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Abstract The study was conducted to assess the spatiality of
the building factors’ effect on air quality through evaluation of
indoor radon concentration in areas with different geology and
geographical position. For that matter, a survey of indoor ra-
don concentration was carried out in 174 kindergartens of
three Bulgarian cities. The time-integrated measurements
were performed in 777 ground floor rooms using alpha tract
detectors, exposed for 3 months in cold period of 2014. The
results of indoor radon concentrations vary from 20 to
1117Bq/m3. The differences in the mean radon concentrations
measured in the different cities were related to geology. The
effect of building-specific factors: elevator, basement, me-
chanical ventilation, type of windows, number of floors,
building renovation, building materials, type of room, type
of heating, construction period, and availability of foundation
on radon concentration variations was examined applying uni-
variate and multivariate analysis. Univariate analysis showed
that the effects of building-specific factors on radon variation
are different in different cities. The influence of building fac-
tors on radon concentration variations was more dominant in
inland cities in comparison to the city situated on the sea coast.
The multivariate analysis, which was applied to evaluate the
impact of building factors simultaneously, confirmed this in-
fluence too.

Keywords Indoor radon concentration . Building factors .

Lowessmodel . Artificial neural network . Kindergartens .

Bulgaria

Introduction

Radon is a naturally occurring radioactive gas, originates from
radioactive transformation of 226Ra in the 238U decay chain
which is comprised in all terrestrial materials in the environ-
ment. Radon is accumulated in indoor air and could reach high
concentrations in some cases. Many studies have proved the
relationship between chronical exposure to high radon concen-
trations and lung cancer incidence (WHO2009; NRCBEIRVI
1999). Recently, the key recommendations of the International
Commission on Radiological Protection Statement on radon
have been integrated into the International and European
Basic Safety Standards (IAEA 2014; EURATOM 2014). In
order to protect the population from increased indoor radon
concentrations and to implement standards, the regulatory au-
thority in each country should create an efficient radon action
plan. For this purpose, it is necessary to identify the potential
radon sources as well as the potential factors that could affect
radon infiltration and accumulation in an indoor environment.

The release of radon from rocks and soils is determined by
the amount of 226Ra in them. Because of relatively long half-
life (T1/2 = 3.8 days), radon could transport on long distances
through porous media by diffusion and advection until its
accumulation in indoor air. Various factors control the radon
ingress in a building, such as: (1) radon sources—radon po-
tential under the building (related to a radon concentration in
soil gas and soil permeability), building materials, water, nat-
ural gas; (2) building factors (associated to possibility of radon
infiltration and its accumulation); and (3) style of building
usage (Yarmoshenko et al. 2016).
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In compliance with building factors, radon infiltration is
occurring driven by radon concentrations and air pressure gra-
dients which are existed between the indoor and outdoor sur-
roundings. Furthermore, the radon accumulation is also affect-
ed by the air exchange rate which is caused by mechanical
ventilation system or by natural convection, creating a repeat-
ing cycle that generates wind (Sherman 1992).

Investigation of the building factors’ influence on the indoor
radon variations has been and still is a challenge in scientific
work. Traditionally, indoor radon variations have been ana-
lyzed by univariate or/and multivariable statistical methods
with various range of input factors, mainly related to geology,
building characteristic (Kropat et al. 2015a), and sometimes
considering radon temporal variability (Stojanovska et al.
2011).

Many extensive investigations have been performed to ex-
plain the indoor radon concentration variations in a relation
with various factors. Taking into account the complexity of
this issue, only a few satisfactory predictive empirical models
have been found in the literature. The most widely used
modeling process is a traditional multiple linear regression
analysis (MLRA). However, disadvantages of MLRA include
the requirements of a large number of input parameters and an
assumption for its linearity. For example, the simultaneous
effects of building factors on indoor radon concentration var-
iation in 983 Spanish dwellings were examined by MLRA.
They found that 10% of radon variability is explained by the
age of dwellings, number of floors, distance of the floor, and
interior building materials (Barros-Dios et al. 2007). An
MLRA analysis of nine building factors’ effects in 963
Greek dwellings has shown that wall materials, floor level,
and wall contact significantly influenced radon variation with
R2 = 2.9% (Nikolopoulos et al. 2014). Radon concentrations
in a function of the basements and floors were modeled with
accuracy of R2 = 25%, in a study performed in Turkey (Ekinci
et al. 2016). The factors: village/town, municipality, and floor
were explained 26% of radon variability in 334 primary
schools of 13 municipalities in Southern Serbia (Bochicchio
et al. 2013).

Limited numbers of radon concentration models using the
nonlinear regression have been found in the literature. Kropat
et al. (2015b) obtained that 28% of indoor radon concentration
variations is a function of building type, foundation type, year
of construction, detector type, geographical coordinates, alti-
tude, temperature, and lithology, using Kernel regression. Atik
et al. (2016) reported a better predictive multiple nonlinear
model (R2 = 58%) considering spatiotemporal variability of
indoor radon in five buildings in Boly, Turkey. Furthermore,
Atik et al. (2013) examined an artificial neural network
(ANN) modeling process considering influences of buildings’
characteristics and metrological parameters on radon concen-
tration variations in Boly city situated at the altitude of 725 m.
They reported a model with R2 = 87%. The literature review

revealed that the comprehensive analysis of spatial variation
comparison of simultaneous building factors which could af-
fect indoor radon concentration does not exist.

Identification of factors affecting the indoor radon concen-
tration as well as investigation of its spatial variability between
the cities with different geological and geographical charac-
teristics have been the crucial idea of this research and the
results presented in the paper are due to: (1) univariate analysis
of spatial indoor radon variation and variations related to the
buildings’ characteristics throughout an investigated area and
(2) multivariable analysis of indoor radon variation related to
the buildings’ factors in cities using two nonlinear modeling
methods.

Material and methods

Design of survey

During the survey planning process, the kindergartens were
chosen as an indoor environment in which the radon concen-
trations will be measured. There were three main reasons: (1)
small children are the most vulnerable category in terms of
indoor radon concentration exposure; (2) the occupation time
among kindergartens is not different (commonly the children
and teachers stay in the kindergarten for approximately 8 h a
day in a period from 7 a.m. to 6 p.m.); (3) the kindergarten
buildings are spatially distributed covering the whole cities’
territories, and the measured radon concentrations can be con-
sidered as representative for those areas.

The radon survey was carried out by the National Centre of
Radiobiology and Radiation Protection of Bulgaria with sup-
port of the regional health inspectorates and mayors of the
cities. All 174 state kindergartens of the Burgas (N = 49),
Pernik (N = 34), and Plovdiv (N = 91) cities were comprised
in this investigation. Together with the detectors, instruction
forms and questionnaires were distributed by the organizer to
the kindergarten directors. They personally arranged the de-
tectors deployed following to the instruction form they had
received. Accordingly, the detectors were deployed in all
ground floor rooms in each kindergarten on shelves away
from the walls, windows, and doors. After 3 months of expo-
sure (from February 2014 to April 2014), the detectors were
returned to the laboratory by the same persons who deployed
them. The procedure of distribution and collection of the de-
tectors lasted for 1 week approximately, and only 10 detectors
due the whole campaign were lost.

At the end of the survey, the results for radon concentration
measurements at the 777 ground-floor rooms Rn(P) were
completed. The average value for each kindergarten Rn(K)
was presented as aa arithmetic mean of the measured radon
concentration in the kindergarten rooms Rn(P).
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Geology and climate of the selected cities

Geographical positions of the cities considered in the survey
(Burgas, Pernik and Plovdiv) are shown in Fig. 1. The selec-
tion criteria include: cities’ territory, their geological charac-
teristics, and previous radon survey in dwellings.

Burgas is the fourth-largest city in Bulgaria, situated on the
Black sea coast characterized by a humid subtropical climate
with some continental influences. The winters are milder
compared to the inland part of the country. According to
geology, Burgas belongs to Bourgas basin which is mainly
built of Upper Cretaceous crystalline volcanic rocks (trachites
and basaltoids) and volcano sediments (alternation of tuffs,
limestones, sands, and marls) covered with quaternary and
Pliocene-quaternary sediments (Bojadgieva et al. 2007).

Plovdiv is the second-largest city in Bulgaria. It is an inland
city situated at an altitude of 164 m above the sea level in the
same climate zone as Burgas city but with considerable humid
continental influences. A large part of the city is located on
Holocene alluvial sediments and the oldest neighborhoods are
situated on syenitic rock outcrops (Kandilarov et al. 2009).
The Plovdiv Depression is one of the most seismically active
regions in Bulgaria (Radulov 2007). According to a previous
radon survey in the dwellings of Plovdiv district, the high
radon concentrations were expected (Ivanova et al. 2013).

Pernik is an inland city situated in the western part of
Bulgaria at an altitude of h = 700 m characterized with a warm
humid continental climate. Pernik is built on Oligocene sedi-
mentary formations (basal conglomerate formation; variegated
shale and sandstone with bitumolites containing, subproductive
formation of thick-bedded gray to yellowish-brown sandstones)
(Zagorchev 2001).

In summary, Burgas and Plovdiv are representatives of vol-
canic geology (VG) whereas Pernik is distinguished by sedi-
mentary geology (SG); Pernik and Plovdiv are located in the

inland (IL) of the country while Burgas is on the sea coast
(SC). In order to facilitate the comprehension, the cities and
their characteristics will be presented in this text with abbre-
viations, correspondingly given in the bracket as follows:
Plovdiv (VG, IL), Burgas (VG, SC), and Pernik (SG, IL).

Building-specific factors

The survey included questionnaires administrated to the direc-
tors of the kindergartens along with instruction for sampling
position and detectors’ placement. It was included information
about building characteristics and the presence of different
building elements such as a foundation, elevator, and mechan-
ical ventilation system. The old buildings of kindergartens in
Bulgaria are currently being renovated, which includes reha-
bilitation of walls, replacement of old windows, and insulation
in some cases, so in the questionnaires for building character-
istics, such questions were included. The questionnaire was
completed by all surveyed kindergartens.

The following building factors were considered for analy-
sis: elevator, basement, mechanical ventilation, type of win-
dows, building foundation, number of floors, building reno-
vation, building materials, type of room, type of heating, and
construction period. Each of the groups named further as a
factor contained at least two subgroups (cofactors), so we
analyzed 11 factors and 39 cofactors. The investigated factors
and cofactors are presented in Table 2.

Radon measurements

The time-integrated indoor radon concentration (Rn)measure-
ments were performed with RSKS, Radosys nuclear track
detectors. The RSKS consists of a CR-39 chip sensitive for
Rnα particles situated on the bottom of a cylindrical diffusion
chamber with dimensions ∅25 mm × 40 mm.

Fig. 1 Position of cities under observation together with position of capital city Sofia in Bulgarian municipalities map (right map). Position of Bulgaria
in European and world maps (left map)
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After detector exposure, the CR-39 chips were detached
from the diffusion chamber and chemically etched in 25%
solution of NaOH at a temperature of 92 °C for 3 h and
40 min. The counting of the tracks number per unit area was
performed with an optical microscope, using an automated
image analysis system. The software linked to the microscope
first identified the detector’s ID code, engraved onto the sur-
face of the CR-39, and then used the appropriate calibration
factor to convert the obtained tracks density into radon con-
centration (Bq/m3) taking into account the exposure time for
each detector.

The radon detectors were calibrated in an accredited labo-
ratory from Germany. Five detectors in each of three different
radon reference atmospheres with concentrations of: 200, 500,
and 2000 kBq.h.m−3 were exposed. After returning to the
laboratory, the referent detectors were evaluated in the same
conditions as other detectors. For the used detectors batch,
considering calibration coefficient, background track density
and the 3-month recommended exposure period, the mini-
mum detectable concentration was estimated to be 20 Bq/m3.

Data analysis

Data analysis was performed with XLSTAT (Version
2014.5.03) and JMP 10 software (XLSTAT 2014; Sall
2007). Kolmogorov test, with a level of significance at 95%
(error probability p < 0.05), was used to test lognormality of
measured data and to verify the normality of log transformed
data distribution. Data grouped by the factors were tested
about homogeneity using the Bartlett test. Only four (out of
12) factors met the criteria for homogeneity for which non-
parametric statistical analysis was applied.

Appling univariate statistical methods, significance of the
building factors influencing radon variation as well as differ-
ences between the radon levels related to cofactors were tested
using the Kruskal-Walis and Mann-Whitney tests, respective-
ly. Further, Spearman’s rank correlation coefficients and its
coefficient of determination were used as a measure for level
of association between the radon and each factor.

In order to determine the effect of all factors simultaneously
multivariate methods: (1) locally weighted regression and
scatterplot smoothing (Lowess) model and (2) artificial neural
network were applied. Two general criteria were used for the
evaluation of developed model’s ability to predict radon con-
centrations—model precision and model accuracy. Model pre-
cision is based on the ability to fit a function between predicted
and measured concentrations and generally expressed by
Pearson coefficient of determination R2. Model accuracy is
defined as ability of fitting function to minimize the residuals
between predicted and measured concentrations and expressed
as a root mean square error (RMSE) of the model.

The Lowess model is nonparametric based on the polyno-
mial regression method. The algorithm is described in the use

of the Xlstat software. The Euclidean distances d(i,j) between
the observations i and j were computed. Then the fraction f of
the N closest observations to observation i was selected. The
weight of the selected points was determined using the tricube
kernel function weight (j) = tricube (d(i,j)) and the distance is
evaluated d(i,j) = d(i,j)/Maxj(d(i,j)) (XLSTAT 2014).

Artificial neural network (ANN) is the second used method
in this study for modeling a nonlinear dependence between Rn
and investigated factors. ANN modeling procedure has been
applied into many environmental researches (Kassomenos
et al. 2011; Adamowski et al. 2012; AhmadIsiyaka et al.
2014; Azman et al. 2014; Saniul and McNabola 2015; Patra
et al. 2016; Stamenković et al. 2017). ANN networks com-
prise groups of interconnected nodes arranged in different
layers, such as the input layer (independent variable), hidden
layers, and the output layer (dependent variable). A node has
an output and several inputs. Each input, called BNetwork
output,^ was multiplied by its weight and the multipliers were
summed together. The input and nodes in hidden layers are
connected by the hyperbolic tangent sigmoid function where-
as relation between the hidden layer and the output is linear.

Using the JMP 10 software, few training practices were
accompanied with different numbers of nodes in hidden layer
in order to attain the ANN structure with as possible high level
of precision and accuracy. One hidden node was the starting
point for each city and then the number of nodes was gradu-
ally increased until 11. After this, the best achievedmodel was
selected according to the previously mentioned criteria. The
network structure for six nodes is shown in Fig. 2.

Results and discussion

Descriptive statistic and data distribution

The descriptive statistic and frequency distribution of aver-
aged radon concentration Rn(K) for 174 kindergartens and
for all 777 rooms Rn (P) are presented in Table 1 and Fig. 3,
respectively.

It was found that the arithmetic mean values of Rn(K) and
Rn(P) were associated with а high standard deviation and
were higher than the median values. The Rn(K) ranged from
24 to 951 Bq/m3, with а lower geometric standard deviation
(GSD) = 2.00, whereas Rn(P) level was between 20 and
1117 Bq/m3, with higher GSD = 2.15. The GM of Rn(K) in
this study is higher than GM = 101 Bq/m3 reported from a
survey performed in kindergartens of Sofia city where radon
measurements were done through cold season (Ivanova et al.
2014). The GM of Rn(K) is also lower than GM = 542 Bq/m3

obtained from measurements in five kindergartens in
Kremikovci, municipality of Bulgaria (Vuchkov et al. 2013).
The radon concentrations measured in these kindergartens
were much higher than the radon concentrations measured in
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dwellings of the Plovdiv region (GM = 137 Bq/m3) (Ivanova
et al. 2013). The GM in this research is also higher than
GM = 125 Bq/m3 of radon concentrations measured in kin-
dergartens of a volcanic area in Macedonia, a neighboring
country (Stojanovska et al. 2016), which indicates the com-
plexity of the indoor radon concentration accumulation and
the impact of various factors on it.

The log normal function fitting to the data of Rn (K) and Rn
(P) are given in Fig. 3a and Fig. 3b, respectively. Their similar
parameters μ = 5.20 and σ = 0.69 for Rn(K) and σ = 5.14 and
μ = 0.77 for Rn(P) indicating the same distribution of Rn(K)
and Rn(P). Comparison between Rn(K) and Rn(P) cumulative
distributions is shown in Fig. 3c. Both data sets have the same
variance (BT, p > 0.05). The values of: Rn(K) in 28% of the
kindergartens and Rn(P) in 23% of the rooms exceed action

level of 300 Bq/m3, adopted in Bulgarian legislation accord-
ing to European Commission recommendation (CM BNRP
2012). As the difference between Rn(K) and Rn(P) was not
confirmed, it could be assumed that the factor affecting Rn(K)
affects Rn(P) equally. Normal quantile plots of ln transformed
radon concentrations in rooms lnRn(P), given in Fig. 3d, show
that there is no considerable departure from normality, includ-
ing in the upper tail of the distribution. The data analysis was
performed only on ln transformed values of radon concentra-
tions in rooms Rn(P) further in the text abbreviated as Rn.

Identification of factors affecting indoor radon

concentration variation

The Kruskal-Wallis test has shown that 11 out of 12 examined
factors significantly influence the radon concentrations in ob-
served buildings (KW, p < 0.005). Further, for each factor, the
Mann-Whitney post hoc test has been applied in order to in-
vestigate pair wise difference between radon concentrations
grouped by the cofactors. In our case, for each factor the Rn
were grouped into two groups (marked as A and B in Table 2),
each statistically differ from another. The minimum (Min) and
maximum (Max) values; arithmetic mean (AM) and standard
deviation (SD); Median value; geometric mean (GM) and
geometric standard deviation (GSD) of Rn related to each
cofactor as well as groups obtained by Mann-Whitney test
are given in Table 2.

City The city cofactors Pernik, Burgas, and Plovdiv classified
Rn into two groups, A and B (Table 2). The Rn in Plovdiv and
Burgas were higher than in Pernik. As it is expected, the higher
values refer to volcanic geology which is in relation with higher
radon potential in comparison to sedimentary geology in Pernik
city (Bossew et al. 2013; Bossew et al. 2014; Stojanovska et al.
2016). It can be assumed that the highest values in Plovdiv
could be explained by seismic activities in the area, although
there is statistically insignificant difference. The same conclu-
sion about a seismically active area in the city of Skopje in the
neighboring country was reported (Stojanovska et al. 2012). Rn
variation in Burgas, a sea coast city, expressed by the GSD, is
lower than the variation in inland cities.

Type of heating Rn measured in buildings with different
types of heating was clustered into two groups. It was found
that the Rn in buildings heated with gas or combined gas and
electricity are higher than in the buildings with other ways of
heating. One reason could be the gas supply, but the process of
gas flow to the public supplies takes the distance long enough
to allow the decay of most of the radon. Another reason could
be the presence of depressurizing heat sources in the building
(Rugg 1989) but this influence should be investigated further.
There are insufficient information about the heat source loca-
tion, way of supply, etc.

Table 1 Descriptive statistic of average radon concentrations of three
cities in Bulgaria

Rn (K)a Bq/m3 Rn (P)b

Bq/m3

No. of observations 174 777

Minimum 24 20

Maximum 951 1117

Median 180 164

Arithmetic mean 228 227

Standard deviation 155 181

Variation coefficient 68% 80%

Geometric mean 182 171

Geometric standard deviation 2.00 2.15

%Rn > 300 Bq/m3 28% 26%

aRn(K) average radon concentration in the kindergarten
bRn(P) radon concentration in kindergarten rooms

Factors related to 

building condition

H1

H2

H3

H4

H5

H6

lnRn (Bq/m3)

Type of room

Building materials

Elevator

Number of floors

Type of windows

Type of heating

Ventilation

Basement

Renovation

Period of construction

Foundation

Type of room

Building materials

Elevator

Number of floors

Type of windows

Type of heating

Ventilation

Basement

Renovation

Period of construction

Foundation

Hidden nodes Predicted Rn

Fig. 2 Example of the artificial neural network (ANN) architecture for
six hidden nodes
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Type of room This factor is associated with building using
style through room occupancy time as well as possibilities for
room ventilation by opening the windows, etc. Higher Rn
were observed in the kindergarten rooms where children
spend most of their time such as: combined playroom and
bedroom, in comparison with Rn measured in separate bed-
rooms where they spend only part of the day. This result was
consistent with our previous measurements in kindergartens
of Sofia city (Ivanova et al. 2014). Higher Rn in the rooms
with higher occupancy time is explained by rare opening of
the windows where children play in order to prevent pupils
from catching a cold.

Building materials Radon concentrations are classified not
by the type of building material but by its form: bricks,
concrete bricks (group A in Table 2), and panel (group B
in Table 2). Specifically, the higher Rn refers to brick form
and lower values refer to panels. Since the concentration of
radionuclides in building materials in this region has not
been investigated yet, two possible reasons for this Rn
grouping were assumed. The first one could be due to the
higher 226Ra concentration in bricks and cement bricks in
comparison to the panels. Тhe second assumption is that the
building materials do not affect the Rn significantly as a
source but affect the radon accumulation into buildings. In

general, there is positive correlation between the radon con-
centration and the indoor/outdoor temperature gradient
(Janik and Bossew 2016). It means that the walls made of
panels have lower thermic isolation and lower temperature
gradient than buildings with higher isolation, which could
explain the lower concentrations of radon in buildings con-
structed with panel.

Type of windows The radon concentrations in buildings with
new PVC windows were higher than in buildings with old
wooden windows. The main advantage of the new PVC win-
dows is their characteristic of being good isolators which en-
hances the energetic efficiency of the building. On other hand,
because of the hermetically closed rooms, the natural ventila-
tion is minimized which contributes to a long-term radon ac-
cumulation. The PVC windows’ effect on increased Rn was
also observed by many authors (Stojanovska et al. 2016;
Yarmoshenko et al. 2016).

Renovation of building This factor has also proved a sig-
nificant influence on the Rn, as renovated buildings show
higher concentrations in comparison to nonrenovated build-
ings. The new legislative requirements for building renova-
tion generally consider installation of additional outer iso-
lation, a new type of window, etc. This would lead from one

Fig. 3 Frequency distribution
fitted by log normal function. a
Average Rn in kindergartens
Rn(K). b Rn concentrations in
rooms Rn(P). c Comparison of
Rn(K) and Rn(P) distributions. d
Quantile-quantile plot of lnRn(P)
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hand to energy efficiency improvement but from other hand
to increase in the temperature indoor/outdoor gradient
which results to a higher Rn accumulation. The results

clearly showed that renovation of buildings without taking
into account the Rn increase the radon level in premises
(Ringer 2014).

Table 2 Factors, cofactors descriptive statistic and its grouping results by Mann-Whitney (MW) test

Factor Cofactor N Rn (Bq/m3) MW test groups

Min Max AM SD Med GM GSD

City Plovdiv 473 45 1094 260 193 200 197 2.16 A

Burgas 193 59 1117 212 159 212 176 1.76 A

Pernik 111 14 631 113 92 113 88 2.04 B

Type of room Pool 3 239 320 267 46 242 265 1.18 A

Office 28 33 1094 304 245 206 225 2.26 A

Play room + bedroom 292 46 1117 261 180 204 211 1.92 A

Classroom 21 18 815 256 216 134 173 2.63 A B

Gym 44 33 923 248 200 172 188 2.14 A B

Corridor 9 87 292 179 62 183 169 1.45 B

Bedroom 149 21 890 195 189 111 134 2.31 B

Play room 207 14 726 194 157 133 144 2.18 B

Other 24 60 514 168 115 126 137 1.89 B

Type of heating Gas 199 33 890 284 165 251 239 1.82 A

Gas + electricity 17 58 597 237 147 198 198 1.89 A

Solid fuel 15 84 260 153 46 139 147 1.34 В

Central heating 384 14 1094 224 184 159 167 2.18 B

Electricity 162 45 1117 171 184 88 118 2.2 B

Building material Bricks 418 14 1117 258 189 194 203 2.01 A

Concrete bricks 156 18 735 245 174 192 186 2.20 A

Panel 203 21 741 150 143 102 111 2.06 B

Availability of elevator E/no 563 14 1117 260 192 199 200 2.12 A

E/yes 214 18 741 140 109 104 113 1.89 B

Mechanical ventilation
system

V/no 639 14 1117 241 191 176 177 2.24 A

V/yes 138 33 675 165 102 136 143 1.68 B

Number of floors G 46 14 760 271 213 176 198 2.31 A

F1 529 21 1117 260 184 200 204 2.04 A

F2 50 60 923 190 171 123 148 1.90 A

F3 29 58 531 210 143 135 169 1.96 A

F4 27 45 382 124 96 73 99 1.93 B

F6 5 83 133 101 20 92 99 1.21 B

F7 89 18 176 78 32 70 72 1.52 B

Type of windows PVC 624 14 1117 259 182 198 208 1.94 A

Wood 153 18 760 96 100 69 76 1.84 B

Availability of basement B/no 374 46 923 281 179 231 229 1.93 A

B/yes 403 14 1117 177 168 119 130 2.14 B

Renovation of building R/yes 460 14 1094 258 178 203 204 2.04 A

R/no 317 21 1117 183 176 114 132 2.16 B

Period of construction < 1960 76 14 1117 277 226 184 205 2.24 A

1960–1980 512 18 1094 235 184 172 175 2.20 B

> 1980 189 21 741 187 142 137 149 1.96 B

Availability of foundation F/no 12 68 415 223 128 167 188 1.87 A

F/yes 765 14 1117 227 182 163 170 2.16 A
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Number of floors in building and availability of a basement

The influence of the number of floors and the presence of a
basement on indoor radon concentration measured on a
ground floor was also assessed. The analysis has shown that
the number of floors and availability of a basement has a
significant effect on Rn within the ground floor rooms
(Table 2). The higher concentrations were measured in
ground-floor rooms of buildings with up to four flours where-
as the lower concentrations were related to buildings with
more than six floors. The availability of a basement in the
building is a factor which decreases the radon concentration
on the ground floor and subsequently on the upper floors
(Papaefthymiou et al. 2003; Kozak et al. 2011; Stojanovska
et al. 2017). The number of floors is associated with the pres-
sure gradient within the buildings: more floors contribute to a
lower pressure gradient on the ground floor (Stroube 2001)
and consequently, a lower radon infiltration rate. The radon
infiltration in ground floor due to diffusion is less significant
in buildings with a basement than in buildings without a
basement.

Availability of an elevator and a mechanical ventilation

system The Rn in buildings with an elevator and a mechanical
ventilation system were lower than in buildings without it.
This fact was expected since their functioning contributes to
an air exchange rate which is increasing within the building.
Apart from this, these factors also cause reduction of pressure
within basements and ground floors, and thus generate an
inward pressure gradient, decreasing the radon infiltration rate
(EPA 2012; Richard 2011). The same effects of elevator and
mechanical ventilation systems on indoor radon concentration
variations were observed in a previous study in kindergartens
of Sofia city (Ivanova et al. 2014).

Period of construction Period of the building construction
appeared to be significant for indoor Rn. In buildings built
in the period after 1980, lower radon concentrations were
found in comparison to buildings built in the periods 1960–
1980 and < 1960. Considering this factor individually, it could
be assumed that this difference originates only from the build-
ing aging. It means that the new buildings are nonporous and
crack-free in comparison to the old buildings. The similar
findings were obtained in the different Rn studies (Rugg
1989; Karpińska et al. 2009).

Availability of foundation This factor appeared to be insig-
nificant in this study. Only a small number of rooms, 12 out of
777, were without foundations and this could be a reason for
no significant relation with the Rn results. However, the ab-
sence of a foundation considerably increase the transmission
of the diffusive radon flux from the soil, so the effect of a
foundation absence probably was overlapped with some other
factors in our case.

Correlations between radon and building factors

in the cities

Next step in our analysis was to examine the building factors’
influence on Rn variation for each city separately. First of all,
we tested correlations between Rn and factors.

The Spearman coefficients of determination related to the
only statistically significant (p < 0.05) correlations between
building factors and Rn for each city are given in Fig. 4. The
first impression is that the factors’ effects on the Rn variations
show the spatial variability. It is obvious that the number of
building factors that significantly affect Rn variation is differ-
ent for each city. Also, the level of their impact is different for
each city. Taking into account the cities geology and geo-
graphical positions, we assumed that city geographical posi-
tion which is directly related to the climatic conditions seems
to be more relevant for building factors’ effects on Rn varia-
tion than the difference in the geology (Szabó et al. 2014).

The indoor radon variation in sea coast city Burgas (VG,
SC) as previously mentioned is lower in comparison to the
inland cities. So, the low contribution of building factors on
Rn variation is also expected. Rn variations in Burgas (VG,
SC) were significantly affected by the type of the rooms,
availability of an elevator, and a ventilation system, but the
small coefficient values (Fig. 4) indicate its relatively small
contribution.

On the contrary, variations of radon in the inland part of the
country are more affected by the building characteristics. For
example, in Plovdiv (VG, IL), 10 out of 11 factors significant-
ly have an effect on Rn variations, since in Pernik (SG, IL)
variations were influenced by 7 factors. Furthermore, not all
the building factors equally contribute to the Rn variation in
inland cities.

In Plovdiv (VG, IL) and Pernik (SG, IL) similar patterns of
the building factors related to the building thermic isolation
(assumed as a factor which influences radon accumulation)
such as: type of windows, building materials, and its renova-
tion has been shown. On other hand, the factors considering as
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Fig. 4 Statistically significant Spearman coefficients of determination
between Rn and each investigated factor
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factors which dominantly influence radon infiltration, present
different contribution to inland cities. The contribution of
number of floors, availability of an elevator, and basement
on radon variations is more dominant in Plovdiv (VG, IL) than
in Pernik (SG, IL). It indicates that these factors are in a rela-
tion with geology more than with a geographical position.

An important finding is that the relation of radon variation
and type of heating is significant only for Plovdiv (VG, IL)
with relatively high contribution. Considering Rn values re-
lated to this factor given in Table 2, further exploration of a
connection between increased Rn and gas as a heating source
in Plovdiv should be perform. Additional investigation for
other factors, such as way of supplying gas should also be
considered.

Investigation of simultaneous building factors influence

on indoor radon variation in the cities

Taking into consideration that building factors’ contribution
on Rn variations in the investigated cities are different,

investigation of their simultaneous effect for each city sepa-
rately was also assayed. For that purpose, multivariable non-
parametric regression analysis was done considering all and
only significant building factors for Rn variations in each city.
The results are given in Table 3.

Obviously, in both cases, the models for Plovdiv (VG, IL)
show higher accuracy and precision in comparison to the
models for Burgas (VG, SC) and Pernik (SG, IL) (Table 3).
Seven factors related to the building in the Pernik (SG, IL)
model explain Rn variation with higher precision and accura-
cy than the model considering all investigated factors. The
low performance of the models was obtained according to
the results for Rn variations in Burgas (VG, SC) related to
the building factors.

The differences between the models’ performance generat-
ed from all the factors and only from the significant factors are
negligible for the cities with volcanic geology like Burgas
(VG, SC) and Plovdiv (VG, IL). On the contrary, the occur-
rences of a difference between two models for Pernik (SG, IL)
are characterized with sedimentary geology and could indicate
the possibility that some of the insignificant factors affect the
influence of significant factors on radon variation.

The ANN models were developed which consider multidi-
mensional interaction between the factors and the Rn varia-
tions into different nodes (structure of the model with six
nodes is given in Fig. 2). The radon data for each city were
randomly divided into two sets for generation and validation
model purpose. The proportion of this partition was chosen to
be 67 and 33% for generation and validation of model, respec-
tively. The results of 11 created ANN models for three cities
are given in Table 4. For Burgas (VG, SC) city, the best ANN
model was achieved for the model with two nodes. For Pernik
(SG, IL), Rn variation due to investigated factors was best
explainable for node numbers of ten. It could be accepted that

Table 3 Accuracy and precision of Lowessmodels developed for Rn in
each city considering all and only previously determined significant
building factors

City Number of factors
considering in
Lowess model

R2 RMSE

Burgas (VG, SC) 11 0.027 0.558

3 0.030 0.550

Plovdiv (VG, IL) 11 0.624 0.441

10 0.670 0.431

Pernik (SG, IL) 11 0.136 0.660

7 0.297 0.595

Table 4 Artificial neural network (ANN) models for each city

Node Burgas (VG, SC) Pernik (VG, IL) Plovdiv (SG, IL)

ANN model Validation ANN model Validation ANN model Validation

n R2 RMSE R2 RMSE R2 RMSE R2 RMSE R2 RMSE R2 RMSE

1 0.23 0.51 0.13 0.48 0.63 0.44 0.60 0.43 0.61 0.48 0.48 0.54

2 0.35 0.48 0.23 0.45 0.67 0.40 0.63 0.41 0.68 0.44 0.60 0.48

3 0.03 0.58 0.10 0.48 0.73 0.37 0.60 0.44 0.76 0.38 0.72 0.39

4 0.09 0.56 0.14 0.47 0.74 0.37 0.61 0.43 0.80 0.35 0.71 0.40

5 0.26 0.50 0.17 0.47 0.65 0.42 0.66 0.40 0.79 0.35 0.65 0.44

6 0.08 0.56 0.10 0.48 0.70 0.39 0.55 0.46 0.82 0.32 0.64 0.41

7 0.12 0.50 0.12 0.48 0.71 0.38 0.66 0.40 0.80 0.35 0.67 0.43

8 0.10 0.56 0.09 0.49 0.66 0.41 0.67 0.40 0.75 0.38 0.68 0.42

9 0.07 0.57 0.07 0.50 0.69 0.40 0.59 0.43 0.81 0.44 0.63 0.40

10 0.14 0.54 0.14 0.47 0.79 0.32 0.60 0.44 0.68 0.43 0.62 0.46

11 0.23 0.52 0.13 0.48 0.76 0.35 0.57 0.45 0.81 0.34 0.69 0.42
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the best explanation for Plovdiv (VG, IL) is ANN model with
six nodes.

Comparing the both generated Rn models, it seems that
higher precision and accuracy is obtained with the ANNmod-
el (Table 4) than with the Lowess model (Table 3).

Similarly to the previous univariate analysis and multivar-
iable Lowess, the ANN model confirms the lowest contribu-
tion of the building factors on indoor radon concentration
variation in Burgas (VG, SC). It can be noticed that the values
of the R2, from Table 4, regarding the inland cities have the
similar patterns during modeling process, thus confirming a
strong relationship between building factors and Rn variation.

Conclusion

The Rn variations through investigated area were significant.
The Rn in Burgas and Plovdiv cities where geology is of
volcanic origin were higher than in Pernik with sedimentary
geology. The analysis was shown that 10 (out of 11) examined
building factors significantly contribute to Rn variations
through the observed area. The effect of factor Bavailability
of foundation^ was not significant because of the small num-
ber of buildings without foundation considered in our survey.

Further analysis have been shown that the effects of
building-specific factors which influence Rn variations were
also subject of spatial variations. The numbers of significant
factors vary between the cities:

& For inland city of Plovdiv (VG, IL) with geology of vol-
canic origin, the Rn variations were explained with 10
factors: basement, mechanical ventilation, type of win-
dows, number of floors, building renovation, elevator,
building materials, type of room, type of heating, and con-
struction period. The building factor with the highest dom-
inance on Rn variation was number of floors.

& For inland city of Pernik (SG, IL) with sedimentary geol-
ogy, the Rn variations were explained in seven factors:
basement, type of windows, number of floors, building
renovation, elevator, building materials, and type of room,
where the factor type of windows was the most dominant.

& For city on sea coast, Burgas (VG, SC) with volcanic
geology, only three factors explained the Rn variations:
type of the rooms, availability of a ventilation system as
well as factor availability of an elevator which was with
the highest dominance.

Our results also indicate that the factors: number of floors,
elevator, basement, mechanical ventilation system, and period
of construction have various contributions to indoor radon
variations in different inland cities with different geology.
Contrary, the factors: type of windows, building materials,
renovation as well as type of the room the similar effect on

indoor radon variations in the inland cities was showed. Usage
of gas as heating source significantly increase the indoor ra-
don concentrations in the city of Plovdiv (VG, IL).

Despite univariate analysis of building condition factors’
effects on Rn variations in each city, the multivariate analysis
also was done in order to see simultaneous factors’ effect.
From them, the Lowess and ANN models have been devel-
oped for Rn variation in relation of building factors for each
city separately. On the basis of the model performance indica-
tors R2 and RMSE, the ANN model was found to perform a
better explanation of Rn variations than the Lowess model.
But both of them provide a stronger relationship between Rn
and building factors for inland cities in comparison to the city
on the sea coast.
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