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Radon and Natural Ventilation in Newer Danish 
Single-Family Houses 

CLAUSE. ANDERSEN1, NIELS C. BERGS0E2, BENNY MAJBORN3 AND KAARE ULBAK4 

Abstract To investigate the effect of ventilation on indoor radon 
(222Rn), simultaneous measurements of radon concentrations and 
air change rates were made in 117 Danish naturally ventilated 
slab-on-grade houses built during the period 1984-1989. Radon 
measurements (based on CR-39 alpha-track detectors) and air 
change rate measurements (based on the perfluorocarbon tracer 
technique; PFT) were in the ranges 12-620 Bq m-3 and 0.16--0.96 

h-1, respectively. Estimates of radon entry rates on the basis of 
such time-averaged results are presented and the associated un­
certainty is discussed. It was found that differences in radon con­
centrations from one house to another are primarily caused by 
differences in radon entry rates whereas differences in air change 
rates are much less important (accounting for only 80,0% of the 
house-to-house variation). In spite of the large house-to-house 
variability of radon entry rates it was demonstrated, however, 
that natural ventilation does have a significant effect on the in­
door radon concentration. Most importantly, it was found that 
the group of houses with an air change rate above the required 
level of 0.5 h-1 on average had an indoor radon concentration 
that was only 50% (0.5±0.1) of that of the group of houses with 
air change rates below 0.5 h-1. The reducing effect of increased 
natural ventilation on the indoor radon concentration was found 
to be due mainly to dilution of indoor air. No effect could be seen 
regarding reduced radon entry rates. 
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Introduction 
The present study of the effect of ventilation on indoor 
radon levels was motivated by an observation from the 
Danish nationwide survey of natural radiation in 
dwellings (Ulbak et al., 1988). In that investigation no 
significant association could be established between in-

door radon levels and types of ventil�tion system or 
habits of airing. It could be argued, however, that the 
reason for the apparent lack of an effect was that the 
analysis was not based on air change rate measure­
ments (which were not part of the investigation) but 
only on the more general house information obtained 
from questionnaires or from the Building and Dwelling 
Register. In Denmark, increased ventilation is often re­
commended as a means of reducing indoor radon con­
centrations, and a more detailed investigation based on 
actual air change rate measurements is-desirable. This 
paper describes the results of such an investigatibn. 

Experimental studies, for example in Sweden and in 
-� 

the UK (Swedjemark and Makitalo, 1990; Cliff et al., 
1994), have demonstrated that increased natural venti­
lation on average can reduce indoor radon levels by a 
factor of two. In general, increased ventilation is simple 
to implement, but to achieve large radon reductions 
in cold climates, high heating costs are to be expected 
(Henschel, 1988, 1994). 

Theory 
The coupling between indoor radon concentration and 
ventilation is complex and a number of theoretical 
models have been developed as discussed for example 
by Mowris and Fisk (1988), Nazaroff et al. (1988), Hub­
bard et al. (1992), Sherman (1992), Arvela (1995), and 
Kokotti (1995). 

We consider the mass-balance equation of radon in 
a house with only one (well-mixed) zone where venti­
lation is the sole mechanism of radon removal: 

de 
V - = J(t)-c(t)Q(t) 

dt 
(1) 
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where V is the volume of the house [m3], c(t) is the 
indoor radon concentration [Bq rn -:i] at time t, J(t) is 
the radon entry rate from outdoor air, soil, building 
materials and other sources [Bq h-11, and Q(t) is the 
infiltration rate of air to the house from the outdoors 
and from the soil [m3 h-11. The air change rate of the 
house is "-v(t)=Q(t)/ V [h-1). 

When dc/dt=O and the radon entry rate is constant, 
the indoor radon concentration is simply inversely re­
lated to the air change rate. The radon entry rate is 
relatively constant, for example when radon enters 
from the soil mainly by diffusion or when building ma­
terials are the main source of radon. In general, how­
ever, both (advective) entry of soil-gas radon and infil­
tration of outdoor air are coupled since they are both 
driven by pressure differences created across the build­
ing envelope as a result of driving forces such as in­
door-outdoor temperature differences and wind. 

Radon mitigation involving natural ventilation can 
be targeted at changes of either infiltration of outdoor 
air to the house or exfiltration of indoor air from the 
house. Changes may concern the amount of airflow or 
the location where the airflow enters or leaves the 
house. In all cases, an increase of the air change rate 
will tend to decrease the indoor radon level since ra­
don levels outdoors are almost always much lower 
than indoors. This is the effect of dilution. 

In newer Danish single-family houses, it is standard 
that natural ventilation is driven by two vertical ex­
haust vents (also referred to as exhaust stacks) through 
the ceiling: one in the bathroom and one in the kitchen, 
and that outdoor-air inlets (1-3 per room) are placed 
in other rooms. This design is sketched in Figure 1. 

Improvement of the efficiency of exhaust vents can 
lead to an increase of the depressurization of the 
house. This will increase both the advective entry rate 
of radon and the air change rate, so that the net reduc­
tion effect will be less than that caused by dilution 
alone. This is particularly important if advective entry 
is the dominant mode of radon entry. In some cases, 
the dilution can even be outbalanced by the increased 
radon entry rate. Conversely, the installation of out­
door-air inlets tends to decrease the depressurization 
of the house (outdoor air enters the house instead of 
soil gas) adding to the radon reduction efficiency of 
the remedial measure. This is the effect of (pressure) 
neutralization (Henschel 1988; Cavallo et al. 1992). To 
achieve the best pressure-difference reduction at floor 
level (where radon entry occurs) outdoor-air inlets 
should be installed on the lower parts of the walls. 
However, in cold climates this gives rise to comfort 
concerns, and in Denmark the general recommenda­
tion is therefore that outdoor-air inlets should be 
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Fig. 1 Sketch of standard Danish single-family house with natural 
ventilation. The outdoor-air inlets are normally placed at the 
same height as the top of window frames. 

placed at about the same height as the top of the win­
dow frames, as sketched in Figure 1. 

In the foregoing, we have outlined what may hap­
pen as a result of remedial measures such as the instal­
lation of outdoor-air inlets or exhaust vents. For the 
analysis included in this study, it is also important to 
consider the case where the air change rate has 
changed as a result of changes of indoor-outdoor tem­
perature differences or wind acting on the house. 
Again, both the advective radon entry rate and the air 
change rate of the house are affected. The net change 
of the indoor radon level therefore depends on the 
mode of radon entry as well as on the distribution of 
leakage across the building envelope (Sherman, 1992). 

As an example, doubling the indoor-outdoor tem­
perature difference under no-wind conditions will ap­
proximately double the indoor-outdoor pressure dif­
ference at all heights of the building envelope (as­
suming that other parameters such as house leakage 
remain constant). Since flow of soil gas increases lin­
early with the pressure (Darcy flow), this therefore 
doubles the advective radon entry from the soil. In 
comparison, the air change rate is likely to change by 
a factor of only 2n, where n is the leakage exponent. n 
is in the range 0.5 to 1, and has a typical value of 0.66 
in the US (Sherman, 1992). Under typical conditions 
when advection is the dominant mode of entry, the 
doubling of the indoor-outdoor temperature difference 
is therefore likely to result in a 27% increase of the in­
door radon level (2/2°·66) and a 58% increase of the air 
change rate (2°·66). In the extreme case of n=l, the in­
door radon level will remain constant, and the air 
change rate will double. 

Materials and Methods 
The present investigation was conducted as an exten­
sion of a study by the Danish Building Research Insti-
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tute (SBI) of ventilation and humidity conditions in 
single-family houses (Bergs0e, 1994). About 2100 ad­
dresses of houses built after 1982 were selected repre­
sentatively by the Building and Dwelling Register. The 
register provided information on the size of the houses 
and other design data. Supplementary information 
was obtained from householders based on a ques­
tionnaire. Approximately 150 of the houses were se­
lected for house inspection and measurement of radon, 
ventilation, humidity, and other parameters. 

The present study concerns results from 117 of these 
houses. All houses were single-family one-story slab­
on-grade houses built during the period 1984-1989. 
Sixteen of the houses had attics that were fully or 
partly inhabited and 4 of the houses had attics that 
potentially could be turned into living areas. The rest 
of the houses had no attics or had attics that (because 
of the inclination of the roof) could not be converted 
into living areas. 

All the houses studied were ventilated solely by natu­
ral means except for mechanical exhaust fans in an ex­
tractor hood above cookers. These fans were, however, 
only used intermittently. Based on the questionnaire re­
sponses it is known that 97 of the houses had outdoor­
air inlets and that 18 had not. In 66 of the houses, out­
door-air inlets were normally kept open. In this study, it 
was not verified whether exhaust vents were in place 
and whether they were operating properly. 

Ninety-four of the houses were situated on Zealand 
(or its nearby islands) where the surface geology is 
dominated by clayey till. The remaining 23 houses were 
situated in the southern part of Jutland where the sur­
face geology is mainly clayey till or sand and gravel. 

The radon measurements were carried out in the liv­
ing rooms using passive, closed detectors equipped 
with CR-39 foils. The procedures were as described 
previously (Majborn, 1986a), with the modification that 
a different type of detector holder (Melander and En­
flo, 1992) was used. The uncertainty of the measure­
ments depends on the radon exposure as discussed in 

Table 1 Summary of measurements in the 117 single-family houses 

Majborn (1986a). In this study, the uncertainty ex­
pressed as one standard deviation of a single radon 
measurement is estimated to be 20-30%. 

The ventilation measurements were performed 
using the passive perfluorocarbon tracer technique, i.e. 
the so-called PFT-method (Bergs0e, 1992). The meas­
urements comprised the average total infiltration of air 
to the house and the air exchange between the main 
bedroom and the rest of the house. The average air 
change rate is calculated as the ratio between the aver­
age total infiltration rate of air and the net volume of 
the house. As discussed in Bergs0e (1992), the method 
tends to underestimate the average infiltration of air to 
the house. However, under normal conditions, the bias 
is estimated to be less than 15%. The precision of the 
method expressed as one standard deviation of the re­
sult is 10-15%. 

Time-averaged radon entry rates !avg [Bq h-1] were 
calculated for each house as the product of the measured 
radon concentration in the living room Cavg [Bq m-3] 
and the measured average total infiltration rate of air 
Qavg [m3 h-1] to the house. This method has been used 
also by other investigators (e.g. D'Ottavio et al., 1987; 
Arvela, 1995). As discussed in the Appendix, the coup­
ling between radon entry and air change rate makes this 
time-averaging delicate, and the uncertainty expressed 
as one standard deviation of a single radon entry rate 
determination was assessed to be as great as 85%. 

Measurements included in the study were per­
formed in 89 houses during the period 13 January tc 
1 March 1992 and in 43 houses from 10 October to E 
November 1992. The duration of measurement 
periods varied from 7 to 25 days and the arithmetic 
mean and standard deviation were 14 days and 3.� 
days, respectively. Radon detectors and PFT-tube: 
were placed in the houses by staff from SBI and re 
turned by mail to SBI. For each house, radon anc 
ventilation measurements were therefore performec 
absolutely simultaneously. Only householders tha 
had returned detectors in accordance with the in 

Variable Arithmetic Geometric Range 

Indoor radon concentration (Bq m-3) 
Air change rate (h-1) 
Air infiltration rate (m3 h-1) 
Radon entry rate (kBq h-1) 
Radon entry rate per volume (Bq h-1m-3) 
Net house volume (m3) 
Indoor-outdoor temperature difference (0C) 

Mean 

146 
0.37 

94 
12.6 
49 

261 
18.7 

Std.dev.• 

111 
0.16 

38 
9.2 

35 
48 

2.3 

Mean Std.dev.•,b 

109 2.3 12-620 
0.34 1.4 0.16-0.96 

88 1.4 35-243 
9.6 2.2 0.7-45 

37 2.2 2.9-179 
234 1.2 166-422 

18.5 1.1 13-25 
������������������������������ 

• Standard deviation. 
b Dimensionless. 
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structions (such as correct capping of PFT samplers) 
were included in the study. 

During transfer from SBI to the houses and after 
their return to SBI, the radon detectors were sealed in 
radon-tight pouches, so that the only transit exposure 
occurred during their return by mail. The transit times 
varied between 18 and 140 hours, except for 3 detectors 
with considerably higher transit times that were dis­
carded from the analysis. Minor corrections were made 
for transit exposures, assuming that the detectors were 
exposed to an average radon concentration of 20 
Bq m-3 during transit. 

For 8 detectors the net track densities were lower 
than the standard deviation of the track density for un­
exposed background detectors, and these results were 
discarded from the analysis. Furthermore, simul­
taneous measurements of radon and ventilation were 
not available for all houses. These results are therefore 
not included in the group of 117 houses on which the 
present analysis is based. 

Results 
The main results are shown in Figure 2 and summar­
ized in Table l. Radon concentrations and entry rates 
were found to be well described by lognormal distri­
bution functions (chi-square tests with P>0.2) as indi­
cated in the plots. Air change rates were found to be 
better described by a lognormal distribution function 
(chi-square test with P<0.03) than by a normal distri­
bution function (P=I0-8). 

The results of the simultaneous measurements of ra­
don and air change rates are shown in Figure 3. De­
creasing ventilation is seen to be associated with higher 
and more variable radon concentrations. In Denmark, 
it is a requirement that houses have a minimum air 
change rate of 0.5 h-1 (National Building Agency, 
1985), and it is therefore reasonable to analyse the data 
groupwise, depending on whether the air change rate 
is below or above this level. In the group of houses 
with air change rates less than 0.5 h-1 (96 houses), the 
geometric mean and standard deviation of the radon 
concentration were 122 Bq m -3 and 2.2, respectively 
and 31 % of these houses had radon concentrations ex­
ceeding 200 Bq m-3. In comparison, for the group of 
houses with air change rates of 0.5 h-1 or higher (21 
houses) the geometric mean and standard deviation 
were 64 Bq m -3 and 2.0, respectively and only one 
house exceeded 200 Bq m -3_ The geometric mean ra­
don concentrations of the two groups were significant­
ly different (P<0.001), and the ratio between the geo­
metric means of the groups amounted to 0.5±0.l. The 
indicated uncertainty is one standard error. A similar 
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Fig. 2 Plots of radon concentration, air change rate, and radon 
entry rate for the 117 single-family houses. The dashed curves are 
lognormal distribution functions corresponding to the geometric 
means and standard deviations given in Table 1. 

analysis based on arithmetic means gives the same re­
sult. A linear-regression analysis (see Figure 3) be­
tween the logarithm of the radon concentrations and 
the logarithm of the air change rates yielded a re­
gression coefficient -0.64 (95%-confidence interval= 
[ -1.03, -0.24]) that was significantly different from 
zero (P=0.0018). However, the regression could ac­
count for only 8% of the variation. Other types of re­
gression analysis based on inverse or linear models 
yielded comparable results. 

Discussion 
As will be discussed in more detail below, the house­
to-house variation of radon entry rates is much greater 
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than that of air change rates. It is therefore difficult to 
demonstrate an effect of ventilation on the indoor ra­
don concentration. However, dividing the data into 
two groups, depending on whether the air change rate 
is below or above the required level of 0.5 h-1 shows 
that houses with an air change rate of more than 0.5 
h-1 on average have an indoor radon concentration 
that is a factor of two lower than that of houses with 
an air change rate below 0.5 h-1. Hence, it appears that 
changing the air change rate from 0.31 h-1 (corre­
sponding to the mean air change rate of the group with 
air change rates below 0.5 h-1) to 0.65 _h-1 (correspond-
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Fig. 3 The top plot is the indoor radon concentration versus the 
air change rate for the 117 single-family houses. The same data 
transformed by the natural logarithm (Ln) are shown in the bot­
tom plot. The solid curve (shown in both plots) is a linear-re­
gression line based on the log-transformed data (slope= -0.64; 
R2=8%). 
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ing to the mean of the other group) on average reduces 
the indoor radon concentration to 50% (0.5±0.1) of the 
initial value. 

Similar results are obtained from analyses based on 
the logarithm of the radon concentrations or on a sep­
aration of the houses into two groups of equal sizes 
based on whether the air change rate is below or above 
the median level. In the latter case the effect is, how­
ever, less pronounced. The regression analysis of thE 
logarithm of the radon concentration versus the logar­
ithm of the air change rate yielded a slope (-0.64) sig­
nificantly different from zero. Furthermore, the slopE 
was not found to be significantly different from thE 
theoretical estimate (-1) expected if the radon concen­
tration had simply been inversely related to the ai1 
change rate (see Theory section). This regression analy· 
sis therefore supports the above conclusion. 

One potential problem connected with these analy· 
ses needs consideration. For practical reasons, hous{ 
measurements were week per week conductec 
groupwise, partly in accordance with location. This in 
traduces an artificial link between meteorology and ge 
ology that could tend to bias the analysis compared tc 
a situation when houses are sampled purely by ran 
dom. This potential bias is, however, only a real prob· 
lem if there is a significant difference between the ra· 
don potential of the six administrative regions in 
valved (five on Zealand and one in the southern par 
of Jutland). An analysis of variances shows that this i: 
not the case: there is no significant difference betweer 
the indoor radon concentrations of the six regions. 

There are two sources for the variability of the ai 
change rates observed in this investigation. Differen 
airtightness of the houses and different driving force 
such as indoor-outdoor temperature differences am 
wind. In this context, the term airtightness compriseE 
(i) purpose-provided ventilation openings such as win 
<lows, outdoor-air inlets, and exhaust vents, and (ii 
random leaks and cracks in the building envelopE 
Since all measurements were made under winter con 
ditions, we suspect the main part of the variation t. 
result from differences in house airtightness. We hav 
no information about wind effects to confirm this, bu 
the mean indoor-outdoor temperature differences · 

based on spot measurements of indoor temperatur 
during house inspections and weekly outdoor tern 
peratures reported by the Danish Meteorological Inst 
tute - are not significantly different for the two group 
with air change rates below and above 0.5 h-1: Th 
95% confidence intervals for the two groups ar 
18.5±0.5°C (n=96) and 19.5±1.0°C (n=20), respec 
tively. Therefore, the observed factor-two reduction c 

indoor radon level referred to above seems to resu 



mainly from differences in airtightness of the houses 
involved. This is an important observation for the ap­
plication of the results since reduction of indoor radon 
levels by increased natural ventilation is basically a 
question of changing and controlling the airtightness 
of the house, and because - as outlined in the introduc­
tion - there is a profound difference between the effect 
of changes of airtightness and changes of driving 
forces. 

The groups of houses with air change rates below 
or above 0.5 h-1 have radon entry rates that are not 
significantly different (12.6 and 12.3 kBq h-1, respec­
tively with a pooled standard deviation of 9.2 kBq h-1) 
and in general, there is no correlation between the ob­
served radon entry rates and air change rates: a linear­
regression analysis of air change rate and radon entry 
rates has a R2-value less than 1 %. In other words, this 
study does not demonstrate that increased natural ven­
tilation reduces radon entry rates, e.g. by neutralizing 
driving forces responsible for advective radon entry. 
The main effect of natural ventilation on the indoor 
radon concentration demonstrated in this study is to 
dilute the radon concentration in the house. 

From the questionnaire and interview forms com­
pleted by the occupants of the houses, information has 
been obtained on the installation and use of outdoor­
air inlets and also on the airing habits of the occupants. 
In agreement with the findings of the nationwide sur­
vey (Ulbak et al., 1988), no significant effect could be 
seen on radon entry rates or radon concentrations. 
However, this time the results were less surprising 
since the ventilation measurements revealed that the 
use of outdoor-air inlets and the airing habits of the 
occupants were not reflected in significantly different 
air change rates (Bergs0e, 1994). 

Although the above observations stern from statisti­
cal analyses of air change rates and radon in a group 
of houses where no changes of leakage areas etc. were 
performed, the result implies that if the ventilation is 
improved in any one house we expect (on average) 
that this improvement will result in a reduction of the 
radon concentration as given above. The improvement 
must, however, be achieved in the same (unknown) 
way as in the group of houses investigated. Although 
we do not know the reason for the observed differ­
ences in air change rates among the houses, the above 
analyses suggest that it was not because of differences 
in driving forces (at least not temperature differences), 
use of outdoor-air inlets, or habits of airing. This could 
lead to the hypothesis that the efficiency of exhaust 
vents are the main reason for the differences. From this 
study we cannot draw more specific conclusions about 
the expected radon reduction efficiency of given 
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changes of building designs. The study only confirms 
investigations such as those by Swedjernark and Maki­
talo (1990) and Cliff et al. (1994) that improved natural 
ventilation on average reduces indoor radon. The 
study does not tell how to increase air change rates 
in specific houses in order to decrease indoor radon 
levels. 

It is plausible that the observed house-to-house vari­
ation of radon entry rates is due mainly to differences 
in geological features such as radon generation rate 
and gas permeability of the ground. Since the vari­
ability of air change rates seems mainly to reflect dif­
ferences in airtightness of the houses (i.e. house fea­
tures not related to the geology of the building site), it 
is reasonable that radon entry rates and air change 
rates are not correlated although both processes are in­
fluenced by some common factors (temperature and 
wind). 

As illustrated by the data in Figure 3, the correlation 
between indoor radon concentrations and air change 
rates is weak, and differences in air change rates from 
one house to another can only account for approxi­
mately 8% of the observed variability of the indoor ra­
don concentrations. Furthermore, an extended re­
gression analysis shows that the house volumes have 
virtually no association with the indoor radon level. 
Since there seem to be no other reasonable factors to 
consider, it is concluded that the house-to-house vari­
ability of indoor radon levels is caused mainly by dif­
ferences in radon entry rates. This finding is in agree-
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Fig. 4 Indoor radon concentrations versus radon entry rates in 
the 117 single-family houses. The line is a regression line. 
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ment with previous studies in the USA and in Finland 
(Doyle et al., 1984; Nero, 1989; Arvela, 1995). 

The relationship between radon concentrations and 
radon entry rates is illustrated in Figure 4. It should be 
recalled, however, that our estimates of radon entry 
rates are not a priori independent of the radon meas­
urements, as stated in the Materials and Methods sec­
tion. A rigorous multiple-regression analysis of the ra­
don concentrations versus air change rates, house vol­
umes, and radon entry rates is therefore not possible 
in this study. 

The geometric mean radon entry rate from soil, 
building materials, and outdoor air, etc., was calcu­
lated to be 9.6 kBq h-1, and it was found that 80% of 
the houses had entry rates above 6 kBq h-1. In typical 
Danish single-family houses built of clay bricks and/ 
or aerated concrete, the radon entry rate resulting from 
the building materials has been estimated to be 1-3 
kBq h-1 Qonassen and McLaughlin, 1980; Ulbak et al., 
1984). This is much lower than the total radon entry 
rate for the majority of the houses in this investigation; 
exhalation from building materials in general is there­
fore not an important source of indoor radon. This ob­
servation is in agreement with the results of the nation­
wide survey where soil was identified as the dominant 
source (Ulbak et al., 1988). For completeness, it should 
be mentioned that the annual average outdoor radon 
concentration in Denmark is approximately 8 Bq m-3 
(Majbom, 1986b ). Hence, for the houses with the 
largest infiltration rates of outdoor air (approx. 240 
m3 h-1), the outdoor air can account for an entry rate 
of about 2 kBq h-1. 

This investigation focuses on newer slab-on-grade 
houses in two selected areas of Denmark but since the 
radon levels and air change rates encountered are typi­
cal for Denmark, the findings are probably also valid 
for Danish single-family houses in general. 

Conclusions 
The study confirmed that the soil is the dominant 
source of indoor radon for the majority of Danish 
single-family houses. It was found that differences in 
radon concentrations from one house to another are 
primarily caused by differences in radon entry rates, 
whereas differences in air change rates are much less 
important (accounting for only 8% of the house-to­
house variation). 

In spite of the large variability of radon entry rates, 
it was demonstrated that natural ventilation does have 
a significant effect on the indoor radon concentration. 
Houses with an air change rate of more than the re-
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quired level of 0.5 h-1 on average have an indoor ra­
don concentration that is a factor of two lower than 
that of the houses with air change rates below 0.5 h-1. 
The reducing effect of increased natural ventilation on 
the indoor radon concentration was found to be due 
mainly to dilution of indoor air; no effect could be seen 
regarding reduced radon entry rates. 

In agreement with the findings of the nationwide 
survey, no significant effect could be seen of airing 
habits or use of outdoor-air inlets on radon entry rates 
or radon concentrations. However, this time the results 
were less surprising since the ventilation measure­
ments revealed that airing habits or use of outdoor-air 
inlets were not reflected in significantly different air 
change rates. 

The study implies that search profiles for high-radon 
houses should primarily focus on entry-related fea­
tures such as geology and type of house foundation 
whereas ventilation should be considered only in con­
nection with the planning of mitigation measures for 
the specific house. 

Appendix 
This appendix concerns the accuracy of the applied 
method for estimating the radon entry rate (]) into a 
house using time-averaged measures of radon (c) and 
air infiltration (Q). We define the time-averaged radon 
concentration over the period from 0 to T as: 

1 
I
T 

Cavg = - c(t)dt 
T o 

(2) 

and apply similar definitions for !avg and Qavg· 
Rearranging Equation 1 gives the following express­

ion for the instantaneous radon entry rate at time t: 

de 
J(t) = V 

dt 
+Q(t)c(t) (3) 

thus the time-averaged radon entry rate !avg can be 
found as: 

v 1 
I
T 

!avg = - (c(T)-c(O))+ - c(t)Q(t)dt 
T T o 

(4) 

The term involving c(T)-c(O) (i.e. the net increase over 
the period T) can be disregarded under most circum­
stances since indoor radon levels normally change 
periodically (so that eventually c(T)=c(O)) and because 
its importance becomes small for sufficiently long 
periods T. For example, a two-week measuring period 
with a 2000 Bq m -3 difference between the radon con­
centration at the beginning and end of the period will 
result in a contribution to !avg of less than 1.5 kBq h-1. 



We therefore have to a good approximation: 

1 
I
T 

!avg = -y 0 
c(t)Q(t)dt (5) 

In this study, the alpha-track detector measurement 
gives the time-averaged radon concentration Cavg over 
the period T, and the PFT-measurement gives the total 
infiltration rate of air Qavg over the same period. As 
stated in the Materials and Methods section, we use 
the approximation: 

(6) 

as an estimate of the time-averaged radon entry rate. 
This is different from the exact result stated in Equa­
tion 5, but it is not possible to assess the accuracy of 
this approximation in full generality. 

It is therefore instructive - as a first approximation -
to consider the case where c(t) and Q(t) are periodic 
functions (e.g. with a period time � of 24 hours) of the 
forms: 

c(t) = c0+c1 cos (rot) (7) 

and 

Q (t) = Q0+Q1 cos (rot+cp) (8) 

where c0, c11 Q0, Q11 ro, and cp are constants and where 
c02::c1>0 and Q02::Q1>0. Such time series are likely to 
represent the situation for a naturally ventilated house 
on non-windy days without too much disturbance 
from the house occupants. Integrating Equation 5 with 
these functions over a period that is long compared 
with the time period of the oscillations (e.g. two weeks) 
and assuming that Cavg=c0 and Qavg=Q0 gives: 

favg = CavgQavg+ � C1Q1 COS (cp) (9) 

We define the error i; of the measurement as the differ­
ence between the reported result CavgQavg and the true 
value !avg· We observe that i;=-c1Q1 cos(cp)/2 may be 
either positive or negative depending on the value of 
cp, and that i; can be in the range -33-100% of the true 
value !avg' given the above constraints on c1 and Q1. 
The maximum relative error of 100% (i.e. when the 
method predicts a radon entry rate that is a factor of 
two greater than the true value) occurs when cp=l80° 
(i.e. c(t) are phase-shifted by one half-period relative 
to Q(t)), c1 =c0, and Q0=Q1. This situation appears to 
resemble certain parts of the data reported by Nazaroff 
et al. (1985). To be able to combine this source of error 
with that from other sources, we summarize the uncer­
tainty from the time-averaging procedure as 70%. 

The assumption that each house can be treated as a 
single well-mixed zone is a simplifying - but necessary­
assurnption in this analysis since the radon concen-
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tration was measured only in one room (the living 
room). Even though the living-room radon concen­
tration is probably a fairly representative measure for 
the radon concentration of the full house, it is known 
from previous studies that a considerable difference can 
exist between individual rooms even for single-storey 
houses without a basement. For example, in a Danish 
study (Damkjrer et al., 1996) of radon in single-family 
houses, the living-room radon concentration for houses 
of the slab-on-grade type (measured over 10 weeks) was 
more than 2 times greater than the radon concentration 
of the bedroom for more than 17% of the houses, and the 
mean and standard deviation of bedroom-to-living 
room ratios were 0.85 and 0.54, respectively (N =200). 
The implication of this seems to be that the living-room 
radon concentration measurement tends to provide an 
overestimate of the house-averaged radon concen­
tration. Accordingly, this leads to a biased (over)esti­
mate of the radon entry rate. For the majority of houses, 
the error is expected to be less than about 30%, but in 
some cases the error may be much greater. 

The combined relative uncertainty (expressed as one 
standard deviation of repeated measurements divided 
by the mean) based on quadrature summation of the 
individual error contributions (i.e. we disregard bias 
and assume that all errors are random) for time-aver­
aging (70%), room-to-room variation of radon concen­
trations (30%), radon concentration measurements 
(30%), and air change rate measurements (20%) 
amounts to 85%. As a first approximation, this is the 
uncertainty (expressed as one standard deviation) of a 
single radon entry determination in this study. 
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