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a b s t r a c t

The indoor air quality (IAQ) was in the last decades a major topic of scientific research due to evidences of
adverse effects of different chemicals on the human health. The retrofit of the existing buildings in order
to increase the energy performance without proper implementation may have a negative effect on IAQ.
This paper is focused on a comprehensive evaluation of indoor air pollutants in 100 retrofit houses from
five Romanian cities, during cold season. Radon, volatile organic compounds (VOCs) and carbonyl
compounds were determined using passive samplers. At the same time, continuous, real-time moni-
toring of radon and carbon dioxide concentrations, as well as indoor physical parameters, such as
temperature, atmospheric pressure and relative humidity was carried out. In 95% of the houses the
formaldehyde concentration was higher than the guidevalue. The most present volatile organic com-
pounds were limonene, heptane, carbon tetrachloride, tetradecane and a-pinene. A statistically signifi-
cant difference in radon concentration was observed between the two sampling methods, which
highlights the importance of temporal variability of indoor pollutants. High radon values were correlated
with the lack of adequate ventilation, an aspect underlined by high CO2 concentrations. Additionally, the
study finds that indoor air pollutants can be attributed to three main factors: the physical characteristics
and usage of the indoor environment (volatile organic compounds and carbonyl compounds), the
properties of the sub-slab soil (radon) and the occupational factor (CO2). Each factor should be treated
separately when indoor air quality management is addressed.

© 2020 Elsevier Ltd. All rights reserved.
1. Introduction

In the last decades, the worldwide rush towards technological
and economic developments has led to a deterioration of the
environmental air quality. In this trend, the anthropogenic air
pollution is the second global environmental threat after the
climate change (Podstawczy�nska and Chambers, 2019). The World
Health Organization (WHO) has long pointed out that the
household air pollution, ranked 9th in the Global Burden of Disease
risk list, represents the leading cause of disease and premature
death in low- and middle-income countries as well as in the
developing countries (Ferguson et al., 2020; Stanaway et al., 2018;
WHO, 2016). This outcome is partly due to the urge for energy ef-
ficiency of buildings (ex: Directive, 2012/27/EU, 2012) that has led
to post implementations issues. Numerous researchers observed
that the requirements for high airtightness of buildings lead to a
„health pitfall” due to the degradation of the indoor air quality,
particularly in buildings where additional mechanical ventilation
was not included in the retrofit works (Cucoş Dinu et al., 2015;
Dales and Raizenne, 2004; Fisk et al., 2020; F€oldv�ary et al., 2017;
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Jir�anek and Ka�cma�ríkov�a, 2014; Pampuri et al., 2018; Sharpe et al.,
2015a; Wallner et al., 2017a; Ye et al., 2017). Wallner et al. (2015)
following a study conducted in 123 buildings in Austria, found
that the indoor air quality in highly energy-efficient, mechanically
ventilated homes was higher than that of conventional homes with
natural ventilation. Moreover, the perception of the indoor air
quality was better for the inhabitants of energy efficient buildings
with mechanical ventilation compared with those who lived in
dwellings with natural ventilation only (Wallner et al., 2017b). The
indoor air pollution has been associated with impaired health and
performance in children and adults (Kim and Hwangbo, 2018;
Meiboudi et al., 2016;Wyon, 2004). An increased risk of developing
asthma has been associated with increased energy efficiency in
homes without mechanical ventilation (Sharpe et al., 2015b). The
interest for regulating residential pollutants is in high demand yet
still underdeveloped due to the limited data available (Fisk et al.,
2020; Stamatelopoulou et al., 2019; WHO, 2010; WHO, 2019).
Although various studies on indoor air quality address volatile and
semi-volatile organic compounds (Angulo Milhem et al., 2020;
Fang et al., 2019; Fern�andez-Agüera et al., 2019; Park and Ikeda,
2006; R€osch et al., 2014; Yang et al., 2020), only a limited number
of compounds have been addressed in the grey literature regarding
exposure recommendations (ANSES, 2017, 2013; IARC, 1995;
Umweltbundesamt, 2019; WHO, 2010). The indoor carbon dioxide
(CO2) has yet to receive the pollutant title, although the synergistic
effect between CO2 and VOCs has already drawn the scientific
spotlight (Yang et al., 2020). Moreover, the indoor radon exposure is
being addressed separately from that of other indoor pollutants
(European Commission, 2014). Effects and risks for most common
indoor pollutants are known to the extent that strategies to miti-
gate the problems can be created. However, new sources and
accumulation issues have emerged for “old” pollutants in energy
efficient buildings (Fisk et al., 2020), and some of themmay react to
produce secondary products whose effects are poorly defined
(Billionnet et al., 2012). There is still a general drawback on
addressing the quality of the indoor air as awhole, due to the lack of
representative data.

Improving the IAQ requires knowledge on type of pollutants,
sources, quantities and synergistic effects (Fern�andez-Agüera et al.,
2019; Yang et al., 2020). Comprehensive studies are required in
order to take the most appropriate decisions for mitigation. Con-
ventional methods for IAQ monitoring often use short-term inte-
grated measurements and complex apparatus (Yang et al., 2020).
Although known for high accuracy these methods are unable to
provide real-time temporal variability, essential for prevention and
mitigation measures. Therefore, in order to implement a successful
management of indoor air quality in the age of speed the spotlight
is shifting towards real-time monitoring (Kelly and Fussell, 2019;
Tunyagi et al., 2020).

The aim of this workwas the systematic surveillancemonitoring
of indoor air in order to support the development of health-based
guideline values and other guidance for key pollutants. In this
context, the levels of VOCs, carbonyl compounds and radon have
been investigated in 100 retrofit residential buildings. In order to
investigate the relationship between the investigated parameters,
indicators other than concentrations of the pollutants (i.e. venti-
lation rate, with CO2 as a related marker, relative humidity, atmo-
spheric pressure and temperature) have also been monitored.

2. Materials and methods

2.1. Eligibility and recruitment

The interest for home working has seen a constant increase
during the recent years (Cerqueira et al., 2020). Consequently, the
2

time spent indoors in the same environment has also increased.
Moreover, the building retrofit of old residential buildings in
Romania hardly ever includes mechanical ventilation, aspect of
high relevance in qualifying the indoor air quality (Ferguson et al.,
2020). Additionally, epidemiological studies (Bade and Dela Cruz,
2020) have observed an urban-related factor associated with an
escalation of lung cancer deaths. Taking into consideration all these
aspects, a large-scale radon research study has been carried out in
1000 energy efficient homes from five major cities of Romania
(Cluj-Napoca, Timișoara, Bucharest, Iași and Sibiu) where, addi-
tionally to indoor radon risk (Todea et al., 2013), the outdoor
pollution often exceeds the recommended threshold (IQAir, 2019).
The buildings were selected among those representatives for each
region’s architecture and based on randomized stratified sampling
according to population size. The criteria regarding houses selec-
tion were as follows: (1) the age of the houses was greater than 2
years in order to avoid excessive emission of the target compounds;
(2) the presence of thermal insulation of the walls or an upgrade of
the windows, done within more than one year previous to the
study; (3) volunteered participation in the study.

Following the application of detailed questionnaires on indoor
air quality and passive radon measurements carried out in two
campaigns of six months each, 100 houses were selected for
detailed analysis (VOCs, carbonyl compounds, radon, CO2 and in-
door physical parameters). The selection criteria of the 100 houses
(the object of the present study) were: (1) radon concentration
higher than 250 Bq/m3 in at least one investigated room; (2) poor
indoor air quality, assessed qualitatively on the basis of the in-
terviews with the owners of the houses about health symptoms
and perceptions of IAQ.

2.2. Chemicals

For the qualitative and quantitative analyses of carbonyl com-
pounds a mixture containing 2,4-dinitrophenylhydrazone de-
rivatives of formaldehyde, acetaldehyde, acetone, acroleine,
propionaldehyde, butyraldehyde and benzaldehyde, in concentra-
tion of 100 mg/mL of each compound, acquired from Supelco, was
used. ForVOCsanalysis, amixture containing52organic compounds
(Japanese indoor air standard MIX 52) of different families (hydro-
carbons, aromatic compounds, halogenated compounds, alcohols,
esters, aldehydes, ketones, terpenes) in concentration of 100 mg/mL
of each compound in methanol was acquired from Sigma Aldrich.
From MIX 52, 10 compounds e.g. (n-butanol, 2-butanone, 1,2-
dichloroethane, dichloromethane, 2,4-dimethylpentane, ethanol,
ethyl acetate, hexane, 1 propanol and 2 propanol) were not quanti-
fieddue to their overlapwithCS2 chromatographic pick. Acetonitrile
of HPLC grade purity (Merk Darmstad, Germany) and Milli-Q water
of 18.2 MU cm resistivity, prepared using a Milli-Q-Plus ultra-pure
water system (Millipore, Milford MA, USA) were used for HPLC
analysis. Helium in purity of 99.9999% (Linde Gas, Romania) was
used for gas chromatographic analysis. The CR-39 passive detectors
for radon measurements were etched in a solution of 6.25M NaOH
(Merk).

2.3. Instrumental analysis

2.3.1. Carbonyl compounds
The determination of the selected carbonyl compounds were

performed by high performance liquid chromatography (HPLC)
coupled with UVeVis detector (ISO 16000-4, 2011) using a HPLC
model Shimadzu equipped with 10LC module pump, a 10LSD UV/
Vis detector and a manual injection valve containing a sample loop
of 5 mL. The separations were carried out on a reverse-phase col-
umn type NOVA-Pack C18 (300 � 3.9 mm, 4 mm particle size)
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purchased fromWaters (USA). A mixture of acetonitrile and Milli-Q
water (68:32, v/v) at a flow rate of 1.0 mL/min, in isocratic elution
mode, was used as mobile phase. The detection was carried out at
360 nm. The LOD for formaldehyde was 0.1 mg/m3 and for other
carbonyl compoundswas ranged between 0.1 and 0.9 mg/m3 (Sigma
Aldrich).

2.3.2. Volatile organic compounds
The determination of volatile organic compounds were ach-

ieved according to ISO 16200-2 (2000) and ISO 16017-2 (2003). For
this purpose, a gas chromatographmodel Focus GC equippedwith a
DSQII mass spectrometer and a TriPlus Autosampler (Thermo
Electron Corporation) was used for the analysis. The separationwas
performed on DB-5MS column (25 m � 0.25 mm x 0.25 mm) with a
gradient of temperature and using helium as carrier gas at a flow
rate of 1.0 mL/min. The temperature of inlet, transfer line and ion
source were set at 280, 250 and 220 �C respectively and for ioni-
zation a voltage of �70 eV was used. The detection of the com-
pounds was performed in selected ion monitoring (SIM) mode and
the quantification was done using the calibration curves method.
Under the analytical conditions used in measurements, the limit of
quantitation for 7 days exposure ranges from 0.001 to 0.1 mg/m3 air,
depending on the compound (Sigma Aldrich).

2.4. Samples collection and preparation

For the analysis of carbonyl compounds and VOCs, the air
samplers were simultaneous collected using specific Radiello
diffusive samplers purchased from Supelco (Brdaric et al., 2019;
Langer et al., 2016; ISO 16000, 2011; Villanueva et al., 2018). Radi-
ello cartridge adsorbents with 2,4-dinitrophenylhydrazine coated
Florisil® were used for aldehydes sampling, while Radiello car-
tridge adsorbents with activated charcoal (CS2 desorbtion) for VOCs
sampling (ISO 16200-2, 2000; ISO 16017-2, 2003).

All the houses were monitored for a 1-week period, from
October to December 2018. During the field test, natural ventilation
was the only way for fresh air to enter the residences. The diffusive
samplers were placed in the centre of living rooms at a height of
2.2 m above the floor and exposed for seven days. After exposure,
the samples were collected and kept in refrigerator at 4 �C until
their analysis. For carbonyl compounds the cartridges were des-
orbed in 2 mL of acetonitrile and analysed as 2,4-
dinitrophenylhydrazone derivatives by HPLC, while for VOCs the
desorption was done with 2 mL of CS2 and the analyses were per-
formed by GC-MS.

2.5. Passive radon measurements and analysis

The indoor radon measurements were performed by using CR-
39 track detectors, provided by Radosys (Hungary). The detectors
were placed in two successive campaigns of 6 months each, which
allowed direct calculation of the annual indoor radon activity
concentration. The detectors were installed by a member of the
research team in the bedroom or living room on the ground floor of
the house at a distance of about 0.5 m from the wall and 1.5e2 m
from the floor, away from any direct airflow currents. At the end of
the exposure period, the detectors were transported to the labo-
ratory for processing and analysis, using the Radosys System. The
used processing procedures have been previously described in
detail by Cucoş et al. (2015).

The quality assurance and quality control of passive radon
measurements in indoor air were performed by participating in
several international intercomparison exercises and by the annual
calibration of the Radosys System by the manufacturer (Rabago
et al., 2020). The total uncertainty of the measurement was
3

calculated to be between 8 and 15%, depending on radon
concentration.

2.6. Active measurements

During the time when the diffusive samplers for VOCs and
carbonyl compounds were exposed, an active device, called ICA
system, was installed in each of the 100 houses. The ICA system
presents sensors for continuous, real-time monitoring of radon and
CO2 concentrations, as well as indoor ambient conditions, such as
temperature, pressure and relative humidity (RH). The ICA system
was developed by the research team, the calibration of the sensors
being performed in a special chamber within the laboratory; af-
terwards the ICA device was internationally validated (Tunyagi
et al., 2020). The main characteristics of the sensors from the ICA
system are listed in Table S1.

2.7. Energy evaluation of the houses

The energy performance of the building (EPC) is calculated
considering the estimated energy under normal conditions of use
of the building, including in this case, energy for heating, air con-
ditioning (if it is the case), domestic hot water and indoor lighting.
When calculating the energy performance of the building, multiple
parameters are taken into account like: the thermal insulation of
the envelope, type of glazing, heating and domestic hot water
system, lighting fixtures, the location of the building - climatic
factors, outdoor shading, and indoor physical required conditions.
The energy evaluation is based on an energy audit using the na-
tional calculation method (MC 001, 2006).

2.8. Statistical analysis

The statistical analysis of the data was performed using SPSS 24,
GraphPrad Prism 5 and OriginPro 2020b software. The statistical
distribution of the data was evaluated using the Shapiro-Wilk test.
For the comparison of the samples, the t-test or Mann-Whitney test
(M-W test) was performed for two samples or Kruskal-Wallis test
(KeW test) with Dunn’s post-hoc analysis for more than two
samples. In order to evaluate the intensity of the relationship be-
tween the examined variables, the Pearson or Spearman correla-
tion coefficients were calculated. In order to evaluate the
correlation between two variables by maintaining constant the
effect of another variable, the partial correlation was calculated. As
such, zero order correlation means the correlation without con-
trolling for any other variable, first order for controlling the effect of
one variable and second order correlation with control for two
variables. The significance level a was chosen at 0.05.

The multivariate analysis was conducted using log-transformed
data of pollutant as dependent variable and “ID of investigated
city”, “year of construction”, “cellar under investigated room”,
“concrete screed”, “type of floor”, “type of ceiling”, “construction
material”, “insulation type”, “use of candles”, “use of fireplace”,
indoor temperature, RH and CO2 concentration as independent
variables. Because the CO2 concentration can be assimilated as an
indicator for the ventilation rate, it has been included in the list of
predictors (Fisk et al., 2020). The Stepwise regression procedure
was used and only the factors that had a statistically significant
influence on dependent variable (p< 0.05) were taken into account.

Principal Component Analysis (PCA) was performed in order to
identify structures in the relationship between monitored vari-
ables. In order to have normally distributed variables, the raw or
log-transformed data were used. Of the total monitored variables,
those with a correlation coefficient greater than |0.3| were kept for
PCA. For factor extraction, taken into account the sample size, the
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scree plot was used, the point of inflexion being used as the cut-off
for retaining factors (Field, 2013). The oblique rotation using Direct
obliminmethod, with delta equal to 0, was selected in SPSS in order
to calculate the variable loadings on each factor. Finally, the factor
loadings with a value greater than |0.4| were considered.

3. Results and discussion

3.1. Building characteristics and energy performance of the building

The houses involved in the analysis were built between 1800
and 2015, themedian of the construction year being 1972. Although
most of the houses were built before 2000 (62%), this percentage is
not representative for the general situation due to the preferential
selection of those houses that had retrofit works. About 90% of
dwellings present a thermal insulation applied on the outside of
thewalls, themain type of material used being polystyrene (94%). A
similar percentage of homes have upgraded their windows, but
only two houses have installed a mechanical ventilation system. In
34% of the cases, the cellar is present under the investigated room.
About 80% of dwellings present a concrete slab under the floor, the
main floor type being laminate flooring (62%). In 18% of cases, the
participants mentioned that they use air fresheners, electrical room
perfumes or scented candles in the investigated room. The main
building characteristics of the houses involved in this study are
summarized in Table S2.

Most of the studied building are well insulated, as such 43% of
these are classified in the energy class B (125e201 kWh/m2/year),
45% in class C (201e291 kWh/m2/year), while only 3% are A class
(less than 125 kWh/m2/year). Among them there are also some
buildings with deficient heating system (e.g. stove with low energy
efficiency), thus their class is either D (5%) or E (2%), with a
maximum energy consumption of 474 kWh/m2/year. The energy
classes correspond to the Romanian National reglementation ac-
cording to the energy methodology (MC 001, 2006). For 99 houses
an energy certificate was delivered presenting the energy con-
sumption, greenhouse emissions and the proposed measures to
improve the energy efficiency. To calculate the emission expressed
in kg CO2, the final energy calculate in the EPC was transformed
firstly into a primary energy using the national coefficients (1.17 for
gas and 2.62 for electricity) and afterwards this primary energy was
multiplied by a factor of kg CO2/kWh (0.205 for gas, 0.299 for
electricity). It can be concluded that the average emission of the
100 houses is 56 kg CO2/m2. The total heated area of the 100 houses
is 14,772 m2, thus the total emissions of these buildings is 827
tonnes of CO2/year.

3.2. Indoor air quality

3.2.1. Continuous IAQ monitoring
As was mentioned before, during the time when the diffusive

samplers for VOCs and carbonyl compounds were exposed, in each
house, using the ICA system, were continuously monitored pa-
rameters such as CO2 and radon concentrations, temperature,
pressure and relative humidity (RH). Generally, a diurnal pattern
was identified with high radon and CO2 concentrations during the
nights and mornings, respectively low values in the afternoon
(Fig. 1).

The CO2 concentration depends mainly on the number of oc-
cupants, being a good indicator of the human bioeffluents emis-
sions. Taken into account the fact that themeasurements took place
predominantly in the master bedroom, in 96% of cases two people
were present during the measurements period with an average
occupancy factor of 0.35 in the analysed room. As can be seen in
Table 1, the mean CO2 concentration is higher than 1000 ppm in
4

over 50% of the houses. These results can be used as a surrogate of
the occupational patterns (time spend indoor and the ventilation
patterns). As such, for most of the monitored houses (46%), a
common patternwas noticed, which involved the ventilation of the
room by opening the windows once a day, either in the morning or
in the evening. In less than 10% of the houses, the pattern showed a
double ventilation period at an interval of about 12 h. In about 25%
of the houses, insignificant ventilation periods were identified,
behaviour that led to high indoor radon and CO2 concentrations (up
to 3083 Bq/m3 and 4072 ppm, respectively).

A geometric mean of 22 �C was calculated for the indoor tem-
perature, with a minimum temperature of 15 �C (three houses) and
a maximum value of 30 �C (5 houses). The relative humidity
showed a wide variation between 16% and 70%, with an arithmetic
mean of 42%, the measured values being normally distributed.

3.2.2. Radon concentration
The indoor radon concentration was measured with passive

detectors in two successive 6-month campaigns, which allows
calculating the annual concentration. The annual radon concen-
trations show a log-normal distribution with a geometric mean of
309 Bq/m3 (Table 1). In 52% of the investigated dwellings, the
annual radon concentration is higher than the reference value of
300 Bq/m3, established by national and EU legislation. This high
percentage is due to the preference to select for detailed analyses
those houses with radon concentration higher than 250 Bq/m3. As
can be seen in Fig. 2, a moderate correlation was obtained between
the annual radon concentrations, through passive method and
temporal radon measurements, by ICA system (rS ¼ 0.65, n ¼ 98,
p < 0.01). On average, the radon concentrations obtained with
active method are higher (AM ¼ 516 Bq/m3) than those for passive
method (AM ¼ 356 Bq/m3). This difference was statistically sig-
nificant t (97) ¼ 6.39, p < 0.001, and presented a medium-sized
effect (d ¼ 0.55). Taking into account the duration (one week)
and the season (end of autumn and early winter) of the active
measurements, this difference can be largely attributed to the
temporal correction factor, which must be applied to any short-
term measurement.

3.2.3. Carbonyl compounds concentration
The total carbonyl concentrations were calculated as a sum of

the carbonyl compounds identified for each house. With a range
between 94 and 1735 mg/m3, the total carbonyl compounds pre-
sented a log-normal distribution with a geometric mean of 363 mg/
m3. For formaldehyde, the concentrations ranged from 25 to
332 mg/m3, with a median value of 103 mg/m3 and an identical
geometric mean (Fig. 3a).

In the case of acetaldehyde, the range was between 14 and
581 mg/m3, with a median of 70 mg/m3. A median concentration of
125 mg/m3 was obtained for acetone with a wide range of values
between 5 and 1036 mg/m3 and a geometric mean of 138 mg/m3.
Propionaldehyde was found in 59 dwellings, with a median con-
centration of 16 mg/m3 and amaximum concentration of 150 mg/m3.
While acrolein was not detected in any investigated house, benz-
aldehyde and butyraldehyde were found in 25 dwellings with a
median of 3.5 mg/m3 and 13 mg/m3, respectively (Table 1).

The distribution of formaldehyde concentrations was log-
normal, while for acetaldehyde and acetone the distributions
become log-normal only after eliminating the outliers (between 2
and 5% of raw data). From the weight of the carbonyl compounds to
total carbonyl concentrations, acetone has a median contribution of
38%, followed by formaldehydewith 31%, respectively acetaldehyde
with 22%. As such, their contribution to the total concentration of
carbonyl compounds exceeds 90% in almost all studied houses,
which could be a consequence of high emission rate of these



Fig. 1. Typical diurnal variation of radon and CO2 concentrations during the measurement period.

Table 1
Descriptive statistics of some carbonyl compounds, CO2 and radon concentrations, as well as indoor physical factors measured in the investigated retrofit houses.

Parameter Na Min. Q1 Mdn. Q3 Max. GM GSD AM SD

Annual radon conc. - passive method (Bq/m3) 98 73 225 301 465 1709 309 1.7 356 213
Temporal radon conc. - active method (Bq/m3) 98 99 311 428 689 1482 445 1.8 516 287
Formaldehyde (mg/m3) 100 25 77 103 135 332 103 1.5 111 47
Acetaldehyde (mg/m3) 100 14 49 70 97 581 73 1.8 89 76
Acetone (mg/m3) 100 5 81 125 260 1036 138 2.2 188 167
Propionaldehyde (mg/m3) 59 3 10 16 27 150 17 2.0 24 26
Butyraldehyde (mg/m3) 25 1.7 4 13 70 92 17 4.0 35 34
Benzaldehyde (mg/m3) 25 0.1 2.9 3.5 4.7 23.8 3.3 2.6 4.7 4.8
Total Carbonyl (mg/m3) 100 94 258 360 486 1735 363 1.6 412 238
CO2 (ppm) 95 432 696 1076 1355 3375 1064 1.6 1196 633
RH (%) 95 16 35 42 47 70 41 1.3 42 10
Temp (�C) 95 15 20 22 23 30 22 1.2 22 3.2
Energy consumption (kWh/m2/year) 99 102 168 209 236 474 206 1.3 213 61

a N indicates the number of houses were the investigated parameter was eligible for analysis (value higher than detection limit or the detectors have been recovered); Q1 e

First quartile (25% percentile); Mdn. e Median (second quartile), Q3 e Third quartile (75% percentile); GM e Geometric Mean; GSD e Geometric Standard Deviation; AM e

Arithmetic Mean; SD e Standard Deviation.
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compounds from building materials correlated with an inefficient
ventilation of the room. As was mentioned before, only in two
houses a mechanical ventilation system exists, as such the mainly
way to ventilate the houses being achieved by opening the
windows.

At a first glance, it can be noticed that the concentrations of
the carbonyl compounds are generally high. Because in Romania
there are no established threshold limits for the carbonyl com-
pounds in residential buildings, the guidevalues recommended
by different agencies such as Umweltbundesamt from Germany
(Umweltbundesamt, 2018) or French Agency for Food, Environ-
mental and Occupational Health and Safety (ANSES, 2013, 2017)
were used. As such, in 95 houses, formaldehyde concentration,
which is classified as a human carcinogen, is higher than the
guideline value of 50 mg/m3 (Umweltbundesamt, 2018), respec-
tively 23% than the recommended value of 100 mg/m3 (ANSES,
2017). The acetaldehyde, another carcinogenic compound, in
5

about 25% of the investigated houses is higher than 100 mg/m3,
the guide value according to German recommendation
(Umweltbundesamt, 2018). For 10% of the houses, the acetalde-
hyde is higher than 160 mg/m3, the guidevalue recommended by
ANSES for long indoor exposure (ANSES, 2013). A comparative
analysis with other studies indicates that the values obtained in
the present study are in line with those reported in China (Chen
et al., 2017; Huang et al., 2017; Liang and Yang, 2013), in Taiwan
(Wu et al., 2003), in Malaysia (Sakai et al., 2017) or in Portugal
(Canha et al., 2017). However, the obtained concentrations for
carbonyl compounds are twice as high as in Lithuania
(Kauneliene et al., 2016) or other European countries
(Salthammer, 2019), in Canada (Gilbert et al., 2005), in China (Dai
et al., 2018), in Japan (Kishi et al., 2018) or even more than re-
ported in Iran (Delikhoon et al., 2018), in Sri Lanka (Chan et al.,
2018), in China (Cheng et al., 2018; Fang et al., 2019) in France
(Langer et al., 2016) or in Sweden (Langer et al., 2015).



Fig. 2. The relationship between the annual radon concentration, measured by the passive method, and the radon concentration actively monitored for 1-week time period, using
ICA system.

Fig. 3. The Box-plot representation for: (a) the total carbonyl and main carbonyl compounds and (b) total VOCs and main volatile organic compounds found in the selected houses
(the dots represent the outlier values, greater than 1.5 � IQR, while the arithmetic mean is represented by square).
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3.2.4. VOCs concentration
The results of the analysed samplers showed that from 41

selected compounds only 35 have been identified, from which 24
had an occurrence frequency greater than 90%. Trichlorethane had
the lowest presence in investigated houses (49%). A detailed
descriptive statistics of levels of VOCs is presented in Table S3. Only
12 (34%) volatile organic compounds showed a log-normal distri-
bution. Among the VOCs with log-normal distribution are carbon
tetrachloride, which had the highest GM (4.72 mg/m3), followed by
limonene (GM ¼ 3.74 mg/m3), tetradecane (GM ¼ 2.27 mg/m3) and
heptane (GM ¼ 1.97 mg/m3) (Fig. 3b). In fact, for 83% of the moni-
tored houses these four organic compounds, which can be mainly
associated with odorants and cleaning products, represent more
6

than 50% of the total VOCs (TVOC). Li et al. (2019) after a monitoring
period of more than 24 months in 3524 Canadian houses identified
limonene as the most abundant VOCs, but the calculated GM is
about six times higher than in our study.

The comparison of the measured VOCs concentrations with the
threshold limits for indoor atmosphere applied worldwide in-
dicates that there is no exceeding of the recommended value
neither for individuals compounds or TVOC. The presence of a high
TVOC could indicate the existence of an important source, as well as
a low ventilation of the investigated environment (Becerra et al.,
2020). A wide range of values were calculated for the TVOC
(5.2e216.23 mg/m3), with a geometric mean of 23.23 mg/m3. By
comparing the obtained results with other reports, it can be
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observed that our results are two or three time lower with those
reported in dwellings in China (Chen et al., 2017; Cheng et al., 2018;
Fang et al., 2019; Huang et al., 2018) or in Malaysia (Sakai et al.,
2017). Our results are comparable to those reported for the
dwellings in Sweden (Langer et al., 2015), in China (Huang et al.,
2019), in Japan (Kishi et al., 2018), in energy-efficient houses from
France (Langer et al., 2016), in Lithuania (Kauneliene et al., 2016), in
schools in Croatia (Brdaric et al., 2019) or are higher than reported
in schools in Spain (Villanueva et al., 2018), in dwelling under
ventilation conditions in Portugal (Canha et al., 2017) or France
(Langer et al., 2016).

If the investigated compounds are classified according to their
classes, it can be observed that the most prevalence compounds are
esters and terpenes (36e43%), followed by aliphatic hydrocarbons
(29e43%), halogenated compounds (13e20%), aromatic hydrocar-
bons (3e5%) and aldehydes and ketones (0.2e11.6%). Terpenic VOCs
at mass concentration of up to 5% w/w were identified in cleaning
products, limonene being a major compound in air fresheners,
electrical room perfumes or scented candles (Milhem et al., 2020).

3.3. Multivariate analysis

3.3.1. City level
According to the non-parametric KeW test, the indoor tem-

perature was significantly affected by the investigated city, H
(4) ¼ 37.93, p < 0.01. Pairwise comparisons with adjusted p-values
revealed that the indoor temperature in Sibiu is significantly higher
compared to those in the other four investigated cities (all
ps < 0.01). This difference can be mainly attributed to the period in
which the measurement took place and, secondly, to the micro-
climate particular to each city. The passive measurements of VOCs
and carbonyl compounds were made successively in the five cities,
as such Sibiu was the first selected city (mid-October), followed by
Timişoara, Iaşi, Cluj-Napoca (November) and Bucharest (mid-
December). A similar trend was found by KeW test applied to
relative humidity, H (4) ¼ 33.0, p < 0.01, in Sibiu the measurements
for this parameter being significantly lower than in Cluj-Napoca,
Timişoara or Bucharest (all ps < 0.01).

The formaldehyde concentrations were significantly affected by
the investigated city as well, H (4) ¼ 13.9, p < 0.01. Pairwise com-
parisons with adjusted p-values revealed that the formaldehyde
concentrations in Sibiu are significantly higher compared to Cluj-
Napoca (p ¼ 0.03) or Timişoara (p ¼ 0.01). By applying KeW test,
a significant difference was found for TVOC concentrations, H
(4) ¼ 35.9, p < 0.01. The follow-up analysis showed a TVOC con-
centrations significantly higher for Bucharest than for Cluj-Napoca,
Timişoara or Sibiu (all ps < 0.01). A detailed analysis of individual
volatile organic compounds, indicated a ratio of approx. 3 times
higher in Bucharest than in the rest of the cities for mesitylene,
1,2,3-trimethylbenzene, chloroform, limonene and carbon tetra-
chloride, 5 times higher for 2-ethyltoluene, methylethylcetone,
durene and decane, 7 times for 1,2,4-trimethylbenzene, 3-
methylpentane and styrene, and 10 times higher for m-,p-xy-
lenes. In order to explain these results, looking at the period in
which the measurements took place, can be found that the mea-
surements in Bucharest were made in the middle of December, the
period in which the households used cleaning products before the
winter holidays. Taking into account the sample size of the results
after their division according to the city in which they were per-
formed, the results of this analysis should be viewed with caution.

3.3.2. House level
In order to highlight the impact of the house characteristics on

the investigated parameters, the non-parametric M-W test was
applied. Thus, the values of TVOC were significantly higher in
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rooms with concrete ceiling (Mdn ¼ 28 mg/m3) than for those with
wooden ceiling (Mdn ¼ 17 mg/m3), p < 0.05. By contrary, the me-
dian of CO2 concentrations was 1.2 times smaller in the rooms with
concrete ceiling than those with wooden ceiling, the difference
being statistically significant (p ¼ 0.03). From the analysis of the
data it was observed that thewooden ceiling correspondsmainly to
the old houses, built around 1960, while those with concrete ceil-
ings to the houses built after 1990. In fact, statistical significant
differences were also recorded for heptane, TVOC and acetone
concentrations, these being approx. 2 times higher for the houses
built after 2000 compared to the oldest ones. Similar results were
obtained in other studies (Park and Ikeda, 2006; Shin and Jo, 2013),
in general high concentrations of TVOC being recorded in newly
built houses as a result of construction materials and furniture
used. On average, the TVOC concentration was 1.5 times higher in
the houses that reported the use of candles, volatile oils or odorises
in the investigated room compared to those that do not use such
products.

A statistically significant difference was found for radon con-
centrations (passive and activemeasurements) in those roomswith
concrete slab under the floor (Mdn ¼ 287 Bq/m3), the median of
radon concentrations being 1.5 times less than for the rooms with
the floor placed directly on the ground. An inverse pattern was
observed for TVOC concentrations, a median of approx. 1.5 times
higher being specific to those with concrete slab. This inverse
relationship could be explained by the fact that the main source of
radon (soil) is outside to the investigated room, while for TVOC it is
inside the room. A statistically significant difference was observed
for those houses with cellar below the monitored room from the
perspective of the TVOC concentration (p ¼ 0.03), radon by passive
method (p ¼ 0.05) and relative humidity (p < 0.001), the calculated
medians being significantly smaller in these type of houses
compared to those that do not have a cellar under the investigated
room. Naturally, this feature can be attributed to the period of
construction of the house, usually the old houses having built the
cellar under the house.

Moreover, statistically significant positive correlations were
obtained between relative humidity and radon concentrations by
the active method (r ¼ 0.45, p < 0.001), limonene (r ¼ 0.39,
p < 0.001), respectively with energy consumption (r ¼ 0.26,
p < 0.05). The values of Pearson correlation coefficients performed
for the main investigated parameters are shown in Fig. 4. The
highlighted values are statistically significant for a p-value < 0.001.
A moderate positive correlation was found between CO2 concen-
tration and RH (r ¼ 0.56), limonene (r ¼ 0.50), aldehyde (r ¼ 0.41),
acetone (r ¼ 0.40) and radon concentrations, by active method
(r ¼ 0.39). A negative good correlation was recorded between
relative humidity and temperature (r ¼ �0.56). Moderate positive
correlations were also obtained between indoor temperature and
tetradecane (r ¼ 0.30) and formaldehyde (r ¼ 0.33).

As temperature, RH and CO2 concentration, influence each
other, was evaluated the intensity of the dependence between the
concentration of CO2 and the other investigated pollutants by
maintaining constant the effect of relative humidity (first order
correlation), respectively of relative humidity and temperature
(second order). The obtained results are represented in Fig. 5. By
maintaining constant the effect of RH, it can be observed a reduc-
tion of the correlation coefficients for limonene (0.50e0.28), hep-
tane (0.20e0.12) and radon (0.39e0.24) an aspect that suggests
that the control variable (RH) mediates the interaction between the
CO2 and investigated pollutants. By maintaining constant the
impact of RH and indoor temperature, the correlation coefficient
values undergo a reduction for formaldehyde (0.32e0.23), acetal-
dehydes (0.41e0.29), limonene (0.50e0.18) and tetradecane
(0.20e0.14). Despite the general downward trend, only for the



Fig. 4. Person correlation coefficients for the main investigated parameters.

Fig. 5. The Pearson correlation coefficients between CO2 and investigated parameters
by maintaining constant the effect of RH, respectively RH and indoor temperature.
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correlation coefficients between CO2 and limonene, the addition of
the control variable (RH, respectively RH & temperature) led to a
statistically significant reduction (p ¼ 0.04, respectively <0.01).
These results indicated that it must be paid special attention to
possible sources of multicollinearity in multivariate analysis. As
such, for stepwise multiple linear regression analysis, the
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multicollinearity was investigated using Variation Inflation Factor
(VIF) and the average of VIF values, while for the evidence of bias by
checking the residuals, a Cook’s distance >1 and a Mahalanobis
distance > 25 were set as thresholds. The assumption of homo-
scedasticity of the variance of the regression errors was tested us-
ingWhite’s test. If the assumption is violated, in order to reduce the
effects of heteroscedasticity on inference process, the hetero-
scedasticity consistent covariance matrix estimators (HCCME) was
applied.

The Stepwise multiple linear regression was used in order to
model the relationships between indoor pollutants and indoor
physical parameters, as well as house characteristics. As such, for
formaldehyde concentrations, the indoor temperature and CO2
concentrations, as a surrogate for ventilation, are the main
explanatory variables, followed by the use of candles (R2

adj.¼ 0.23).
According to Ahn et al. (2015), formaldehyde concentrations were
emitted in large quantities from some scented candles. As Fisk et al.
(2020) concluded, an increase in the concentration of formalde-
hyde in retrofit buildings is expected, taking into account that these
works result in a reduction of the ventilation rate, as well as an
increase of the indoor temperature, which facilities an increase in
the emission rates and the accumulation of the pollutant. A similar
impact was found for acetaldehyde concentrations (R2

adj. ¼ 0.26)
due to indoor temperature and CO2 concentrations. The explana-
tory variables for the acetone concentrations are the presence of
the fireplace, as well as CO2 concentrations (R2

adj. ¼ 0.24).
Guillaume et al. (2013) pointed out that the modern trend in using
decorative ethanol fireplaces has as a downside the fuel, whichmay
incorporate many compounds such as denaturants, including
acetone. In addition, acetone is used as solvent, being present in
many household products (Huang et al., 2019). Noticeable
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emissions of formaldehyde, acetaldehyde, TVOC and CO2 were
found during the combustion processes for wood burning fire-
places (Salthammer et al., 2014). As such, for the total carbonyl
compounds, the explanatory variables are the presence of the
fireplace, CO2 and indoor temperature (R2

adj. ¼ 0.38). For the radon
concentrations, measured by ICA system, the main explanatory
variables are the CO2 concentration, respectively the indoor tem-
perature and the presence of the concrete screed (R2

adj. ¼ 0.20). For
aliphatic hydrocarbons (heptane and tetradecane) concentrations,
the ID of the city is the main explanatory variable, followed by
temperature, year of construction and RH (R2

adj. ¼ 0.45, respec-
tively 0.20). For terpenes (limonene and a-pinene) the explanatory
variable are CO2 concentration and RH (R2

adj. ¼ 0.27, respectively
0.22). In order to explain the maximum amount of total variance
using the smallest number of explanatory constructs the Principal
Component Analysis (PCA) was applied.

3.3.3. Principal component analysis
The PCA was applied onto log-transformed data of the main

contributors of VOCs (such as limonene, heptane, tridecane, tetra-
decane and a-pinene), carbonyl compounds (formaldehyde, acet-
aldehyde and acetone), as well as for CO2, temporal radon
concentrations (active measurements), temperature, relative hu-
midity and year of construction of the house. As such, a principal
axis factor analysis was conducted on 13 variables with oblique
rotation. The Kaiser-Meyer-Olkin (KMO) measure verified the
sampling adequacy for the analysis and has a value of 0.68, while
the KMO values for individual variables, extracted from anti-image
matrices, are all above the acceptable limit of 0.5. Three factors
were selected from the scree plot, each having eigenvalue >1
Table S3, and in combination explained 58% of the variance. The
factor loadings after oblique rotation are shown in Table S4. The
first factor, with the highest load (9 of 13 parameters), showed a
combination between the carbonyl compounds (formaldehyde,
acetaldehyde and acetone), some VOCs (aliphatic hydrocarbons,
such as tri- and tetradecane and terpenes, such as limonene and a-
pinene), temperature and CO2. The terpenes were identified in
household products (Milhem et al., 2020), while aliphatic hydro-
carbons could be assigned to renovation works (R€osch et al., 2014)
or floor coverings (Shin and Jo, 2013). Formaldehyde is presented in
houses mainly as an adhesive resin for wood products, but can be
found in insulating materials, cleaning agents, pesticide, parquet or
carpets (Sarigiannis et al., 2011). Marchand et al. (2008) suggested
that the aldehydes concentrations depend on both the character-
istics of the building and the behaviour of home users (ventilation,
cleaning products used). The carbonyl compounds are directed
correlated with an increase of indoor temperature, respectively a
poor ventilation, indicated by means of the CO2 concentration. The
second factor was controlled by five parameters (temperature, RH,
CO2, Rn and limonene). This factor could represent the impact of
the indoor environment on the outdoor source (radon). Finally, the
third factor explained 12% of the total variance and showed an
association between heptane, tridecane and the year of construc-
tion, which can be attributed to renovationworks/traffic emissions.

4. Limitation of the study

The main limitation of the study is the fact that the measure-
ments, except for radon by passive method, were of short duration
(7 days) during winter. Thus, any comparison with other season
cannot be performed. Taking into account that the cold season is
the period with lower ventilation rates, the concentration of indoor
pollutants is expected to reach the annual maxima. In this sense,
the obtained values can serve as a preliminary estimation of the
highest annual values expected for each of the measured agents.
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The impact of other ventilation pathways on indoor pollutants
cannot be assessed, the natural ventilation being the single way for
the air exchange. In addition, as the multivariate analysis shows,
more information is needed on the characteristics of the house in
order to have a complete picture of the emission source and the
factors that lead to the accumulation of pollutants inside homes.

5. Conclusion

This study represents one of the few international initiatives to
monitor at the same time integrated levels of organic compounds
and real-time radon and CO2 concentrations, as well as physical
parameters (RH and indoor temperature). The obtained results
provide a good indicator of indoor air quality in retrofit buildings
without indoor mechanical ventilation. As such, out of the total of
100 monitored houses, 52% presented an annual radon concen-
tration above the reference value of 300 Bq/m3. Moreover, 95% of
the houses have a formaldehyde concentration higher than 50 mg/
m3, recommended by the German authorities (Umweltbundesamt,
2018). For acetaldehyde, 10% of the houses had values higher than
those recommended by ANSES (ANSES, 2013).

In fact, from the analysis of the obtained data it can be drawn
two house profiles. One is of the houses built mainly during the
communist period (1950e1989) which, in general, have a cellar
under the house, floor is placed directly on the ground and have a
wooden ceiling. For this type of house, it is more likely that the
TVOC, respectively the concentrations of heptane and acetone will
be lower compared to the newly built houses (especially after
2000). From the radon perspective, the main source being the soil,
the presence of the cellar under the monitored room generally
conducts to a low indoor radon concentration, while the absence of
a barrier in the form of a concrete screed under the floor leads to a
high radon concentration. Given that themeasurements of VOC and
carbonyl compounds were performed successively in the five cities,
with some caution, it can be concluded that a temporal variation
can be observed due to human activity. As such, increased con-
centrations of both TVOC and individual volatile organic com-
pounds were recorded in Bucharest, where the passive
measurements were carried out before the winter holidays.
Multivariate statistical analysis indicated that certain behaviours,
such as the use of fireplaces, candles and volatile oils lead to an
increase in the concentration of carbonyl compounds. In addition, a
special attention must be paid to mutually influencing parameters
such as temperature, relative humidity and CO2 concentration. The
computation of the zero order, first order (constant the effect of RH)
and second order (constant the effect of RH and indoor tempera-
ture) correlation coefficients between the CO2 concentration and
the investigated parameters indicated that in some cases this cor-
relation is mediated, which means that the impact of the CO2
concentration, as a surrogate of the degree of ventilation, is lower
than expected. As such, in order to efficiently implement retrofit
works, it is highly recommended to design residential energy
improvement programs adapted to the household, provide
adequate ventilation and address summer and winter conditions.
Intervention measures should pay attention to sources and accu-
mulation patterns of indoor pollutants. Continuous, real-time
monitoring provides valuable information on the time intervals at
which high concentrations of pollutants are more likely to accu-
mulate inside the home. Consequently, real-time indoor moni-
toring will improve IAQ management, which will implicitly
improve indoor health outcomes. The temporal coverage offered by
sensor technologies, as opposed to integrated measurements can
provide themissing link to optimize themanagement of ventilation
strategies, preventing wrong decisions and subsequent adverse
health effects. The present study has been performed in the context
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of a research project where different mitigation strategies have
been studied and implemented. However, the description of the
results of these strategies are out of the scope of the present work.
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Cucoş: Project administration, Funding acquisition, Conceptuali-
zation. Bety-Denissa Burghele: Writing - review & editing, Fund-
ing acquisition. Tiberiu Catalina: Writing - review & editing,
Funding acquisition. Marius Botoş: Formal analysis. Ancuţa
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