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Abstract

The suitability of reed- and straw-bale houses for the temperate climate zone was assessed. The
influence of indoor climate indicators (relative humidity, internal humidity load of the borders, COz,
temperature, mould index) and the microbial community was evaluated on air quality in the
bedrooms. No similar studies on indoor air quality have been reported previously. In order to fulfil
the set aim: (1) indoor air quality parameters (relative humidity, CO2, and temperature) in air and at
two different heights in the walls were measured; (2) air quality was tested in the bedrooms of the
studied houses, and the microbial species in air and walls were determined; (3) it was determined
how the microbial communities of indoor air in the straw and reed-bale buildings influence indoor
air quality in bedrooms. Internal moisture was higher in the reed-bale buildings (from 0.46 g m= to
3.42 g m= in summer and from 0.62 g m= to 2.73 g m= in winter). Microbial species in the air and
walls of the studied houses were determined. Moulds belonging to four different genera were
identified during this study (Alternaria, Aspergillus, Penicillium, and Cladosporium) in the bedrooms.
Higher colony-forming unit (CFU) values were registered. The indoor air of the straw-bale and reed-
bale buildings included more colonies than the outside air, but this did not affect indoor air quality.

Keywords: microclimate; air quality; mould; straw-bale building; reed-bale building

1. Introduction

The use of natural materials in construction is gaining increasing popularity [1]. Studies show
that compared to buildings made of reed-bale, heating and cooling stone buildings require more
energy [2]. Adding reed to concrete mixtures significantly reduces the material thermal conductivity
[3-5]. Houses made from straw demonstrate excellent characteristics, such as high thermal insulation
efficiency and low energy consumption [6,7]. Stubble and straw are known to be among the oldest
insulation materials and have been used to make straw-bale walls of houses [8,9]. Their porous low-
density structure and minimal thermal conductivity make them highly suitable for thermal insulation
applications [10]. The first known straw-bale buildings were erected at the end of the 19th century in
Nebraska, mainly due to the poverty of the residents [11]. One of the oldest such buildings there dates
back to 1903 [12]. This longevity is attributed to the dry local climate [11]. The Nebraska or load-
bearing wall style is the oldest and most common method of constructing straw-bale houses [13].

Mould on the surfaces of building materials is a significant source of indoor pollution, and
disturbances in indoor airflow can aerosolis mould, posing health risks such as asthma [14]. The
impact of mould present in building materials on the health of occupants is a major concern: surface
mould exhibits a remarkably high release rate even with mild indoor airflow disturbance [15].
Therefore, when developing building materials, their susceptibility to microbial growth should be
evaluated. However, only a small number of studies have been dedicated to fungal growth on bio-
based materials [15]. Consisting of cellulose, hemicellulose, and lignin, natural materials provide a

© 2025 by the author(s). Distributed under a Creative Commons CC BY license.


https://doi.org/10.20944/preprints202508.0570.v1
http://creativecommons.org/licenses/by/4.0/

Preprints.org (www.preprints.org) | NOT PEER-REVIEWED | Posted: 7 August 2025 d0i:10.20944/preprints202508.0570.v1

2 of 12

good habitat for microorganisms. Continuous exposure to mould can cause problems for individuals
with weakened immune systems, those with chronic illnesses, children, and the elderly [16-19].
Reed constructions stand out for their healthy indoor climate, and reed's high silica content
makes it unattractive to insects and other animals. However, if reed is harvested at the wrong time
of year, it can lead to material degradation [20]. Fungi play an important role in the decomposition
of organic building materials [21]. The indoor climate of 20-40 % of buildings in Europe and North
America is affected by mould, which is associated with various health problems [15]. Reed has been
found to be susceptible to rot, but the degradation process can be significantly suppressed through
thermal treatment [22]. It is evident that temperature significantly influences mould growth rates
[23]. So far, no substantial studies have been conducted in our climate zone on what kinds of microbes
live on straw and reed as building materials, or what the indoor climate is like in houses built with
straw- and reed-bales. The aim of this study was to comprehensively investigate the indoor climate
of reed and straw houses in Estonia as well as the factors that influence it. This research attempts to
fill that gap.
To achieve the set objective:
e Indoor climate indicators (relative humidity (RH %) and temperature) were measured from the
indoor air of the houses (CO, levels were also measured), as well as from two different heights
(0.2 m and 1.2 m) in the exterior walls;
e  Air samples were taken from the bedrooms of the studied houses as well as from the outdoor
air, and material samples were collected from the building envelope. Moulds present in both
indoor and outdoor air and in the envelope were identified to the genus level;

e  The moisture load and mould risk of the exterior walls were assessed.

2. Materials and Methods

Samples were collected and data recorded with sensor-data loggers from four buildings with
straw-bale walls and four with reed-bale walls. Some of the buildings (two with straw bales and one
with reed bales) were built in the Nebraska style, others with frames (one with straw and three with
reed bales), and one straw-bale building was constructed using factory-made modules. All the
studied buildings were designed and built by designers and construction companies with relevant
experience. Visual inspection did not reveal any moisture damage or mould growth. The age of the
studied buildings ranged between 2-7 years. The average thickness of the exterior walls was 50+5
cm. All walls were plastered both inside and outside. The plaster layer thickness was mostly 5 cm
both inside and outside, except for two buildings. One building had a plaster layer thickness of 7 cm
(lime plaster) both inside and outside, while another building had 10 cm of plaster on the interior
wall and 12 cm on the exterior wall. Clay plaster was mostly used for plastering, with lime plaster
used for both interior and exterior finishing in two buildings. All studied buildings had a relatively
high plinth and wide eaves, which are important measures to reduce the moisture load on walls. Both
shallow foundations (five buildings) and post foundations (three) were used. All floor structures
were made of wood. Roofing materials included wooden shingles (three buildings), roll
material/PVC (three buildings), stone (one building), and one building had a green roof.

The experiments were conducted over a period of one year, collecting data on indoor climate
parameters (temperature, RH%, CO,) and microbiology (number of colony-forming units and
taxonomic composition) from both air and envelope (wall) materials in parallel. Residents were asked
not to ventilate the bedrooms for six hours before sampling. Culture media [malt extract agar (MEA)
and 18% dichlorane glycerol agar (DG18)] were prepared and the sampling procedure was carried
out according to ISO standard 16000-18 (ISO 16000-18:2011) [24]. Media components were weighed
with an analytical balance (ABJ 120-4M, Kern & Sohn, Balingen, Germany). Media were autoclaved
using an HMT 260 MB autoclave (HMC Europe, Tiissling, Germany). Samples were collected with
Mirobio MB2 air analysers (Cantum Scientific, Dartford, United Kingdom) on 9 cm Petri dishes four
times a year (spring, summer, autumn, and winter) from bedrooms at a height of one meter from the
floor. The sampling time was one minute, and the air volume was 100 litres per sample. A total of
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four parallel samples were collected from each sampling site with both media types. As a reference,
air samples were collected in four parallels from outdoor air at a height of 1.5 m from the ground.
The collected samples were processed based on the EVS-ISO standard 16000-17 [25]. Samples were
incubated at 25 °C for seven days, after which the colony-forming units were counted. Further
cultures were performed to obtain pure cultures. Moulds were identified based on morphological
characteristics using a microscope (SP100, Brunnel Microscopes LTD, Chippenham, United
Kingdom). Lactophenol cotton blue was used for staining. Media components were weighed with an
analytical balance ABJ 120-4M (measurement accuracy +0.2 mg, manufacturer: Kern & Sohn,
Balingen, Germany). Media were autoclaved using an HMT 260 MB autoclave (HMC Europe,
Tiissling, Germany). Media plates were poured under a fume hood (Retent AS, No6o, Estonia). Data
on carbon dioxide (CO;) content, air temperature, and humidity were also collected in each bedroom
using Green-Eye model 7798 sensor-data loggers [measurement accuracy for carbon dioxide +50
ppm, for temperature +0.6 °C, for air humidity +3 % (10-90 %), manufacturer: TechGrow, The Hague,
Netherlands]. Hobo UX100-023 sensor-data loggers (measurement range -20 °C to +70 °C, 5 to 95 %
RH%, accuracy 0.35 °C and 2.5% RH% respectively; manufacturer: Onset Computer Corporation,
Bourne, United States) were used to collect temperature and humidity data from the building
envelope. Cultures were identified to the genus level [26-32].

Samples of straw and reed materials were also taken from the exterior envelope (wall) using a
previously developed methodology [33]. 10-gram volume samples were plated directly onto malt
agar (MEA) with added chloramphenicol. Samples were incubated at 32 °C for 72 hours, after which
colony-forming units were counted. Additionally, background data on carbon dioxide content,
temperature, and humidity were collected from the bedrooms of the studied buildings (the sensor
was placed 1.2 m above the floor, recording at 30-minute intervals). Data on temperature and
humidity were also collected from the envelope at a depth of 20 cm from the interior surface. For this
purpose, 7 mm diameter holes were drilled in the envelope at two heights (0.2 m and 1.2 m). Sensor-
data logger measuring heads were placed 20 cm deep into the holes, and automatic measurements
were performed at 10-minute intervals. The holes were sealed using plaster, and to some extent, the
fibrous material itself collapsed to seal them. Data measured by the Estonian Weather Service from
the nearest automatic station (Tallinn, Ladne-Nigula, Tiiri, Vdike-Maarja) were used as outdoor
climate data. The moisture load of the envelope was assessed using equation 1, which originates from
the standard EVS-EN ISO 13788 [35]. The moisture excess Av, g m= was calculated from the formula:

Av (g m3) =vi - ve, 1)
where: v; — indoor air water vapour content, g m=, and v, — outdoor air water vapour content, g

m™3.

To assess the risk of mould growth, a mathematical model published by Hukka and Viitanen
was used, which takes into account both relative humidity and temperature data to calculate the
mould index [36].

All chemicals and reagents were purchased from HNK Analiiiisitehnika OU (Tallinn, Estonia).
Soy-based peptone (299 %, Fluka); potassium dihydrogen phosphate (KH,PO,) (purity 299 %,),
magnesium sulfate heptahydrate (MgSO4x7H,0O) (purity 299.5 %), D-(+)-glucose (=99.5 %), dichlorane
(2,6-dichloro-4-nitroaniline) (purity 296 %), chloramphenicol (purity 298 %), glycerol (purity 299.96
%), water (deionized), Agar, malt extract, lactophenol cotton blue (for staining fungi) — all Sigma
Aldrich, complied with the ISO standard [24]. Materials needed for microbiological cultures (9 cm
Petri dishes, inoculation needles, slides and cover glasses) were purchased from KRK ouU (Tartu,
Estonia).
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3. Results

3.1. Indoor Climate Parameters (CO,, RH%, and Temperature) in Indoor Air and at Two Different Heights
in Walls

The average indoor humidity ranged between 36-44 %, being lower in straw-bale buildings (36-
39 %) and higher in reed-bale buildings (41-44 %). In reed-bale buildings, the relative humidity in
spring was 41+2 %; in summer and autumn, it increased by about 1% compared to the previous
season (42+2 % and 43+2 %, respectively).

Throughout the study period, the average carbon dioxide (CO) levels in buildings with straw-
bale and reed-bale walls were lowest during summer (607426 ppm in straw-bale buildings and 568+48
ppm in reed-bale buildings). The highest average CO, level in straw-bale buildings occurred in spring
(636+26 ppm), and in reed-bale buildings during autumn (626+65 ppm). Average indoor air
temperatures in the bedrooms of the studied buildings ranged between 19-21 °C. These values were
consistent in winter and spring for both house types, averaging 19.0-19.3 °C. In summer, the indoor
air temperature in reed-bale buildings was on average 1.6 °C higher than in straw-bale buildings. The
highest average indoor temperatures occurred in autumn for both straw- (20.4+0.6 °C) and reed-bale
(20.7+0.9 °C) buildings.

At 1.2 meters height within exterior walls (Table 3), the lowest average temperature in straw-
bale buildings occurred in winter (17.5+1.3 °C), while in reed-bale buildings, it was lowest in spring
(15.6£1.5 °C). The highest average temperatures at this height were recorded in summer: 20.6+0.8 °C
for straw- and 19.3+1.1 °C for reed-bale buildings. In general, at 1.2 m height, temperatures were
higher in straw- (17.3-20.6 °C) than in reed-bale (15.6-19.3 °C) buildings.

The difference was much greater at 0.2 m height. In straw-bale buildings, the average air
temperature at this height varied between 14.4-19.2 °C, while in reed-bale buildings it ranged from
7.3-16.3 °C. The lowest average temperatures at 0.2 m height in exterior walls were observed during
winter (14.4+2.4 °C in straw-bale buildings and 7.3+2.5 °C in reed-bale buildings). The highest average
temperatures were observed during summer: 19.2+1.0 °C in straw- and 16.3x1.6 °C in reed-bale
buildings.

Relative humidity (RH%) averages at 1.2 meters height in walls were lowest in winter for both
building types (33+12 % in straw and 33+14 % in reed) and highest in summer (53+7 % in straw and
57+1 % in reed buildings). Overall RH values ranged from 33-53 % in straw- and 33-57 % in reed-
bale buildings.

At 0.2 m height in the wall, the lowest RH% values in winter were 38+4 % in straw and 456 %
in reed buildings. In summer, the highest values were 54+2 % in straw and 58+1 % in reed buildings.
A trend was observed that RH% at 0.2 m height in reed-bale buildings was generally higher (42-58
%) compared to straw-bale buildings (38-54 %).

3.2. Assessment of Moisture Load and Mould Risk in Exterior Structures

Temperature and humidity values in the envelopes are illustrated in Figure 1. In some cases,
higher humidity and temperature values were recorded in the building envelopes than in indoor air,
but the probability that the conditions were suitable for mould growth was considered very low.

The excess indoor moisture was assessed during both winter and summer, based on data from
a single representative day. In reed-bale buildings, the excess moisture during summer ranged from
0.46 g/m3 to 3.42 g/m?, and in winter from 0.62 g/m? to 2.73 g/m?. In straw-bale buildings, the summer
values ranged from 2.1 g/m? to 1.99 g/m?, and in winter from —0.06 g/m? to 1.43 g/m3. Negative
moisture values were recorded during daytime hours when the residents were not present indoors.
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Figure 1. Mould risk assessment based on temperature and relative humidity.

Figure 1 illustrates the relationship between temperature (°C) and relative humidity (RH%) at
two different wall heights (0.2 m and 1.2 m) in straw- and reed-bale houses across four seasons. Red
line represents the mould risk threshold, derived from the Hukka and Viitanen model [36], indicating
the critical RH% above which mould growth becmes likely at a given temperature. According to this
model, the risk of mould growth in all studied buildings was low. Most data points fall below the
threshold line, suggesting that the indoor wall conditions are generally unfavourable for mould
development.

Reed-bale buildings show higher average excess moisture in summer than in winter, with values
well above 1 g/m? (see Table 1). At 0.2 m height, reed-bale walls exhibit slightly higher RH% values,
especially in summer and in autumn, but these remain within tolerable limits. In contrast, straw-bale
walls consistently show lower RH%, indicating a lower mould risk across all seasons and wall
heights.

This study comprehensively examined indoor air quality by collecting both indoor climate
indicators (temperature, RH%, CO,) and microbiological data (colony-forming unit count and
taxonomic composition) from both air and wall materials. The interdisciplinary approach examined
the indoor climate in buildings built with straw- and reed-bale walls using sensor data loggers and
air/material sampling. Two sensor data loggers were placed in the walls at approximately 20 cm
depth: one at 0.2 m above the floor to detect potential problem areas near structural joints (e.g.,
capillary rise, foundation defects, cold bridges), and another at 1.2 m height in a stable wall section.
Based on the data gathered from the loggers and the results of air and material samples, it was
concluded that the risk of mould in both straw and reed wall structures is low. A notable finding in
reed-bale buildings was the exceptionally low temperature (7.3+2.5 °C) at 0.2 m height in the wall
during winter, which indicates the low density of reed bales.

Table 1. Average air temperature and RH% in the building envelope at heights of 1.2 m and 0.2 m in bedrooms
of straw- and reed-bale houses.

Winter Spring Summer Autumn
Straw Reed Straw Reed Straw Reed Straw Reed

0,
Tem”m;t;‘;i’ Cat o3 1625 18+2 1622 2141 19+1 18+1 17+2
Tem””gtzux( Oat 43 743 1622 1144 19+1 16£2 1742 1443
RH (%) at12m  33+12 33+14 4147 4742 53+7 57+1 41+4 4544
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RH (%) at 0.2 m 38+4 45+6 42+3 47+1 54+2 58+1 42+2 51+2

3.3. Abundance and Dynamics of Mould in Indoor and Outdoor Air by Season, and Mould Composition by
Genera

The seasonal dynamics of colony-forming units in the bedrooms of houses built with both straw
and reed bales were similar (Table 2). The most abundant indoor microbial community in straw
houses was observed in summer (June-August), when cultivable colonies from indoor air on malt
extract agar (MEA) averaged 537+102 CFU m=. The same relationship was observed for reed-bale
houses, where in summer, cultivable colonies from indoor air on malt extract agar (MEA) averaged
858+106 CFU m=3. In outdoor air, 289+32 CFU m= were recorded for straw houses and 353+41 CFU
m™ for reed-bale houses during the same period. In spring and autumn, the results for samples taken
on malt extract agar (MEA) from both indoor and outdoor air remained at comparable levels. Samples
taken on 18 % dichlorane glycerol media (DG18) were also higher in both indoor and outdoor air
specifically during the summer period and lowest in winter.

Table 2. Seasonal changes in the number of colony-forming units (CFU) in indoor and outdoor air shown as
seasonal averages by house type with mean error (+SE) across samples per m= of air, MEA — Malt Extract Agar
media; DG18 - 18% dichlorane glycerol agar (DG18) media.

Winter Spring Summer Autumn
Sample Indoors  Outdoors Indoors Outdoors  Indoors Outdoors Indoors  Outdoors
Straw(MEA) 149+29 94+19 298+100 197+43 537+102 289+32 307+99 168+34
Reed (MEA) 380+136 118+15 518+145 198+48 858+106 353+41 548+155 212+34
Straw(DG18) 1448 18+7 29+9 3049 46+12 50+11 20+11 22+10
Reed (DG18) 22+13 24+9 2349 27+11 36+11 45+12 22+10 2349

Moulds were identified to the genus level (Table 3). In the winter period, most of the identified
mould in straw houses belonged to the genus Penicillium (74 %), followed by mould from the genera
Aspergillus (17 %), Alternaria (1 %), and Cladosporium (1 %), with 7% of the mould not belonging
to the previously mentioned genera. For reed-bale houses, the sequence of genera was the same, with
differences in proportions: Penicillium — 70 %, Aspergillus — 19 %, Cladosporium — 6 %, Alternaria —
1 %; 4 % of the found mould did not belong to the previous genera.

Table 3. Distribution of mould identified to the genus level by season and building material. The first figure

indicates the number of colony-forming units (CFU) and the second the percentage (%) of the total.

Winter Spring Summer Autumn
Straw Reed Straw Reed Straw Reed Straw Reed
Alternaria 1 1) 4 (1) 9 (3) 16 (3) 32 (6) 43 (5) 25 (8) 49 (9)
Aspergillus 25 (17) 72 (19) 24 (8) 36 (7) 11 (2) 9 (1) 71 (23) 110 (20)
Cladosporium 1 (1) 23 (6) 235 (79) 420 (81) 451 (84) 738 (86) 92 (30) 142 (26)
Penicillium 110 (74) 266 (70) 24 (8) 36 (7) 38 (7) 51 (6) 95 (31) 203 (37)
Others 10 (7) 15 (4) 6 (2) 12 (2) 5(1) 15 (2) 25 (8) 44 (8)

In spring, in buildings with straw-bale walls, most of the identified mould belonged to the genus
Cladosporium (79 %). These were followed by the genera Penicillium (8 %), Aspergillus (8 %), and
Alternaria (3 %). 2 % of the mould did not belong to the previously mentioned genera. In buildings
with reed-bale walls, the sequence of genera in spring was the same as in straw buildings: differences
were only in occurrence percentages — Cladosporium (81 %), Penicillium (7 %), Aspergillus (7 %),
and Alternaria (3 %). 2 % of the mould did not belong to the previous genera.

© 2025 by the author(s). Distributed under a Creative Commons CC BY license.
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In summer, most of the identified mould in the indoor air of buildings with straw-bale walls
belonged to the genus Cladosporium (84 %), followed by Penicillium (7 %), Alternaria (6 %), and
Aspergillus (2 %); 1 % of the detected mould did not belong to the previously mentioned genera. For
the indoor air of buildings with reed-bale walls, the sequence was the same: most moulds belonged
to the genus Cladosporium (86 %), followed by the genera Penicillium (6 %), Alternaria (5 %), and
Aspergillus (1 %). 2 % of the mould did not belong to the previously mentioned genera. In autumn,
most of the mould identified in the indoor air of straw buildings belonged to the genus Penicillium
(31 %), followed by the genera Cladosporium (30 %), Aspergillus (23 %), and Alternaria (8 %). 8 % of
the mould detected in straw buildings did not belong to the previously mentioned genera. For the
indoor air of reed-bale buildings in autumn, most mould belonged to the genus Penicillium (37 %),
followed by mould belonging to the genera Cladosporium (26 %), Aspergillus (20 %), and Alternaria
(9 %). 4 % of the mould did not belong to any of the previously mentioned genera. The distribution
of mould genera identified from outdoor air samples corresponded to the samples taken from the
indoor air of the buildings.

3.3. Material Samples from Walls and Identified Mould Genera

Samples collected from the building envelope (walls) in autumn during the study showed that
the number of mould colonies was relatively low, ranging from 6 to 14 CFU (colony-forming units).
This indicates that the materials in the exterior walls do not provide a favourable environment for
mould growth, at least during autumn season.

The distribution of colonies by genus was similar to that found in samples cultivated from
indoor air, suggesting that the spread and distribution of mould spores are alike in both indoor and
outdoor environments. This may be due to similar environmental conditions or shared mechanisms
of mould dispersion.

The identified mould genera showed that Cladosporium and Penicillium were the most
common, comprising 36 % and 32 % of all mould colonies, respectively, while Aspergillus made up
25 %, and Alternaria 2 %. These results align with previous studies indicating that Cladosporium and
Penicillium are commonly found both indoors and outdoors.

3 % of the mould colonies did not belong to the aforementioned genera, suggesting the presence
of other, less common mould genera that may exist in exterior wall materials. Further identification
and research of these moulds could provide additional insight into mould spread and distribution in
different environments.

4. Discussion

Microorganisms living in environments with high moisture levels require suitable temperatures
for their vital activities. Lawrence et al. (2009) point out that the suitable temperature range is 20-70
°C, while temperatures lower than 10°C inhibit microorganism activity [37]. The average indoor air
temperature during the measurement period remained between 19-21 °C, corresponding to indoor
climate class III based on the standard EVS-EN 16798-1:2019 [38]. During the summer period, when
temperatures and moisture levels in buildings are higher, microbial growth is possible if
unfavourable conditions coincide (high temperature, sufficient relative humidity (above 75 %)) [21,
36]. Mould indicates too high moisture levels in the construction and possible resulting decay. In
addition to suitable temperatures, room humidity and nutrients also play an important role in the
growth of microorganisms [39]. The optimal moisture content of living spaces is in the range of 40-60
%, and the critical humidity level from the perspective of microbiological growth is 75-95 %,
depending on both temperature and building material [23]. Hukka and Viitanen highlight in their
mould growth model the temporal duration of environmental conditions necessary for the onset of
microbiological growth [36]. In the studied buildings, air humidity remained within the range of
36—44 % and temperature between 19-21 °C. Carbon dioxide level indicators for all studied bedrooms
fell within indoor climate class II (<800ppm) based on the ISO standard EVS-EN 16798-1:2019 [38].

© 2025 by the author(s). Distributed under a Creative Commons CC BY license.
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For the bedrooms of the examined buildings, the air humidity and temperature indicators were too
low to expect mould growth.

In buildings with reed-bale walls, the values of colony-forming units (CFU) were higher than in
buildings with straw-bale walls, which may indicate possible microbiological growth near the upper
junction. If the moisture load is high, it can both deteriorate the indoor climate and cause moisture
problems for the building envelope. The indoor air excess moisture was quite low, being higher for
buildings with reed-bale walls (0.46 g (m?®) to 3.42 g (m®)! in summer and 0.62 g (m®)" to 2.73 g
(m?)™! in winter) and falling into class II based on the standard EVS-EN ISO 13788:2012. Buildings
with straw-bale walls belonged to class I based on their excess moisture according to this standard.
For buildings with straw-bale walls, the moisture excess was negative during the winter period on
workdays during daytime when residents were not at home. During the winter period, for buildings
with reed-bale walls, the average temperature at a height of 0.2 meters was only 7.3+2.5 °C. In such a
situation, we would expect the relative humidity to be high, but in this case, it was on average 41+2%.
This indicates possible leaks in construction joints, and due to the chimney effect, cold air inflow
occurs in this area. Since measurements in the envelope were performed at only two heights (0.2 and
1.2 m), there is a risk that due to the chimney effect, at the upper edge of the envelope, outflow of
(warm humid) air is likely due to overpressure, which is a direct risk for mould formation. This
finding is concerning because the building envelope is at risk of moisture and, under suitable
conditions, microbiological growth in the reed-bale. Samples taken from indoor air on malt extract
agar (MEA) show higher values across all seasons compared to samples taken from outdoor air.
Different countries use different standards regarding permitted levels of colony-forming units, but
there is no common international standard [40]. A WHO expert group study found that the number
of colony-forming units in indoor conditions should not exceed 1000 CFU (m?)-! [41]. In Estonia, there
are no limit values for mould in indoor environments. Recommended limit values have been
established in Finland, stating that in the winter period, up to 500 CFU (m?)~! is recommended, and
in the summer period, up to 2500 CFU (m?)-! [42]. In this study, the average concentrations of colony-
forming units in indoor air throughout the entire study period remained at a level of 323+80 CFU
(m3)™! for buildings with straw walls and 576294 CFU (m®)! for buildings with reed-bale walls.
Samples taken from one building with reed-bale walls in the summer of 2015 [1060+8 CFU (m?3)™]
exceeded the recommended concentration for indoor conditions provided by the WHO expert group
[1000 CFU (m?)7], but remained below the limit values recommended in Finland [up to 2500 CFU
(m?)7']. Mould concentrations were higher in indoor air than in outdoor air in all seasons. The mould
genera identified from samples taken from the indoor air of buildings did not differ from the fungal
genera identified from samples taken from outdoor air. Previous studies have shown that fungal
species that can be cultivated from outdoor air may also be cultivated from indoor air [43-45]. In the
building envelopes, the concentrations in the measured areas were very low, and the genus
distribution of mould was similar to the genera identified from indoor and outdoor air. No significant
differences were found in the genus and percentage distribution of mould; autumn concentrations
were higher than winter concentrations [46]. The reason is the suitable temperature and air humidity
level for mould growth and development, as well as abundant plant material serving as a substrate
[47]. Similar dynamics in indoor air samples across seasons, as found in the results of this study, have
also been established in previous studies concerning building indoor climate [48-50]. The complex
approach to studying the indoor climate of buildings with straw- and reed-bale walls helped identify
a problematic area in the construction of reed-bale walls, which is apparently due to the insufficient
density of reed bales. To verify this finding, further studies are necessary, and a sensor-data logger
should also be installed in the envelope near the ceiling (upper junction).

5. Conclusions

Indoor climate data showed that the air temperature was somewhat lower than what is typically
expected in living spaces (21 °C). The relative humidity was within the optimal range, and no
extremely low temperature values were recorded, which is a common issue during winter in
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buildings with central heating and good ventilation. CO, concentrations did not exceed the
recommended limit. The excess moisture in indoor air was minimal, and no conditions suitable for
mould growth were found in the indoor air or building envelopes, based on the mould index. Higher
values of colony-forming units (CFU) were recorded in buildings with reed-bale walls during the
study period. In comparison, buildings with straw-bale walls had lower CFU values. Seasonal
variations were observed in both cases.

Based on the conducted studies, it can be said that the indoor air of buildings with straw- and
reed-bale walls contains more colonies compared to the outdoor air. No visible mould growth was
detected during the visual inspection.

Moulds from four genera were identified (Alternaria, Aspergillus, Penicillium, and
Cladosporium), which are the most common mould genera found on cereal crops. These moulds can
pose health risks to humans (such as allergies, chronic rhinitis, coughing, and respiratory diseases).
The comprehensive approach used in this study made it possible to identify specific problematic
areas in reed-bale buildings, where slightly higher mould levels were also observed.

The results obtained from assessing the indoor climate of the studied buildings allow us to
conclude that houses built with reed- or straw-bale walls are suitable for the climatic conditions of
Estonia. With careful planning, the use of appropriate materials, and quality construction, such
buildings can provide healthy and environmentally friendly living conditions. It is essential to
conduct similar studies in buildings where moisture damage has occurred.
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