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Awareness has developed in the United States, par-
ticularly within the last five years, that traces of
radioactive radon gas and its daughter products are
present in varying amounts in the indoor air. Some of
the existing literature on the subject is briefly reviewed
and discussed. It is recommended that further at-
tention be given to quantify rador concentration data
pertinent to the environmental health aspects of
ventilation requirements from the standpoint of indoor
air quality consistent with building energy con-
servation. :

T. KUSUDA

Fellow ASHRAE

C.M. HUNT

Associate Member ASHRAE
P.E.MCNALL

Fellow ASHRAE

g;%EDUCTION of ventilation is one of the strategies
employed to save energy in the heating and cooling of
buildings. Very little ventilation is needed to supply suf-
ficient oxygen for respiration or to keep carbon dioxide
witiiin acceptable levels. Recent studies have revealed,
however, that limiting of ventilation could cause high levels
of air pollution, especially in homes with gas appliances.
Tests at Lawrence Berkeley Laboratories' and by Geomet?
have shown that concentrations of CO, NO, CO,, non-
methane hydrocarbons, and aldehydes in the residential
environment are often higher than outdoors dues to the
existence of indoor pollutant sources. Evidence has been
accumulating, particularly within the last five years, that
nuclear radiation from radon gas and its daughter products
is also a factor which may need consideration in the design
of buildings and their ventilation systems. The radiation
levels within buildings are usually low, but it has not yet
been determined whether indoor radiaticn can pose health
problems. Although this issue is central to building ven-
tilation in general and to the ASHRAE Ventilation Standard?
in particular, most of the available information appears in

The authors are with the Building Thermal and Service Systems Division,
Center for Buillding Technology. National Engineering Laboratory. National
Bureau of Standards, Washington, DC
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Tabie 1—Selected Elements in Uranium Decay Chain*

MeV (abundance)

MeV (abundance) MeV (abundance)

NUCLIDE HALF-LIFE (TIME) ALPHA ENERGY BETA ENERGY GAMMA ENERGY
2an 1622 years 4,60 (6%), 4.78 (35%) 0.186 (4%)
Zame 3.825 days 5.486 (100%) 0.51(0.07%)
24T 3.05 minutes 5.998 (100%) 0.33(0.022%) 0.186 (0.03%)

218aynan)
g5

2 seconds 6.65(5%),6.70 (94 %) unknown (0.1%)
21§Em(RaA' ")
86 0.019 seconds 7.127
214y 58
gg 26.8 minutes 0.65 (50%) 0.295 (19%)
0.7t (40%) 0.352 (36 %)
0.98(6%)
2145, Racy
83 ¢ 18.7 minutes 5.45(0.012%) 1.0(23%) 0.608 (47 %)
5.51(0.008%) 1.51 (40%) 1.120 (17%)
3.26 (19%) 1.764 (17%)
214p,5Rac1
81 164 x 10 -4 7.868 (100%) 0.799(0.014%)
seconds
2101y mac
g1 oo 1.32 minutes 1.2 (25%) 0.296 (80%)
1.9 (56%) 0.795 (100%)
2.3 (19%) 1.310 (21%)
210pp(Rap)
82 19.3 years 3.72(0.000002%) 0.017 (85%) 0.0467 (0.045%)
0.061(15%)
210g;Rag)
g3 5.00 days 4.65 (0.00007%) 1.17 (100%)
4.69 (0.00005%)
210p5(RaF)
84 138.4 days 5.298 (100%) 0.802 (0.000012%)
206T1(R13E‘ )
81 4.19 minutes 1.57 (100%)
208ppRaa)
82 Stable

Radio active decay of radium (Ra 226) results in the daughter products in descending order as shown in Table 1. Most of the energy of the

radioactivity is asalpha particles.

*Radiological Health Handbook, U.S. Department of Health, Education and Welfare, January 1970, p. 112.

physics publications which are not well circulated among,
nor understood by, heating, air-conditioning and ventilating
engineers. The purpose of the paper is to provide ASHRAE
engineers with state-of-the-art information on radon and its
caughter products in air within buildings.

RADON AND DAUGHTERS

Radon (Rn 222)is found in our atmosphere, because itis tne
first radioactive decay product of radium which is present in
verying amounts in soil, masonry building materials, and
ground water. Since radon is a gas, it can diffuse into the
air. it can also be absorbed by soiid surfaces and can be
dissolved into water®. Radium (Ra 226), a radicactive decay
oroduct of uranium, having a half-life of 1622 vears, is
cisiributed in rocks and soils in concentrations which vary
Wi ;. location, but is relatively invariant with time. As it
cays, by alpha particle emission, it becomes radon 222
) which is a gas. Radon gas can then diffuse through
ois, concrete, etc. and enter the atmosphere either out-
.22 or inside a structure. QOutside, the natural winds dilute
5 conco tration. Inside, the dilution is iess. Radon has a

8]
Um

wow o

-life of only 3.8 days, so within a relatively short time it
ays to polonium 218 (RaA) and other daughter products,
'r‘ost,y by alpha emission. While polonium and the other
daughter products of decay are solid atoms. it is
nynothesized that they remain airborne and are likely to at-

ASHRAE JOURNAL July 1879

tach themselves to dust particles, due to their atomic
charges. Table 1 shows the element transformations in the
radium decay chain. After radon, the half-lives of al the
daughter products are quite short until the lead isotope Pb
210 (RaD). As Table 1 shows, most of the daughter procucts
are alpha emitters, and if these get into the respiratory
system, alpna particle damage in the lung may result.

Atmospheric concentration "of radon gas and its
daughter products is reported to be influenced by
barometric pressure, soil temperature, wind speed, diurnal
temperature fluctuations, snow cover and rainfall, and
possibly other factors.®

The concentrations or radon and radon daughters
have been expressed in picocuries per litre of air (pCi/L),
which is equivaient to 0.037 nuclear transformations per
second per litre of air.* On the average, in the U.S., outdoor
radon concentrations range from 0.05 to 0.13 pCi/L, and in-
door concentrations are usually higher 6. It should be
pointed out that outdcor concentrations are influenced
strongly by locations and meteorological parameters.
These also play a role in determining indoor concentrations,
but the nature of the building materials and ventilation rates
is presumed to be of primary importance except in the few

*This is because their rate of transformation is proportional to the
concentration.
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Table 2—Some Radon Concentrations Reported in the Literature

Radon Concentration

indoor Qutdoor
Authors L.ocations Buildings pCiil pCi/L
T.F. Gesell and
AM. Pritchard® Houston, Texas House 0.5-2.0 0.3
Primary schooi
(ventilated) 15
Saskatchewan, One house in survey
H. Horiuchi10 Canada of 552 houses 250
Noel Jonassen! Denmark House 5.
: Henry Spitzand Grand Junction,
M.E. Wrenn® Colorado Houses 7.8-290 0.10
Single apartment '
G.A. Swedjemark8 Sweden dwelling 6-18
+ L.T.Caruther e
' and AW. Waltner2 Raleigh, N.C. Physics Building 1.8-3.9 0.2
innsbruck,
F. Steinhausiers Austria 12 Houses < 0.05-7.46 (extremes)
Reclaimed Phosphate-
; - mining Land—
& Polk & Hillsborough
J. Fitzgerald et al13 Counties, Florida 1000 Houses 0.02~10.5”

#  *Approximated from working level {(WL) data.

Table 3—Radon Concentration and Corresponding Ventilation Rate in Modern Swedish Homes

Radon Concentration

Building Construction pCi/L
Type of House Material Air Change/hr min av max
Concrete 0.3~05 1 3 12
Multifamily Apartment Sand-based concrete 0.3~ 09 1 2 3
Shale-based concrete 04~08 2 4 10
Brick face; wood frame; ‘ -
rockwool insulation 0.4~ 0.7 0.5 1 . 3
Single-family dwelling Wood construction: basement
of shale-based concrete;
rockwaool insuiation 0.4~038 0.5 4 8
Shale-based porous congrete 0.2~ 05 3 6 19
Sand stone: wood frame;
rockwool insulation C.1~ 04 5 g 12

known cases of residences built on soil containing unusual-
ly large concentrations of radioactive material. Building
materials can also be important sources of radon. Materials
such as granite, concrete blocks, bricks and gypsum
boards often contain significant traces of radium’® while
wood and organic materials of construction usually do not.
Some soils and ground water?* may be significant sources
of radon. Building materials probably play two roles; one as
a source or radon, and the other as a barrier (or non-barrier)
for soil-produced radon diffusing into the structure.

PRIORWORK ON INDOOR RADIATION LEVELS

It has been reported by several workers that radon and its
daughter elements are present in measurable amounts in
indoor environments. Table 2 summarizes some radon
measurements reported in and around structures in the
U.S., Canada and Europe. High radon concentrations are in-
dicated at Grand Junction, Colorado® and in the province of
Gaskatchewan, Canada'® due to the proximity of uranium
mines and the high radium content of soil around and near

"The contribution of radon from well-water to residential construction
and indoor concentrations is not addressed in this paper, but should be
considered in more detailed studies.
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the structures, including mining and milling tails, and/or
other sources. Selected homes in these locations had
levels as high as 250-300 pCi/L. In other focations listed in
the table, indoor radon levels covered a range from < 0.05
to 18 pCi/L. A large scale measurement project was con-
ducted in the State of Florida, where houses had been built
on land reclaimed by employing phosphate-ore fill, which is
high in radium’?,

A report by the Swedish National Institute for Radiation
Safety (4) has shown that radon levels in a dwelling can vary
depending on ventilaticn rate. A summary of some of their
measurements on several types of dwelling units is given in
Table 3. Air change rates are also given in the table, and a
cursory glance at the results suggests a trend toward
higher inside radon levels at lower ventilation rates. Swed-
jemark® has suggested that ventilation rates are more im-
portant than building materials in establishing radon con-
centration.

Preliminary measurements made by NBS personnel in
the Washington, DC. area showed the indoor raden concen-
tration to be more than 6 pCi/L in one of the houses, which
was constructed to be as ‘‘tight'" as current practical
technology allows. The infiltration rate of this tight house
was approximately 0.2 air change per hour. Even this very
low infiltration in the house represents about 16 cfm/person
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genies are attained, which is usually difficult in the field test
condition. Careful experimental procedure, accurate
knowledge of filter efficiency, sampling rate. and sampling
time are needed, in conjunction with comprehensive
mathematical procedures, to translate the radioactivity
data of the filter paper into the original radon
concentration??,

Although a direct measurement technique of radon
radicactivity, without relying upon the filter paper content of
the daughter products, is availalbe (such as that of Lucas
Chambers) it is usually not suitable for field measurements.
An excellent review on the subject of radon instrumentation
has been published by Budnitz.?!

CONCLUSIONS AND RECOMMENDATIONS

The foregoing observations suggest that in some cases
radon and its daughter products may be limiting factors in
establishing ventilation rates in residences. Several
reported measurements have exceeded the 3 pCi/lL sug-
gested Maximum Permissible Concentration (MPC).
However, in the absence of a generally accepted standard
for maximum permissible concentrations of these radioac-
tive elements, and lack of source-strength data in
residences, it is difficult to set ventilation standards. The
data presented in this paper from the literature show con-
siderable variations and are essentially spot checks. They
cannot be well-correlated with infiltration measurements.
There is need for a more broad-based survey to determine
whether a problem exists and, if so, to what extent.

Swedjemark’, as noted previously, has suggested that
ventilation rates are more important than building materials
in controiling inside radon concentrations. In buildings
where windows and doors are closed, as during the heating
season, natural air leakage normally changes only about
£0% with time, wind velocity, and outside temperature.
Mechanical ventilation with a heat exchanger may be need-
ed to maintain acceptable levels of radon in many homes
and minimize the energy requirement for heating or cooling
the outside air.

REFERENCES

1. C.D. Hollowell, et al, “Combustion—Generated Indoor Air
Pollution,” LBL Report 4416, Lawrence Berkeley Laboratories
(1976) University of California, Berkeley, CA, 94720

2. GEOMET, Inc., "The Status of Indoor Air Pollution Research
1976." Environmental Monitoring Series, EPA-600/4-77-029,
U.S. Environmental Protection Agency, Res. Triangle Park,
NC 27711 (1977).

4. ASHRAE 62-73, Standard for Natural and Mechanicatl Ven-
tilation, Am. Soc. Heating. Refrigerating and Ventilating
Engineers (1973).

4. The Swedish National Institute for Radiation Safety, "'The
Radiation in our Homes," Information Pamphlet, 20 pages
(1976).

5. F. Steinhausler, “Long-Term Measurement of Radon
Daughter Concentrations in the Air of Private and Public
Buildings and their Dependence on Meteorological
Parameters,’ Health Physics, Vol. 29, pp 705-713, (1975).

6 H.B. Spitz and M.E. Wrenn, "“The Diurnal Variation of the
Radon-222 Concentrations in Residential Structures in Grand
Junction, Colorado,” Second Workshop on the National
Radiation Environment (1974).

7. G.A. Swedjemark, "“Radon in Homes, Some Preliminary
Results of Long-Time Measurement,” Lecture to 4th Meeting,
the Nordic Association in Helsinki, Finland, June 5-7 (1974)
Translated for NERC-Library, EPA, from Koor original Swedish
by Leo Kanner Associates, P.O. Box 5187, Redwood City,
California 94063.

8. G.A. Swedjemark, "The lonizing Radiation in Dwellings
Related to Building Materiais,” $81-1977-04, National In-
stitute of Radiation Proteclion, Stockholm, Sweden (1977)

9. T.F. Gesell and H.M. Pritchard, "'Measurement of Radon-22?2
in Water and Indoor Airborn Radon-222 Originating in Waler ™
Radon Warkshop. (1977).

34

o

There are a number of areas where more complete in-
formation and better measurement accuracy are needed.
For example, it is necessary to know how radon concenira-
tions in new construction can be minimized by better selec-
tion of building materials and pretreatment of water sup-
piies. There is need for measurement methods which quick-
ly pinpoint sources, both in existing buildings and in
materials to be used in new buildings. There is need for a
broad-based survey to determine typical existing .radon
levels in housing. It would also be desirable to know what
architectural parameters could be optimized to design
structures for minimum inside radon concentration.

Better determination of the accuracy of measurement
methods is needed in order to permit better inter-
comparison of field studies made by different investigators.
It would be desirable to have a better knowledge of the
statistical variations in measurement methods.

Of particular concern in ventilation design.is to deter-
mine whether fluctuations in radon level are primarily due to
changes in ventilation rate or whether diffusion into air and
absorption of the gas (which may vary in accordance with
temperature, atmospheric pressure, relative humidity, etc.)
play major roles.

Finally, there is the question of what remedial
measures may be effective in reducing the level of radon
and its daughter products in inside air. For example, could
surface sealants be used which inhibit the diffusion of radon
into room air? Also, since radioactivity in inside air may be
associated with dust particles, is it possible to significantly
reduce the level of alpha emitters by recirculating air
through high-efficiency particulate filters? Higher ventila-
tion rates with heat reclaim may also be one future answer.
Although these points are discussed to some extent in a re-
cent EPA (Environmental Protection Agency) report by Fitz-
geraid, Guimond and Shaw'?, more information based upon
improved measurement accuracy and upen more extensive
nationwide data is needed to resolve the radon problems,
because reduction in ventilation to save energy use should
be strongly influenced by this information.
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for average occupancy. There is still toc much scatter in the
‘estreported data to suggest a definite correlation between
nfiltration and inside radon levels.

RADON VS.VENTILATION (AIR LEAKAGE)

~suggested model for the radon concentration in the inside
&ir with respect to radon generation and air infiltration may
ce

— =~ [ (N=-N, )~ AN+§
WNere
¥ =radon concentration, atoms/L
Ng = outside air radon concentration, atoms/L.
¢ =infiltration rate, air change/hr
4 =radondecay constant = 1,258 x 104 min-! = 0.0075 hr-1
S =total radon/daughter source strength, atoms/L, hr
t =time, hr
Similar equation can be used for describing the
disintegration and decay process for each of the radon
caughters, namely for RaA,-RaB, R4C and RaC’. The term
icr S in the daughter equations, however, would have to be
replaced by the disintegration rate of the parent element.

Tne solutions for all of the radon daughters that satisfy a
32t of these equations can then be combined to yield a total
aipha energy and expressed in the unit of WL, which will be
explained later. A computer program has been developed at
NBS to solve these equations for different ventilation rates
and source strength levels. Fig. 1 illustrates one of the
calculations showing selected potential alpha activity in-
crease in the house with a few selected lypical ventitation
‘ates on the assumption that the radon strength is 0.01
oCilL, min* and the outdoor radon concentration is 0.2
oL

Aithough not shown in the figure, the alpha activity of a
completely tight house could eventually increase to an
equilibrium level as high as 0.7 WL after two weeks. The
ventilated houses, however, quickly attain a steady concen-
tration of much lower levels within one day.

itis seen that if the source strengths are known and re-

main constant, the increase of radon concentration is sim-
ply inversely proportional to infiltration rate |. Since infiltra-
ton rates, |, probably cannot be made practically less than
about 0.2 air change per hour, and present-day levels are
.5 10 1.0 for well-built recent houses, the radon levels for
vary tight houses cannot De expected to be more than 3to 5
times those of conventional houses. Examination of the
datz in Tables 2 and 3 shows many variations far greater,
31d suggests uncertainties in measuring the radon concen-
rration as well as the possible variation in the source
sirength with time, as atmospheric conditions change.

ACCEPTABLE LEVELS

Hecognition that radon and its daughter products released
into homes from building materials, soils, and water by out-
zassing can be a problem in many houses is comparatively
recent in the U.S. There are no national standards for max-
‘mum ailowable levels in the residential environment, nor
ztre there standards for building materials. There are stan-
dards for occupational exposure'4151€17.18 developed to
protect the health of uranium miners. Here the allowable
conceéntrations are higher than those which would be
specified in a residence, but they provide a starting point for
projections as to what tevels should be acceptable in the liv-
g environment on a 24-hour-per-day basis. The concept of
YL (working level) is used in the occupational standard.

Working level is defined as any combination of radon
daughters in a litre of air which will result in the ultimate
emission of 1.3 x 10° million electron volts (MeV)-of poten-
tial alpha energy. The numerical value of the working level
is derived from the alpha energy released by the total decay
of short-lived radon daughter products in equilibrium with
100 pCi/L of radon (222) in air'®>. The WL values were
developed, in part, by considering statistical cancer data on
mine workers who had worked approximately ten years in
an environment containing approximately 100 picocuries
per litre or more of radon's. Under these conditions, the -
statistical risk is one cancer per 1000 workers per year?. In
1968 a standard was issued by the Secretary of Labor'é for
the mining industry concerning the protection of mine
workers, stating occupational exposure to radon daughters
in mines shail be controlled so that no individual will receive
any experience of more thant two Working Level Month
(WLM)* in any consecutive three-month period ana not
more than four WLM in any consecutive twelve-month
period. Actual exposures shall be kept as far below these
values as practicable.

In 1969, the Department of the Interior issued a
guideline'” stating that if the air samples show an at-
mospheric concentration of radon daughters greater than
one, but less than two WL, immediate corrective action
shall be taken or the men shall be withdrawn. Atmospheric
concentrations greater than two WL shall be reduced below
one WL before resuming work.

In 1964, the International Commission on Radiological
Protection (ICRP) presented a formula for estimating the
Maximum Permissible Concentration (MCP) of radon based
on the fraction of the equilibrium abount of RaA (see Table
1) which, if the fraction equals 10%, results in a maximum
permissible concentration (MPC) in air of 30 pCi/l (occupa-
tional exposure)'®. However, both the ICRP and National
Council on Radiation Protection and Measurement (NCRP)
recommend that individuals in the general public be expos-
ed only to levels limited to one-tenth of the recommended
MPC's for occupational personnel. Dr. J.A. Auxier'®, the
Director of Oak Ridge National Laboratory, Health Physics
Division, and the Swedish National Institute for Radiation
Safety® generally concur. Thus it appears that if a criterion
is to be applied today, the MPC for radon in homes should
not exceed the suggested 3 pCi/L which is consistent with
AEC regulations of 1966, as amended'®. The Swedish Na-
tional Institute for Radiation Safety estimates that a 1 pCi/L
limit of radon corresponds to a cancer risk of 20 persons
per million“. (This projection is based on data obtained at
higher levels of exposure.)

MEASUREMENT PROBLEMS

Perhaps the major reasons for the data scatter of Tables 2
and 3 are the measurement errors for radon concentra-
tions. The most common field measurement of radon con-
centration in the house is obtained through the measure-
ment of the radioactivity of its daughter products by an air
sampling technique. The air sampler collects the radioac-
tive dust particles which have attracted the radon daughter
products, which are strong alpha emitters, onto a filter
paper. The filter paper is then in turn placed into ar-ap-
propriate radioactivity cecunter to detect the total alpha ac-
tivity of the sampled radon daughter products. Since the
radon and its daughters are constantly transforming into
their respective progenies, thus adding new alphas to them
from radon, it is difficult to attribute the measured total
alpha strength into the original concentration of radon in the
air, unless the steady-state concentrations of all of the pro-

"These data are derived from information provided in a United Nations
cublication entitied “Sources and Effects of lonizing Radiation”

Scientific Committee on the Effect of Atomic Radiation 1877, page 71.
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"WLM is an extension of WL, to express a cumulative exposure.
Inhalation of air containing a radon daughter concentration of one WL
for 170 working hours {month) results in an exposure of one WLM.
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