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Abstract

The use of bio-based insulation materials is widely spreading in buildings. Due to their
organic load, they can be an important source of Volatile Organic Compounds (VOCs). This
study is among the first that evaluates the spatial and seasonal in-field VOC surface
emissions from bio-based and conventional building structures as a whole, in a French public
building insulated with wood wool. In addition to surface emissions, measurements of VOC
concentrations in indoor air were taken. Results showed that a spatial difference (up to 5
times) in VOC emissions was observed due to the inhomogeneity of the surface. Moreover,
the cardinal orientation of building structures with the same constitution induced a
difference (up to a factor 30) in emission rates due to the exposure to different
hygrothermal conditions. The variation in temperature and relative humidity between
seasons led to higher summer VOC emissions and indoor air concentrations. In addition,
indoor VOC concentrations were shown to be higher at night compared to daytime due to
the decreased ventilation rate. Furthermore, an interesting approach was developed in this
study to have a primary overview of the impact of surface emissions on indoor VOC levels.
Results confirmed that the three bio-based walls have no significant specific VOC emissions
at high rates compared to the floor and the ceiling. Bio-based insulations showed no impact
on microbial indoor air concentrations during the two seasons. Moreover, no detected VOCs
could be attributed to microbial development as they were also emitted from building
materials.
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e Spatial, temporal, and seasonal variations affect in-field measured VOC emissions.
e VOC emissions rates from bio-based and conventional structures are comparable.
e No specific VOCs are exclusively emitted from bio-based surfaces.

e Emissions from building structures contribute moderately to VOC indoor air levels.

e Nodirect link between VOCs and microbial development could be evidenced.

1. Introduction

Indoor air pollution was traditionally overlooked compared to outdoor air pollution.
However, studies showed that the level of some organic pollutants is two to four times
higher indoors than outdoors [1]. Nowadays, indoor air quality (IAQ) receives large public
attention as people spend most of their times indoors, which has been exacerbated during
the COVID crisis [2]. During this time, they are exposed to indoor pollutants which can lead
to adverse health effects. Volatile organic compounds (VOC) are widely spread indoor
pollutants. These compounds can originate from anthropogenic activities, infiltration of
outdoor air, or indoor products emissions [3].

The indoor sources of VOC emissions can be mainly divided into two categories: short-term,
intensively emissive sources, such as cooking activities, air fresheners, and cleaning products
[4], and long-term emissive sources, like building materials and furniture [5], [6]. The latter
are considered an important source of VOCs. Molhave et al. found, in their Danish twin
apartment study, that the concentration of total VOCs (TVOC) in an unoccupied apartment
one year after construction was equal to 0.5 mg.m'3, due to emissions from building
materials and furniture [7]. Several European regulations, labels, schemes, and directives
were established to classify building and construction materials based on their VOC
emissions in order to minimize human’s indoor exposure to these compounds. Among them
is the French label issued in 2011 by the Ministry of Ecology [8], the German Committee for
Health-related Evaluation of Building Products (AgBB) [9], M1 Finnish label, Indoor Climate
Label (ICL), Natureplus, and the Blue Angel label [10]. Similarly, the European directive
2004/42/CE, was issued in 2004 to reduce air pollution by limiting the total VOC content in
certain paints and consumer products [11]. In 1988, the European directive 89/106/EEC was
founded with the aim of harmonizing the test methods, the declaration of performance
values, and the conformity assessment methods of construction products between member
states of the European Union [12]. Later on, this directive was replaced by the regulation
305/2011/EU in 2011 [13].

In France, approximately 20 million buildings were built before the introduction of the
thermal regulations in 1975, and these buildings account for more than 75% of energy
consumption in the housing sector [14]. However, environmental awareness and fights
against global warming led to the first thermal regulations in 1975, imposing thermal
insulation in walls and the regulation of heating systems with the aim of reducing energy
consumption. In this context, and as part of the Grenelle Environment agreements, a French
law was issued in 2009 stating that the primary energy consumption in buildings should be
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reduced by 38% by the year 2020 [15]. It also engaged to renovating 400 thousand dwellings
per year starting from the year 2013.

The construction or demolition of buildings as well as the production and use of building
materials account for high carbon dioxide emissions. Therefore, the French Ministry of
Ecology has issued new environmental regulation to be applied from January 2022 aiming to
reduce the carbon footprint of new buildings over their estimated 50-year life cycle [16].
Hence, finding new building materials, especially insulation materials, which enable the
decrease of energy consumption and greenhouse gas emissions is necessary. The use of low
carbon materials and reuse of recycled materials are effective approaches to reduce carbon
dioxide emissions by up to 28% at the construction site [17]. The use of natural materials
and in particular bio-based materials, is also found to reduce the embodied energy and
carbon dioxide impact of construction [18], [19]. As a result, the use of bio-based insulation
materials has been spreading widely due to their lower production energy and enhanced
insulation properties [20]. In 2016, bio-based insulations represented already 60% of the
available bio-sourced products on the French market, illustrating the growth of this sector
[21]. However, taking into consideration the inherent carbon-based chemical structure of
these materials, bio-based insulations are a potential source of VOC emissions and could
potentially contribute to IAQ deterioration. Moreover, being composed of natural fibers,
bio-based insulation materials could serve as a substrate for the development of
microorganisms, such as fungi, under highly humid conditions [22]. Upon microbial
development, fungi could emit microbial VOCs (mVOCs) [23].

Several studies evaluate VOC emissions from bio-based insulations in test chambers. Their
results showed that mainly acetic acid, aldehydes, alcohols, and aliphatic hydrocarbons are
the main VOCs emitted from hemp, flax, cellulose, and wood wool insulation materials [5],
[18], [24]-[27]. When comparing VOC emissions between bio-based and conventional
building materials, bio-based materials are generally classed as low-emitting [18], [28].
However, in some other studies, wood insulations have shown to have the highest TVOC and
aldehydes emissions compared to other building materials [19], [26], [29].

However, most of the existing studies that characterize VOC emissions from bio-based
materials, particularly insulation, are based on laboratory tests employing test chambers or
emission cells to characterize VOC emissions from individual materials that are part of
different building structures (walls, ceiling, and floor). However, until today, and to our
knowledge, there are only a few studies that report the on-site emission of VOCs from a
building structure as a whole (wall or floor) [30], [31]. Therefore, the original objective of this
study is to characterize the in-situ surface emissions of the major VOCs emitted from the
building structures as an entity, especially those containing bio-based insulation, which could
help to have a better perspective on IAQ. Moreover, since emissions from building materials
and thus building structures can be greatly affected by the change in temperature and
relative humidity [32]—[35], it is interesting to evaluate the seasonal variation on VOC
emissions.

In this context, two seasonal, summer and winter, field campaigns took place at a public
building (town hall) in the North of France. The choice of the building was mainly based on
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two factors. The first was that the selected building should contain bio-based insulation
materials to answer the implemented approach of the project in study. The second criterion
was that the targeted building should be publicly accessible, as these buildings are less
affected by occupant-specific activities (such as cooking and cleaning), and since a wider
public can be impacted by IAQ in these buildings.

This paper presents in its first part the spatial and seasonal variation of VOC surface
emissions from several building structures, in addition to the comparison of VOC emissions
from building structures including bio-based insulation to conventional ones. The second
part of this paper discusses the contribution of bio-based and conventional surface
emissions to indoor air concentrations in a real-world building, an understudied scale for
VOC measurements. This paper also includes indoor air microbial measurements in order to
estimate the potential contribution of microorganism to VOC emission, more specifically
mVOCs.

2. Materials and Methods
2.1. Selection of the Building

The town hall was renovated in 2014, with wood wool as the insulation material, which is
good for our study to prevent the overestimation of VOC emissions from new building
materials. The wedding hall, a semi-detached building, was selected to conduct this study.
The choice of the hall was based on the presence of the greatest number of surfaces
containing bio-based building materials compared to the other surfaces. Moreover, it was
also less often occupied, which made it more accessible for conducting the desired
experiments, and thus IAQ in this hall was less impacted by occupants’ activities. The bio-
based structures of the hall consisted of the floor and three outer walls insulated with wood
wool, in addition to apparent wood structures (beam). The surface area of the floor was
about 85 m” for a room volume of 441 m*. Two seasonal field campaigns were carried out in
this building to evaluate VOC surface emissions and indoor air concentrations. The summer
campaign was conducted from 8 to 19 July 2019 while the winter campaign was carried out
from 28 January to 3 February 2020.

Figure 1 shows a schematic representation of this room. It included three walls exposed to
the exterior and constituted, from the exterior to the interior, of brick, followed by a layer of
120 mm thick wood wool, a vapor barrier, another 60 mm layer of wood wool, and two 18
mm plasterboards covered with a layer of painting, as shown in figure 2. These three walls
were oriented southeast (SE), southwest (SW), and northwest (NW). The northeast-oriented
wall (wall 1) in addition to half of the northwest-oriented wall (wall 2) were interior walls
with lighter insulation with rockwool of 45 mm thickness. The floor was made up of floating
parquet insulated by wood wool flakes (220 mm) in between. The ceiling was composed of
prefabricated sandwich panels insulated with 180 mm polyurethane foam and covered with
18 mm plasterboard. On the SE side, the roof was equipped with solar panels. The hall also
showed a number of wood beams from the roof structure. It also contained some tables, a
group of chairs, and some plants.
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However, the three walls (SE, SW, and NW) containing wood wool will be considered the
only bio-based surfaces in this study in order to facilitate the comparison of VOC emissions
between similar building structures. In addition, the total surface area of the used bio-based
insulation in the three walls is greater than that of the floor and the beam compared to the
volume of the hall, and thus VOC emissions from bio-based materials are expected to be
more remarkable from these walls rather than from the other bio-based surfaces.

Southeast

e

-
Northwest:

Southwest

Figure 1. A schematic representation of the marriage hall at the town hall

2.2. Monitoring the Temperature and Relative Humidity in the Bio-based Walls

Since surface emissions can be greatly affected by the change in temperature and relative
humidity, 7 sensors (HMP 60 Vaisala) were installed for one year inside the SE wall to
monitor the change in temperature (T) and relative humidity (RH) at different spots of the
structure (sensors 1 to 6) and inside the wedding hall (sensor 7) (figure 2).

Interior
°
7

A B c D E F G H

Figure 2. The installation of 7 T and RH sensors, indicated by numbers 1-7, inside the
southeast wall. A and B: plasterboards, C: 60 mm wood wool, D: vapor barrier, E: 120 mm
wood wool, F: air blade, G: concrete block, and H: brick



179
180

181
182
183
184
185
186
187

188
189

190
191
192
193
194
195
196
197
198
199
200
201
202

203
204
205

206

207
208

2.3. VOC Surface Emissions

2.3.1. Instrumentation

Two FLECs (Field and Laboratory Emission Cells) were used to characterize VOC emissions
from the eight different surfaces as indicated in figure 1: the three exterior walls (SE, SW,
and the exterior part of the NW wall), two interior walls (wall 1 and part of the NW wall,
referred to as wall 2), the floor, the ceiling, and a beam. Once installed on a surface, the
FLECs were supplied with a flux of 500 mL min™ zero air provided by a zero-air generator
(Clained Brezza, Italy) at ambient temperature and 50% relative humidity (provided by a
system of bubblers).

2.3.2. Sampling

Two surfaces were characterized simultaneously per day. Active sampling occurred during
daytime (from approximately 9h-17h) 24 hours after the installation of the FLEC on the
surface, following the European standard ISO 16000-10 [36]. Sampling was done
simultaneously using 2,4-dinitrophenylhydrazine (DNPH) cartridges, for carbonyl
compounds, and Tenax TA tubes, for the other emitted VOCs. Before sampling, the Tenax TA
tubes were conditioned at 250 °C under a nitrogen flow for at least 8 hours. After sampling,
the Tenax TA tubes were tightly closed and kept at ambient temperature while the DNPH
cartridges were stored in the freezer (- 21 °C) until analysis, which was realized at the end of
each campaign. The sampling flow rate and time were adjusted to have a sampling volume
equal to 36 L. Potential breakthrough of VOCs on the adsorbents was considered by using
two adsorbent supports in series, for both DNPH and Tenax TA sampling. Table 1
summarizes the sampling from each surface with the number of collected samples as well as
the sampling dates and hours during both seasons.

Sampling of the five different walls took place at about 1.5 m height. However, as shown in
table 1, sampling of the SE wall occurred at two different heights (0.5 and 1.5 m) during the
summer campaign to evaluate the spatial effect on VOC emissions.

Table 1. A summary of the number of samples collected from each surface and their
correspondent sampling dates and hours; n is the number of collected samples

Surface Summer Winter

n Date Sampling time | n Date Sampling time
Beam 1| 08/07/2019 14h—-17h 3| 29/01/2020 15h —00h
Floor 2 | 08/07/2019 11h—-17h 2 | 01/02/2020 09h —15h
Wall 1 2 | 10/07/2019 11h—-17h 3| 03/02/2020 09h —17h
Wall 2 1| 10/07/2019 14h—-17h 3| 03/02/2020 08h—17h
Wall SW 1| 12/07/2019 14h—-17h 3| 29/01/2020 | 15h —00h (+1)
Wall SE-1.5m | 5 | 13-14/07/2019 | 04h -00h (+1) | 2 | 01/02/2020 09h —15h
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Wall SE-0.5m | 3 14/07/2019 22h-07h (+1) | - - -
Wall NW 3 16/07/2019 02h - 14h 3| 28/01/2020 08h—17h
Ceiling 1 16/07/2019 14h-17h 3| 28/01/2020 08h—17h

Moreover, in order to evaluate VOC concentration in indoor air and characterize the impact
of surface emissions on indoor air VOC levels, a 24-hour sampling (corresponding to 8 x 3 h-
samples) of indoor ambient air took place, during both seasons. A field blank was collected
every sampling day by opening a DNPH cartridge or Tenax TA tube for few seconds and then
tightly closing it.

2.3.3. Sample Analysis

DNPH cartridges were first eluted by 3 mL acetonitrile (velocity = 1.5 mL min™) and then
analyzed using an HPLC-UV (High Performance Liquid Chromatography coupled to Ultra
Violet Detector, Dionex Ultimate 3000, Thermo Scientific U.S.A.) equipped with an Acclaim
RSLC Carbonyl column (2.2 um, 2.1 x 150 mm, Thermo Scientific, U.S.A.). Tenax TA tubes
were analyzed using a TD-GC-MS/FID system (Thermal Desorption Gas Chromatography,
Clarus 680 - Mass Spectrometry and Flame lonization Detection, Clarus SQ 8T, Perkin Elmer,
U.S.A.) with a CP-Sil 5CB column (60 m x 0.25 mm x 1 um, Agilent U.S.A.). A description of
the used TD-GC-MS/FID and HPLC-UV methods is presented in tables S1 and S3, respectively,
of the supporting information.

Calibrations were run before each HPLC and GC analysis. The 20 Carbonyls analyzed by HPLC
were quantified using their individual calibration coefficients. These include formaldehyde,
acetaldehyde, propanone, acrolein, propanal, butanal, crotanaldehyde, benzaldehyde,
pentanal, isopentanal, tolualdehyde (o-, m-, and p-), methylpropenal, methyl vinyl ketone,
methyl ethyl ketone, glyoxal, methylglyoxal, hexanal, and 2,5-dimethylbenzene. For the TD-
GC-FID quantification a calibration was performed with authentic standards of benzene in
addition to the eight VOCs (toluene, ethylbenzene, xylene, styrene, 2-butoxyethanol,
tetrachloroethylene, 1,2,4-trimethylbenzene, and 1,4-dichlorobenzene) targeted by the
French label [8]. Other detected VOCs in addition to TVOCs were quantified by FID as
toluene equivalent. The emission of TVOCs from building materials is also standardized by
the French label [37]. There exist several methods for calculating TVOCs [38]; however, in
this study the ER of TVOCs was determined based on the method provided by the European
Standard ISO 16000-6, where they are defined as the sum of VOCs ranging between Cg and
Ci6 quantified by TD-GC-FID as toluene equivalent [39]. The limit of detection (LOD) of the
different VOCs used for calibration in GC and HPLC methods are shown in tables S2 and S4,
respectively.

2.4. Characterizing Micro-Organism Levels in Indoor Air

The microbial concentrations in indoor air were measured during winter and summer using a
Microbial Air Monitoring System (MAS-100). Seven agar culture media were chosen to



246
247
248
249
250
251
252

253
254

255

256
257

258
259
260
261

262
263
264
265
266
267

268
269

270
271
272
273
274
275
276
277
278
279
280

281
282
283

represent the fungal and bacterial populations. Measurements were taken from spots next
to the walls with bio-based insulation: next to the NW wall in summer and from the same
spot and another one next to the SW wall in winter. Moreover, sampling occurred in the
morning and the afternoon during both seasons. The sampling flow rate of the MAS-100 was
set at 100 mL min and the sampling time at 5 min. Then, the petri dishes containing the
agar media were incubated for 4 to 5 days at 25 °C after sampling and before counting the
colony-forming units (CFU).

3. Results and Discussion
3.1. VOC Surface Emissions

VOC surface emission will be presented in terms of emission rate (ER, ug m2 h™), calculated
based on the following equation:

_¢xa (1)
- S

where C is the determined VOC concentration measured in the sampling flow collected from
the FLEC placed on each surface (ug m?), Q is the air flow rate into the FLEC and is equal to
0.03 m*h?, and S is the tested surface area of the building structure, which is equal to the
surface area of the FLEC (0.0177 m?).

ER

17 VOCs in addition to TVOCs were chosen to be presented in this study based on the
importance of their surface emission rate (ER 2 1 pg m™ h™ from at least one characterized
surface during summer or winter). However, since VOC emissions were weak in winter
compared to summer (discussed in parts 3.1.3 and 3.1.4), only summer emissions will be
discussed in the following two parts (3.1.1 and 3.1.2) due to the increased uncertainty in
guantifying compounds at low emission rates (close to the limit of quantification, LOQ).

3.1.1. Spatial Comparison of VOC Surface Emissions in Summer

Figure 3 shows the summer surface emissions of the major VOCs from the SE wall at two
different heights (0.5 and 1.5 m) measured on two consecutive days (13 and 14/07/2019).
The ratio (R) of individual VOCs emission rates from the same building structure at two
different spots can be variable, ranging from 1 to 5. For most of the compounds, in addition
to TVOCs, emissions at 0.5 and 1.5 m were approximately equivalent (R = 1). However, this
difference is higher (R up to 5 times) for the weakly emitted VOCs (ER < 1 ug m2 h™), such as
octanal and the coelution of phenol and hexanoic acid, since the uncertainty in quantifying
the detected compounds increases as we are close to LOQ, as previously mentioned. This
slight variation can be explained by the non-uniform variation of temperature and humidity
within the different layers of the wall structure or the inhomogeneity of the surface leading
to heterogeneity in VOC surface adsorption and desorption.

To eliminate the effect of the hygrothermal variation within the wall on VOC emissions at
different heights, the variations in T and RH were monitored within the SE wall (sensors 1 to
6 in figure 2) and in the room (sensor 7 in figure 2) during the sampling days at 0.5 and 1.5
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m. As shown in figure 4, the T and RH were very similar between the two heights at each
measurement point in the wall, and almost stable between the two sampling days, indicating
that the variability in T and RH cannot explain the observed variation of VOC emissions from
the same surface at two different heights. Another probable hypothesis is the
inhomogeneity of the surface which might have an effect on the diffusivity of VOCs from the
bulk of the material to the surface [40], and can therefore result in heterogenous VOC
emissions from different parts of the same surface. Thus, the variation in VOC emissions
should be considered when interpreting the obtained results.
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Figure 3. VOC surface emissions from the southeast wall at two different heights: 0.5 and
1.5 m; the error bars represent one standard deviation of 3 and 5 measurements at 0.5 m
and 1.5 m, respectively
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Figure 4. The change in temperature ( A, right axis) and relative humidity ( @, left axis) within
the wall-oriented Southeast (SE) during the sampling days: 13-14/07/2019 at 1.5 m and 14-
15/07/2019 at 0.5 m. The sensors are placed within the wall in order from 1 (exterior) to 7
(inside the wedding hall). Each presented value is the average of 24 measurements. The
sampling period during these days is indicated by arrows on the graphs

3.1.2. VOC Surface Emissions from the three Bio-based Walls in Summer

Surface emissions from the three bio-based walls in the wedding hall were compared to
evaluate the effect of wall orientation, and thus different hygrothermal conditions, on VOC
emissions. Table 2 shows the major VOC emissions from the three walls that contain wood
wool as insulation material during summer.

In general, although emission rates vary largely during summer, the same emission profiles
can be seen in the three walls, with a dominance of oxygenated VOCs. Overall, for the three
walls, the largest emissions are measured for formaldehyde, acetic acid, the co-eluted
benzoic and octanoic acids, and nonanoic acid. These compounds can be emitted by the
wood wool insulation present in the walls [41]. In the study of Maskell et al., wood fiber
emitted high concentrations of acetic acid [18]. This VOC may come from the cleavage of
acetyl groups of the hemicellulose, while aldehydes mainly originate from the oxidative
decay of cellulose and lignin present in the wood [42].

The difference in the emission of the most emitted VOCs and TVOCs varies from 1 to 5 times
between the walls; however, this difference can increase up to 30 times for the minor VOCs
(ER< 1 pg m? h™) due to the increased uncertainty associated to quantifying VOCs near
LOQ. Moreover, the highest emissions for most of the quantified VOCs and TVOCs were
observed for the SW wall, followed by the SE wall, and the NW wall. In the morning, the SE
wall is exposed to the sun, but at the beginning of the afternoon and until the end of the
day, the wall-oriented SW becomes fully exposed to the sun. The NW wall is located in the
shade, with almost no sun exposure throughout the day. This difference in exposure may
explain the higher emissions from the walls oriented SW and SE compared to the NW wall,
as higher temperatures can induce higher emissions of VOCs [32]-[34]. The relatively high
TVOC emission rate from the SW wall was driven by, in addition to the major emitted VOCs,
species with ER < 1 ug m2 h™ which are thus not shown in this list. This wall also shows high
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formaldehyde emissions, which might point towards a local difference in this wall or
anthropogenic contamination.

Table 2. VOC surface emission rates (ug m? h™) of the 8 surfaces at the wedding hall during

summer
vOoC SE SW NW Walll | Wall2 Floor Beam | Ceiling
Formaldehyde 9.5 30.8 5.8 9.4 26.7 17.0 9.6 29.7
Propanal <LOD 1.7 <LOD <LOD 1.6 <LOD 0.5 1.8
Pentanal <LOD 1.2 <LOD <LOD 1.3 0.6 <LOD 1.7
Tolualdehyde 1.3 2.1 0.8 1.2 2.2 1.0 2.5 1.8
Furfural 0.2 1.3 0.2 0.1 0.6 0.4 <LOD 14
Octanal 1.0 1.7 0.1 0.1 0.4 0.7 0.4 24
Nonanal 0.8 2.8 0.6 0.6 0.8 2.4 0.3 3.4
Acetic Acid 7.8 3.7 7.7 1.8 2.6 29.0 0.3 0.9
Phenol + Hexanoic | 15 | 16 | o4 0.2 1.3 1.6 2.6 3.3
Acid
Benzoic + Octanoic | 15, | 59 | 50 145 13 8.5 03 | 156
Acids
Nonanoic Acid 1.3 4.0 1.2 2.4 1.5 1.1 4.1 14.1
1-Butanol 3.5 0.6 2.3 1.2 0.5 1.3 0.1 0.6
2-Ethyl-1-hexanol 0.7 2.9 0.4 0.7 0.9 1.0 0.3 9.7
Propylene Glycol 21 1.6 1.6 <LOD 1.5 1.0 0.2 1.3
Acetophenone 1.3 0.5 0.6 1.3 0.8 2.1 0.1 0.6
Dimethylglutarate 0.4 2.2 0.3 0.4 1.3 0.6 8.7 6.2
Dibutyl Phthalate 3.0 0.1 2.2 4.3 0.4 4.2 7.7 1.8
TVOC 51.7 73.1 37.2 61.4 25.2 101.0 41.3 130.8

<LOD: Analytical limit of detection (for carbonyls by HPLC-UV and for all the other VOCs by TD-GC-FID), TVOC:
The sum of all VOCs quantified by GC-FID between C6 and C16 as equivalent toluene

3.1.3. VOC Emissions from the different Surfaces

Tables 2 and 3 sum up the VOC seasonal emissions from the 8 characterized surfaces in the
wedding hall during summer and winter, respectively. Even if concentration in this part and
the previous part (3.1.2.) are on the summer VOC emissions, it is worth mentioning that
winter emissions were more homogeneous among the three walls compared to summer
emissions. This can be related to the higher temperatures during summer, which may lead to
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higher temperature variability within the different parts of the wall, and thus can increase
the inhomogeneity in VOC emissions.

For each of the VOCs, the highest emission rate from any of the characterized surfaces is
indicated in bold in both tables (tables 2 and 3). The highest emission rates of most of the
individual VOCs (10 out of 17), as well as for TVOCs, were from the ceiling during both
seasons. Wall 2 showed the lowest TVOC emissions in winter and summer (8.1 and 25.2 pg
mZht, respectively). This might be explained here again by the exposure to the sun, where
the ceiling is the most exposed, and likely the surface undergoing the largest variations of
temperature during the day, while wall 2 is not directly exposed to the sun, as it is fully
interior to the building. The strongest emitted VOCs from all surfaces cumulated are
formaldehyde and acetic acid, in winter (23 and 17.9 pg m? h™, resp.) as well as in summer
(138.5and 53.8 pg m?Zh?, resp.). The co-eluted benzoic and octanoic acids as well as the co-
elution of phenol and hexanoic acid also show high emission rates, but this needs to be
relativized as these represent the sum of two individual emission rates.

It is interesting to compare the VOC emissions from the three bio-based structures (SE, SW,
and NW walls) to emissions from the other structures (wall 1, wall 2, floor, beam, and
ceiling). When comparing the VOC emissions from the most emissive surface (ceiling) to
those from the bio-based walls in summer, we observe that emissions are generally lower, as
illustrated by the lower TVOC emission rates, despite the relatively high TVOC values for the
SW wall, as discussed in the previous section. Hence, for individual VOCs, emission rates are
comparable or lower for most compounds. However, emissions are higher from the bio-
based walls for some VOCs, notably propylene glycol and 1-butanol. These two compounds
are however also emitted by the other surfaces, and the difference in emission rate is
relatively small (max. 2.2 pg m™> h™). It is hard to attribute specific VOCs, except acetic acid,
as emission fingerprints from wood wool insulation material during only 24-hour surface
measurement. This is due to multiple factors including the thickness of the building
structure, and thus the diffusion time needed by the VOC to arrive at the surface, and the
probable existing contamination (infiltration of outdoor air or anthropogenic activities), that
can result in the adsorption of VOCs on these surfaces and thus their detection upon
measurement.

VOC emissions from the different surfaces remain weak, even in summer, when compared
to the EU-LCI (European Lowest Concentration of Interest) guide on the emission of VOCs
from building materials [43]. For example, the highest emission of formaldehyde from the
SW wall (30.8 pg m? h™ equivalent to 17.9 pg m™) is less than the recommended LCI value
(100 pg m?). Similarly, the emission rate of acetic acid from the floor (29.0 ug m? h™
equivalent to 16.9 pg m?) is far below the guide value (1200 pg m™).

Therefore, we can conclude that the bio-based walls do not emit specific VOCs at high rates,
and that even if emissions from the floor and ceiling are higher than emissions from the
other surfaces, no alerting VOC surface emissions were observed in the selected building.

3.1.4. VOC Surface Emissions: Summer versus Winter
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Significant seasonal difference was observed for almost all individual VOC and TVOC
emissions. In general, winter VOC emissions were relatively weak compared to summer
emissions. A ratio (R) of the VOC summer emission rate to winter emission rate is calculated
in table 3. Most emission rates from all surfaces were higher in summer than in winter. Only
three emission rates show a ratio < 1, and thus a decrease during summer. For each of them,
very low emission rates (close to LOQ) in summer lead to relatively large differences with
winter measurements; therefore, these ratios should thus be interpreted with care. For the
other VOCs, the ratio between summer and winter ranges from 1 and up to 87 times
between summer and winter. In this study, the placement of the FLEC at the same evaluated
position of each surface during both seasons remains approximate, and thus low variations,
ranging from 1 to 5 times between winter and summer, can be attributed to spatial
variations, as previously seen in part 3.1.1. On the other hand, the higher emission rates
observed in summer for the other VOCs (such as formaldehyde and nonanoic acid emitted
from the ceiling) can be explained by the change in meteorological conditions between
summer and winter. During the summer campaign, the average measured indoor
temperature and relative humidity in the wedding hall were 26 °C and 46%, respectively,
while they were equal to 22 °C and 45%, respectively, in winter. The relative humidity inside
the hall seems to be stable during winter and summer; however, this is not the case within
the different parts of the wall, where a higher variation in RH was observed during the
winter campaign compared to summer (Figures S1 and S2). Therefore, the change in the
temperature and relative humidity, especially higher temperatures, leads to higher VOC
emissions [32]-[34].



412 Table 3. VOC surface emission rates (ug m?> h™) of the 8 surfaces at the wedding hall during winter in addition to the ratio (R) of the summer

413 to the winter emission rate
Winter Surface Emissions Ratio (R)

VvOoC SE SW NW | Wall1l | Wall 2 | Floor | Beam | Ceiling | SE | SW | NW | Wall1 | Wall 2 | Floor | Beam | Ceiling
Formaldehyde 1.9 2.2 2.9 1.1 3.4 6.2 3.7 1.6 51| 14 2 9 8 3 3 19
Propanal <LOD | <LOD | <LOD | <LOD | <LOD 0.9 | <LOD 0.5 - - - - - - 3
Pentanal <LOD | <LOD | <LOD | <LOD | <LOD | <LOD | <LOD 0.7 - - - - - - -
Tolualdehyde 0.5 | <LOD | <LOD 0.5 1.2 13 <LOD | <LOD 3 - - 2 2 1 - -
Furfural <LOD | <LOD | <LOD 0.1 0.1 0.1 <LOD | <LOD - - - 1 6 4 - -
Octanal <LOD | <LOD | 0.1 0.2 0.1 <LOD 0.2 0.8 - - 1 1 4 - 2 3
Nonanal <LOD | 0.1 0.2 0.5 0.3 <LOD 0.4 14 - 28 3 1 3 - 1 2
Acetic Acid 0.6 0.3 1.0 0.6 0.4 0.5 0.4 0.4 13|12 | 8 3 7 58 1 2
Phenol + Hexanoic Acid 1.0 0.5 1.1 0.9 0.5 1.7 1.8 4.6 1 3 0.4 0.2 3 1 1 1
Benzoic + Octanoic Acids | 2.4 0.9 2.3 1.2 0.9 2.5 2.9 4.8 4 7 2 12 1 3 0.1 3
Nonanoic Acid 0.8 0.5 0.7 0.5 0.4 0.3 1.3 2.0 2 8 2 5 4 4 3 7
1-Butanol 0.1 0.1 0.3 0.3 0.2 0.1 0.1 0.1 35| 6 8 4 3 13 1 6
2-Ethyl-1-hexanol 0.2 0.1 0.2 0.1 0.1 0.2 0.2 4.9 4 129 | 2 7 9 5 2 2
Propylene Glycol 0.7 |<LOD| 0.3 0.3 0.3 0.3 0.1 1.1 3 - 5 - 5 3 2 1
Acetophenone 0.1 0.2 0.2 0.3 0.3 0.1 0.1 0.3 13| 3 3 4 3 21 1 2
Dimethylglutarate 0.1 |<LOD| 0.1 | <LOD | <LOD | 0.4 0.1 13 4 - 3 - - 6 87 5
Dibutyl Phthalate <LOD | <LOD | <LOD | <LOD | <LOD | <LOD | <LOD | <LOD | - - - - - - - -
TVOC 16.8 | 12.1 | 145 | 12.2 8.1 14.2 | 20.9 51.7 3|6 3 5 3 7 2 3

414 <LOD: Analytical limit of detection (for carbonyls by HPLC-UV and for all the other VOCs by TD-GC-FID), TVOC: The sum of all VOCs quantified by GC-FID between C6 and C16
415  asequivalent toluene
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3.2. Indoor Air Concentrations
3.2.1. Seasonal Variation

27 VOCs, in addition to TVOCs, were found to have a concentration higher than 1 pg m™ in
the indoor air of the wedding hall during summer and winter. The detected compounds
belonged to different chemical families including aromatic hydrocarbons, alcohols, terpenes,
and carboxylic acids, and a majority of ketones and aldehydes (54%). Table 4 shows the
average concentrations of the 8 measurements taken over 24h for both seasons. The
concentrations of TVOCs and almost all individual VOCs, except propanone, were two to six
times higher in summer than in winter. These findings are coherent with the study of
Mandin et al. [44], where they observed significantly higher concentrations of almost all
detected VOCs in indoor air in summer compared to winter.

The measured ventilation rate in the wedding hall during the summer and winter campaigns
was 217 and 173 m’ h, respectively. Therefore, for equal source strength, lower
concentrations can be expected during the summer, due to the dilution from this increased
ventilation rate [45]. Propanone is the only compound showing an increase in winter
concentrations. This is in coherence with the study of Missia et al. [25], which showed that
the indoor air concentration of propanone is three times higher in winter than in summer.
This compound is usually widely emitted by household products [46]. Toluene and xylene
show insignificant seasonal variation compared to other VOCs. Even if in this study we did
not measure VOC concentrations in outdoor air, according to literature, these two
compounds mainly come from the infiltration of outdoor air [47]. On the other hand, for
aldehydes, the strongest increases in concentrations over the summer are seen for the
lighter aldehydes (< Cg). The observed higher concentrations can come from indoor source
emissions [48], which increase with increasing indoor temperatures. Moreover, due to
higher outdoor ozone concentrations in summer, the secondary formation of aldehydes
upon the reaction of ozone with indoor VOCs can also lead to an increase in the indoor
concentration of these compounds, and in particular formaldehyde [39]. Such increase has
been observed previously and was explained by the oxidation of terpenes by ozone [44],
[48]-[50]. In this case, the observed indoor concentration of terpenes might be expected to
be lower in summer than in winter. However, this is not the case here since the
concentration of a-pinene and 3-carene was three times higher in summer than in winter.
Thus, the indoor sources of terpenes in summer are stronger than their oxidation reaction
with ozone. Moreover, the source of the detected aldehydes indoors is probably dominated
by emissions from indoor building materials, especially wood wool, as illustrated previously
in this study, showing the domination of surface-emission sources compared to gas-phase
sources in indoor air [51]. Acetic acid shows the strongest increase over summer (seven
times higher), but overall its concentration remains relatively low.



457 Table 4. The average concentration (ug m'3) of VOCs measured in the indoor air of the
458 wedding hall during summer and winter. Standard deviations are calculated from 8
459 measurements taken during 24 hours
. Summer Winter Ratio of
Family vOoC 3 3 summer to
(ng m™) (ng m™) .
winter
Aromatic Toluene 1.3+0.5 0.7+0.2 2
Hydrocarbons m+p-Xylene 1.1+£0.1 0.6 +0.04 2
Acetic Acid 22+1.2 0.3+£0.2 7
. . Benzoic + Octanoic Acids 10.1+1.1 4.0+0.8 3
Organic Acids - -
Phenol + Hexanoic Acid 9.8+2.6 3.7+0.8 3
Nonanoic Acid 55+1.0 1.2+0.2 5
Formaldehyde 55.4+10.4 | 15.3+9.6 4
Acetaldehyde 38.7+8.5 15.4+18.8 3
Propanal 3.6+£0.7 0.6£0.6 6
Butanal 33104 0.6+0.4 6
Benzaldehyde 35+0.6 0.8+0.5 4
Aldehydes Pentanal 58+1.5 1.1+0.7 5
Furfural 28+1.2 1.3+04 2
Methylglyoxal 48+15 1.0£0.6 5
Hexanal 16.1+35 26120 6
Octanal 2.7+£0.8 1.9+0.9 1
Nonanal 50+£1.0 3.0+£1.2 2
1-Butanol 2115 1.3+0.6 2
Alcohols
2-Ethyl-1-hexanol 5120 2.1+0.6 2
Propanone 26.7 +3.7 459 +43.2 0.6
Ketones Methyl Vinyl Ketone 3.1+0.9 0.7+04 4
Methyl Ethyl Ketone 2.810.6 22+1.1 1
3-Carene 321220 1.1+0.8 3
Terpenes -
a-Pinene 47 +3.6 16+1.1 3
Halogenated VOC Tetrachloroethylene 13.1+8.2 <LOD -
TVOC| 101.7 £20.4 | 52.2+9.9 2
460
461 3.2.2. Temporal Variation
462  The variation of VOC concentrations was monitored during 24 hours in both summer and
463  winter. Figure 5 illustrates the 24-hour variation of the indoor air concentrations for TVOC
464  and selected VOCs during summer and winter campaigns. The hours are presented in the
465  figure according to the sampling order during both seasons.
466  The indoor air VOC concentrations were found to be higher during the night time for TVOC
467 and all the presented VOCs, except for the coeluted benzoic and octanoic acids and
468 nonanoic acid. Maximum VOC concentrations were measured between 21h30 - 3h30 in
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summer and 1h30 - 7h30 in winter. During the day, the opening of doors to enter the hall
contributes to the increase in the air exchange rate, leading to further dilution of indoor air,
and thus a decrease in VOC indoor air concentrations [52]. On the contrary, the air exchange
rate inside the wedding hall is decreased during the nocturnal period, leading to higher
indoor air concentrations of the VOCs originating from indoor emissions.

On the other hand, the indoor air concentration of nonanoic acid was almost stable during
24 hours in both summer and winter. Similarly, the indoor air concentration of benzoic and
octanoic acids was almost stable in summer; however, it was found to decrease during the
night hours (19h30-7h30) in winter. As this is a coelution, it is impossible to evaluate the
individual contributions and therefore too uncertain to emit a hypothesis on drivers of this
changing temporal behavior between seasons.

In general, the indoor air concentrations of VOCs are higher at night compared to daytime;
however, it is still difficult to precisely predict the individual temporal behavior of each
detected VOC due to the multitude of influencing factors, including VOC sources,
hygrothermal variation, the change in ventilation rates, anthropogenic activities, etc.
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Figure 5. The temporal variation during 24 hours in the VOC indoor air concentrations of
the wedding hall of the town hall during the a) summer and b) winter campaigns

3.2.3. Contribution of Building Material Emissions to Indoor Air VOC Concentrations

The indoor air concentration of each VOC emitted from the building structures of the
wedding hall can be estimated by applying the following equation [25], [53]:
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1
Cei = vn AER; (2)

Where Ce;i (Mg m?) is the estimated VOC indoor concentration contributed by the ith
material, V is the volume of the wedding hall which is equal to 441 m?, n (h™) is the air
exchange rate, A; (m?) is the surface area of the i material (of only building structures
evaluated in our study), and ER; (ug m? h) is the VOC emission rate from the i"" material.
The air exchange rate in the wedding hall was measured to be 0.4 and 0.5 h™ in winter and
summer, respectively. Based on the dimensions of the room, the surface area of each
building structure was approximately calculated: 27.4 m*for wall 1 and the SW wall, 22.6 m?
for wall 2 and the NW wall, 45.2 m? for the SE wall, 85.7 m? for the floor, and 107.1 m” for
the ceiling. The surface area of the beam was difficult to calculate due to the lack of
dimensions; therefore, the contribution of this surface to VOC indoor air concentration will
not be considered in this part. Then, the relative contribution of each material to the
measured indoor air concentrations can be calculated by dividing C.; by the measured
indoor concentrations for each VOC (C;,).

Table 5 sums up the estimated contributions of each surface to the indoor air concentrations
for each VOC detected both in ambient air and FLEC measurements (previously shown in
tables 2 and 3). In addition, figure S4 of the SI shows the concentrations of the major VOCs
quantified in indoor air and the corresponding surface emission rates from the eight
characterized surfaces during both seasons.

Three trends can be observed when comparing the total estimated VOC indoor air
concentration (2Ce;) to the measured indoor air concentration (Ci,): i) approximately equal,
ii) higher Cj,, oriii) lower C;,. For almost equal Cj, and 2C,, such as for 2-ethyl-1-hexanol and
1-butanol in summer, this can be since the emission of these compounds from the 7 building
structures is probably the only source of these compounds indoors. Nevertheless, when Ci, is
higher than XC.; sources other than emissions from the seven characterized building
structures are expected to contribute to the indoor air concentration of some VOCs (like
furfural, nonanal, phenol and hexanoic acid, and formaldehyde). Such sources may include
emissions from furniture and consumer materials, secondary emissions due to indoor
chemical reactions, infiltration of outdoor air, or even limitations related to emission
measurements using the FLEC [54]. 2C.; was higher than Ci, mainly for the quantified organic
acids (acetic, benzoic coeluted with octanoic, and nonanoic acids). This can also be, as
previously mentioned, due to indoor chemical reactions that may reduce these VOC indoor
concentrations, in addition to the FLEC measurement limitations which may increase
measurement uncertainties. Moreover, benzoic, octanoic, and nonanoic acids may be
classified as semi-volatile compounds (SVOCs) since they have a low vapor pressure and high
boiling temperature [55], [56]. Therefore, they can be adsorbed after emission on the
different existing surfaces in the hall, and thus are less detected in indoor air.

When interpreting the estimated individual contribution of each surface to VOC indoor air
concentrations, the calculations show that the ceiling, followed by the floor, are the main
contributors to the indoor air VOC concentrations during summer and winter for almost all
VOCs and TVOCs (marked in bold in tables 2 and 3), with contributions exceeding sometimes
100%, as these surfaces have the highest surface area and have previously shown the
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highest VOC surface emissions (tables 2 and 3). In general, the contributions of the five walls
to indoor air concentrations were relatively weak in winter and summer, except for acetic
acid. VOC emissions from the SE wall contribute relatively more, which can be explained by
its higher surface area. In winter, contributions from these surfaces were less than 20% for
TVOCs and all individual VOCs, except for the SE wall that showed a high contribution of
acetic acid (59%). Similarly, the summer contributions were also low (< 20%), but once again
the SE wall showed a high contribution of acetic acid (74%) in addition to acetophenone
(34%) and 1-butanol (34%). Care should be taken however to not conclude from this first
comparison that bio-based walls contribute more to indoor VOC concentrations than the
other surfaces, as the conventional walls present smaller surface areas than the SE wall.
When comparing the contributions of building structures with bio-based insulation to
conventional structures of the same surface area, i.e. the SW wall to wall 1 and the NW wall
to wall 2, no significant difference (< 10%) is observed during the two seasons, except for
acetic acid and acetophenone. These results support the previously made hypothesis that a
part of the acetic acid indoor air concentration comes from the wood wool used for
insulation in the three bio-based walls [42].

Although several studies have examined the levels of indoor air pollutants or have
characterized emission measurements in laboratories, in-situ studies linking the VOC
concentrations to their indoor sources are still rather limited [25], [30], [31]. This is mainly
due to the multiplicity of VOC indoor sources and the consequent time and cost difficulty
related to identifying and characterizing emissions from all these sources [54]. Despite all
limitations, this approach is interesting since it gives a primary overview of the impact of
VOC surface emissions from building structures, especially bio-based structures, on indoor
air concentrations. It allowed us to observe that no significant indoor air concentrations are
attributed to emissions from bio-based surfaces, except for acetic acid, which is considered a
fingerprint VOC for emissions from wood wool.
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Table 5. The estimated indoor air concentrations (ug m) and the respective contribution (%) of VOC emissions from the 7 building structures
present in the wedding hall to VOC indoor air levels

Summer Winter

n=7 Contribution (%) n=7 Contribution (%)

voc Cin Z Cei Cin Z Cei
(mgm?) | T Wall| Wall | o | sw | nw | Floor | ceiling | (g m?) | T Wall | Wall | ¢ | sw | Nw | Floor | Ceiling

gm? | 1 | 2 gm? | 1 | 2
Acetic Acid 2.2 15.0 10 12 | 74121 36 | 518 20 0.3 1.0 36 | 20 | 59 |18 | 49 | 94 94
Phenol + Hexanoic Acid 9.8 2.9 0 1 312 0 6 16 3.7 2.6 4 2 7 2 4 22 76
Benzoic + Octanoic Acids 10.1 16.2 18 1 21| 7 5 33 75 4.0 4.3 5 3 15 | 4 7 30 73
Nonanoic Acid 5.5 8.6 5 3 5191 2 8 125 1.2 1.4 6 4 17| 6 | 7 12 101
Formaldehyde 55.4 31.3 2 5 4 17 |1 12 26 15.3 7.1 1 3 312 2 20 6
Propanal 3.6 1.3 0 5 0|6 |0 25 0.6 0.7 10 4 8 |0 | 6 71 50
Furfural 2.8 1.1 0 2 1]16]|1 24 1.3 0.1 1 1 0|0] O 0
Octanal 2.7 1.9 1 1 71810 10 43 1.9 0.2 1 0|01 0 26
Nonanal 5.0 33 1 2 31711 19 33 3.0 0.4 1 0| 1] 1 0 29
Acetophenone 0.8 1.7 20 10 (34| 8 | 8 | 103 37 0.2 0.3 19 16 | 10 | 13| 10 | 20 74
2-Ethyl-1-hexanol 5.1 5.8 2 2 31711 8 91 2.1 0.3 1 1 2 |11 5 144
1-Butanol 2.1 2.0 7 2 34| 4 | 11| 24 14 1.3 0.3 2 1] 3 4 5
TVOoC 101.7 136.4 7 3 10, 9 | 4 39 62 52.2 30.5 2 4 | 4 13 60

Cinis the measured indoor air concentration by active sampling in the wedding hall.
21 Cei is the sum of the estimated indoor concentrations contributed from surface emissions from the different building structures (Ce;)
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3.3. Micro-organisms and Microbial VOC (mVOC) Concentrations in Indoor Air

The results from the microbial analysis obtained during the two measurement campaigns
are grouped in table 6. The concentration values show that the concentrations of microbial
aerosols in the air of the wedding hall are below the guide values presented by Brauner et al.
[57], who stipulates that the concentration of viable molds and bacteria in the indoor air of
non-industrial indoor locations in the European Union should be less than 2000 CFU m™. The
measured indoor microbial concentrations from the same spot were up to 5 times higher in
summer compared to winter which is coherent with other studies reported in literature [58].
Winter microbial aerosol concentrations measured in the morning, next to the NW wall,
were approximately equal to concentrations taken at the same time near the SW wall,
indicating that the indoor air of the wedding hall is quite homogeneous or mixed in the case
of xerophilic fungi (measured with Dichloran-Glycerol (DG18) Agar).

Many of the detected VOCs in indoor air (table 4), such as acetic acid, octanal, nonanal, 2-
ethyl-1-hexanol, and 1-butanol, are classified as mVOCs based on the mVOC database [59].
However, these compounds were also emitted from the building structures (tables 2 and 3).
Therefore, it is impossible to attribute these compounds solely to microbial development.

Table 6. The concentrations of microbial aerosols (CFU m) measured during the summer
and winter campaigns in the indoor air of the wedding hall of the town hall.
Measurements were done next to the northwest (NW) and southwest (SW) walls

Media Summer Winter
NW-Morning | NW-Afternoon | NW-Morning | NW-Afternoon | SW-Morning

Ordinary Agar 340 200 102-116 42-68 122
R2A Agar 148 78 90-110 68-98 98
Chapman Agar 50 44 8-16 8-10 18
MEA Agar ND* ND 70-72 56-106 68
Czapek Agar 322 184 52-88 32 50
DRBC Agar 42 28 4-46 12-22 12
DG18 Agar 366 188 100-106 16-34 52

*ND: Non-determined; R2A: Reasoner’s 2A; MEA: Melt-Extract Agra; DRBC: Dichloran Rose-
Bengal Chloramphenicol; DG18: Dichloran-Glycerol

4. Conclusion

This study characterizes the seasonal in-field VOC emissions from building structures as a
whole in public buildings. The measurements undertaken in two different seasons, winter
and summer, allowed us to evaluate the changes in VOC emissions from structures
containing bio-based insulation materials (wood wool) in contrasted conditions, and to
compare VOC emissions from bio-based and conventional building structures. Observed
emission rates from the different construction surfaces were then compared with VOC levels
measured in indoor air. Potential microbial development on bio-based surfaces was
explored.
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A comparison of VOC emissions between samples taken at different locations of the same
surface showed a pronounced heterogeneity with emission rates changing up to a factor of
5. Moreover, a difference in VOC emissions ranging between 1 to 30 times was observed
among the three bio-based walls with a similar building structure. This difference was
explained by the exposure of the walls to different hygrothermal conditions. Part of this
variation could be related to spatial heterogeneity. Acetic acid emitted from these bio-based
surfaces seems to be the only quantified compound to consider as a fingerprint VOC for
emissions from wood wool. In the future, this compound should receive particular attention
if wood wool was intensively used.

In addition, VOC emissions from the eight different characterized surfaces (bio-based and
conventional) were also compared. Results showed that the two conventional surfaces,
ceiling and floor, were the most emissive surfaces. However, in general, emissions from the
different building structures, especially the three bio-based walls, remained well below
sanitary recommendations. VOC levels varied largely between summer and winter, with
summer emissions being 1 to 87 times higher than those in winter due to the difference in
hygrothermal conditions between the two seasons.

Indoor air concentrations followed a similar seasonal trend, and were 1 to 6 times higher in
summer compared to winter, with part of these levels driven by the increase in surface
emissions in summer. The calculated contributions of the emissions of the different surfaces
to ambient VOC concentrations showed that:

- Conventional surfaces with the highest VOC emissions and surface area (floor and
ceiling) showed the highest contribution to indoor VOC concentrations.

- Bio-based surfaces showed a relatively small contribution to indoor air levels (< 20%
for most VOCs) compared to the floor and ceiling.

This comparison gives a first estimation of the relative contributions of surface emissions,
especially bio-based ones, to indoor air concentrations.

No VOC emissions could be attributed specifically to microbial development since the
detected mVOCs were also emitted by the characterized building structures.

In light of the results obtained in this study, comparison of in-field VOC emission rates with
emissions rates from laboratory-tested materials is not always straightforward. Our
understanding of the underlying mechanisms explaining these differences is fundamental,
especially to be integrated in modeling experiments. As an ongoing part of this project, a
comparison of the in-field results to laboratory VOC emissions from the individual materials
constituting each building structure is planned.
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