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ABSTRACT

Electrostatic precipitation is a well-known technology to reduce public exposure to radon
daughters. A custom electrostatic precipitator (ESP) prototype has been designed and built to
study the effectiveness of such a removal technique in specific workplaces having low-to-zero
air exchange rates with external environments. An appropriate mathematical model has been
set up in order to simulate the behavior of environmental and nuclear data throughout the ESP
operation, to optimize the design for the prototype to be built, to estimate its effectiveness in
terms of effective dose reduction. Reference detectors have been used to measure both the
radon concentration and the potential alpha energy concentration of its decay products. After
a full calibration procedure, two main experiments have been performed in a room satisfying
the requirements of very low ventilation rate and high radon concentration. The effective dose
rate after an ESP continuous working period of either 3 h or 5 h turned out to be 50% lower
than the value measured before ESP switching ON. The main contribution to dose reduction
was found to be given by the first 2 hours of operation.

ARTICLE HISTORY
Received 17 May 2020
Accepted 11 October 2020

KEYWORDS

Radon; radon daughters;
electrostatic precipitator;
ESP; effective dose reduction

1. Introduction Electrostatic precipitators (in the following referred
to as ‘ESPs’) belong to the latter technique, and their
effect on exposure to radon daughters has been stu-
died since the late ‘80s (Jonassen & Jensen, 1988;
Maher et al., 1987; Moeller et al., 1986; Rajala et al.,
2004; Rudnick et al., 1983; Yuan et al., 2016).

This paper investigates the effectiveness of a newly
designed custom ESP electrostatic precipitator to be
used in specific workplaces having typically low-to-
zero air exchange rates with external environments.
An appropriate mathematical model, based on
Jacobi-Porstendorfer’'s room model (Porstendorfer et
al., 2005), has been developed in order to evaluate
the effectiveness of the custom-designed electrostatic
filter. The ESP has undergone commissioning and cali-
bration tests in poorly ventilated rooms that represent
the target scenario for the device application.

Internal exposure due to inhalation of short-lived alpha
emitters (or radon decay products, RDPs), i.e., 2'®Po,
214pp, 21Bj and 2"*Po, represents a well-known public
health issue (United Nations Scientific Committee on
the Effects of Atomic Radiation, 2008). In the indoor
ambient air, short-lived daughters tend to attach to the
environmental dust following complex patterns that
have been theorized and experimentally verified by
some authors in the past (Porstendorfer, 1994,
Porstendorfer et al., 1987, 1978). The inhaled short-
lived daughters undergo radioactive decay, emitting
ionizing particles which can lose energy by ionization
inside the lung tissues, leading to DNA damages
(World Health Organization, 2010). Three factors
mainly affect the indoor concentration of radon and
its RDPs: the source terms (i.e. soil, building materials,
water, and outdoor air), the air exchange rate with
external environments (or ventilation rate) and all the
physical and chemical processes through which radon
and its RDPs are ‘transformed’ and removed (Nazaroff
& Nero, 1988). In already existing buildings, other than A

2, Materials and methods
2.1. Modeling radon decay products precipitation

room model code, based on the Jacobi-

interventions aimed at reducing the source terms
(mainly the radon entry from the soil), common reme-
dial approaches include an increase of the ventilation
rate or the use of air treatment systems, which directly
reduce RDPs’ concentration (United Nations Scientific
Committee on the Effects of Atomic Radiation, 2000).

Porstendorfer’s (Porstendorfer et al., 2005), has been
created to simulate the ESP performance as a function
of its layout. The actual effectiveness of the device has
been so quoted in terms of effective dose reduction.
The processes affecting concentrations and granulo-
metric distributions of attached and unattached
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fractions of 2'®Po, 2'*Pb, 2'*Bi, and 2'*Po have been
simulated taking into account diffusivity, attachment
to, and desorption from, aerosol particles and deposi-
tion rates on solid surfaces of each decay product. An
algorithm has been developed to compute the distri-
bution of activity among attached and unattached
radon daughters in a given room over time. The
radon concentration has been treated as an input
quantity. The model is based on an 8-equations sys-
tem, two for each of the four short-lived decay pro-
ducts, adapted from Jacobi- Porstendorfer’s.
Considering the very short half-life of 2'*Po, compared
to 2'*Bi’s, the equations reduce to six by the assump-
tion of secular equilibrium between the latter two
nuclides. For each of the remaining three short-lived
decay products, the following two equations have
been considered:

f _ Af
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where:

e the apexes f and a indicate the unattached (or
free) and attached fraction of the radon daugh-
ters, respectively;

e the subscript j varies in the range 1-3, and it
refers, in order, to *'®Po, 2'*Pb, and 2'*Bi. When
j=0, the corresponding quantity is referred to

222p..
o the subscript iindicates the time step, beginning
fromi=1;

e (; stands for the (attached or free) activity con-
centration of nuclide j, in [Bq m~—3];

® At = t; — t(_1) is the magnitude of the time step,
in [s];

e ); is the decay constant of nuclide j, in [s™'];

e R;is the recoil probability of the radioactive decay
considered (Rp =0, R; = 0.8, R, = 0);

e X, is the attachment rate, in [s7'];

e §; is the total removal parameter for nuclide j,
differently defined for the attached and unat-
tached fraction, in [s7].

2.1.1. Attachment rateX,

The attachment rate, which is a function of time, has
been evaluated through the linear relationship pro-
posed by (Porstendorfer, 1994; Stevanovic et al., 2010):

X i=B2Zp 3)

where:

e 3 is the attachment coefficient. In calculations, a
value averaged over the entire particles diameter
range, B = 2-107% cm? s~ (slightly greater than
that proposed in 2001 (Porstenddrfer, 2001)), has
been considered for the attachment coefficient.

e Z,(t) is the total particle number concentration,
standing for the integral of the dust concentra-
tion over the entire dust diameter distribution,

Z,(t) = [ (dy, t)d(dp).

2.1.2. Removal parameter,S;

For each radionuclide, the removal parameter S; has
been separately evaluated in [s~'] for the free and the
attached fraction (Porstendorfer et al., 2005):

Mesp - N

v, (4)

S=vitN+d + X+

lesp - N?

v, (5)

Sji=vitA+q"+
where in turn:

e v, is the ventilation rate in the room, in [s~];

e g and g° are the unattached and attached frac-
tion deposition rate, in [s~'], respectively. They
have been computed by means of a linear rela-
tionship with respect to the ratio between the
room'’s surface and volume (Porstendorfer et al.,
1978);

® [sp is the volumetric air flow through the ESP, in
[m?* s~1];

e V, is the room volume, in [m3];

® nsand n, are the ESP collection efficiencies for the
free and the attached fraction, respectively.

The model is discretized in time in order to easily
approach the several time-dependent variables. The
resulting finite difference model works under the fol-
lowing simplifying assumptions:

e perfect and instantaneous mixing between radon,
its daughters and other air components, so that
the averaged activity concentration can be
assumed to be the actual one in every cubic
meter of air;

e radon activity concentration is given as an input
every 10 min, thus no models for radon exhala-
tion were used. In every ten-minutes interval, the
concentration is so assumed to vary linearly
between the values registered at the beginning
and at the end of that period;

e a total particle number concentration, standing
for the integral of dust diameter distribution, has
been considered, Z, = 5000 cm~3;

e the removal parameters for radon daughters are
ventilation, attachment to ambient aerosol (if



unattached), deposition on wall surfaces, radio-
active decay and the ESP, if switched ON;

e constant recoil probabilities: 80% for the
218pg — 2Mpph  decay, and 0% for the
28pp 214pb;

e activity concentration distribution vs. diameter
for unattached and attached fractions has been
modeled according to Table 1:

e particle charge is not considered;

e when the ESP was turned OFF, deposition velo-
cities of attached, u?, and unattached fractions, uf,
have been setto 3- 1073 cm s~' and 0.8 cm s’
(Porstendorfer et al, 1978), respectively. When
the ESP was turned ON, due to the increase in
air flow velocity nearby the precipitator, both
deposition velocities have been gradually
increased up to double their original values;

e thoron and its daughters are not included in the
model because their contribution to the annual
effective dose is much lower than that from radon
and RDPs (United Nations Scientific Committee
on the Effects of Atomic Radiation, 2000);

e during the ESP functioning (i.e. power ON), no
aerosol sources have been considered by the
room model;

e ESP fouling is not considered, so ESP efficiencies
are considered as time-independent quantities.

2.1.3. ESP collection efficiency

The collection efficiency of the electrostatic precipita-
tor has been computed by considering the sum of the
efficiencies, function of the AMDs in Table 1, weighted
by the corresponding probability, p¥. The formulation
is the same for the attached (k =a) and the unat-
tached (k = f) fraction.

3
n* =" pf n(AMD}) (6)
i=1

The AMD-dependent collection efficiency, n(AMDik),
has been evaluated through the Deutsch-Anderson
equation (Deutsch, 1925; Robinson, 1919) appropri-
ately modified for multi-duct configuration:

Table 1. Summary of assumed values for activity concentra-
tion distribution as a function of particle diameter for unat-
tached and attached fractions. Activity overall distributions for
unattached and attached fraction are both assumed as the
sum of three distributions each characterized by specific prob-
ability and activity median diameter (AMD).

Attached activity distribution

Unattached activity distribution

p [%] AMD' [nm] p® [%] AMD? [nm]
13 0.60 70 280
35 0.85 25 30
52 125 5 4000
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n(AMDY) =1 —e” o v 7)
where Igsp [m3 s7'] is the volumetric air flow through
the ESP section, Sc, [m?] is the sum of all the ESP’s
collection surfaces, and uy is the drift velocity [m s”],
whose expression was recovered from the force bal-
ance (Arendt & Kallmann., 1926; Benitez, 1993;
Falaguasta et al., 2008; Friedlander, 2000; Hinds, 1999;
National Research Council, 1991; Pauthenier & Moreau-
Hanot, 1932; Ruttanachot et al,, 2011; White, 1962).

2.2. Design and set-up of the electrostatic
precipitator

The mathematical model discussed before has led to
the identification of an optimal design for the proto-
type to be realized and tested. Figure 1 shows both the
AutoCAD 3D layout and the realized device. It is con-
ceived as a parallelepiped, 7-duct, wire-plate, dry ESP
with positive DC power supply. The metallic plates are
thin 1000 x 350 mm aluminum foils. They exhibit cer-
tain flexibility, and this could represent an issue for
their use under high air flows. For this reason, the air
flow could not be too high, both to let the aluminum
plates stay in place and to avoid an excessive particle
re-entrainment (Chang et al, 2018; Mizuno, 2000;
White, 1974). 5 cm has been chosen as plate-to-plate
distance being the latter the minimum distance that
allows the builders to substitute eventually damaged
wires without having to disassemble the whole proto-
type. The chosen distance has been observed to be
narrow enough to lower the corona inception electric
field value, hence the operational voltage.

The HV-in pins are placed on the top of the proto-
type, while the ground pin is on one of the sides. All the
collecting electrodes (the aluminum plates) are electri-
cally connected to the ground pin. The emitting electro-
des, copper wires with a diameter of 0.25 mm, were
arranged in a 5 x 7 matrix, all electrically connected to
the HV-in pins. The wires characteristics, number, and
collocation were chosen as a compromise between
mechanical resistance, inexpensiveness, and functional-
ity (Boelter & Davidson, 1997; Mizuno, 2000; Peek, 1915).

The maximum voltage to be applied to the ESP
prototype was set around 10 kV. A positive direct cur-
rent (DC) ESP supply was chosen to enhance particle
collection (White, 1962) and reduce ozone generation
rate (Yehia et al., 2000). The power supply design that
better fitted all the constraints was a modified and
more stabilized version of an original drawing (The
Basic Transdimensional’s Lifter Experiment by JL
Naudin,” n.d.) based in turn on a Royer oscillator
(Royer, 1954). The primary side of the low voltage
(LV) to high voltage (HV) transformer was, in turn,
supplied by a stabilized voltage generator whose out-
put ranges between 10 and 24 V (DC).
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Figure 1. On the left, the completed ESP AutoCAD 3D (Autodesk software) model, on the right, the actually realized prototype.

2.2.1. Electrical characterization of the prototype
Appropriate electrical safety measures were taken
before coupling the HV power supply with the ESP
prototype.

The prototype has been electrically characterized by
performing a series of measurements with step-by-
step variations of low voltage in the primary side of
the power supply. As a result of this, the operating high
voltage of the ESP has been set to 8 kV. The corre-
sponding total corona current of the emitting electro-
des has been measured to be about 1 mA, showing a
very good agreement with theoretical results obtained
by applying previous literature relations (Cooperman,
1960; Townsend, 1915).

2.3. Reference instrumentation for detection of
radon and its progeny

Potential alpha energy concentration (PAEC) of both
attached and unattached fractions of radon progeny
has been measured by the reference detector
TracerLab BLWM-PLUS-2S (Tracerlab Gmbh, n.d.). The
latter is an active radon/thoron-progeny-monitor,
designed as a 2-channels monitor, each with an inde-
pendent sampler: one for the determination of the
overall PAEC and one for the determination of the
only unattached fraction. Measurements have been
carried out by using either the ‘continuous slow’ oper-
ating algorithm, with a small statistical uncertainty
even at small concentrations and a large time constant

for changes in concentrations (2 hours for 80%), and
the ‘continuous fast’ algorithm, with a higher statistical
uncertainty but a significantly lower time constant for
changes. The instrument has been put on a surface
nearby the ESP’s air flow outlet, but on a side, to avoid
both flow instabilities and malfunctioning in the instru-
ment detection capabilities.

The continuous radon monitor AlphaGUARD
PQ2000 (Genitron InstrumentGmbH, 2012) has been
employed to measure indoor radon concentration as
well as some environmental parameters, i.e., pressure,
temperature, relative humidity. The detector is an ion
chamber monitor and has the highest sensitivity
among radon continuous monitors available on the
market (0.05 com Bq™' m?) as well as a wide measuring
range of 2-2,000,000 Bq m~>. It has been operating in
diffusion mode returning its outputs every 10 minutes.

3. Design of experiments

A tower fan, with a parallelepiped air-outlet of 60 x
600 mm, has been connected to the ESP inlet via a
trapezoid diffuser, 80 cm long (Figure 2).

The room chosen for the experiments has a volume
of about V, = 180 m3, and it was characterized by
relatively high indoor radon-concentrations, about
800 Bg m~3 as a yearly averaged value. The total
attachment surface (i.e. walls, furniture, and objects in
the room) has been estimated to be S, = 160 mZ.
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Figure 2. AutoCAD 3D model of the geometrical configuration chosen to couple the ESP with the tower fan.

When the ESP was OFF the ventilation rate, v,, turned
out to be 0.5 h™". Switching ON the fan has been found
to produce an increase of about 1.3 times in v,.

The dust particles concentration Z, has been pre-
dicted by means of the relation Z,=414/f,
(Porstendorfer, 2001).

The ESP prototype was put in the center of the
room, away from any furniture that could interfere
with the air flow.

All the instruments have been connected to a single
multi-socket unit, provided with an inborn emergency
stop button. The unit was then brought out from the
room where a working station was organized to allow
the operator to check the high voltage level and to
easily switch ON/OFF the power supply. The inside of
the room was monitored and recorded via webcam.

At least 1 day before the experiments, after having
switched ON both the TracerLab and the AlphaGUARD,
all the room entrances have been closed, and the room
was left unused to have a better estimation of all the
relevant parameters in the undisturbed state.

4. Results and discussion

The results of two experiments are hereby discussed.
The first aimed to investigate the effectiveness, in

terms of effective dose reduction, of an ESP continuous
operation of 3 hours. The second focused on evaluat-
ing the effects of a longer operation period, i.e.,
5 hours.

4.1. Experiment 1

During this period, the radon concentration - the
unchanged ventilation conditions during the experi-
ments providing a likely explanation for it — remains
almost constant (Figure 3).

The attached PAEC (black lines in Figure 4) showed
a reduction of about 90%, passing through three sub-
sequent phases: i) during the first hour after ESP
switching ON, the attached PAEC was reduced by
50% and the mean slope of the trend, slightly concave
downward, was — 3.8 MeV cm=3 h™", i) during the
second hour of ESP operation, the attached PAEC was
reduced by a further 30%, and the mean slope of the
trend, now slightly concave upward, was
—2.1 MeV cm~3 h™', i) during the last hour of ESP
functioning, the residual reduction, of less than 10%, in
attached PAEC was realized while the slope gradually
goes to 0 MeV cm—3 h™',

The actual attached removal efficiency was found to
be n? = 0.18.
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Figure 3. Radon concentration measured by AlphaGUARD PQ2000 during Experiment 1. The vertical lines delimit the period of ESP
operation.

On the contrary, the unattached PAEC (gray lines in During the ESP working period, both the equili-
Figure 4) was found to be almost unchanged. This can brium factor F and the unattached fraction f, drasti-
be explained by taking into account several phenom- cally vary (Figure 5): while F was observed to sharply

ena not considered within the theoretical model due decrease going from about 0.35 to 0.07, f, increased
to their actual complexity. Among them, the mainrole  from about 0.07 to 0.4. These two observed trends
is probably of the re-entrainment (Chang et al,, 2018;  were clearly determined by the previously discussed

Mizuno, 2000; White, 1974). behaviors of attached and unattached PAECs.
8 1.4
Measured Attached
Measured Unattached
------ Model Attached r12
Model Unattached

PAEC Attached [MeV cm™]
N
PAEC Unattached [MeV cm™]

0 30 60 90 120 150 180 210 240 270 300 330
Time [min]

Figure 4. Measured trends for potential alpha energy concentration of attached (black) and unattached (gray) fractions during
Experiment 1. The solid lines represent the measured values, whereas the dashed lines are the output of the model. The vertical
lines delimit the period of ESP operation.
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0.5
Measured Unattached Fraction
0.45 Measured Equilibrium Factor
----- Model Unattached Fraction
0.4 - Model Equilibrium Factor

0.35

0.3

0.25

0.2

0.15

0.1

0.05 1

0 . . . . .

150

180 210 240 270 300 330

Time [min]

Figure 5. Measured trends for the unattached fraction f,, (black) and the equilibrium factor F (gray) during Experiment 1. The solid
lines represent the measured values, whereas the dashed lines are the output of the model. The vertical lines delimit the period of

ESP operation.

4.2. Experiment 2

During the second experiment, the radon concentration
decreased from 1000 Bq m~3 to 750 Bq m~3 despite
the unchanged ventilation conditions (Figure 6).

The attached PAEC (black lines in Figure 7) reduced
to about 10%, passing through three subsequent
phases very similar to those observed for Experiment

1: i) during the first 80 minutes after the ESP switching
ON, the attached PAEC was reduced by 45% and the
mean slope of the trend, slightly concave downward,
was —4.5MeV cm~3 h™', i) during the following
hour of ESP functioning, the attached PAEC was
reduced by a further 30%, and the mean slope of the
trend, now slightly concave upward, was

1500

1300 A

1100 +

900 A

700 A

500 A

Radon concentration [Bq m?]

300 1 1 1 1 1 1 1

0 30 60 90 120 150 180

210 240 270

300 330 360 390 420 450 480 510

Time [min]

Figure 6. Radon concentration measured by AlphaGUARD PQ2000 during Experiment 2. The vertical lines delimit the period of ESP

operation.
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16 1.4
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A - Model Attached ’
',-\';—":;’-/La_~ ~\$" f’l"x_‘
e :5;?"’-- N ‘\‘\t\. Model Unattached g
" h 15)
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Figure 7. Measured trends for potential alpha energy concentration of attached (black) and unattached (gray) fractions during
Experiment 2. The solid lines represent the measured values, whereas the dashed lines are the output of the model. The vertical
lines delimit the period of ESP operation.

0.5
Measured Unattached Fraction
0.45 Measured Equilibrium Factor
------ Model Unattached Fraction

0.4 Model Equilibrium Factor
0.35

0.3
0.25

0.2
0.15

0.1
0.05

0
0 30 60 90 120 150 180 210 240 270 300 330 360 390 420 450 480 510
Time [min]

Figure 8. Measured trends for the unattached fraction f,, (black) and the equilibrium factor F (gray) during Experiment 2. The solid
lines represent the measured values, whereas the dashed lines are the output of the model. The vertical lines delimit the period of

ESP operation.



—4.1 MeV cm~3 h™', jii) during the remaining ESP
working period, the further reduction, of about 15%,
in attached PAEC was realized while the slope gradu-
ally went to 0 MeV cm~—3 h™",

The actual attached removal efficiency was found to
be n? =0.12.

As in Experiment 1, the unattached PAEC (gray lines
in Figure 7) experienced a weak decrease (of about
20%): such trend was due to the corresponding reduc-
tion in radon concentration and it was not produced
by the operation of the precipitator, for the same
reasons explained before.

As shown in Figure 8, F sharply decreased from
about 0.37 to 0.08, and f, contemporarily increased
from about 0.08 to 0.35.

4.3. Dose reduction efficiency

The values of the effective dose during the experi-
ments were derived, attached and unattached values
considered separately, utilizing the conversion factors
(DCFs) recommended by ICRP 137 (Paquet et al., 2017)
for indoor workplaces: 86 mSv WLM~' (DCFf) and
14 mSv WLM~' (DCF9) for unattached and attached
fraction, respectively.

The effective dose rate trends are plotted in Figure 9
and the corresponding relative reductions listed in Table
2. For both the experiments, the strongest reduction
occurred during the first hour of ESP operation: 41.5%
and 26.6% for Experiment 1 and 2, respectively. During
the second hour, the percentage reduction was about

14
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20% in both scenarios. From the beginning of the third
hour and on, the reduction in the effective dose rate due
to ESP got lower and lower. During the last minutes of
operation, the attached fraction was no more reduced by
the ESP and the slight increase in unattached fraction
reflected on an increase in the effective dose rate.
Comparing effective dose rates during the first 30 min-
utes after the ESP switching OFF, Eorr, to the undisturbed
values before the ESP operation, Eo, shows a reduction of
about 50% (55.7% and 49.8%, respectively) in both
experiments.

Results suggest — for the ESP considered and the
room chosen for the experiments — not to exceed
2 hours of ESP continuous operation. Indeed, even if
the greatest reductions were observed during the first
hour, in the following 60 minutes an appreciable con-
tribution to dose reduction was noticed as well. Longer
operation periods would not reflect in further reduc-
tions as shown by the comparison of Experiment 1 (ESP
ON for 3 h) and Experiment 2 (ESP ON for 5 h).

5. Conclusions

A single-stage, multi-duct, dry, parallelepiped electro-
static precipitator prototype has been so designed and
built to demonstrate the effectiveness of ESP techni-
que in reducing the effective dose due to exposure to
radon progeny in poorly ventilated indoor workplaces.
The prototype realization has followed criteria of relia-
bility, inexpensiveness, safety, and practicality.

The results of the tests performed in a poorly venti-
lated room (v, = 0.5 h~") showed a net reduction of

i Experiment 1

Experiment 2

Effective Dose Rate [uSv h'']

02 1

00 \ 1

0 60 120

180 240 300 360

Time [min]

Figure 9. Measured trends of effective dose rate during Experiment 1 and 2. The vertical dashed line indicates the ESP switching
ON. The light and dark gray boxes highlight the first 30 minutes after ESP switching OFF during Experiment 1 and 2 respectively.
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Table 2. Effective dose rate for Experiment 1 and 2 at different
times: Eo is the hourly-averaged effective dose rate immedi-

ately before the ESP operation, £y, and £, are the effective
dose rates measured after 1 and 2 h of ESP operation, respec-

tively, and Eorr is the 30-minutes-averaged effective dose rate
after the ESP got switched OFF. Columns 3 and 5 report the

relative reduction with respect to the undisturbed value Eo.

Effective Dose Rate Experiment 1 Experiment 2*
(uSv h™") (%) (uSv h™") (%)

Eo 6.6 122

Ein 39 415 9 26.6

Exp 2.6 61.2 6.3 488

Eore 2.9 55.7 6.2 49.8

*Values for Experiment 2, affected by a decrease in radon concentration
during ESP operation period, have been corrected to exclude the con-
tribution of such a decrease in reducing the PAEC, and so the effective
dose rate. In this way, as for Experiment 1, dose reductions reported for
Experiment 2 are attributable to the ESP only.

the effective dose rate: the latter, averaged over the
first 30 minutes after an ESP continuous working per-
iod of either 3 h or 5 h, turned out to be 50% lower
than the value measured in the last hour before switch-
ing ON the ESP. The main contribution to dose reduc-
tion was found to be given by the first 2 hours of ESP
operation: 30-40% by the first hour and 20% by the
second. Results seem to suggest not to operate the
electrostatic precipitator for more than 2 hours, being
the additional working period useless, or even harmful.

This technology, given its characteristics, could mainly
be applied to remediate indoor environments that can-
not be ventilated (both naturally or forcefully) and whose
occupancy is always scheduled and limited to short per-
iods (up to 1 h), e.g., bank vaults or control rooms of
water treatment plants. In such scenarios, frequently
interested by very high radon concentrations, the ESP
could be remotely controlled and switched ON on-
demand, i.e,, 1-2 hours before the room needs to be
entered.
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