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The energy conservation regulation provides upper limits for the annual primary energy re-
quirements for new buildings and old building renovation. The actions required could ac-
company a reduction of the air exchange rate and cause a degradation of the indoor air quality.
In addition to climate and building specific aspects, the air exchange rate is essentially affected
by the residents. Present methods for the estimation of the indoor air quality can only be ef-
fected under test conditions, whereby the influence of the residents cannot be considered and
so an estimation under daily routine cannot be ensured. In the context of this contribution
first steps of a method are presented, that allows an estimation of the progression of the air ex-
change rate under favourable conditions by using radon as an indicator. Therefore mathemat-
ical connections are established that could be affirmed practically in an experimental set-up.
So this method could provide a tool that allows the estimation of the progression of the air ex-
change rate and in a later step the estimation of a correlating progression of air pollutant con-
centrations without limitations of using the dwelling.
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INTRODUCTION

In Central Europe adults remain between 80%
and 90% of the day in closed interior [1]. This leads to
an exposure to a multitude of air pollutants, which can
accumulate in the indoor air. The presence of humans
can lead to emissions of CO, or exhalations. Due to
building products, furniture or further objects of daily
handling substances like volatile organic compounds
(VOC) are emitted [2]. High indoor air humidity can
lead to mould formation, which emits spores and aller-
gens [3]. In this context radon is kept in mind since it
can accumulate in the indoor air too and can mean a
health risk.

The concentrations of these air pollutants de-
pend on one hand on the particular polluter and on the
other hand on the ventilation of the room [4]. Good
ventilation and so a high air exchange rate, arrange for
the avoidance of the accumulation of air pollutants in
the indoor air and for the continuance of the concentra-
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tion on a low level. Yet the energy conservation regu-
lation provides upper limits for the annual primary
energy requirements for new established buildings
and old building renovations [5]. For the reduction of
the energy requirements it is necessary to insulate the
casing of the building and to install sealed doors and
windows. This can lead to a reduction of the air ex-
change rate that can result in an increase of the air pol-
lutant level [6, 7]. To avoid this, there are certain re-
quirements for the ventilation of a building which can
be achieved by an active ventilation system, or
adapted ventilation behaviour (passive ventilation).
Normally active ventilation systems are qualified for
the avoidance of an increase of the air pollutant level.
Yet, for using the passive ventilation there are high ad-
dictions to the behaviour of the residents. Deficient
passive ventilation can lead to an increase of the air
pollutant level.

Thus the knowledge of the air exchange rate is
fundamental for the estimation of the indoor air qual-
ity. Present methods for the estimation of the air ex-
change rate can only be effected under test conditions
or under the guarantee of a constant air exchange rate
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[8, 9]. A consideration of the room use as an important
influence on the air exchange rate cannot be effected.
Alternatively to the present methods, the first steps of
an approach that is using radon as an indicator shall be
presented. This could allow the evaluation of the pro-
gression of the air exchange rate under daily routine.

The evaluation of progressions of the air ex-
change rate by measured progressions of the radon con-
centration is achieved by several steps. At first, an eval-
uation of the radon source at a preferably low and
constant air exchange rate is accomplished. The desired
signal gained by a long term measurement is filtered by
suitable filter functions. Finally, via a reconstruction
method developed for this purpose, the progression of
the air exchange rate is evaluated by the filtered pro-
gression of the measured signal of the radon concentra-
tion. The target of the presented method is guarantee of
apreferably evaluation of the radon source and a prefer-
ably low-noise reconstruction of the air exchange rate
by a noisy, long term measurement signal of the radon
concentration.

For a first practical verification of the method,
measurements are conducted by using a measurement
chamber with a dimension of areal dwelling. The mea-
surement chamber is featured with a programmable
ventilation control system, which allows the imple-
mentation of selectable progressions of the air ex-
change rate. Measurements in real dwellings shall be
effected in future developments.

MODELLING

To build a model, which describes the mathemat-
ical connection between the air exchange rate (¢) and
the radon concentration c(f), a differential equation is
determined. In this juncture the radon which degasses
out of the ground soil and the building material is con-
sidered in terms of the radon source Oy, normalised on
the volume of the dwelling V. For simplification, the
radon source and the radon mixing in the air are as-
sumed as constant at first. The radioactive decay ar-
ranges for reduction of the radon concentration and is
considered in terms of the differential form of the de-
cay law with the decay constant 1. To establish a con-
nection between the air exchange rate and the radon
concentration, the air exchange is listed with the deliv-
ery air and the discharged air, at which via the delivery
air, outdoor air with the radon concentration c,(f) is
carried into the room and via the discharged air, indoor
air with the radon concentration c(z) is carried out of
the room

de(t
0, —hett)+ ke, (=kox(t) - (D)
Via the solution of the differential equation (eq.
1) a time discrete equation can be constructed, which
allows the iterative evaluation of the radon concentra-

tion c(#) by the air exchange rate (). In this juncture Az
describes the time interval of the time discrete data

o(n)=e TAHkOIAL

Oy +e, k)], Oy +e, (mk(n) P
A+k(n) A+k(n)

1e(n—1)

Because eq. 2 cannot be solved to the air ex-
change rate, it is necessary to transform the differential
equation (eq. 1) into a difference equation. In turn this
can be dissolved to the time discrete air exchange rate
k(n)

c(n+1)—c(n)_QV T Ae(n)
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For ¢(n) measured data of the radon concentra-
tion can be used which are recorded with the measure-
ment interval Az. Before starting the long term mea-
surement the radon source Oy is evaluated via a
method developed for this purpose. According to the
constancy of the radon source the evaluation can be re-
peated several times. The outdoor radon concentration
can either be supposed constant c,, or can be consid-
ered in the equation via an own series of measurements
¢,(n). When measuring a low level indoor radon con-
centration it will make sense to record the progression
of the outdoor concentration separately.

Thus egs. 2 and 3 deliver the tool to evaluate the
progression of the air exchange rate by the radon con-
centration and the progression of the radon concentra-
tion by the air exchange rate.

EVALUATION OF THE RADON SOURCE

All parameters of eq. 3 are known, i. e,
metrologicaly accessible except the radon source Oy,
The radon source normalised to the volume of the
dwelling Qy, represents the full characterisation of the
dwelling. It can be evaluated via recording a saturation
curve of the radon concentration by increasing the air
exchange rate at first (passive or active ventilation) to
lower the radon concentration in the dwelling to a level
which is nearly in accordance with the outdoor radon
concentration. Afterwards the air exchange rate is
lowered (ending the “ventilation situation”). This
leads to a new increase of the radon concentration in
the dwelling and thus to a saturation curve, which fol-
lows with the guarantee of a preferably constant air ex-
change rate an exponential progression. This satura-
tion curve is recorded with a radon monitor. Via using
the Levenberg-Marquardt algorithm the time constant
7, the radon concentration at the beginning ¢, and the
radon saturation concentration c(«) are fitted to the
following equation
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The determined time constant 7 and the radon
saturation concentration c(~) are used for the evalua-
tion of the radon source. Following connection can be
derived from the solution of the differential equation

(eq. 1) -
0, =4 )—ca(l—zj )

T T

Using the parameters 7 and ¢(e) determined in
eq. 4 and the constant parameters A and c, the radon
source normalised on the volume of the dwelling Oy,
can be evaluated via eq. 5, which represents the full
characterisation of the dwelling.

FILTERING SERIES OF MEASUREMENTS
OF THE RADON CONCENTRATION

The reconstruction of progression of the air ex-
change rate is effected by eq. 3. In this connection,
there are high requirements on the measured radon
concentration signal because of the noise sensitivity
accounted by the term ¢ (n + 1) — ¢(n). Because of the
statistical character of the measurement of radon con-
centration, the measured signal is interfered with noise
and so it is necessary to smooth the measured signal.
This is effected by a theoretical system approach of fil-
tering using window functions (rectangle, Hamming,
Hanning, efc...) [10] in four steps. In the first step
called “zero-padding” the measured signal is ex-
panded with zeros to achieve the same length of the
measured signal and the window function. In the sec-
ond step with zeros expanded signal is transformed
into the frequency domain by using the Fourier trans-
formation. In the third step the frequency spectrum is
multiplied by an adequate window function. Finally
the resulting filtered spectrum is transformed into the
time domain by using the inverse Fourier transforma-
tion. In order to realise a preferably efficient filtering
without loss of attributes of the desired signal, an ade-
quate choice of the filter function and its width is of es-
sential importance. This choice depends on the fre-
quency spectrum of the measured signal. After all, the
progression of the air exchange rate can be evaluated
via the reconstruction of the filtered measured data of
the radon concentration.

EXPERIMENTAL SET-UP

The goal for the first practical verification of the
constructed measurement model in a measurement
chamber was to eliminate disturbance values, create
controlled conditions and hence to allow the receipt of
repeatable results. The measurement chamber is built
up of a cooling chamber (producer: Viessmann) that
provides the vantages of thermal insulation and high

tightness. It has a volume of 10 m® and therefore it is
big enough to emulate a real dwelling and to accom-
modate experimental constructions. It is composed of
several segments which have a thermal insulation of
60 mm PUR foam and a stainless steel surface. The
thermal insulation offers the advantage of insensibility
of the indoor temperature from the outdoor tempera-
ture. To achieve a high tightness of the chamber wall,
the gaps are sealed with aluminum covered adhesive
foil and sealing mass.

To control the ventilation and so to regulate the air
exchange rate a ventilator is applied, whose speed can
be regulated by a microcontroller. The microcontroller
is connected with a PC, which allows the import of any
progressions of the air exchange rate. The ventilator is
installed at a measurement distance that is placed in the
delivery air channel. The air flow rate at this measure-
ment distance is measured by a thermo-anemometer
(Ahlborn FVA 935 TH4) with a measurement range of
0.08-2 m/s. With an effective cross-sectional area of
15.1 cm? in the measurement distance pipe, the effec-
tively air exchange rate affecting the measurement
chamber can be determined with a range of 0.05-1 per
hour. Hence, the measurements can be effected with air
exchange rates like they appear upon real dwellings.

Inside and outside the measurement chamber the
radon concentration, the air temperature, the air hu-
midity and the air pressure are measured. For this pur-
pose radon-monitors of the type AlphaGUARD (pro-
ducer: Saphymo) are used.

All measurements are effected by recording time
lines with sample times of 10 minutes. An exterior
view of the measurement chamber is shown in fig. 1.

RESULTS

Measurements on the measurement chamber
were performed at which uranium ore was used as
the radon source. In the following two measurement
examples are presented. The first example was re-
corded using uranium ore with a high source power
Oy = 670 Bg/hm®. As a test signal of the air ex-
change rate a rectangle progression was adjusted by
the ventilation control system. The resulting pro-

Figure 1. Exterior view of the measurement chamber
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Figure 2. Example 1: measured radon concentration (1)
in the measurement chamber and the progression
filtered with a rectangle window with a width of 512
samples (2)
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Figure 3. Example 1: comparison of the air exchange rate
reconstructed by the progression of the radon
concentration (2) and the original air exchange rate (1)

gression of the radon concentration inside the mea-
surement chamber is shown in fig. 2. To filter the
measured progression of the radon concentration a
Hamming window with a width of 512 samples is
used, which eliminates the high frequencies of the
spectrum and represses the noise component.

To reconstruct the air exchange rate by the fil-
tered progression of the measured radon concentra-
tion, the progression of the air exchange rate is de-
termined iteratively via the implementation of the
reconstruction algorithm (eq. 3). The reconstructed
progression of the air exchange rate is shown in fig.
3.

Figure 3 shows that the reconstructed progression
of the air exchange rate is in good accordance with the
original progression. But it can be seen that the recon-
structed progression is superposed by frequency parts
resulting from not eliminated noise components of the
measured signal of the radon concentration. Yet a more
intense smoothing of the measurement signal will lead
to an elimination of the desired signal too. Thus for ev-
ery recorded measured progression, the elimination of
the desired signal must be compromised with the
non-elimination of the noise component.

The first example was recorded with a higher
source power than it occurs in real dwellings. To
achieve more daily routine like measurement condi-

tions the second example was recorded with a lower
radon source of Oy, = 11 Bg/hm?. A rectangle progres-
sion of the air exchange rate was adjusted by the venti-
lation control system. The resulting progression of the
radon concentration inside the measurement chamber
is shown in fig. 4. The measured progression of the ra-
don concentration was filtered with a hamming win-
dow with a width of 256 samples.

The reconstruction of the air exchange rate is ef-
fected like in example 1 described. The comparison of
the original and reconstructed air progression of the air
exchange rate is shown in fig. 5.

It can be seen that the reconstruction in example
2 is effected less accurate than the reconstruction in
example 1. The reason for this is the lower level of the
radon concentration which leads to a higher noise in
the measured signal and consequently to a less accu-
rate reconstruction of the air exchange rate. The conse-
quences of these circumstances are a lower time reso-
lution of the reconstructed air exchange rate and
limitations of the reconstruction of high air exchange
rates at low radon sources.
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Figure 4. Example 2: measured radon concentration (1)
in the measurement chamber and the progression
filtered with a hamming window with a width of 256
samples (2)
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Figure 5. Example 2: comparison of the air exchange rate
reconstructed by the progression of the radon
concentration (2) and the original air exchange rate (1)

DISCUSSIONS

With the aid of the presented method progres-
sions of the radon concentrations and the air exchange
rate can be converted into each other under favourable
conditions. The principal point of the method is repre-
sented by the evaluation of the progression of the air
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exchange rate, by a measured progression of the radon
concentration. Compared to present methods which
allow no time resolution of the air exchange rate, or
have to be effected under test conditions, the presented
method provides a time resolution of the air exchange
rate. The use of the dwelling which has a big influence
on the air exchange rate can be considered. Only the
evaluation of the radon source has to be effected under
test conditions.

For the room that has to be analyzed certain re-
quirements exist, which describe potential limitations
for the method. For the evaluation of the radon source,
the radon saturation concentration must be high
enough for achieving a solvable saturation curve. If
there is no solvable saturation curve, an evaluation of
the radon source is impossible. There are similar limi-
tations for long term measurements. With availability
of only alow radon source and because of the high sta-
tistical noise there are difficulties to filter the measure-
ment signal, on one hand and to reconstruct the air ex-
change rate, on the other hand. The presented
measurement example 2 shows first impressions of
these difficulties, at low radon sources, in the form ofa
lower time resolution, especially at high air exchange
rates.

The filtering of the progression of the radon con-
centration leads to a reduction of the noise component,
on one hand and to a reduction of several frequency
parts of the desired signal, on the other hand. This im-
plicates the circumstance that the original progression
ofthe air exchange rate can exactly be reconstructed in
the rarest cases. Thus it is a question of an approach on
the original progression of the air exchange rate. The
accuracy depends on the discovered level of the radon
concentration and the choice of the fitting parameters.

A critical point of the reconstruction of the air
exchange rate is the constancy of the radon source. Itis
known that the radon source can vary under some con-
ditions, for example at air pressure variations [11-13].
Especially in areas with mining industry, variations of
the radon source can be measured [ 14]. But, until now,
there is not enough information about the dimension
of'this variability. Hence the dimension of the variabil-
ity of the radon source must be checked and the deci-
sion must be made about which dimension of the vari-
ability can be accepted. If there is a slow variability
over several days, for example, the evaluation of the
radon source can be repeated every few days or, if
there is a small variability, the reconstruction can be
effected with a mean radon source. The smaller the
variability of the radon source, the better the recon-
struction of the air exchange rate works.

OUTLOOK

The presented method pictures an early develop-
ment stage that serves for future developments as a basis.
Further steps provide the evaluation of the limitations of
the method, the analysis of the constancy of the radon

source, the construction of a “multi-room-model” and
the referencing of the indoor air quality.

The reconstruction of the air exchange rate at
low level radon concentrations (especially less than
100 Bg/m?) is subjected to certain difficulties. A low
radon concentration can lead to the circumstance that
the radon source cannot be evaluated, on one hand and
because of the statistical noise of the radon measure-
ment, the air exchange rate cannot be reconstructed,
on the other hand. Hence with a decrease of the radon
source the reconstruction of high air exchange rates is
more difficult. Which values of the air exchange rate
can be reconstructed at which values of the radon
source, shall be reviewed in future analyses. These
analyses shall be effected under several requirements
on the accuracy and the time resolution of the recon-
struction. At this juncture, the statistical characteris-
tics of the used radon-monitors at low level radon con-
centrations, shall be consulted.

The inspection of the constancy of radon source
represents an important duty. A first approach can be
achieved by evaluating the radon source in real dwell-
ings, repeated every few days. All doors inside the
dwelling should be open to apply the presented “sin-
gle-room-model”. A variation of the radon source
evaluated every few days could deliver information
about the long term variability. The short time variabil-
ity can be analysed by performing reference measure-
ments of the air exchange rate with the tracer gas SF.
A comparison of the air exchange rate reconstructed
by the measured radon concentration and the air ex-
change rate reconstructed by the tracer gas SF, allows
drawing conclusions from the variability of the radon
source. The inspection of the constancy of the radon
source has to be effected in real buildings or dwellings
to achieve real conditions relating to pressure or other
climatic variations. Hereupon a decision should be
made which dimension of variations can be accepted
and which dimensions of variations are representing
limitations for the method.

To transfer the method to real buildings and
dwellings a “multi-room-model” shall be build based
on the presented “single-room-model”. Therefore a
system of differential equations should be induced
containing one equation for every room of the building
or the dwelling that needs to be analyzed. The dissolu-
tion of this system could allow the evaluation of indi-
vidual air exchange rates under favourable conditions.

To establish a relationship to the indoor air qual-
ity, mathematical connections between the air ex-
change rate and several air pollutants shall be estab-
lished. At this juncture it can be about any air
pollutants like volatile organic compounds (VOC),
formaldehyde or CO,. To build a mathematical model,
the model presented in this paper shall be used and
adapted according to the air pollutant. If there are ade-
quate models available to estimate several air pollutant
concentrations following approach will be applied. At
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first the air exchange rate will be estimated by the ra-
don concentration via the method presented in this pa-
per. In the next step air pollutant concentrations will be
estimated via the respective mathematical models. Fi-
nally a representative choice of the considered air pol-
lutants allows the evaluation of the indoor air quality.

Because of the interaction between several air
pollutants and other substances or climatic parame-
ters, the construction of a mathematical model for esti-
mation of an air pollutant concentration by the air ex-
change rate, requires a high complexity. Thus it will be
effected only for a choice of important air pollutants
and therefore primarily serve to deliver tools which
can be applied to arbitrary air pollutant combinations
[15].
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®pany Anton PECJIEP, Taxap A3AM IIAJ, ®oaxep I'PUM,
Xanc XUHI'MAH, Tuaa OPO®BUI'XO3E, Huna JAX, Joaxum BPEKOB

IIPBN KOPAIIN Y PA3BUJAILY MEPHE METOJE 3A
NPOLUEHY KOHHEHTPAILIMJE PAJOHA KAO MHIUKATOPA
KBA/IUTETA BA3OYXA Y 3ATBOPEHOM ITPOCTOPY

IIponmcu o ouyBamy eHepruje fajy ropmhe rpaHulle 3a TOAUIIHe ToTpebe NpuMapHe eHepruje
HOBHX 3Trpajila U PEHOBHPAHHUX cTapux 3rpafa. [IoTpeOHU 3aXTeBU MOTY JOBECTH 10 CMameHa Op3uHE
U3MEHE Ba3AyXa W TUME AETpajupaTH KBAINTET Ba3fyxa y 3aTBopeHOM mpoctopy. [lopex kimmmaTckux
ycioBa W crenuUYHUX acnekaTa rpabeBHHCKOT 00jeKTa, Ha M3MEHY Bas3fyXa CYIITHHCKH YTHYY U
CTaHOBHHUIIM 3rpajie. AKTYeJTHE MEeTOJIe 3a TPOLeHy KBAJINTEeTa Ba3fyXa y 3aTBOPEHIM IIPOCTOPUMA MOTY Ce
CIIPOBECTH CaMO TIPH YCIOBUMA TECTHPAaa, IOK ce YTUIAj CTAHOBHUILITBA HE MOXKE y3€TH Y pa3MaTpame U
THME ce He MOXKE OCUTYpaTH NPOIEHA Y CBAKOAHEBHOM SKHMBOTY. Y IUJbY AONPHHOCA OBOM IUTAY,
IpefiCTaBIbEHN Cy IPBU KOPALX METOfIe KOja oMoryhasa poIieHy porpecuje Op3uHe H3MeHe Ba3ayxa Moj
HajIIOrOIHUjUM yCI0BHUMA, KopucTehu pajoH Kao unaukatop. Crora cy yrBpheHe MaTeMaTHUKe penanyje
KOje ce MOTYy MOTBPAUTH MPaKTHUUHO Kpo3 ekcrnepuMeHT. OTyfga oBa MeTofia Moxe jia Oyfie cpefcTBO 3a
MPOIEHy Iporpecuje Op3MHE M3MEHE Ba3flyXxa U y KacHUjeM KOpakKy NMpOLEHY Kopejaluje Mporpecuje
KOHIIEeHTpanyje 3arabusava Ba3gyxa 06e3 orpaHnyaBama yrnorpebe 3rpajye.

Kmwyune peuu: paoon, 6p3una usmere 6a30yxa, keaiuilieili 6a3oyxa, 3azaherbe 8azoyxa




