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ABSTRACT

Radon is the most significant health threat from indoor air
pollution, causing an estimated 5,000 - 15,000 lung cancer deaths per
year in the UeSe A popular misconception is that tight, energy­
efficient housing is largely responsible for this natural hazards
However,. the concentration of indoor radon (and indoor air pollutants
in general) is determined primarily by the strength of the pollutant
source@ This fact suggests that the most effective way to reduce
exposures to indoor radon would be through source controls rather than
dilution indoor pollution through general ventilations

This paper reviews status of radon mitigation in the U@S@,
focusing on two control approaches: soil ventilation, a source~

specific control measure, and house ventilation@ These two
approa s are compared using data from several recent field
demonstration projects~ It is shown that soil ventilation is the
more e tive control technique& Soil ventilation reduces indoor
concentrations below recommended levels regardless of source
s th (initial indoor concentration) @ House ventilation is a
successful control measure when pre .....mi ti tion concentrations do not
exceed 10 i In addition to ir superior performance, soil
ventilation nigues are less expensive than neral house
ventilation, ire less maintenance, and are ess prone to
inter ion residents$

success to date of radon Ini tigation work has been large
result pr essional skill of resea s completing
demonstration projects ~ more resea on e and other
control stra ies is necessa before measures will be
avail e for successful wi ications@ Certification of
interested contractors is recommended to protect the public as the
need and demand for remedial work increases@ Mitigating air quality
pr in housing may become an extension of the energy house
doctor i s reper toi re, and some may find i t prof i table to become n indoor
air Ii specialistsn~
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INTRODUCTION

Indoor air pollution is considered by some to be the end of
innocence for energy conservation@ Indoor air quality (lAQ) has
received increasing press coverage in the past 5 years, and virtually
all references to this subject implicate energy conservation as a
principal cause of IAQ problems [1] @ The basis of concern is that one
aspect of energy efficiency in buildings -- house tightening to reduce
infiltration may allow air pollutants to accumulate to
unacceptable levels$

In fact, results from several recent field studies show that
weatherization is not to blame for poor air quality, nor do new,
energy-efficient buildings suffer greater air pollution problems
than existing, conventional housing [2] @ It is becoming clear that
indoor air pollution is not a problem for energy-efficient dwellingse
Rather, efficient construction with attention to pollutant sources
can result in healthier air quality in energy-efficient homes than in
leakier homes [2] ~

The most important determinant of indoor air quality is the
strength of pollutant sources @ Whi Ie residential air exchange rates
vary by a factor of 10, the rate at which pollutants are emitted into
the indoor air can vary by a factor of 100 or more [3] @ We also now
know that a bui ing's air excha rate itself can affect pollutant
entry or emission rates [4]@

As our understanding of dynamics of indoor air pollution
improves, attention is shifting to techniques to reduce indoor
exposures@ There are five general control approaches: source
avoidance, source modification, local ventilation, whole-house
ventilation, and air cleaning@ Source-specific controls (avoidance
and modification) are largely preventive measures, as they reduce the
e of 11 u tants into the ai r ~ Source con trol s may take the farm
of emical or physical modifications, substitution of a benign

oduct or material for one that emits unwanted contaminants, or the
outri removal (without substitution) of the offending source@

Ventilation and air cl~aning strategies, on the other hand, are
reactions to an ongoing problem\!) They do not reduce the occurrence of
pollution, rather, they only reduce the likelihood of human exposure$
The energy penalty from increased ventilation is significant -- the
20-40% of the heating and cooling costs lost via infiltration are
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exactly why house tightening is practiced in the first place. New
ventilation technologies, such as air~to-air heat exchangers and
other heat recovery ventilators, reduce the energy penalty associated
with ventilation but at a significant capital cost. Of course, some
minimum amount of ventilation is needed in all buildings to replace
the air polluted with odors,. moisture, and the low level contaminants
resul ting from normal human occupancy 6' and heat recovery as a
component of ventilation is desirable whenever cost-effective.

Since reduced air exchange rates do not necessarily lead to an
lAQ problem, it would follow that ventilation is not capable of
eliminating pollution from strong sourcesG At what strength of a
pollutant source is increased ventilation an inadequate control?
Are more effective source controls available at a lower cost?
Reports on the success of individual control measures frequently
appear in the literature, but comparisons between different
approaches have not been made@

This paper sents a test of princi e between indoor air
polluti on source controls and house vent i la t ion G Radon prov ides an
interesting test case for a comparison of control stra ies@ Except
for the isolated cases where uranium-contaminated so was used as

fill around housing, the source of radon cannot be removed from
site@ Source controls must therefore take the form of

modifications to soil or foundation through which the radon
enters0 Several researchers have suggested that increased house
ventilation sufficient to achieve acceptable indoor
concentrations initial radon levels are relatively low; some do
not ify t is meant by Wrelatively low', ile 0 rs st
15~ ill 5] @ A systemat c review of the mitigation results to
date s not n is analysis 11 provide a comparison

use of source- ific controls and increased ventilation for
tion of hi levels of indoor radon.

INDOOR. RADON

product of radium in the uranium chain@
rily from soil through cracks and

[6] @ This gas is undetectable the human
in si has been largely unnot ced until
Mar tal i ty da ta of ur ani urn rni ne worker s
(primarily its decay products, or progeny)

Radon is a
Radon enters housi

i in ndat ons
senses, and i ts presence

t ten years ago @

demonstrates t radon
causes Iu cancer@

distribution indoor radon in the U@S@ is lognormal with a
"~""'''''''''l!'''lI''Il..-..t:ric mean (median) of about 1 pei/I; the typical outdoor
concentration is O@2 pei/l [7] @ Approximately 5-10% of the U@S$

si stock contains radon in excess of 4 pCi/l, and an estimated 1­
3% exceed 8 pCi/l [7] @ Lifetime exposure to 1 pCi/l has been
estima ted to increase the risk of 1ung cancer by O. 25% [8] @

Nationwide, it is estimated radon is the cause of about 9,000 lung
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cancers per year, and the risk to occupants of the houses exceeding 8
pCi/l comprises 10-30% of this total risk [7].

The personal risks posed by radon are larger than many
"voluntary" hazards for which we take protective action, and much
larger than virtually all "involuntary" hazards for which governments
take action to limit [2].. However, there is no single, broad federal
guideline to address exposure to indoor radon. Guidelines and
recommendations for remedial action established by various agencies
and organizations in the U.80 fall in the range of 4-8 pCi/1 [9].
Lacking a single guideline, this range will be used as a broad
indicator of the need for (and success of) mitigation activity@

One of the most widely tested source controls for radon is soil
ventilation. Soil ventilation provides an alternative route of
passage for radon gas -- into the outdoors instead of into a house (see
Figure 1). This can be achieved by providing suction (and venting) of
the air in the ground beneath foundation slabs, sump holes, drain
tiles, or suction on the concrete block walls@

Increased house ventilation for radon mitigation is generally
provided using air-to-air heat exchangers (AAHXs) ~ In addition to
their ability to ovide increased ventilation, AAHXs transfer heat
from the sted air stream into the supply stream, reducing the

penalty associated th ventilation0 House ventilation can
also be provided by conventional fans blowing air through basements
and cr awl space s ~ i t i anal de ta i 1 on and other con trol s for
radon are discussed elsewhere [2, 10-15] 0

This analysis will provide a preliminary comparative
assessment of the effectiveness of soil ventilation and house
ventilation for a broad range of initial indoor radon concentrations,
based on resu 1 ts repor ted to da te $ a im of th is work is to
identi , if possible, a thre ld of initial radon concentrations
above wh increased ventilation is unlikely to result in acceptable
post~mitigation concentrations.

METHODOLOGY

The radon mitigation efforts to be summarized here include work
Advanced Techno Consultants, Ltde in Canada [10], Turk et al in

ane [11], Henschel and Scott in the Reading Prong, PA [12] I'

Well in the Reading Prong [13] I and Hernandez in NJ [14], and
Ni et al in New York [15] @

Before and after measurements for a total of 46 locations were
used for the soil venting analysis, with 59 locations for house
ventilation$ (A "location" is a basement or a floor in the living
area of a house; measurements in crawl spaces were not used9) Only
locations wi th pre-mi tigation radon levels in excess of 4 pCi/l were
included@ Data for more than one location in a single house has been
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used in several cases e Also, more than one type of control has been
applied to some houses, but in each case, the data used reflect the
impact of each approach independent of the other [16] e

This analysis includes applications of several different soil
ventilation techniques& The data for house ventilation includes
mechanical ventilation (with or without heat recovery) of the living
area, basement and/or crawl space$ Foundation crack-filling and
sealing is an important component of both control approaches and often
accompanied the soil venting and house venting efforts.

The data in this analysis are also qualified to some extent by
limitations set by the author:

• More than one post-mitigation measurement in a specific
location was used in cases where additional controls were
utilized. For example, Turk [11] tested soil venting using
both soil depressurization and overpressurization; both
values have been usede The effect of this double-counting is
to average an initial suboptimal result wit:h a final succeSSe

~ One outright failure has been omitted from this analysiso
Henschel and Scott [12] present one house in which a sub-slab
venting system failed to reduce indoor radon below its
ini tial value of 1240 pCi/l due to the lack of aggregate stone
beneath the slabe

G Because radon entry is so strongly influenced by the stack
e t [4], an effort was made to use before and after
measurements reflecting similar seasons if data for more than
one season was available$

• No adjustments are made for quantitative differences in
individual house tightness, the amount of ventilation
provided the mechanical ventilators, nor have adjustments
been made for other variables that may affect the success of a
control as soil porosi These limitations will be
discussed further following the presentation of resultso

Some of the studies reported on here describe their data in radon
progeny (working levels) @ These measurements are converted into the
units of radon gas (pCi/l) for consistency [17]@

RESULTS

data have been binned according to pre-mitigation radon
levels@ Table I summarizes the results by mitigation techniquee

average pre--mitigation concentrations within each bin are nearly
1 between the two sets of data, suggesting the sets within each bin

are comparable for the sake of this analysis$ Also, the geometric and
arithmetic means within each bin are nearly equal, indicating that the
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binning ranges were appropriate for a lognormal distribution@ The
open-ended bins (> 80 pCi/l) are the exception, as expected for a
lognormal distributiono

It is clear that both soil ventilation and house ventilation are
successful mitigation techniques when initial concentrations are
below 10 pCi/lo Both techniques reduced average radon
concentrations below 2 pCi/l, and radon was reduced below 4 pCi/l in
all but one individual location (a basement with mechanical
ventilation).

The efficacy of soil ventilation continues into the bin where
ini tial levels are 10 -- 19.9 pCi/l, whi Ie the effecti veness of house
ventilation declines in this range@ The average level of radon after
soil venting in th~~e ten locations was again below 2 pei/I, and all
locations were reduced below 4 pei/Ie The average concentration
after house ventilation was above 4 pei/l, and post-mitigation levels
exceeded 4 pCi/l in 7 of the 16 locations@

Soil ventilation is more effective at initial levels between 20.,..,.
40 pCi/l @?> House venti lation reduced radon below 4 pCi/l in only one
of 7 locations (wi only two of 7 reduced below 8 pCi/l) , while soil
venti reduced two of 6 locations below 4 pCi (wi th 4 of 6 below 8
pCi ) @

Soil ventilation is clear superior to house ventilation when
ini tial radon levels are in excess of 40 pCi/10 Seven of the 15 post­
mitigation measurements in houses wi soil venting were at or below 4

ill, compared to on 1 of 15 with house ventilatione

results are also summarized in Figure 2, ich shows the
distri tion of all the radon measurements be and after

tigation0 The similari of two sets of data prior to the
lication of controls can seen by the upper lines$ The

distribution of indoor concentrations after the use of the control
measures are 'distinctl different@?> The estimated national
distri tion of radon in sing is also shown for comparison@

DISCUSSION

is i la t i on and ana is shows tha t a source con trol -- soi I
ventilation consistently indoor radon concentrations to

low 4 pCi when ini tial concentrations are up to 20 pCi/l, and soil
venti is ble of reducing radon below 8 pei/l in many cases
regardless of initial indoor levelso In contrast, house ventilation
is successful at reducing indoor radon concentrations below 4 pei/1

initial levels do not exceed 10 pCi/l@ These results confirm
that source-specific controls for radon are more effective than
dilution of the contaminated space@

re are other considerations that indicate controlling radon

7.177
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at the source is the preferred approach@ Table II compares the
capital and operating costs of soil ventilation and house ventilation
for control of radon. In add i ti on to i ts super i or performance, soi 1
venting is less expensive than ventilation of the living areas.

Furthermore, mechanical ventilators are prone to interruption
by occupants. One of the most common complaints concerning large
mechanical ventilators (in general) is the noise they generate.
Residents frequently shut them off in spite of their purpose [18].
The fans used to power soil ventilation systems are much smaller
(hence quieter) than those used in house ventilators, and are always
located in the basement or outdoors.

Whi Ie th is analysi s :;!"ov ides a useful conf irma t i on of the
principle of radon source control, the quantitative results given
here should be considered preliminary. Some of the data presented
here are from the early stages of radon control research at particular
sites0 Individual house characteristics have not been considered,
and other generalizations have been made for the purpose of comparing
the principles of each application~

The main objecti ve of the research efforts included ill this paper
has identification of reliable, low-cost mitigation
techni s ~ The success of efforts have been achieved in large

t by skill of the trained resear s and technicians involved
in the work~ More more research will be necessary before these and
other radon control techniques become "off-the-shelf" practices for

despread applications@ A growing number of remedial demonstration
projects are in the planning stages in several states to help transfer

practices interested parties0

Who 11 complete the mi tigation work nece in the thousands
of wi u ble levels of radon? The transfer of these
skills to contractors interested in pursuing radon mitigation as a
source of income s not been wide discussed -- but it seems time to
do SO~ How can qual control assured? The mysterious nature of
radon undetectable by the human senses presents many
opportunities for "snake-oil salesmen il to exploit the demand for
radon measurement and control [19]@

Certification of qualified individuals and firms at the state
level is appropriate for this technical work~ The current asbestos

tement program administered by the states and guided by the EPA may
serve as a useful model for a national radon mitigation effort@ There
are rna commercial firms in the business of identifying and
controll n9 environmental and occupational air quality problerns~

Many of these may soon add mitigation of radon and other indoor air
pollutants to their repertoire@ Certification will help maintain

Ii control and ensure sound business practiceS0

Energy aud i tor sand retrof i t ter s (Wi doctors") n1ay also find
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providing air quality remedial services to be in their interest@
Experienced house doctors are familiar with housing from basements to
attics and they have hands-on experience with analytical equipment.
Most importantly, house doctors understand houses as systems, and
they work to improve occupant comfort as well as housing energy
performance@

With additional training, some house doctors may choose to
become "indoor air quality specialists"@ An initial house doctor
visit may include both energy and air quality audits@ The
tradi tional house doctor would then improve the energy performance of
the structure and refer the homeowner to a specialist if air quality
problems are identified@ In fact, one house doctoring firm has
already established a subsidiary business to handle residential
indoor air quality concerns, and two suppliers of horne energy
diagnostic equipment have added air quality monitoring and control
equipment to their marketing efforts [20] $

CONCLUSIONS

Indoor air pollution is not a problem for energy-efficient
housing@ The strength of a pollutant source is the primary
deterrni nant of resul t i indoor concen tra t i on of tha t pollutant $

Residential construction with attention to llutant sources can
result in superior air quali in energy-eff cient housing than in
leakier homes re lutant sources have not been addressed@

Efforts to control indoor air lution in existing houses fall
into two al ca aries: increased ventilation to dilute the
i ndoar can tami nants, and source if i c con trol s to 1 imi t the entry
of pollutants into the house in first place$ Since the strength
of a pollutant source is the main factor affecting its indoor
concentration, it seems like a source- ific control would be
more ef tive at i indoor concentrations than an increase in
ventilation0

This c effectiveness of two general control
stra ies for indoor radon: soil ventilation and house ventilation@
Soil ventilation prevents radon entry into the living area by

ovidi an alternative route of passage for radon gas~ House
vent i la t on reduces r sonal e re to radon by d i 1uti ng i ts indoor
concentration through increased air exchange$ Data from six recent
fie exper nts across North America were used for this analysise

source contr approach, soil ventilation, was found to
more ef tive than general house ventilation~ Soil

ventilation is highly successful at reduci indoor levels below 4
i when e-mitigation levels do not exceed 20 pei/I, and soil

ventilation often reduces radon below 8 pCi/l regardless of the
initial concentration~ Ventilation of the house volume is
success 1 at reducing indoor radon below 4 pei when -mitigation
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concentrations do not exceed 10 pCi/l. House ventilation is
generally unable to reduce radon below 8 pCi/l when pre-mitigation
concentrations are above 20 pCi/le

The source control approach for radon also appears preferable to
general venti 1 a ti on in terms of cost and the role of occupants @ The
capi tal cos ts of soi 1 and house yen t i la t i on systems are roughly equal,
but the annual operating costs of house ventilation are higher due to
the more powerful fans and large volume of air moved by house
ventilation. Also, general house ventilation can be shut down by
occupants for a variety of reasons -- none of which are likely with
soil ventilation.

However, a considerable amount of research remains necessary
before these and other source-specific controls will be available for
reliable, widespread ap~lications@ The data presented here were
obtained from efforts by highly-skilled researchers and technicians.
Additional applications and remedial demonstration efforts are
needed to adequately train other potential field personnel.

Professional training and certification in radon mitigation is
recommended at the state level to ensure that the public is protected
from fraud and shoddy workmanship@ There are many firms that already

ovide environmental and occupational air quality diagnostic and
control serv ices; these may find tha t radon in hous i ng prov ides a new,

of itable market~

"House doctors" may also find radon mitigation to be a logical
extension of their current work on the energy performance of
bui ings. To this end, some house doctors may become "air quality

ialists"@ Addressing indoor air quality is consistent with the
purpose of se doctor i ng, tha tis, to improve the cornfor t and energy
performance of housing. House doctors understand houses as systems
and their dynamics -- skills sure to be useful in air quality remedial
work@

7$180
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Table Ie Effectiveness of Radon Control Techniques

Range of
Initial Radon
Level

Number of
Locations

Mean Radon Concentrations (pCi/l)
- Before Control - - After Control -
GM AM std. GM AM Stde

Soil Venting
4.0 -- 9.9

10@0 -- 19.9
20.0 -- 39.9
40.0 - 79.9

> 80

House ventilation

10@0 19@9
20.0 -.. 39.9
40@0 - 7ge9

> 80

16
10

5
S
7

IS
16
10

7
S

6.1 6.2 1.5 1.2 1.7 1@2
14@9 15@1 3.0 1@5 l@S 1.1
26@4 26.7 4.6 3.8 5@2 3@3
52.2 53.2 11.0 5.4 8.1 S.3
249 357 399 4.4 7.4 9.5

6@3 6@7 1.9 1.4 1@7 1.1
14@5 14@8 3@1 4.1 S@7 5@S
27.6 28.4 7.5 7@5 9@7 7@6
51@5 51@6 3.4 12.7 16.2 11.2
191 225 148 16@0 22@3 19@2

GM: geometric mean (median)
AM: arithmetic mean (average)
Std@: arithmetic standard deviation

Table II@ Actual and Estimated Costs of Radon Mitigation

Installed Cost
Re

Soil ventilation
ses) [15 ] $146 ...... 1245 ($746) n/a

Sachs and Hernandez [14] 200 - 1000 $40
Erickson [ 21] 650 ...... 1300 nja

House Ventilation
[15 ] $777 -- 1161 ($986) n/a

[ 13] SOO - 1100 $175 - 274
and Hernandez [14 ] 500 -. 1000 200 - 300
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Soil gas

_ Connection to
other sue t ion
point

Figure 10 Example of a soil (sub-foundation)
ventilation system~ Reference 12a
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Figure 2~ The distribution of indoor radon concentrations
before and after mitigation& The shift in distribution of
houses with soil ventilation is significantly greater than
that for house ventilation~




