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THE IMPACTS OF BALANCED AND EXHAUST 
MECHANICAL VENTILATION ON INDOOR RADON 

William J. Fisk and Robert J. Mowris 
Lawrence Berkeley Laboratory, Berkeley, Ca., U.S.A. 

Models for estimating radon entry rates, indoor radon concentrations, and ventilation 
rates in houses with a basement or a vented crawl-space and ventilated by natural 
infil tration, mechanical ecxhaust ventila1ion, or balanced mechanical ventilation are 
described . Simularions are performed for a range of soil and housing characteristics using 
hourly weather data for the heating season in Spokane, WA . For a house with a 
basement, we show that any ventilation tecjin~que should be acceptable when the soil 
permeability is less than approximately 10-I m . However, exhaust ventilation leads to 
subsranti:dly higher ind~or radon concentrations tha~ infiltrati_o_n o~ bal!ffie~ ventilation 
with the same average au exchange rate when the soil permeab1hty 1s 10 m or greater. 
For houses with a crawl-space, indoor radon concentrations are lowest wjth balanced 
ventilation, intermediate with exhaust ventilation, and highest with infiltration. 

Introduction 

In U.S. houses with elevated indoor radon (Rn) co~centrations, pressure driven fl?w is 
generally the primary mechanism by which Rn enters. For example, the flow of s01l gas 
through penetrations in a basement floor and the flow of air from a crawl space to a 
Uving space can carry Rn into houses . Pressure differences, caused by wind and because 
heated indoor air is less dense than outdoor air, can drive these flows. These pressure 
differences also drive infiltration -- the uncontrolled leakage of air through cracks and 
holes in building envelopes. Mechanical exhaust ventilation can also drive both Rn entry 
and ventilation since it causes a slight decrease in indoor air pressure. In contrast, 
balanced mechanical ventilation, which occurs when one fan supplies outdoor air to the 
house and another fan exhausts an equal amount of indoor air to outdoors, will increase 
the ventilation rate but have no effect on Rn entry. Since ventilation is also the primary 
process by which Rn is removed from indoors, the net effect of various methods of 
ventilation on indoor Rn must be considered. 

Models were developed for estimating radon enlry rates, ventilation rates, and indoor 
Rn concen1ralions in houses with either a basement fr a naturally ve~tila.ted ~rawl _space. 
Some validation of the models has been performed but further vahdallon 1s desirable. 
In 1h is paper , only an ~bbreviated description of th~ fodels and key assumptions are 
provided -- detailed information is available elsewhere. ' 

Pressure Differences 

The first step is to estimate the magnitude of the pressure differences which drive Rn 
entry. We use procedures that were originally derived for models of air infiltration in 
buildings. 3 We also borrow the concept of "effective leakage area• (ELA) from 
infiltration models where the ELA is a measurable indicator of the resistance to air flow 
through a building envelope. Th.e indoor-outdoor pressure difference at the le~el of the 
basement floor (APr) is used to estimate the rate of soil gas entry into basements, where 

(I) 

and each pressure difference is an outdoor pressure minus an indoor pressure. 
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The term AP s is the stack - (i.e., temperature -) induced indoor-outdoor pressure 
difference at floor level 

(2) 

where: p is the density of air, g is the acceleration due to gravity, .O.T is the indoor 
temperature minus outdoor temperature, Ti is the indoor temperature, zc is the hej gh1 of 
the floor (normally set equal to zero), and zJl is the height of the neutral pressure level . 
The neutr:il press11re level is the level at which indoor and outdoor pressures are equal 
when only the stack effec t is acting and zn can be estimated m:11hematjcJlly if the ELA 
of the total buildi,ng, plus the ELAs of the floor and ceiling are known. • However, for 
houses with a basement, it _is difficult to justify any particular assumptions regarding the 
distribution of ELA and, when a basement is present, we simply assume that the neutral 
pressure level is half way up the above-grade wall. 

The term AP w is proportional to the square of the wind speed (w) 

AP = C·pw2/2 (3) w 1 

where: Ci is calculated based upon building geometry, distribution of ELA, and the 
degree of shielding from the wind. In general, wind will lead to a slight depressurization. 

The final differential pressure term, AP ev• is the pressure difference that results 
from mechanical exhaust ventilation, 

2 AP ev = (p/2) (Qev/ELA) 

where: Qev is the exhaust flow rate and ELA is the total ELA of the house. 

(4) 

The pressure differen e between a crawl space and outdoors can be estimated in the 
same general manner. If the crawl space is unheated and contains significant vents to 
outside, only the wind will substantially affect the crawl-space pressure. 

Pressure-Driven Flows 

For ho,uses with a basement, we consider only one common penetration to the soil -- a 
wall - floor gap around the perimeter of the basement floor at the junction of the floor 
and the walls. Using an analogy to heat transfer and simplifying the problem by treating 
it as two-dimensional, the soil gas flow rate (Qsg> is computed using the equation 

-I 

=LAP f [ s._ + ..!.._ cosh-1 (2z/t)] 
Qsg µ. 12t3 irk (S) 

where: L is the length of the gap, L
5 

is the thickness of the slab, µ is the viscosity of 
soil gas , 1 is the gap width, k is the soil permeability, and z is the depth of the gap below 
grade level. Equation S accounts for both the resistance to flow through the wall-floor 
gap and the resistance of the soil . The rate at which soil gas carries Rn into I.he house 
per unit house volume (S5gl is based on assumed va lues of soil gas Rn concentration 
(C5gl, i.e., 

(6) 

where V is the volume of the house. 

,J: 
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For a house with a crawl space, the concept of effective leakage area is used for 
calculation of flow rate through the floor, yielding the equation 

(7) 

where; ELAr is the ELA of the floor, ll.Pr is the indoor-outdoor pressure difference just 
above the ffoor, and ll.P cs is the pressure difference between the crawl-space and 
outdoors. The rate of Rn entry from th.e crawl-space per unit house volume (Scsl is 
based on an assumed crawl- space Rn concentration (Ccs>• i.e., . 

(8) 

The building ventilation rate (Qv) is computed using standard methods of combining 
the ventilation due solely to the stack effect (Qs), wind (Qw), exhaust ventilation (Qev» 
and balanced ventilation (Qbv>• i.e., 

2 2 2 O.S 
Qv = (Qs + Qw + Qev> + Qbv· (9) 

The reader is referred elsewhere 1•3 for the computational details. 

Rn Mass Balance 

The final step is to calculate the indoor Rn concentration using a Rn mass balance. A 
transient mass balance equation was used for results presented in this paper, however, 
only a more simple steady-state equation is presented here 

(JO) 

where: Sd is the entry rate of Rn by diffusion and from domestic water (which are 
assumed to be negligible), S equals Ssg or Scs and Q equals Qs or Qcs dependi~ on the 
type of substructure, C0 is the outdoor Rn concentration (ass~ed to be 9 Bq/m ), and .>. 
is the radioactive decay constant for Rn which is assumed negligible. 

Results and Conclusions 

Whe n mechanical ventilation is employed, construction or retrofit measures are 
generally also utiJjzed to make the house more airtight. Thus, for comparisons, the ELAs 
and mechanical ventilation rates associated with each method of ventilation must be 
specified. For houses without mechankal ventilacion, we use the average specific leakage 
area (i .e . , ELA divided by floor area) for U.S. houses built between 1961 and 1983 
without a vapor barrier as indicated by a data base of leakage areas .4 For exhaust­
ventilated houses, the average specific leakage area for houses with a vapor barrier but 
without other infilt~ation-reduction measures is selec ted and an exhaust flow rate 
cor responding to 0.50 air changes per bour (h - 1) is assumed. These assumptions yield 
average heating senson (September 16 - April 30) air exchange rates of approximately 
0.55 h- I using hourly wea1her data for Spokane, WA . To obtain the same average air 
excha~ge rote with balanced ventilation, a mechanical ventilation rate corresponding to 
0.4 h- is assumed and the ELA is adjusted as necessary. 

The results of comparisons for a house with a basement are summarized in Table I. 
A range of soil permeabilities and both typical and high soil gas Rn concentrations were 
used for cal<:ulations. For the following discussion, we consider a difference between any 
two Rn concentrations that is less than about 40 Bq m- 3 (I pCi/1- 1) to be unimportant. 
The calculations indicare that pressure-driven e.ntry of soil gas and, thus, Rn should not 
be a problem when the soil surrounding the basement has .a permeability of 10- 1zm2 or 
less. Soil P.ermeabilities in thiS range or lower are common -- for example, clays and silts 
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ha ~ e a permeability Jess then 10- 13m2. Thus, from the perspective of indoor Rn, any of 
these methods of ventilation should be acceptable ~f the soil has a low permeability. 
Even if the permeability is in the range of 10- l l m , soil gas entry and the method of 
ventilation should not be important unless the soil gas has an unusuall~ 

0
high con~en2ration 

of Rn . However, if the soil permeability is in t he range of 10- or 10- m , our 
calculations indicate that exhaust ventilation, compared to infiltration at the same rate, 
could increase averaJe indoor Rn concentrations by a factor of approximately 1.7 and by 
hundreds of Bq m- . In such situations, exhaust ventilation should be avoided unless 
other measures are taken to reduce Rn entry. 

Table 2 contains results of comparisons for a house with a crawl space . Note that 
calculations were performed for three different distributions of leakage area: uniformly 
distributed, rugh floor ELA, and low floor ELA. Three crawl-space Rn concentrations 
were also used for calculations. It is interesting to note that a large fraction of the air 
that enters a house can come from tbe crawl- space, par ticularly when ventilation occurs 
by natural infiltration . ln such instances, the indoor Rn concentration will be a 
substantial fraction (e.g., 50% to 100%) of the crawl-space Rn concentration. Control of 
crawl-space Rn concentrations (usually by crawl-space ventilation) is, therefore, more 
important than choosing a particular type or rate of ventilation for the house. The 
different techniques of ventilation do lead to substantially different Rn concentrations, in 
a house with a crawl space. Both the mechanical ventilation options, when combined 
with house tightening that includes reducing the ELA of the floor, lead to substantially 
lower indoor Rn concentrations than the traditional reliance on infiltration. Such results 
are expected, because with mechanical ventilation and house tightening a larger 
proportion of the air that enters the house will not pass through the crawl space. 
Balanced ventilation leads to the lowest indoor Rn concentrations -- about a factor of 
three lower than with natural infiltration. 

The models have been used to investigate the effects of varying other parameters such 
as mechanical ventilation rate and wall-floor gap width . One particular ly interesting 
result for a house with a basement, is a predicted increase in indoor Rn con~entrations as 
the rate of exhaust ventilation is increased above approximately O.S h- . lt is also 
interesting that increases in the wall-floor gap width above 0.002 r ~ave only a slight 
effect on indoor Rn concentrations when the soil permeability .is 10- l m or lower. 
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THE NEUT RALIZATION BEHAV IOR OF Po-21 8 IN INDOOR AIR 

Philip K. Hopke and Kai-Dee Chu 
University of Illinois, Urbana, Illinois, U.S.A . 

Abstract 

In addition to small ion recombination, two other mechanisms have 
been identified for the neutralization of the 218 Po+ ion formed by the 
decay of 222 Rn in indoor air. In the electron transfer mechanism, an 
oxidized polonium species with an ionization potential of the order of 
10.4 eV can extract an electron from a gas of lower ionization potential 
such ~s N0

2
. ~ second mechanism involves the presence of !l,igh electron 

aff1n1ty molecu es such as N0
2 

that retain electrons in th region around 
the Po ion recoi path and transport that electron to the polonium ion to 
be neutralized. continuous flow system has been dev e ped to measure 
the rates' of these r ecess es under carefully controll e conditions. The 
results of the measu ~we n ts of these rate constants d their implications 
for the behavior of 2 ~Po in indoor air will be pre ented. 

Introduction 

The polonium-218 nucleus h 
to be a singly charged positive i'lil,n 
species occurs the remaining 12$ o 
by the stripping orbital electrons 
the recoil motion (9). Before furth e 
To better understand and control ai rbo 
from the radon decay products, their 
need to be fully understood . 

er gy of 110 KeV and is found 
he time (8,10). Th e neutral 

e . Charged RaA can be formed 
departing alpha particle or by 

·ecay, charged RaA may be neutralized. 
nc radioactivity levels resulting 

i stry and neutralization pathways 

The polonium i ons can be neu al ized l1y recombining with electrons 
along the recoil path (1), or by ollision W. th electron scavengers, 
trace gases with high electrpn · ff i nities (3, ). Polonium dioxide ion is 
formed when oxygen is present 1). It can be eutralized by stripping 
orbital electrons from other molecules with lo r ionization potentials 
(3). A study of the kinet cs of these three anisms under well-defined 
experimental conditions s been undertaken • 

Experimental Apparatu s 

A diffusionJ,hamber was desi gned 
Po+ under well c t rolled conditions. 
stainless steel y1ates separated by 6 

t o measure neutra~zation rates of 
It is composed of wo parallel, 

cm and two Teflon pl tes that form 

J: 


