfor- Low permeability sub-slab regions

mance documentation available require numerous ventilation
points

90 percent or higher reduction in | Exhaust of high concentration of

contaminant Tlevel contaminated air when in suction
mode

Sub-siab region 1ikely to consist | Major entry routés should be
of gravel layer sealed

Energy penalty related to fan op-
eration and exhaust of room air
through unsealed entry routes

_Fan maintenance required

2.2.2.2.3 Block Wall Ventilation (Active)

Hollow block walls have been identified as potential major soil gas
entry routes. The voids within hollow block walls can serve as a conduit
for soil gas to enter a building through mortar joints, pores, and other
wall penetrations (Figure 2-7). Mitigators have used hollow block walls as
an in-place network to apply a negative pressure to remove soil gas from
the void or apply a positive pressure to keep soil gas from entering the
void.

Block wall ventilation may only be applied to buildings with hollow
block walls. Buildings where satisfactory mitigation is not achieved with
a sub-slab suction system may have supplemental ventilation points in-
stalled in the wall cavity. This mitigation technique when used in con-
junction with other mitigation techniques can be very effective.

The design and instaliation costs for a block wall ventilation system
for a single family residential building might cost between $300 and $2,500
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(EPA88). This cost estimate is dependent on the accessibility of major
entry routes requiring closure, the Tocation of the exhaust fan, the length
of piping, and the number of ventilation points required to achieve ade-
quate ventilation of the wall cavity. Existing interior finishes, perfor-
mance requirements, the level of diagnostic testing performed, and the
specific construction characteristics of the building will influence the

cost of design and installation.  Some of the advantages and disadvantages
of block wall ventilation are given in Table 2-8.

Table 2-8 BLOCK WALL VENTILATION (Active)

ADVANTAGES DISADVANTAGES

Can be applied to any building
with hollow concrete block walls

May require numerous ventilation
points

Wall cavity provides an in-place
network to apply ventilation over
a wide area

Energy penalty related to fan op-
eration and exhaust of room air
through unsealed entry routes

Exhaust of high concentration of
contaminated air when in suction
mode

Major entry routes should be
sealed

Percent reduction in contaminant
level difficult to estimate

Fan maintenance required

2.2.2.2.4 1Isolation and Active Ventilation of Areas Sources _

Where a large soil gas entry route (or a collection of entry routes)
exists, it may be economical to cover (or enclose) the large route, and to
ventilate the enclosure with a fan. Thus, the source of the soil gas is
isolated, and the soil gas can not enter the living space.
such an isolation/ventilation approach would be:

Examples of

J Covering an earth-floored crawl space or basement with an air-
tight plastic sheet ("liner"), and actively ventilating the
space between the liner and the soil (for example, using a
network of perforated piping under the liner).
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° Building an airtight false wall over an existing foundation
wall which is a soil gas source, and ventilating the space
between the false wall and the foundation wall.

o Building an airtight false floor over a cracked concrete slab,
and ventilating the space between the false floor and the slab.

This mitigation technique is best applied to crawl spaces with soil or
gravel floors for which it is infeasible or uneconomical to use natural or
forced air ventilation. This mitigation technique has been applied in
conjunction with other mitigation techniques and has been fairly success-
ful. No data are available on the effectiveness of this technique as the
sole form of mitigation.

2.2.2.2.5 Passive Soil Ventilation

Theoretically, any of the fan-assisted ("active") soil ventilation
approaches described in the previous sections could be attempted without
the aid of a fan (that is, "passively"). With passive systems, natural
phenomena are relied upon to develop the suction needed to draw the soil
gas away from the entry routes into the building. Passive systems require
the use of a vertical stack, connected to the ventilation piping network,
that rises through the building and penetrates the roof (Figure 2-8). A
natural suction is created in the stack by two phenomena: 1) the movement
of wind across the top of a properly positioned vertical stack can create a
negative pressure in the stack; 2) the buoyancy created when the stack
(indoors) is warmer than outdoor air causing the stack to act as a pathway
for soil gas to raise. Depending on the outdoor temperature and wind cur-
rents, the pressure differential created in the stack (but not under the
slab which can be considerably less) of a passive system is typically on
the order of several hundredths of an inch of water, considerably less than
that developed by fan-assisted systems.

Passive soil ventilation may be best applied to buildings with
slightly elevated levels of contaminants in the indoor air that have
entered with soil gas. If prober}y designed, the system may be retrofitted
with a fan, if required, for warm weather operation. Sub-slab permeability
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is a significant factor in the success of passive ventilation. If the
permeability is good enough to allow soil gas ventilation with the slight
suction created passively, the system has a much better opportunity for
success. Advantages and disadvantages are summarized in Table 2.9.

2.2.3 Removal from Indoor Air

Once a contaminant has been introduced into the indoor air of a buil-
ding, the control options are limited to dilution to control the indoor
concentrations or removal by mechanical air cleaners.

Table 2-9 SUB-SLAB SOIL VENTILATION (Passive)

ADVANTAGES DISADVANTAGES

Can be applied to any building Soil permeability unknown prior to
with a concrete floor slab under | diagnostic testing
all or part of the building

Fan maintenance is not required Low permeability sub-slab regions
: require numerous ventilation

points
70 to 90 percent reduction in Likely not to work in warm weather
contaminant level possible in without fan assist

some cases

Sub-slab region 1likely to consist | Major entry routes should be
of gravel layer sealed

2.2.3.1 Ventilation/Dilution

Contaminants infiltrating the sub-structure and entering a building
can be controlled by diluting the indoor concentrations with uncontaminated
outdoor air. The objective of this mitigation technique is to increase the
building’s air exchange rate. Typical air exchange rates in U.S. homes are
approximately 0.5 to 1.0 air changes per hour (ACH). The air exchange rate
is a function of mechanical air exchange, and infiltration/exfiltration
rates. Infiltration/exfiltration rates are influenced by weather condi-
tions and air tightness of the building. Air exchange in residential
construction is typically achieved by local exhaust ventilation, and air
exfiltration/infiltration. In other types of construction, mechanical
ventilation systems may draw or force outdoor air into the building.
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The stack effect phenomena accounts for much of the passive air ex-
change in residential buildings. The upward buoyant force of warm air
creates, relative to outdoors, a positive pressure region in the upper
portions of the house and a negative pressure region in the lower portions
of the house. Between these pressure regions lies a neutral plane at which
no detectable pressure differential exists. As indoor air rises, it leaks
out (exfiltrates) through penetrations in the building envelope on the
upper levels of the building (above the neutral plane). To compensate for
the exfiltration, outdoor air and soil gases leak into the lower levels of
the building (below the neutral plane). Only about 1 to 5 percent of the
outdoor infiltration air is composed of soil gases (EPASS).

House ventilation can be used as a mitigative technique by following
one or more of the following techniques:

] Increase ventilation using natural ventilation

. Mechanically induce air movement and air exchange without
energy recovery |

] Mechanically induce air movement and air exchange with energy
recovery

2.2.3.1.1 Increase Ventilation using Natural Ventilation

This method is based on keeping windows and doors open to the maximum
extent practical. It can generally be used in any building with operable
windows and doors. The principTe governing this technique is that contami-
nated indoor air is diluted with uncontaminated outdoor air. This tech-
nique will obviously only be effective if outdoor contaminant concentra-
tions are below acceptable levels. Ninety percent reductions have been
observed in the mitigation of indoor radon using this method.

Due to the obvious problems with this method (e.g., security, heating

and cooling costs), it is unlikely to be used as part of any strategy for
mitigating the impacts addressed in this document.
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2.2.3.1.2 Mechanical Outdoor Air Introduction without Energy Recovery

The mechanical introduction of outdoor air can act to dilute indoor
contaminant concentrations and pressurize the building to reduce the influx
of soil gas through entry routes. Most existing residential buildings are
not designed with the capacity to introduce outdoor air into the buiiding.
It is possible to reconfigure an existing HVAC system to introduce outdoor
air. Alterations to an existing HVAC system should only be made by quali-
fied HVAC contractors. Outdoor air may also be introduced through a sepa-
rate system, such as a window mounted fan or a ducted outdoor air fan. The
fan should discharge into the building below the neutral plane. Fans must
not be operated in the exhaust mode as this depressurizes the building and
can increase soil gas intrusion.

Several important considerations should be addressed prior to select-
ing mechanical outdoor air introduction with an existing HVAC system:

1. The existing fan and motor must be sized correctly to provide a
sufficient volume of outdoor air to dilute indoor contaminants
to a satisfactory level. The addition of a second fan, a two
speed fan, or a variable speed fan may be necessary to attain
the desired results. ‘

2. The heating and cooling capacities of the system must be sized
correctly to handle the increased heating, cooling, and mois-
ture loads caused by the introduction of outdoor air. Humidi-
fication may be required in some Tocations.

3. Increased filtration may be required to ensure dust, pollen,
microbes, etc. are removed from the outdoor air being intro-
duced into the system.

4, An energy analysis is recommended to determine the energy
penalty associated with the introduction of outdoor air.

2.2.3.1.3 Mechanical Air Exchange with Energy Recovery

By using an energy recovery device to pre-condition the outdoor air,
the energy penalty for mechanical outdoor air introduction will be reduced.
Energy recovery devices, heat recovery ventilators (HRVs), or air-to-air
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heat exchangers, are devices which use fans to accomplish a controlled
degree of forced-air vénti]ation, while recovering some of the energy from
the exhaust air stream (Figure 2-9). HRVs typically include two fans, one
blowing a controlled amount of outdoor air into the building, and a second
blowing an equal amount of indoor air to the outside. The incoming and
outgoing air streams pass near each other in the core of the exchanger. 1In
cold weather, the warmer indoor air being exhausted heats the incoming air.
In hot weather, the cooler indoor air cools the incoming air. Thus, some
of the energy used to condition indoor air is recovered. Several .types of
HRVs are commercially available. Three basic types of HRVs are presently

available: 1) fixed-plate; 2) rotary wheel; and 3) heat transfer fluid
pipes.

HRVs have been installed for radon mitigation. Their effectiveness as
a control device is quesfionab]e. Success has been achieved in single-
- family homes only when installed to treat basements. A 50 to 75 percent
reduction in radon concentrations has been reported (EPA88). Whole-house
residential HRV treatment is not usually recommended unless the house is
extremely tight (i.e., hourly air exchange rates of 0.25 or less) because
of the limited air handling capacity of appropriate units. The principle
reduction mechanism acting when using HRVs is dilution. As previously
discussed, two reduction mechanisms are acting when mechanical outdoor air
introduction is implemented. First, the driving force drawing soil gas
into the building is reduced by facilitating the introduction of outdoor
air below the neutral plane to compensate for exfiltration above the
neutral plane. Secbnd, soil gases that do enter the building are diluted
by the increased influx of outdoor air. By comparison, the advantages of
the first mechanism are virtually lost when using HRVs. HRVs typically
provide no net supply of outdoor air below the neutral plane to compensate
for the exfiltration above the neutral plane.
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As with other outdoor air introduction techniques, several important
factors should be addressed when considering the installation of an HRV:

. The heating and cooling capacities of the existing HVAC system
may be unable to condition the increased volume of outdoor air.

. Increased levels of dust, pollen, microbes, etc. are likely due
to the increased volume of outdoor air.

. Depending on the climate, an energy penalty may be realized due

to the introduction of increased volumes of outdoor air.

The relative impact of each will be reduced by a factor determined by
the efficiency of the HRV selected.

The design and installation of an HRV might cost between $1,000 and
$3,000. The installed cost is a function of the efficiency of the HRV and
the operating air flow volume. Factors influencing the cost of design and
installation are the accessibility of major entry routes requiring closure,
and the retrofit of existing HVAC components. Existing building finishes,
performance requirements, the level of diagnostic testing performed, and
the specific construction characteristics of the building will influence
the cost of design and installation.

Depending on the local climate, the HRV efficiency, and the volume of
air exchanged by the HRV, a significant energy penalty can be experienced.
Therefore, an operating cost for the operation of the HRV fan and increased

energy costs for heating and cooling should be estimated and included in
the mitigation plan.

2.2.3.2 Indoor Air Cleaning (EPA90)

Air cleaners are devices that attempt to remove particulate or gaseous
pollutants from the indoor air. Typically, residential furnace filters are
installed in prepackaged blower units and are the simplest form of air
filtration to remove particles. This basic filtration system may be
upgraded by installing more efficient filters that trap smaller pollutants
or by adding additional air cleaning devices such as portable air cleaners.
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