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Indoor air quality (IAQ) was investigated in 13 newly-built, occupied timber houses
on a long-term basis. The study included a comparison of the construction types
timber-frame (TF) and solid wood (SF), in addition two different ventilation types,
controlled vs. window ventilation, were contrasted. The emission progression of volatile
organic compounds (VOCs) including formaldehyde, was recorded and compared with
the subjective well-being of the residents, which was identified by use of standardized
questionnaires. This was completed with toxicological assessment and repeated
measurements of specific medical parameters of health indicative character. It was found
that VOC-emissions were initially elevated regardless of construction and ventilation type.
However, after a period of up to 8 months emissions mostly decreased to an average
level. Whereas, the SW constructions released distinctly more terpenes compared to the
TF houses, there was no significant difference regarding the total concentration of emitted
VOCs. The use of controlled ventilation systems resulted in lower VOC-concentrations
and thus in higher IAQ compared to window ventilation. From a toxicological point
of view the major part of the investigated houses were unobtrusive and IAQ was
considered as “high” or “satisfactory.” Residents were continuously very satisfied with
their health and quality of life. This perception was confirmed by the results gained from
the accompanying medical examinations, giving no indication for physical impairments.

Keywords: indoor air quality, timber constructions, living comfort, long-term emissions, toxicological assessment

INTRODUCTION

Interior spaces and IAQ significantly affect human physical and mental well-being, especially in
working and living environments, where a considerable amount of time over lifetime is spent
(Molhave et al., 1986; Skov et al.,, 1990). IAQ is strongly affected by the presence of organic
pollutants, such as VOCs or formaldehyde. These substances can be related to material sources
e.g., building materials, consumer products, or human activities (Wolkoff, 1995; Brown, 2009).

Considering recent health-related European requirements on the release of dangerous
substances from construction products into indoor air (CPR, 2011), the competitiveness of wood,
representing a naturally VOC-emitting material, could be restricted.

Wood-specific emissions have been studied by various authors. Few studies involve toxicological
or health-related issues. Mersch-Sundermann (2007) performed comprehensive health assessment
of a-pinene in indoor air. Gminski et al. (2011) evaluated irritation and pulmonary effects of acute
exposure to the emissions from oriented strand boards. Fiirhapper et al. (2011) investigated the
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emissions of several wood species and wood-products focussing
toxicological aspects. However, most studies are based on
standardized testing conditions and do not consider the overall
interior-situation where many different emission-sources are
present. Furthermore, long-term investigations in a real-life
environment are rare. Wallner et al. (2015) investigated IAQ
in occupied buildings at two dates (3 months and 1 year after
move-in), but this study has no relationship to neither wood
nor health-issues. Low-energy wooden houses were evaluated by
Patké et al. (2013). Schulte-Hubbert et al. (2013) studied indoor
air emissions as occurring during the construction of a timber
frame building. Indoor air measurements were accompanied by
cellbiological tests, showing no emission related cytotoxic effects.
Nyrud et al. (2012) evaluated the impact of wood-use in a hospital
environment with respect to VOC-emissions and IAQ. Therein,
the equipment of hospital rooms with hardwood wall panels
had no effect on the interior VOC-concentration, as measured
8 months after installation.

Central issue of the present study is the investigation of
the actual IAQ in newly-built wooden houses and its potential
impact on the house’s occupants. Initial VOC emissions, as
occurring immediately after construction work, are expected
to be elevated. Main objective is to gather information on the
extent and progression of these emissions within the first months
after occupation and to evaluate if short-term exposure to such
concentrations has detectable health-related effects. Overall the
research shall provide new knowledge on the living conditions in
timber constructions.

MATERIALS AND METHODS

Testing Sites and Test Persons

Thirteen testing sites were randomly chosen depending on
their availability in the eastern part of Austria and Bavaria.
All testing sites were private homes. They included six TF
constructions, six SW constructions, and one concrete building,
representing a non-wooden reference. Aim of the comparison of
construction types was to evaluate a potential correspondence
between wood proportion in the building structure and wood
specific emissions indoors.

Nine houses were equipped with constantly operated
controlled ventilation systems, whereas four sites were vented
by window ventilation, performed several times a day. Eleven
sites had wooden floorings, mostly designed in oak, with various
coatings. Non-wooden floorings consisted of tile and vinyl. A
detailed overview of the investigated testing site is accessible as
Supplementary Material to this article.

One adult test person was appointed per household, whereby
an equal gender distribution (seven males, six females) was
considered. The age of the test persons was between 28 and
42 years. By their own account the test persons were in good
health conditions and did not show medical peculiarities at the
beginning of the study.

Sampling Procedure

Up to eight samplings were carried out in the sleeping rooms
of each testing site at regular intervals (mostly monthly).
Initial samplings took place at a late state of construction,

hence served as reference measurements for building product
emissions. Subsequent periodical sampling events started shortly
after move-in.

Indoor Air Parameters
VOCs were analyzed according to ISO 16000-6 by active
sampling on Tenax TA® tubes and thermal desorption (Markes
Int. Ltd., Unity2, UltraTD) coupled with a gas chromatography—
mass spectrometry (GC-MS) system (Agilent GC6890N, Agilent
MSD 5973), operated with a Phenomenex Zebron 5 MSi column
(60m x 0.25mm x 0.25pm). Sampling took place at a fixed
height of 1.5m with a minimum distance of 1.0m from walls
by use of an automated sampling pump (Chematec FLEC
air pump 1001) at an air flow rate of 100 ml/min (sampling
volume: 61). Thermal desorption operating parameters: 5min
desorption at 280°C, 5min cold trapping at —3°C, abrupt
trap desorption at 300°C and split ratio of 1:1; temperature
program: start temperature 40°C, 10°C/min until 100°C, 25 min
at 300°C; MS parameters: electron ionization (EI) mode, scan-
mass-range from 30 to 300, analysis via target and qualifying
ions and total ion current (TIC). Qualitative data assessment
was carried out via comparison of the specific mass spectra with
commercial spectra libraries (NIST MS Search 2.0) and substance
specific retention times. Quantitative assessment was based on a
substance specific calibration (including up to 75 typical indoor
air substances) considering the peak areas of the target ions,
cyclodecane was used as internal standard. The calibration-range
was between 1 and 250 ug/m>. Substances not included in the
specific calibration were evaluated as toluene-equivalents.
Formaldehyde and other short-chain carbonyl-compounds
were analyzed according to ISO 16000-3 by active sampling
on 2,4-dinitrophenylhydrazine (DNPH) cartridges (Supelco
54278-U), subsequent elution and measurement by use of a
high-performance liquid chromatography (HPLC) system with
diode array detection (Thermo Scientific, Dionex Ultimate3000),
operated with a C18 column (Thermo Scientific, Dionex
Acclaim™ Carbonyl C18, 3 um, 120 A 3.0 x 150 mm). Sampling
took place according to the VOC-conditions by use of an
automated sampling pump (KNF Laboport®) at an air flow
rate of 1.21/min (sampling volume: 991). Gradient elution was
performed with mixtures of acetonitrile (A) and ultrapure water
(B) at a flow of 0.6 ml/min; Gradient program: 0-4.5 min:
equilibration at 53% A, 47% B; 4.5-12.5min: 53% A, 47% B,
16.5-20 min: 100% A, 100% B. Detection wavelength: 360 nm.
Qualitative data assessment was carried out via the retention
times of the substances. Quantitative assessment was based on a
calibration considering the peak areas of the specific compounds.
The calibration range was between 1 and 610 jug/m?>.

Medical Parameters
Recording of medical data was solely based on non-invasive
diagnostic methods. Upper arm blood pressure and pulse
monitors (Braun, ExactFit™3 BP6000) were distributed to all
participating households. As an indication for their general
health status, the test persons were instructed to measure and
record blood pressure and pulse once a week.

As wood-specific-emissions like terpenes or aldehydes
can cause irritations affecting the mucous membranes and
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respiratory system (Sagunski and Heinzow, 2003; Ad-hoc-
Arbeitsgruppe, 2009), these substance-groups were considered
of special relevance. In order to assess potential burdens
regarding the respiratory system, the pulmonary function of
the testing persons was measured at each sampling event using
a spirometer (Geratherm Respiratory GmbH, Spirostik™).
Recorded parameters included vital capacity (VC), forced
expiratory volume in 1s (FEV1) and forced vital capacity (FVC).

Changes in the eye blink frequency can indicate insufficient
IAQ, e.g., caused by terpene oxidation products (Kleng and
Wolkoft, 2004). Therefore, the test persons were filmed during
a consistent activity (mostly while fulfilling the questionnaires)
using a camera with video function (Sony DSC RX100). Blinking
per minute was counted afterwards by video analysis.

Repeated surveys were conducted to evaluate the subjective
well-being and health condition of the test persons. The
questionnaires included specific questions in the fields of
respiratory reactions, mental pressure, quality of sleep, quality
of life, and general well-being and were designed specifically for
this study.

Data Evaluation

The assessment of the detected TVOC-concentrations refers
to the Austrian guideline for the assessment of indoor air
quality (BMLFUW, 2005) and to the guide- and reference-values
published by the German committee on indoor guide values
(Ad-hoc-Arbeitsgruppe der IRK/AGLMB, 2007), respectively,
both focusing on the TVOC-value (Total Volatile Organic
Compounds, sum of all volatile compounds eluting between
n-hexane and n-hexadecane on a non-polar or slightly-polar
GC-column). In the Austrian guideline a total concentration of
<0.25mg/m? is considered “low;” whereas 0.25 to 0.5 mg/m?
represent an “average” range. Up to 1 mg/m?> the concentration
is regarded as “slightly elevated,” representing an expected
condition immediately after construction work when using
solvent-free materials. A concentration range between 1 and
3mg/m> is considered “distinctly elevated, indicating the
presence of VOC-sources. According to the German committee
on indoor guide values human exposure is tolerable for a period
of up to 12 months. Concentrations exceeding 3 mg/m? represent
a “strongly elevated” and “hygienically concerning” TVOC-level,
that is to be expected immediately after construction work
when using solvent-based materials. Whereas, human exposure
is tolerable for a period of up to 1 month at a level of 3-10 mg/m?,
habitat use shall be avoided if 10 mg/m® are exceeded, thus
representing inacceptable conditions (Ad-hoc-Arbeitsgruppe der
IRK/AGLMB, 2007).

The assessment of the detected formaldehyde-concentration
refers to the air quality guidelines for Europe published by the
World Health Organization (WHO, 2000).

When comparing construction and ventilation types,
statistical significance was evaluated using an independent
t-test. Due to the low sample size (n = 12 for construction types
and n = 13 for ventilation types), only highly statistical effects
were recognized.

The toxicological evaluation is based on the substance
specific VOC-concentrations that were detected in the houses.

It refers to the TIAC-system (Fiirhapper et al, 2011), which
stands for Tolerable Indoor Air Concentration and represents
the indoor air concentration of a substance that is tolerated
even by very sensitive persons over a lifetime. Apart from
characteristic toxicological values like NOAEL (No Observed
Adverse Effect Level), LOAEL (Lowest Observed Adverse
Effect Level), NIK (Niedrigst interessierende Konzentration) and
occupational exposure concentrations, the TIAC-system further
considers odor threshold values. In general, TIAC-assessment
refers to the lowest available, plausible reference values, hence
occasionally leading to stricter or else more lenient limiting
values compared to EU-LCIs (European-Lowest Concentration
of Interest, as of Dec. 2016). Substance-mixtures are evaluated by
dividing the detected single substance concentrations (c;) by their
corresponding TIACs. Added up this leads to the specific hazard
index (HI) of the mixture.

HI = % /TIAC

While HIs < 1 are considered toxicologically safe, HIs between
1 and 4 are increasingly conspicuous, whereas HIs > 4 require
remedial actions.

The questionnaires were digitalized and evaluated from
a medical point of view by descriptive statistics based
on progressive graphs and calculation of scattering and
location parameters like arithmetic mean, quartiles, minimum,
maximum, and standard deviation.

RESULTS

Long-Term Emission Development

Initial VOC-emissions, as observed during construction state and
shortly after moving-in, were elevated regardless of construction
and ventilation type. Considering all 12 wooden constructions,
1 month after the date of move-in a TVOC mean value of
2.2mg/m> was measured. In two of the investigated sites a
TVOC-concentration of 3 mg/m> was exceeded, thus implying a
hygienic concern.

In the further course emission curves showed a decreasing
tendency until, after 6-8 months, a slightly elevated or average
level, in dependence of the construction type, was reached. Seven
months after move-in the SW sites showed a TVOC mean value
of 0.75 mg/m®. As for the TF constructions, a TVOC mean value
of 0.43 mg/m? was calculated.

This decline of emissions contrasts with the detected
formaldehyde-concentrations, that on average stayed
continuously on a low level, undercutting the recommended 24 h
average value of 60 ug/m® of the WHO air quality guidelines
for Europe (WHO, 2000). Only one SW testing site showed
an elevated formaldehyde-concentration of 345 pg/m® during
construction state.

Figure 1 shows the emission development based on the
TVOC and formaldehyde as a comparison of construction
types. Whereas, TVOC-emission-maxima were mostly reached
around the date of move-in, formaldehyde emissions followed
a steady course on average. Concerning the TVOC-progression
as shown in Figure 1A, no significant difference was found
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FIGURE 1 | Long-term progression of TVOC (A) and formaldehyde (B) emissions —comparison of construction types.

between the construction types SW and TF construction
(p = 0.225). Compared to the concrete reference construction,
both wooden construction types showed higher TVOC-
emissions in construction state and at the beginning of utilization
phase. Emissions declined significantly with time (p < 0.001) and
reached an emission level in the range of the concrete site after
~7 months. Regarding the formaldehyde-emissions (Figure 1B)
SW construction types were found to release significantly higher
formaldehyde concentrations than TF constructions (p = 0.022).
When comparing the wooden construction types to the concrete
site no obvious difference in concentration range was found.
Figure 2 presents a comparison of the emission course
of manually vented houses and testing sites equipped with
controlled ventilation systems. The first data points of controlled
ventilated sites are not considered relevant, as the ventilation

systems were subject to adjustments during the first weeks after
installation. The figures show clearly that the use of controlled
ventilation systems resulted in lower pollutant-concentrations.
Although not statistically significant (p = 0.059), probably caused
by the small sample number, TVOC-emissions as shown in
Figure 2A are distinctly higher in testing sites with window
ventilation. The same is valid for formaldehyde (Figure 2B),
manually vented testing sites showed a significant (p = 0.013)
higher release.

Apart from the TVOC, emissions were also evaluated
according to their substance specific composition with special
focus on wood-related compounds. Therefore, TVOC was
subdivided into the substance classes terpenes, aldehydes,
and organic acids, representing the most important emission
groups associated with wood and wood-based materials
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(Risholm-Sundman et al., 1998; Makowski et al., 2005). In
addition, the category “other” summarizes all other detected
substances, consisting of alkanes, ketones, alcohols, esters,
aromatic compounds, and siloxanes. A comparison of the
average TVOC-composition in the investigated construction
types over the entire investigation period is given in Figure 3.
With 44% of the totally detected VOC:s, terpenes represented the
major emissions in SW constructions. Aldehydes contributed
with 29% and organic acids with 13% to the TVOC, leaving 14%
of “other” substances. TF constructions showed a rather equal
allocation between terpenes, aldehydes and “other” substances
(30/34/28%), organic acids amounted to 8%. The remarkable
difference in terpene-emissions between the two construction
types is statistically not significant (p = 0.084). The concrete-built
reference construction emitted mostly aldehydes and “other”

substances (41/35%), terpenes accounted for 17% and organic
acids for 7% of the total emissions.

When examining chronological trends, it became apparent
that the TVOC composition shifted during the observation
period. While initial emissions could be related to building
products, flooring, and new furniture for the most part,
assignment of the detected VOCs became more difficult at a later
stage, as the impact of user habits gained in importance.

Toxicological Assessment of Indoor

Environment

Except for the construction-state, most of the investigated
testing sites were considered toxicologically unobtrusive using
the TIAC-system. Figure 4 shows an exemplary comparison of
the calculated HIs 8 months after move-in. As an exception, for
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the testing sites 7, 8, and 12, where samplings were completed
at an earlier stage (6 and 7 months, respectively), the HI of the
last sampling-date is presented. Ten testing sites exhibit a HI
< 1, implying toxicologically safe conditions. Two sites showed
HIs between 1 and 2, indicating slight conspicuities. In one site
the HI was calculated as 3.4, marking distinctly conspicuous
conditions that were in all likelihood linked to the presence of
specific building products.

Taking into account all calculated HIs throughout the entire
investigation period, seven testing sites showed constantly good

or very good IAQ (HI around or below 1), while four sites were
classified as satisfactory. In two cases the toxicological assessment
showed constant or temporary peculiarities, which are probably
related to either specific building materials or certain user habits
(e.g., the usage of air refreshers).

Medical Evaluation

As an outcome from the questionnaires, it appeared that health-
related self-perception of the test persons remained rather
constant within the entire investigation period. Well-being was
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rated as excellent; no abnormal symptoms or impairments
were reported. The quality of sleep (falling asleep, sleeping
through the night) was perceived highly satisfying. Concerning
respiratory health, no evident symptoms or impairments were
detected. Neither eye- nor mucosal irritations were reported
at any time. Health and quality of life was generally rated as
highly positive.

The pulmonary function parameters VC, FEV1, and FVC
are dependent on age and sex of the test persons. Therefore,
evaluation was based on a comparison to the reference values
of an age- and sex-matched normal control group. None of
the test persons showed substantial changes of their pulmonary
function over time. Even if the initial level was below or above
100% compared to the reference values, no changes were detected
during the investigation period.

The assessment of systolic and diastolic blood pressure and
pulse measurements showed in no case peculiarities, results were
in accordance with standard values for healthy adults.

Depending on environmental conditions and activities, the
natural variation range of the blinking frequency is large.
Literature values range between 1 and 22 blinks per minute
during reading (Bentivoglio et al., 1997). Most measured values
were within this range but showed distinctive interindividual
differences. Overall no conspicuities were determined.

DISCUSSION

VOC-emissions measured in newly built and occupied timber
houses were initially elevated, as is often the case in newly
established buildings (Brown, 2002). At this stage the occurrence
of increased emissions was independent of construction and
ventilation type. Building products, flooring and new furniture
could be accounted for the major sources. However, after
a period of up to 8 months, emissions decreased mostly
down to an average level. This chronological emission-
decline coincides with the observations of Stratev et al
(2016) who investigated the long-term emission progress of
softwood-constructions based on real-life measurements and a
modeling approach.

Comparing the TVOC emission-course of the construction
types SW and TE no significant differences were found. In
qualitative terms, the investigated SW constructions resulted
in remarkably higher terpene-release. Considering the higher
proportion of timber in SW constructions and terpenes
representing the major emissions of softwood (Risholm-
Sundman et al., 1998), which is mainly used as construction
timber in European regions, this finding complies with
previously generated hypotheses. Compared to the concrete
construction, both timber construction types showed higher
TVOC-emissions within the first months but decreased to a
similar concentration range subsequently.

Even if constantly on a safe level, SW constructions showed
higher formaldehyde-release compared to TF and the concrete
construction. This can also be explained by the higher proportion
of timber in solid wood construction.

The equipment of buildings with controlled ventilation
systems resulted in lower VOC concentrations and thus in

higher IAQ compared to window ventilation. This corresponds
to the observations of Wallner et al. (2015), who found
that in buildings with mechanical ventilation, TVOC- and
formaldehyde-emissions were significantly lower compared to
manually vented houses.

Toxicologically, the major part of the investigated houses
appeared unremarkable except for the construction-state, where
a large number of different substances, mainly originating from
building products, was detected. While being occupied, indoor
air of the houses was classified as of high or satisfactory quality.
Temporary peculiarities in one site could be explained by certain
user habits.

The medical evaluation revealed a very positive self-
assessment of the study participants regarding their health and
well-being. This perception was confirmed by accompanying
orienting medical examinations, giving no indication for physical
impairments with respect to the respiratory and cardiovascular
system, even at an early state, when emissions were still elevated.

Due to its descriptive character, this study does not claim
absolute statistical robustness. However, results demonstrate
realistic trends and provide an important data base for future
research under real-life conditions.
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