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Abstract

An analysis has been completed of the performance, mechan-
tsmns, and costs of alternative technologies for preventing radon
entry into the living areas of houses having crawl-space founda-
tions. Sub-membrane depressurization (SMD) is consistently
the most effective technique, often providing radon reductions of
80-98% in the living area. It has a relatively high installation
cost, buz a moderate annual operating cost, Forced crawl-space
depressurization is the second most effective, giving reductions
af 70-96%. Crawl-space depressurization is less well demon-
strated than is SMD, and performance will vary with crawl-
space tightness and weather, but @t will be a primary option
when large radon reductions are needed tn buildings with crawl
spaces which are tnaccessible for installation of SMD. Crawl-
space depressurization has a lower installation cost than SMD,
but its operating cost may be three times higher.

Natural crawl-space ventilation and forced crawl-space pres-
surization each typically provides roughly 50% reduction or less
in the living area. The lack of a clear benefit of crawi-space
Pressurization in most installations probably indicates that the
crawl space is in fact not being pressurized. Crawl-space sealing
and barriers (as stand-alone methods} usually give little or no
reduction.
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introduction

The objective of this paper is to review the available
experience with the various alternative techniques
for preventing radon entry into the living area of
crawl-space houses. Based upon an analysis of the
available data, perspective is offered regarding: the
mechanisms which appear to be playing a role in de-
termining the performance of the technique; the ra-
don reduction performances that have been ob-
served with each technique under different condi-
tons; the conditions under which each technique
might be most applicable; and expected installation
and operating costs. Finally, conclusions are drawn.
regarding the additional data that would be most va-
luable in irmproving owr current ability to effectively
select and design radon reduction techniques for
crawl-space houses.

This paper addresses radon reduction techniques
which function by reducing or preventing radon en-
try into the living area; soil depressurization, venti-
lation or pressure adjustments in the crawl space,
and sealing of the living-area or crawl-space floors.
The paper does not discuss radon reduction techni-
ques intended to remove radon after entry into the
living area, including ventiladon of the living area
and air cleaners; these techniques are largely inde-
pendent of substructure type.

Crawl spaces can be subdivided into two categor-
ies:

o Those which are nominally isolated from the liv-
able area. Such isolated crawl spaces are common-
Iy, but not always, ventilated to the outdoors by
screened vents in the perimeter foundation wall.

o Those which are open to the livable area. This
commonly occurs when the crawl space adjoins a
basement, and there is no frame wall separating
the basement from the exposed soil in the crawl
space. Such open crawl spaces are often not vent-
lated to the outdoors.
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Crawl spaces can also be subdivided according to
whether they are accessible (i.e., with sufficient
headroom and with an access door) or inaccessible.
In the extreme case, a house may be built over a
“crawl space” which has head room no greater than
about 0.3 m, and has no access.

The discussion here assumes that the crawl space
has a floor consisting of bare earth, or of gravel or a
plastic vapor barrier on top of bare earth. Crawl
spaces having a concrete slab (or an unfinished con-
crete “wash” floor) would commonly be treated
using sub-slab depressurization (SSD), similar to a
basement or slab on grade, and are not considered
directly in this paper.

Dynamics of Crawl-space Houses

Crawl spaces which are nominally isolated from the
living area and are ventilated to the outdoors are not
in fact decoupled from the living area. Some frac-
tion of the radon that enters the crawl space by ei-
ther convection or diffusion from the exposed soil,
will always enter the living area by convective flow.

The degree of coupling between the crawl space
and the living area will depend upon: a) the leakage
area in the foundation wall, between the crawl space
and outdoors; b) the leakage area between the crawl
space and the livable space; and c) the presence of
any forced-air ducting in the crawl space.

When the temperature in the living area is greater
than the temperature outdoors, warm house air will
exfiltrate from the living area above the neutral pres-
sure plane. This air must be replaced by outdoor air
infiltrating directly into the living area through the
superstructure walls below the neutral plane, and by
air infiltrating via the crawl space. The relative
amounts of infiltrating air coming from these two
sources will depend upon the relative leakiness of
the living area vs. the crawl space.

The effective leakage area of crawl spaces will
vary depending upon crawl-space size, foundation
wall material (commonly hollow block vs. poured
concrete), and method of construction. Blower door
testing in nine crawl-space houses in Tennessee
having an average floor area of 164 m? and having
hollow block foundation walls, showed that the av-
erage effective leakage area of the crawl spaces (1,690
cm?) was greater than that of the living areas {1,064
cm®), even with the crawl-space foundation vents
sealed (Brennan et al., 1990). The crawl-space leak-
age area included an average of 355 cm? in the floor
between the crawl space and the living area, sugges-

ting that the remaining 1,335 cm?® was associated
with the foundation wall. When a crawl space is as
leaky as this, it is reasonable to assume that a signif-
icant fraction of the air infiltrating into the living
area will be crawl-space air. The foundation walls
will provide openings for infiltrating air to enter the
crawl space from outdoors, even with the vents
sealed, and the floor openings will provide access for
that air (and the crawl-space radon) to then flow
into the living area.

Tracer gas testing in two crawl-space houses in
Alabama, without an adjoining basement wing, con-
firmed that at least 65 to 92% of the air exfiltrating
from the living area had infiltrated into the struc-
ture via the crawl space (Matthews et al., 1989).

In terms of pressures, during the heating season,
the living area (below the neutral plane) will tend 1o
be depressurized relative to both the outdoors and
the crawl space, causing infiltration from both loca-
tions. The crawl space will normally be slightly de-
pressurized overall relative to outdoors. Narral
crawl-space depressurizations of <(.2 to 4 Pa relative
to outdoors have been reported, depending upon the
leakiness of the foundation walls, with the living area
being further depressurized by 0 to 2 Pa relative to
the crawl space (Pyle and Leovic, 1991; Turk, 1991),

Radon will enter the crawl space from the soil
floor by convective flow and by diffusion. The con-
vective flow will be increased when the crawl space
is depressurized relative to the soil, by the thermal
effects created by the living area and by wind effects.
Diffusion will always be a contributor, and will make
its greatest contribution when soil or rock with eleva-
ted radium content is near the soil surface.

Some of the radon released into the crawl space
will be carried outdoors by the outdoor air which
will be infiltrating into, and exfiltrating out of, the
crawl space through the foundation vents and other
openings (i.e., as the result of natural ventilation of
the crawl space). On the other hand, some of the ra-
don will be carried up into the living area, in re-
sponse to the thermally induced effects discussed
previously. The amount of the radon that enters the
living area rather than exfiltrating outdoors will vary
significantly, depending on the foundation wall and
floor leakage areas, and on temperature and wind ef-
fects. In one crawl-space house having 14 foundation
vents, where sulfiur hexafluoride (SF;) tracer gas was
released into the crawl space as a surrogate for radon,
testing with and without the vents sealed showed
that 30 to 65% of the SF, released into the crawl
space entered the house (Nazaroff and Doyle, 1985).
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The crawl-space dynamics would be altered if the
leakage area were changed through the perimeter
foundation wall, or through the floor berween the
crawl space and the living area. These effects are dis-
cussed later in this paper, in connection with natural
ventilation of the crawl space and with sealing of the
floor, respectively.

If present in the crawl space, ducting for a
forced-air furnace can have several effects. Because
this ducting is typically very leaky at its seams, and
because it penerrates the floor decking, it would be
expected to increase the leakage area in the floor be-
tween the crawl space and the living area. In the
blower door study referenced earlier (Brennan et al.,
1990), the floors in the four houses having forced-air
ducting in the crawl space had an average effective
leakage arez of 484 cm?; the floors in the five with-
out ducting had an average leakage area half that
size, 245 cm?, appearing to confirm expectations.
But much of this decrease in floor leakage area in
these particular houses appears to be due to the fact
that the houses without ducts were the smaller
houses, which would be expected to have the lower
total floor leakage areas anyway. The average specific
leakage area of the floors for the five houses without
ducts — 2.1 cm? of floor leakage area per m? of floor
area — is only slightly lower than that for the four
houses with ducts (2.4 cm’ per m?).

In addition to the expected increase in floor leak-
age area, any low-pressure return ducting in the
crawl space will draw crawl-space air into the system
and distribute it throughout the house. This will
substantially increase interzomal mixing. On the
other hand, any high-pressure supply ducting in the
crawl space will be blowing circulating air into the
crawl space through the unsealed searns in the duct,
in effect pressurizing the crawl space using air from
the living area. This will also increase interzonal
mixing.

The preceding discussion has focused on the dy-
namics for a crawl space that is nominally isolated
from the livable area. If instead the crawl space is
open to an adjeining basement, the crawl space will
be closely coupled with the basement, and the dyna-
mics would be the same as those of the basement.

Alternative Radon Reduction
Methods for Crawl-space Houses
In general, any radon which enters the living area as

a result of the crawl space must first pass through
the crawl space. The techniques for preventing soil

gas entry into the living area can thus be subdivided
into two categories: a) those which prevent the ra-
don from entering the crawl space to begin with;
and b) those which prevent the radon in the crawl
space from entering the living area.

The radon reduction techniques considered here
are summarized in Table 1. Each technique is discus-
sed in further detil in the sections which follow.
SMD, crawl-space pressurization, and barriers over
the crawl-space floor are techniques aimed primarily
at preventing radon entry into the crawl space.
Crawl-space depressurization and sealing of the
floor between the crawl space and the living area are
techniques which function primarily by preventing
crawl-space air from entering the living area. Natu-
ral ventilation of the crawl space reflects elements of
both categories.

Estimated installation and operating costs are pre-
sented for each approach. The assumptions used in
deriving the operating costs are presented in Tabie
2. To facilitate comparison of the techniques, operat-
ing costs are caleulated for a “baseline” set of condi-
tions (defined in Table 2) which are felt to represent
a fairly typical set of circumstances. Qperating costs
are also calculated for a broad range of values for
each of the parameters which impact operating
costs, to illustrate the range of operating costs that
may be encountered in practice.

Sub-membrane Depressurization (SMD)

Active SMD involves installation of a membrane
(usually polyethylene sheeting) over the crawi-space
floor, and drawing suction beneath this membrane
using a fan. This is analogous to installing a plastic
“slab” over the floor, and drawing suction beneath
this slab using either individual suction pipes (ana-
logous to SSD) or a segment of perforated piping
beneath the membrane (analogous to drain-tile de-
pressurization, or DTD). Installation of the mem-
brane permits the treatment to concentrate on the
soil (or on the narrow gap which may be visualized
between the membrane and the soil), rather than ad-
dressing the entire crawl-space volume. SMD is thus
the variation of the active soil depressurization tech-
nology which is applicable to crawl-space houses.

One specific configuration of a SMD system, uti-
lizing sub-membrane perforated piping, is illustra-
ted in Figure 1.

Like other active soil depressurization techni-
ques, SMD probably works primarily by two mech-
anisms. Perhaps the primary mechanism is depres-
surization of the sub-membrane region relative to
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Table 1 Summary of techniques fo prevent radon entry into crawl-space houses

Technique Radon reduction Installation Annual operating cost  Advantages/disadvanages
efficiency’ cost>? Baseline’* Range**
Active soil depressurization technigues
Sub-membrane 80-98%  $1,000-$2,500 $62 $30-$225 High radon reductions achieved consistently.
depressurization (SMD) ' Relatively well demonsirated.
High installation cost.

Crawl space must be accessible.
Membrane durability not fully demonstrated,

Crawl-space ventilationfpressure adjustment technigues

Crawl-space depressurization 70-96%  $400-$1,000¢ $192 $50-$350  Second only to SMD in radon reduction per-
formance.
Potential low installation cost
Can treat inaccessible crawl] spaces.
Not well demonstrated.
Ability to consistently achieve and maintain
adequate depressurization unclear.
Heating/cooling penalty high.
Risk of combustion appliance back-drafting.

Crawl-space pressurization 35-80%  $400-$1,000% $192 $50-$350 Can treat inaccessible crawl spaces.
Avoids risk of back-drafting.
Appears no more effective than natural venti-
ladon.
Not well demonstrared.
Ability to achieve and maintain pressuriza-
Hon uncertain.
Possible risk of water pipe freezing,
May force crawl-space contaminants into liv-
ing area,
Will not address radon entering crawl space
by diffusion.

Natural crawl-space venlarion 20-80% 0-5600% =0 Variable Potential low installation cost

{often no Can be simple to implement.
more than Completely passive.
~ 50%%) Osly moderate radon reductions; perfor-

mance may be variable.
Possible risk of water pipe freezing.

Sealing and barrier technigues

Sealing of floor berween crawl About () Variable 0 0 Completely passive.

space and living area Ineffective for reducing radon levels

in living area.
May be more applicable in new construction.

Barrier over sotl in crawl-space 0-30% $300-$1,000 H 0 Completely passive.
Limited effectiveness for reducing radon.
Durability of barrier a major concern.

Range of radon reductions measured in the living area during testing of each wechnique.

All costs are expressed in T1.5. dollars.

Instailation costs based on assumptien that system is installed by a commercial mitigator.

The assunptions used in deriving the annual operating costs are presented in Table 2. Operating costs include fan electricity and hea-
ting/cooling penalty only, not maintenance costs.

* The maximum sealing effort included in these installation costs is caulking of accessible openings in foundation walls and/or overhead
floor, and sealing of seams in forced-air ducts in the crawl space. The costs do not inchude a major effort to, e.g., isolate an open crawl
space from ar adjoining basement.

Includes insulation of water pipes; does not include insulation under floor between crawl space and living area.
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Table 2. Assumpfions used in estimating annuaf operating costs

Comments

Variable Baseline value Range
Fan power consumption
-SMD 63W 50-90 W
— crawl-space depressurization, W 5050w
pressurization
Fan operation 24 hr/day, -
365 day/yr
Fan exhaust rate
-SMD 20 lfsec 10-60 lsec
— crawl-space, depressurization, 60 lfsec 25-60 I/sec
pressurizaton '
Fraction of fon exhaust which is treated air
Jrom the living area
-SMD 25% 0-50%
— erawl-space depressurization, 60% 30-100%
pressusization

Fan rated at 90 W maximum. Baseline is average
actual consumption observed for S8 systems in
basernents and slabs on grade using 90 W fans
(Bohac et al., 1991 ; Turk, 1991), assuming SMD
systemns operating at about same point on fan
performance curve. Range incorporates maxi-
mum as well as reasonable low consumption.

Due to high flows, baseline assumes 90 W fan
operating near rated maximum. Range includes
reduced consumption for lower flows observed
in tight (inaccessible) crawl spaces (Turk, 1991 ;
Kladder, 1992).

No range considered.

Baseline is representadve of flows observed with
SMD systems with no gravel on the floor and the
membrane well sealed (Findlay et al., 1990;
Messing, 1990; Bohac et al., 1991;Howell and
Jones, 1992, Kladder, 1992). Range includes low-
est flows observed for that configuration; and
high flows seen in systems with gravel, incom-
plete sealing, or high leakage through block
foundation watls (Findlay et al., 1990; Messing,
1990; Shearer, 1992).

Baseline represents 90 W fan operating at
maximum flow that it can usually achieve when
connected to length of 10-cm diameter piping ty-
pical of crawl-space depressurtzation and pres-
surization systems in leaky crawl spaces. Low
end of range reflects low flows that have some-
times been sufficient in tight (inaccessible) crawl
spaces (Turk, 1991; Kladder, 1992).

Range is based on; limited data from four houses
indicating that anywhere between 0% (Fizgerald
1992) and 100% (Martthews et al. 1959; Bohac et
al. 1991) of the SMD exhaust air can be drawn
from the crawl space, even when the membrane
is nominally well sealed; and the arbitrary esti-
mate that between 23 and 50% of this crawl-
space air may be treated air drawn into the crawl
space from the living area (depending upon rela-
tive leakiness of foundation walls vs. floor). Base-
line is mid-point of range.

Range assumes that: 100% of exhaust air is
drawn from crawl space (or that 100% of pressur-
ization supply air is blown into crawl space); and
that up to 100% of this crawl-space air is drawn
from {or blown into) living area in inaccessible
crawl spaces with nght foundation walls (Turk
1991). The percentage of air drawn from the liv-
ing ares ts higher than that estmated for SMD,
assurting that the depressurization or pressuriza-
tion systern has more effectively changed the
pressure differential across the floor. Baseline is
approximate mid-point of range.

<o cONtinUEd
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Table 2. Continued ...

Range Comments

Variable Baseline Value
Increase in ventilation rate in loing area

— SMD, crawl-space depressurization, See comments

pressurization

- natural ventiladon 0
Climate Washington, D.C,
Heating system Forced-air furnace
Cooling system Electric air

conditioner

Cost of electricity $0.077/kWh
Cost of natural gas $0.0052/M]
Maintenance costs --

-~ Living area ventilation rate is zssumed to
increase by an amount equal to the amount of
living-area air in the fan exhanst {or the amount
of air blown into living area by pressurization
system). (In fact, the actual change in ventlation
rate may be less; some portion of the system ex-
haust may simply be modifying the ventilation
patterns of the house rather than increasing the
ventilation rate.)

Ot >0 Baseline reflects fact that the limited tracer gas
results show that opening foundation vents in-
creases ventilation rate of the living area by no
more than 0 to 102 (Nazaroff and Doyle 1985;
Findlay et al. 1989). Except in tight houses, the
increase infiltration viz the crawl space by open-
ing vents may often be offset by a decrease in in-
filtration via the superstructure walls.

Los Angelesto  Bascline climate (Washington) is 2,340 heating
Minneapolis C’-days and 1,300 cooling infiltration C°-days
{Sherman 1986). Mild climate (Los Angeles) is
940 hearing C°-days and 310 cooling C*-days; ex-
weme climate (Minneapolis) is 4,460 heating C*-
days and 820 cooling C°-days.

- Furnace burns patural gas and is 70% efficient.

- Air conditioner coefficient of performance is 2.0.

$0.060-30.096/kWh Baseline is average cost of electricity in the 1. §.
in 1989 (U. 8. Bureau of the Census, 1991).
Range covers cost of electricity around the U. §.
int 1987 (U. 8. Department of Energy, 1987).

$0.0043-$0.0064/M] Baseline, range obtained from same sources as
the cost of clectricity, above.

- Maintenance costs are not included in these esti-
mates.

the crawl space, preventing soil gas flow up into the
crawl space from beneath the membrane. If there are
any unsealed openings in the membrane, the flows
will consist of crawl-space air flowing down into the
sub-membrane region, rather than soil gas flowing
up into the crawl space. Since all of the radon which
enters the living area of a crawl-space house usually
flows f{irst through the crawl space, preventing ra-
don entry into the crawl space will prevent entry
into the living area.

If the sub-membrane region can be effectively de-
pressurized everywhere, the depressurization will
create a continual flow of air beneath the membrane
toward the system fan. This air can be crawl-space
air leaking through unsealed membrane openings,
atr leaking from the block foundation walls, or soil

gas (including outdoor air drawn through the soil).
This air flow will sweep away any radon leaving the
soil by either convection or molecular diffusion. In
theory, only a few liters per second of flow in the
SMD piping should be sufficient to maintain ade-
quate sub-membrane flows (i.e., adequate sub-mem-
brane depressurization) when the crawl space is de-
pressurized relative to the soil by a fraction of a pas-
cal, assuming a reasonable leakage area in the mem-
brane. In practice, with the 50 to 90 W fans com-
monly used in SMD systems, flows are much great-
er, commonly 10 to 30 I/sec and higher. Although
these fans may be oversized in some installations,
they can be necessary to ensure that adequate sub-
membrane flows are in fact maintained everywhere.
Iimited measuremenis of depressurization be-
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neath SMD membranes in a number of Tennessee
houses have shown that measurable suctions {(down
to 0.2 to 0.4 P2) may extend perhaps only 3 t0 5m
from a suction pipe when the membrane is resting
on low-permeability soil (Pyle and Williamson,
1990). However, smoke tracer testing at openings in
the membrane at more distant locations in these
houses confirms that flows are often still downward,
from the crawl space into the sub-membrane region,
despite the lack of measurable depressurization
(Brennan, 1992).

A second SMD mechanism, common to soil de-
pressurization systems, is ventilarion/dilution of the
sub-membrane radon levels by air flow from the
crawl space and outdoors. With reduced radon con-
centrations beneath the membrane, the amount of
radon entering the crawl space by comvective flow
will be less, if the sub-membrane depressurization is
overwhelmed at any location where there is an
opening through the membrane. Also, less radon
would diffuse through the membrane.

A third mechanism that can also come into play
is venulation or depressurization of the crawl space
by the SMD fan. This could occur because up to

M—— POLYVYIWYL CHLORIDE
iP¥C) SUCTION PIPE

oRape [T [ FLEXIBLE ADJOINING SHEETS OF
vevie B E car on PERF DR TED ¢ MEMBRANE_DVERL APPED
QUtoooRs b [ gnp oF TiE+  DRAIR TILE AND SEALED
ST Y MEwaRANE

FAM COUPL ING

ELECTRICAL
JUNCT [OH BOX

HUSE CLAMP AND CALLE .
AGAIHST WALL WITH l /SE!L]NO MEWMBRANE AROUND

Fig. 1. One typicol design for a sub-membrone depres-
surization (SMD) system.

100% of the air exhausted by the SMD fan can be
drawn from the crawl space, even when the mem-
brane is nominally sealed.

As shown in Table 1, SMD has consistently been
found to be the most effective approach for reducing
radon in crawl-space buildings. It commonly pro-
vides radon reductions of 80 to 98% in the living
area when the crawl space is the sole source of the
indoor radon {Osborne et al., 1989; Findlay et al,,
1990; Pyle and Williamson, 1990; Pyle and Leovic,
1991). Commercial radon mitigarors working in re-
gions having a significant number of crawl-space
houses have reported similar success with SMD
{Anderson, 1992; Howell and Jones, 1992; Kladder,
1992; Shearer, 1992), The fact that SMD sometimes
achieves only 80% reduction indicates that the suc-
tion field sometimes does not extend beneath the
entire membrane, or perhaps that block foundation
walls are not being adequately treated by the system.

SMD would be the primary mitigation method
considered in any house where; a) radon reductions
greater than about 50% are needed, thus ruling out
natural ventilation of the crawl space as an option;
b} the crawl space is a major (or the sole) radon souree;
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and c) the crawl space is accessible, permitting installa-
tion of the SMD system. Because of its high efficiency,
SMD may still be the technique of choice even where
reductions below 50% would be sufficient.

Where the crawl! space is adjoined by a basement
wing, which is common, the basement will often be
the major radon entry route. In this case, the SMD
system will usually need to be supplemented (or re-
placed) by a SSD or DTD system in the basement
(Gilroy and Kaschak, 1990; Messing, 1990; Pyle and
Williamson, 1990; Dudney et al., 1991; Anderson, 1992;
Howell and Jones, 1992; Kladder, 1992; Shearer, 1992).

A national survey of mitigators indicated that
SMD is the technique most commonly utilized in
crawl-space buildings by about one-third of the mi.-
tigators surveyed (Hoornbeek and Lago, 1991). The
two-thirds preferring other technmiques are most
likely dealing with: a) houses having adjoining base-
ments, where SSD or DTD in the basement is often
sufficient (perhaps in combination with crawl-space
isolation or ventilation, if the crawl space is treated
at all); or b) low indoor radon levels, where crawi-
space ventilation can prove sufficient.

As shown in Table 1, the installation cost for
SMD is typically in the range of $1,000-$2,500 if in-

FOUNDAT ION

SEAL PIPE ¥ SEAL OPEMINGS
PENETRATION KIN FLOOR AND

Fig. 2. One possible design for o crawl-space depressur-
izafion system.

stalled by a commercial mitgator (Henschel, 1991).
(All costs in this paper are expressed ir U.S. dollars.)
Among the factors contributing to the breadth of
this range are the characteristics of the house (such
as the crawl-space size) and the specific design of the
SMD system.

SMD has the highest installation cost of any of
the crawl-space treatinent options, with the possible
exception of an intensive crawl-space sealing effort.
However, relative to the next most effective ap-
proach — crawl-space depressurization, where the en-
tire crawl space is depressurized — SMD has a much
lower annual operating cost (including fan electri-
city and the heating/cooling penalty in the house,
but excluding system maintenance). The estimated
annual operating cost for SMD is $62 at baseline
conditons, as defined in Table 2, about one-third
that for crawl-space depressurization. The mem-
brane reduces the amount of air drawn out of the
crawl space, and hence the amount of conditioned
air drawn out of the living area overhead.

Crawl-space Depressurization
With active crawl-space depressurization, an exhaust
fan is mounted to blow crawl-space air outdoors, In-
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stallation of the fan may have 1o be accompanied by
some sealing of the crawl space, to reduce the
crawl-space leakage area and to thus aid in depres-
surizing the crawl space. As a2 minimum, any foun-
dation vents should be closed. The objective is to
depressurize the entire crawl space relative to the
living area, rather than depressurizing just the re-
gion beneath a membrane over the floor.

One configuration for a crawl-space depressuriza-
tion system is illustrated in Figure 2. Another confi-
guration that has been tested involves mounting the
fan in the crawl space or outdoors near grade beside
the house, and discharging the fan exhaust near
grade,

Crawl-space depressurization works primarily by
reversing the natural flow patterns between the
crawl space and the living area. If depressurization
relative to the living area is successful, the normal
flow of radon-containing crawl-space air up into the
living area, discussed in the earlier section on house
dynamics, would be stopped. The flow between the
two regions would instead consist of radon-free liv-
ing-area air flowing down into the crawl space.

Crawl-space depressurization might also be expec-
ted to function in part by increasing the ventilation
rate of the crawl space, diluting the crawl-space ra-
don with an increased flow of air from outdoors and
from the living area. In that case, any crawl-space air
which did flow into the living area would carry less
radon. However, crawl-space depressurization would
also be expected o increase the convective flow of
soil gas into the crawl space, at least partly offserting
any reductions in crawl-space radon due to in-
creased ventilation.

Thus, the role of the ventilation/dilution mechan-
ism in a given house will depend upon the relative
increases in radon flow from the soil vs. the air flow
from outdoors and the living area into the crawl
space. In several cases, radon concentrations in the
crawl space have been found to remain about the
same, or to increase, when the crawl space is depres-
surized (Findlay et al.,, 1989; Pyle and Williamson,
1990; Pyle and Leovic, 1991). In these cases, in-
creased radon flow was largely or entirely offsetting
the increased ventilation, and the dilution mechan-
ism was providing lttle or no net benefit. But in
two other houses, crawl-space radon levels fell 40 o
50% when the exhaust fan was turned on, indicating
that the dilution mechanism was having a net effect
(Findlay et al., 1989).

As shown in Table 1, crawl-space depressurization
has consistently proven second only to SMD in ef-

fectiveness in reducing living-area radon levels. Liv-
ing-area reductions ranging from 70 to 96% have
been reported from tests in nine crawl-space build-
ings where crawl-space exhaust flows ranged be-
tween 25 and 60 I/sec (Findlay et al., 1990; Pyle and
Williamson, 1990; Pyle and Leovic, 1991; Turk, 1991).

As a stand-alone system, this technique has been
used only infrequently by commercial mitigators in
the U.S., in houses where the crawl spaces were in-
accessible and SMD was thus not an option (Kiad-
der, 1992). Usage has been limited due to concerns
regarding reliability of performance, the high hea-
ting/cooling penalty, and possible combustion ap-
pliance back-drafting. Where a basement adjoins the
crawl space, some mitigators have reported connect-
ing a crawl-space depressurization leg into a base-
ment SSD system (Howell and Jones, 1992; Shearer,
1992). However, it is unclear to what extent these
crawl-space legs effecrively depressurize the crawl
space, and to what extent they contribute to the per-
formance of the basement SSD system.

Performance will depend on the degree of crawl-
space depressurization that can be achieved relative
to the living area. This will in turn depend on the
tightness of the crawl space and the size of the ex-
haust fan.

Crawl-space depressurizations have been reported
in only a few houses. In one house with an inaccess-
ible crawl space, having very right foundation walls
and an unusually tight floor between the crawl space
and the living area, a fan exhaust flow of 25 to 50 V/
sec depressurized the crawl space by about 5 Pa rela-
tive to the living area, providing living-area radon
reductions of over 90% (Turk, 1991). In a second
house with an inaccessible crawl space (90 m?) and a
tight foundation wall, but with a much leakier floor,
an exhaust of 6{ Ifsec provided a depressurization of
only 0 to 1 Pa relative to the living area, and a radon
reduction of about 70% {Turk, 1991). In a 430 m?
school building that had a poured concrete floor
overhead (much tighter than a conventional wooden
floor), an exhaust of 130 l/sec provided a crawl-space
depressurization of 0 to 1 Pa and a radon reduction
greater than 90% (Pyle and Leovic, 1991). With the
foundation vents sealed, this school crawl space had
a very low specific leakage area of only 1 cm? per m?
of floor area.

Typical crawl spaces, with relatively leaky floors
and foundation walls, were reported to have specific
leakage areas of 8 to 13 cm?/m? in one house with the
vents closed (Turk et al., 1987) and in nine houses
with the vents sealed (Brennan er al., 1990). Unless
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that leakage area can be substantially reduced as part
of the installation, it would be expected that crawl-
space depressurizations relative to the living area
will commonly be a fraction of a pascal, at best, with
the maximum exhaust flows that can be generated
by a standard 90 W mitigation fan when it is con-
nected into any piping (60 to 80 I/sec).

Some of the leakage area in a crawl space may be
difficult to access and seal, but significant reduc-
tons in area can be achieved with sufficient effort.
In one crawl space with poured concrete foundation
walls, the crawl-space leakage area was reduced from
313 o 153 em? (from 10 o 3 cm?m?) by carefill seal-
ing of the forced-air ductwork, floor penetrations,
and the frame wall between the crawl space and an
adjoining basement (Turk et al., 1987).

Sealing standard 20 by 41 cm foundation vents
will reduce the measured effective leakage area by
about 130 cm” for each vent, relative to the leakage
when the vent is wide open (Brennan et al., 1990;
Pyle and Leovic, 1991). This is significantly less than
the gross area which would be calculated from the
dimensions of the vent (820 cm?). The obstruction
created by the vent grille and insect screen probably
reduced the net free area of these particular vents to
roughly 200 to 400 cm?’ each (Brennan, 1992; Pyle,
1992). The remaining difference is probably ex-
plained by an inability of the blower door technique
to measure the true physical area of the openings of
this configuration.

In the one house for which these data are avail-
able (Brennan et al,, 1990), the effective leakage area
of the block crawl-space foundation wall when the
10 vents were open was about 2,720 cm?®. Less than
half (1,290 cm?) was associated with the open vents.
Thus, simply sealing vents may not always be suffi-
cient to ensure good depressurization.

Because crawl-space depressurization will produce
such small depressurizations relative to the living
area in typical crawl spaces, there is a risk that the
system will sometimes be overwhelmed by weather-
or appliance-induced depressurizations within the
living area. This could be of particular concern
where the system has caused radon levels in the
crawl space 1o increase.

Because these systems are designed to depressur-
ize the crawl space, there is concern that they may
cause back-drafting of combustion appliances in the
crawl space. During cold weather, when the draft in
the flue is strong, the onset of back-drafting typical-
ly occurs when the space is depressurized by 5 to 7
Pa relative to outdoors. Since crawl-space depressur-

ization systems usually do not achieve that degree of
depressurization, back-drafting should not occur of-
ten in well designed flues during cold weather
However, during warm weather — or if the draft is
weak because the stack is short, partly blocked, cold,
or pootly connected to the appliance — back-drafting
can begin at space depressurizations of 3 Pa or even
less (Fitzgerald, 1992). Back-drafting can be so dan-
gerous if it occurs that anyone installing a crawl-
space depressurization system should be alert to this
threat.

The one documented case where back-drafting
was measured was in a 57 m* house with an inac-
cessible crawl space, and with an adobe block foun-
dation wall that extended all the way up to a flat
roof (Turk et al., 1992). Because the foundation wall
and superstructure walls were so tight, and the floor
between the crawl space and the living area was lea-
ky, the crawl-space depressurization system depres-
surized the living area sufficiently to cause back-
drafting of combustion appliances in the living area.
It is estimated that the depressurization system was
exhausting more than 40 Vsec, and had depressur-
ized the crawl space by more than 5 1o 7 Pa (relative
to the living area) in some locations. The living area
may have been depressurized by less than 1 Pa rela-
tive to outdoors,

The installation cost of a crawl-space depressuri-
zation systemn will generally be much lower than
that of a SMD system. Extrapolation of the installa-
tion costs for SMD (Henschel, 1991), together with
the limited available commercial experience with
crawl-space depressurization systems (Kladder,
1992), indicates that a crawl-space depressurization
system would cost $400-$1,000 if installed by a com-
mercial mitigator. Costs will be at the lower end of
the range if the fan simply exhausts at grade outside
the house, and at the upper end if there is a stack up
through the house as in Figure 2, The installation
cost would increase if additional effort is required to
seal the crawl space, beyond sealing of major access-
ible openings and forced-air ducting.

As shown in Table 1, the estimated operating cost
for a crawl-space depressurization system at baseline
conditions is $192. This is about three times the
baseline annual cost of a SMD system, primarily as
a result of the increased heating/cooling penalty.

In summary, crawl-space depressurization will be
most applicable in existing houses where: a) the
crawl space is inaccessible, ruling out SMD as an
option; b) the crawl space is relatively tight and well
isolated from the living area to begin with, reducing
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the need to seal and isolate the crawl space; ¢) radon
reductions of greater than 50% are required in the
living area, ruling out nararal ventilation as an op-
tion; and d) there is no combustion appliance in the
crawl space that might back-draft. But even where
conditions b) through d) above are favorable for
crawl-space depressurization, SMD should still be con-
sidered, due to its potential for greater and more con-
sistent radon reductions at reduced operating cost.

Crawl-space depressurization might find in-
creased application in new construction (Brennan
1992). New houses could be built with tight crawl
spaces and, in particular, a very tight foundation
wall. Under these conditons, a reduced exhaust
flow would be sufficient to maintain adequate de-
pressurization. And, due to the tight foundation
walls, most of the air exhausted by the system would
be drawn into the crawl space from the living area,
as part of a deliberate design to provide proper ven-
tilation of the living area.

Crawl-spoce Pressurization

In crawl-space pressurization systerns, a fan is
mounted to blow outdoor air (or air from the living
area) into the crawl space. Some sealing or isolation
of the crawl space may be needed in order to achieve
effective pressurization.

One configuration of a crawl-space pressurization
system would look very similar to the crawl-space
depressurization system in Figure 2, except with the
direction of the fan reversed. More commonly, the
fan would be mounted at grade level.

Crawl-space pressurization works by causing the
pressure of the crawl space to be higher than the
pressure in the soil. If effective, this would prevent
the convective flow of radon-containing soil gas into
the crawl space. It would not reduce the amount of
radon entering the crawl space by diffusion.

A second mechanism — ventilation of the crawl
space and dilution of the crawl-space radon — may
play a more important role for crawl-space pressuri-
zation systems than was expected in the previous
discussion for crawl-space depressurization systems.
Unlike depressurization systems, pressurization sys-
tems will not increase the convective flow of soil gas
into the crawl space; thus, the increased flow of out-
door air into the crawl space will not potentially be
offset by increased radon flow. If the crawl space
cannot be effectively pressurized, the ventilation
mechanism may become more important than the
pressurization mechanism in crawl-space pressuriza-
tion systems.

Crawl-space pressurization systems would be ex-
pected to impact the crawl-space dynamics discus-
sed earlier, by increasing the amount of crawl-space
air flowing into the living area. Thus, it is crucial
that the pressurization system reduce radon levels in
the crawl-space air, whether it be by reduced con-
vective entry or by dilution.

In limited testing of crawl-space pressurization in
six structures (Findlay et al., 1990; Pyle and Leovic,
1991; Stoop and de Meijer, 199%; Turk, 1991; Turk et
al., 1992), where outdoor zit was blown into the
crawl space, crawl-space pressurization was found o
give living-area radon reductions usually in the
range of 35 to 80%. These reductions are generally
comparable to those obtained using natural crawl-
space ventilation (i.e., simply opening the foun-
dation vents, with no fan).

This result could suggest that the pressurization
system may not always effectively pressurize the
crawl space relative to the soil (i.e., to the outdoors),
and that ventilation/dilution may be the primary
mechanism coming into play. Indeed, in one of the
cases where pressure measurements were reported
(Pyle and Leovic , 1991), the crawl space was still
under 1.5 Pa negative pressure relative to outdoors
with the pressurization system operating. This lack
of pressurization resolted despite a relatively high
flow (110 }/sec) being blown into a school crawl space
having an effective leakage area (535 cm?) much
smaller than the crawl-space leakage area in many
houses. The resulting radon reductions in the over-
head occupied space were only about 40%.

The best results with crawl-space pressurization
systems were observed with two tighr inaccessible
crawl spaces. In one house (Tirk, 1991), where the
overhead floor decking as well 4s the foundation
wall were very tight, a flow of about 40 I/sec pressur-
ized the crawl space by over 5 Pa relative to out-
doors. In the second house (Turk et al., 1992), where
the walls were tight but the floor was leaky, 40 I/sec
pressurized the 57 m? crawl space by 1 to 8 Pa. (The
pressurization varied with location apparently be-
cause the floor joists contacted the soil and inter-
fered with the distribution of the pressure field.) In
each house, indoor radon reductions were over 80%,
the highest that have been observed with this ap-
proach.

One reason why radon reductions were no greater
than 80% in the above two houses, despite the excel-
lent crawl-space pressurization, may have been the
continued diffusion of radon into the crawl space
from the soil.
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If the pressurization system fails to pressurize the
crawl space relative to outdoors, convective flow of
radon into the crawl space from the soil can conti-
nue, if at a reduced rate. Since the pressurization
systern will increase the flow of crawl-space air into
the living area, this increased flow may partly offset
the benefits resulting from reduced convective entry
and from dilution of the radon in the crawl space.

Pressurization avoids the risk of combustion ap-
pliance back-drafting that can be present with
crawl-space depressurization systems. But with out-
door air being blown into the crawl space, pressuri-
zation creates a risk of freezing in water pipes in the
crawl space.

The installation cost of a crawl-space pressuriza-
tion system would be about the same as that for
crawl-space depressurization ($400-$1,000), unless
special effort is required to seal or isolate the crawl
space, or to install insulaton under the overhead
floor. This installation cost includes insulation of
water pipes.

The operating cost for pressurization should be
about the same as that for crawl-space depressuriza-
tion, with a baseline of $192 per year. The ventila-
tion rate of the living area should be impacted to
about the same extent with both pressurization and
depressurization. With pressurization, the increased
flow of outdoor air will enter via the crawl space ra-
ther than infiltrate through the superstructure.

In summary, crawl-space pressurization would ap-
pear to be most applicable where: a) the crawl space
is inaccessible, ruling out SMD; b) the crawl space
is particularly tight to begin with; c) concerns about
back-drafting discourage the use of crawl-space de-
pressurization; and d) only moderate radon reduc-
tions are needed. If the crawl space is not tight, pres-
surization probably should not be considered unless
the needed reductions are no more than about 50%.

As discussed later, natural crawl-space ventilation
gives about the same living-area radon reductions as
does crawl-space pressurization. Also, natural venti-
lation is simpler to implement and operate, if foun-
dation vents already exist. Therefore, active crawl-
space pressurization might be selected over natural
ventilation only in crawl spaces where there is not a
sufficient number of properly distributed foun-
dation vents to permit natural ventilation to be easi-
ly implemented. Even where sufficient vents do not
exist, the installation of additional vents and the im-
plementation of natural ventilation can still be con-
sidered as an alternative to pressurization.

Where foundation vents are opened, the question

arises regarding whether it is worthwhile to operate
a fan anyway, to supplement the namral ventilation
with a forced ventilation component. There are not
sufficient data to enable a definitive answer regard-
ing when a forced ventilation component may be
cost-effective. In one reported house, natural venti-
lation was supplemented by 71 l/sec of forced vent-
lation, which was balanced so that the crawl-space
pressure would not be altered. In this house, the
forced ventilation provided no additional indoor ra-
don reduction compared to natural ventilation alone
(Turk et al., 1987).

Even when conditions are favorable for natural
ventilation or crawl-space pressurization, SMD or
crawl-space depressurization will often give greater
and potentially more reliable radon reductions.
Thus, SMD and depressurization should still be
considered 25 options, unless the house is not amen-
able to these techniques.

Natural Crawl-space Ventilation
In general, natural crawl-space ventilation consists
of opening existing vents in the crawl-space foun-
dation wall, and/or installing new vents, to increase
the nawiral infiltration of outdoor air.

Natural ventilation works through two mechan-
isms. First, it tends to neutralize the pressure be-
tween the crawl space and outdoors. By thus redu-
cing crawl-space depressurization during cold
weather, this technique reduces the convective flow
of radon-containing soil gas into the crawl space.
Second, by providing an increased infiltration rate
for fresh outdoor air into the crawl space, the tech-
nique dilutes any radon that enters the crawl space.

But the reduced radon concentrations in the
crawl space, resulting from the two above-men-
tioned mechanisms, can be partly offset by increased
flow of crawl-space air into the living area. As dis-
cussed previously in connection with crawl-space
dynarnics, increased leakage areas in crawl-space
foundation walls will reduce the resistance to out-
door air flow into the crawl space. This will tend to
increase the amount of air infiltrating into the living
area from the crawl space rather than directly from
outdoors. As a result, opening crawl-space vents can
increase the flow of erawl-space air into the living
area.

Crawl-space foundation walls can sometimes be
fairly leaky even without vents. In the one house
from which data are available (Brennan et al., 1990),
unsealing ten 20 by 41 cm vents approximately
doubled the effective leakage area of the foundation
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wall, increasing it from 1,430 to 2,720 cm? (129 cm’
per vent).

In one study (Nazaroff and Doyle, 1985), opening
6 to 14 foundation vents in three crawl-space houses
was calculated to have increased the average ventila-
tion rate of the crawl space by a factor of 3, from an
average of 0.6 to 1.9 air changes per hour (ACH).
(The caiculated ventilation rate of the living area of
these three houses was unchanged at an average of
0.5 ACH.) In another study using tracer gases (Mat-
thews et al., 1989), opening 6 to 13 foundation vents
in four houses increased the average crawl-space
ventilation rate by a factor of over 5, from 0.5 to 2.7
ACH.

The performance of nawral crawl-space ventila-
tion will depend upon factors which influence the
increase in ventilation rate: the number and lo-
cation of vents; the tightness of the crawl space;
weather conditions, especially wind and tempera-
ture; and the presence of vent obstructions {such as
shrubbery). It will also depend upon activities by
the homeowner, such as the operation of depressur-
izing appliances in the house or crawl space. Be-
cause of the role of weather and of homeowner acti-
vities, performance will vary with time.

In limited testing as part of EPA’s R&D) program,
natural ventilation was found to provide radon re-
ductions ranging from 46 t 83% in the living area
of five buildings im which five to eight existing
foundation vents were opened (Findlay et al., 1990;
Pyle and Leovic, 1991). These reductions are based
upon relatively short-term testing, usually for 2- to
4-day periods both before and after the crawl-space
vents were opened. This short measurement period
probably contributed to the scatter in the resulrs,
since performance is expected to vary with time,

In a somewhat longer-term study, testing over 5
to 7 weeks in two houses having 6 to 10 vents, provi-
ded indoor radon reductions of 40 1o 45% (Nazaroff
and Doyle, 1985). In another house having 14 vents,
where SF, was released into the crawl space as a sur-
rogate for radon, matural veariladon reduced SF
concentrations in the living area by 21 to 35%, based
upont 2- to 3-day measurements with and without
the vents open (Nazaroff and Doyle, 1985). The
higher reduction was achieved after the leakage area
was reduced in the floor between the crawl space
and the hiving area.

Investigators testing three houses in which only
two vents were opened (one in each of two opposing
wails), and in which steps were taken to seal the
overhead floor, observed living-area reductions of 18

and 27% in two of the houses, and 75% in the third,
based upon 2- to 4-day measurements (Pyle and
Williamnson, 1990). Natural ventilation combined
with crawl-space sealing/barriers provided indoor
reductions of 50 to 60% in three Spokane houses,
each of which had an adjoining basement which was
not treated for these measurements (Turk et al.,
1987). In a mitigation effort where multiple vents
were retrofitted into a number of existing crawl-
space houses (to provide 1 m? of vent area per 150 m?
of floor area), living-area reductions consistently
ranged between { and 50% (Fisher, 1992),

These limited current data suggest that average
indoor reductions will probably be no greater than
about 50% in most cases.

Researchers have found that natural crawl-space
ventilation consistenily reduces radon concentra-
tions in the crawl-space air to a greater extent than
it reduces radon concentrations in the living area
{(Nazaroff and Doyle, 1985; Turk et al., 1987; Findlay
et al,, 1989; Pyle and Williamson, 1990; Pyle and
Leovic, 1991). In the 10 houses for which simul-
taneous crawl-space and living-area data are avail-
able, crawl-space radon levels were reduced by an
average of 72%, while living-area concentrations
were reduced by an average of only 58%. This result
supports the expectation discussed previously, that
reduced radon concentrations in the crawl space will
be partly offset by an increased flow of crawl-space
air into the living area.

If natural crawl-space ventilation can be imple-
mented simply by opening existing foundation
vents, the installation cost will be near zero. Where
the crawl space has no vents (or too few vents), vents
will need to be retrofitted. Extrapolation of the in-
stallation costs for soil depressurization systems
{(Henschel, 1991), tegether with commercial exper-
ience (Fisher, 1992), indicates that the installation
cost for retrofitting muitiple vents into an existing
house will be about $100 to $125 per vent. This in-
cludes some effort to caulk openings in the floor
decking and to insulate water pipes. It does not in-
clude any major effort to isolate the crawl space
from the living area, or to install insulation beneath
the overhead floor for eccupant comfort or to reduce
the heating penalty.

The baseline case for operating cost calculations
assumes that, on average, the ventilation rate of the
living area will not be increased by opening foun-
dation vents {see Table 2). Thus, there will be no
heating/cooling penalty assoctated with increased
living-area ventilation. However, there will still be a
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heating/cooling penalty due to increased heat loss
through the floor, resulting from the fact that the
crawl space will now be colder in the winter (and
hotter in the summer). This heating/cooling penalty
cannot be rigorously quantified. The baseline oper-
ating cost in Table 1 is thus lisied simply as being
greater than zero.

In summary, natural crawl-space ventilation will
most likely be useful primarily where: a) only a lim-
ited indoor radon reduction is needed; or b) the
crawl space is not a major radon source, and crawl-
space ventilation is simply supplementing SSD or
DTD in an adjoining basement.

Sealing Openings between

Crawl Space and Living Area

If the leakage area between the crawl space and the
living area could be reduced, the resistance to the
flow of crawl-space air into the living area should be
increased. The flow of radon-containing crawl-space
air into the living area would nominally be reduced.
More of the air infiltrating into the living area would
be outdoor air entering the living area directly.

Such effort typically includes sealing relatively
small but widely distributed openings through the
floor which separates the living area from the crawl
space, and through any wall separating the crawl
space from an adjoining basement wing. Such open-
ings include, for example, gaps in the decking
around utility penetrations, and seams in the sub-
flooring. The effort would also include sealing the
seams in any forced-air ducting present in the crawl
space, especially on the low-pressure return side of
the furnace or air conditioner. In extreme cases, the
effort could include closure of major openings; e.g.,
constructing a frame wall to isolate a crawl space
which is initially open to an adjoining basement.

The limited data available suggest that sealing
openings between the crawl space and the living
area, by itself, may provide little or no reduction in
the radon concentrations in the living area. In one
study house, an extensive effort to isolate the crawl
space from the living area - reducing the effective
leakage area of the crawl space by 70%, from 513 to
133 cm?® — reduced living-area concentrations only by
about 15% (Turk et al., 1987). In two other studies on
a total of three houses (Nazaroff and Doyle, 1985;
Pyle and Williamson, 1990), attempts to isolate the
crawl space resulted in changes in indoor concentra-
tions ranging from a 10% decrease to a 15% increase.
All of these houses had forced-air ducts in the crawl
space, complicating the isolation of the crawl space.

These observed changes in radon levels due to
sealing are within the normal variability of indoor
concentrations in a given house.

There may be two explanations why floor sealing
does not provide greater indoor radon reductions.

One explanation may be that the floor leakage
area is not reduced sufficiently to significantly re-
duce the flow of crawl-space air into the living area.
While some openings between the crawl space and
the living area (such as those around utility penetra-
tions) may be reasonably accessible for sealing,
others (such as the seams in the decking) can be
widely distributed and sometimes inaccessible. It is
unclear to what extent these openings — which pro-
vided an average effective leakage area in the over-
head flooring of 355 cm? in nine Tennessee houses
(Brennan et al., 1990} — can be sealed with a practical
level of effort. As an added concern, the durability
of the seals is sometimes uncertain.

A sccond explanation why indoor radon reduc-
tions are not greater may be that — since so much of
the living-area infilration comes from the crawl

space — the sealing of the floor leakage area decreases

the ventilation rate of the living area. The reduction
in radon flow into the living area thus may be offset
by a reduction in the infileation of outdoor air
which, prior to sealing, had been entering the living
area via the crawl space,

These effects of floor sealing are illustrated in one
house where floor sealing reduced the living-area ef-
fective leakage area from 1,220 to 890 cm? (Nazaroff
and Doyle, 1985). Based upon measurements of SF,
released in the crawl space, this sealing appeared to
decrease the fraction of the SF,entering the living
area by 12% (with the foundation vents sealed) to
35% (with the vents open). However, it also de-
creased the calculated ventilation rate of the living
area by 24% (vents sealed) to 30% (vents open).
These two effects largely offset one another, resuli-
ing in an increase of 8% in the measured indoor ra-
don levels with the vents sealed, and a 10% decrease
with the vents open.

According to the survey of mitigators (Hoornbeek
and Lago 1991), 12% of the mitigators preferred some
type of sealing approach in treating crawl-space
houses. Discussions with mitigators suggest that, in
fact, sealing in the crawl space is most commeonly
utilized as 2 supplement te SSD or DTD in an ad-
joining basement when the crawl space is not a ma-
jor scurce. In these cases, it is unclear what contri-
bution, if any, the crawl-space sealing effort makes
to the observed radon reductions.
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Because the namre and extent of a stand-alone
sealing effort can vary, it is not possible to estimate a
meaningful installation cost for stand-alone sealing
in Table 1. The annual operating cost for sealing is
assumed to be zero, but this excludes any mainten-
ance costs that may be incurred in subsequent re-
pairing of seals that break over time.

In summary, sealing should never be relied upon
as a stand-alone mitigation method where the crawl
space is an important radon source. A homeowner
may wish to try sealing as a stand-alone method on
a do-it-yourself basis, to see how well this approach
might perform in that particular case. However, its
potential on a stand-alone basis is so small that a
commercial mitigator would most likely never pro-
pose sealing except perhaps in combination with
SSD in an adjoining basement, or as a necessary
component of crawl-space pressurization or depres-
surization. Floor sealing may be more promising in
new construction, where the floor can be made par-
tcularly tight, and provisions made for infiltration
of outdoor air directly into the living area.

Barrier over Soil in Crawl-Space

Installation of a sealed barrier such as polyethylene
sheeting over the crawl-space floor, and over the in-
terior face of block foundation walls, should reduce
the entry of radon into the crawl space, except by

diffusion through the barrier. A barrier potentially:

could overcome the problems identified above for
floor sealing, in that: a) if fully sealed, the leakage
area of a barrier should be far smaller than could be
achieved by sealing the overhead floor; and b) it will
not interfere with ventilation of the living area by
crawl-space air.

Reliable testing of the effect of a completely
sealed barrier of plastic sheeting over the crawl-
space floor and foundation walls has been completed
in only one house, where a basement wing adjoined
the crawl space (Turk et al., 1987). This barrier by it-
self, without any other sealing to isolate the crawl
space, resitlted in indoor reductions of 31%, based
upon 2 to 3 weeks of testing both before and after
installation of the membrane. Tests by other invest-
igators, without the membrane being completely
sealed, suggest that essentially no indoor reductions
are achieved when the barrier is not fully sealed
(Findlay et al., 1990).

Based upon extrapolation of the installation costs
for SMD systems (Henschel, 1991), the installation
cost for a floor barrier is estimated to be $300-$1,000,
depending primarily upon the size of the crawl

space. The operating cost would be zero, excluding
maintenance cosis to repair punctures in the mem-
brane.

Because of the limited effectiveness of crawl-space
floor barriers, and concerns about the durability of
the membrane, this technique should not be relied
upon as a stand-alone method.

Maijor Issues Requiring Further Study

® The method for ensuring that adequate suctions
and flows are established everywhere beneath the
membrane of SMD systerns. Some mitigators
routinely use sub-membrane perforated piping to
help distribute the suction; many mitigators rou-
tinely seal the membrane everywhere. These two
steps are recommended, but may not always be
necessary (Henschel, 1992),

e The durability of the membrane in SMD systems.
Deterioration of the membrane over time could
seriously degrade SMD performance, essentially
converting it to a crawl-space depressurization
SyStem.

e The performance of crawl-space depressurization
systems as a function of crawl-space leakage area
and the amount of 2ir exhausted. Performance in-
cludes: radon reductions in the living area over
time, as weather conditions and appliance usage
vary; depressurizations achieved in the crawl
space; combustion appliance back-drafting; and
actual system operating costs.

References

Anderson, J.W. (1992) Personal communication, Spokane, WA,
Quality Conservation.

Bohae, D.L., Shen, L.S., Dunsworth, T.5. and Damm, C.J. (1991)
Radon Mingation Energy Cost Penalty Research Project, Minnea-
polis, MN, Minnesota Building Research Center, University of
Minnesota.

Brennan, TM., Pyle, B.E., Williamson, A.D., Belzer, EE. and Os-
borne, M.C. (19907 “Fan door testing on crawl space build-
ings”. In: Sherman, M.H. (ed.) Air Change Rate and Airtightness
in Buildings, ASTM STP 1067, Philadelphia, American Society
for Testing and Materials, pp 146-150.

Brennan, T.M. (1992) Personal communication, Oriskany, NY,
Camroden Associates, Inc.

Dudney, C.8., Wilson, D.L, Saultz, R.J. and Matthews, T.G. (1991}
“One-year follow-up study of performance of radon mitigation
systerns installed in Tennessee Vatley houses™. In: Proceedings:
1990 International Symposium on Radon and Radon Reduction
Technology, Research Triangle Park, NC, US, Environmental
Protection Agency (Report No. EPA-600/9-91-026b, NTIS
PRY1-234450), Vol. 2, 7-59-7-71.

Findlay, W.O., Robertson, A. and Scow, A.G. (1989) Testing of In-
door Radon Reduction Techniques in Central Ohio Houses: Phase 1
(Winter 1987-88), Research Triangle Park, NC, U.S. Environ-



Henschel: Indoor Radon Reduction in Crawl-space Houses: a Review of Alternative Approaches 287

mental Protection Agency (Report No. EPA-600/8-89-071,
NTIS PB89-219984).

Findlay, W.O., Robertson, A_ and Scott, A.G. (1990) Bsting of In-
door Radon Reduction Techwigques in Cemtral Ohio Houses: Phase 2
{(Winser 1988-89), Research Triangle Park, NC, U. S. Environ-
mental Protection Agency (Report No. EPA-600/2-90-050,
NTIS PB90-222704).

Fisheg, EJ. (1992) Personal communication, Washington, D.C,
U.5. Environmental Protection Agency.

Fitzgerald, J. (£992) Personal communication, Minneapolis, MN,
Jim Fitzgerald Coniracting.

Gilroy, D.G. and Kaschak, WM. (1990) Testing of Jndvor Radon
Reduction Techrigues in 19 Maryland Houses, Research Triangle
Park, NC, 11.8. Environmental Protection Agency (Report No.
EPA-600/8-90-056, NTIS PB90-244393),

Heaschel, D.B. (1991) “Cost analysis of soil depressurization tech-
migues for indoor radon reduction”, fudoor Air, I(3), 337-35L.
Henschel, D.B. (1992) Design of Indoor Radon Reduction Tochnigies
for Crawl-Space Houses: Assessment of the Existing Daia Base.
Paper presented at the 1992 International Symposium on Ra-

don and Radon Reduction Technology, Minneapolis, MN.

Hoornbeek, J. and Lago, J. (1991) “Private sector radon mitigation
survey”. In: Proceedings: 1990 International Symposium on Radon
and Radon Reduciion Technology, Research Triangle Park, NC,
ULS. Environmental Protection Agency (Report No. EPA-600/
9-31-026c, NTIS PB91-234468), Vol. 3, 4-174-30.

Howell, T. and Jones, D.L. (1992) Personal communication, At-
lanta, GA, Radon Reduction and Testing, Inc.

Kiadder, I3.L. {1992) Personal communication, Colorado Springs,
CO, Colorado Vintage Companies, Inc.

Matthews, T.G., Wilson, D.L., Saulz, RJ. and Dudney, C.S.
{1989} Personal communication, Oak Ridge, TN, QOak Ridge
National Laboratory.

Messing, M. (1990) Testing of Indoor Radon Reduction Technigues in
Basement Houses having Adjoining Wings, Research Triangle
Park, NG, U.S. Environmental Protection Agency (Report No.
EPA-600/8-20-076, NTIS PBS1-125831).

Nazaroff, W.W. and Doyle, .M. (1985) “Radon entry into houses
having a crawl space”, Health Physics, 48(3), 265-281.

Osborne, M.C,, Moore, D.G., Southerlan, R.E., Brennan, TM.

and Pyle, B.E. (1989) “Radon reduction in crawl space house”,
Journal of Envtronmental Engineering, 115(3), 574-589.

Pyle, B.E. and Williamson, A.D. (1990) Radon Mitigation Studies:
Nashville Demonstration, Research Triangle Park, NC, U. S. En-
vironmental Protection Agency (Report No. EPA-600/8-90-061,
NTIS PB90-257791).

Pyle, BE. and Leovic, K.W. (1991) “A comparison of radon miti-
gation options for crawl space school buildings”, In: Proceed-
ings: 1991 Futernational Symposium on Radon and Radon Reduc-
tion Technology, Research Triangle Park, NG, U. S. Environ-
mental Protection Agency (Report No. EPA-600/9-91-037h,
NTIS PB92-115369), Vol. 2,10-73-10-84.

Pyle, BE. (1992) Personal communication, Birmingham, AL,
Southern Research Institute.

Shearer, D.J. (1992} Personal communication, Des Moines, IA,
Professional House Doctors, Inc.

Sherman, M.H. (1986) “Infiltration degree days: a statistic for
quantifying infiltration-related climate™, ASHRAE Transac-
tions, 92 Pt. 2A, 161181

Stoop, B and de Meijer, R.J. (1991) Influence of Vintilavion Shaft
Modifications on the Flow and Sources of Radon in a Duwelling,
Groningen, Netherlands, Kernfysisch Versneller Instiruut,
University of Groningen (Report No. R-22).

Turk, BH., Pdll, RJ., Fisk, W), Grimsrud, D.T,, Moed, B.A.
and Sextro, R.G. (1987) Rodon and Remedial Action in Spokane
River Valley Homes, Berkeley, CA, Lawrence Berkeley Labora-
tory (Report No. LBL.-23430), Vol. L

Turk, B.H. (1991) Personal communication, Santa Fe, NM.

Turk, B.H., Powell, G., Fisher, E.J., Harrison, ]J., Ligman, B.,
Brennan, T.M. and Shaughressy, R. (1992) Muli-Polfuant Min-
gation by Maripulation of Crawilspace Pressure Differentiols. Paper
presented at the 1992 International Symposium on Radon and
Radon Reduction Technology, Minneapolis, MN.

U.S. Bureau of the Census {1991) Statistical Abstract of the United
Stazes: 1991 (111th edition), Washington, D.C.

U.S. Department of Energy (1987) Houschold Energy Consumption
and Expenditures 1987, Part I: National Data, Washingion, D.C.
[Report No. DOE/EIA-0321/1(873].



