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Author’s Contribution to the Publications  
The point of departure of this thesis is an understanding that the building and its indoor 
climate affect each other as interdependent parts of a complex whole. As preliminary 
approach, the research presented in this thesis (Paper I) focused on indoor air quality, 
wherein microorganisms were studied. The following steps (described in Paper II  
and Paper III) examined how the boarders, especially inner surface, are acting 
hygrothermally. Finally, differenct aspects of a building as a complex whole were studied 
(Paper IV).  

The work described in Paper I enabled to map most common microorganisms of 
indoor air in straw bale and reed buildings. Plasters are widely used in straw bale and 
straw buildings.  

Paper II gives information concerning the ability of inner surfaces of the boarders to 
buffer moisture. Plaster  as inner surface enables to reduce the internal moisture excess  
and internal humidity  load on the boarders.  

Paper III presents the research carried out with the aim of studying hygrothermal 
properties of clay-sand  plasters. This information is of utmist importance due to the fact 
that straw and reed are sensitive materials to mould.  

Paper IV is to finalise the outcomes of the work. Microorganisms inside the boarders 
were the same as indoors. Internal moisture excess was low as was expected according 
to moisture buffering data of indoor finishing materials. Air temperature and relative 
humidity conditions inside the boarders were significally lower than needed for mould 
growth. 

 
Paper I The aim of this study was to evaluate the quality of indoor air in sleeping 

areas of straw bale and reed houses. The microorganisms were identified 
from isolated colonies. Total colony forming units (CFU) per m3 were 
determined. The most abundant bacterial and fungal genes isolated from 
samples were Alternaria, Aspergillus, Cladosporium and Penicillum. Most 
of these species can present a health risk for humans, especially for those 
with allergies, asthma and weakened immune systems. The results of this 
study clearly showed the importance of the work directed to the 
securement of the air quality when using straw and reed as construction 
materials. The author developed study design and selected suitable 
experimental methods. She was responsible for data collection and 
handling, contributed to result interpretation and manuscript 
preparation. She was the corresponding author. 
 

Paper II This paper focuses on the impact of finishing materials on the 
hygrothermal performance of boarders. Hygrothermal properties of clay 
plaster and clay plaster system (plaster + covering) were studied.  
The work concentrated on the initial rate of moisture uptake and  
release after a sudden change in relative humidity and played an 
important role in the development and testing the methodology 
applicable in the evaluation of indoor air quality. The author was actively 
involved in data collection and handling, contributed to result 
interpretation and manuscript preparation.  
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Paper III Indoor finishing materials considerably influence indoor climate because 

of their moisture buffering ability occurring due to the sorption and 
diffusion properties of materials. The study proved that there are 
differences within the “same material” i.e. different products known by 
the common name “clay plaster”. The main components of clay plaster 
are sand and clay. The correlation between the calcite content in plaster 
mixture and water vapour uptake was evident. The author participated in 
data collection and handling, contributed to result interpretation and 
manuscript preparation. 
 

Paper IV The indoor climate of buildings with straw- and reed-bale walls was 
studied and the factors influencing indoor air quality were determined.  
In order to fulfil the set aim: (1) air quality was tested in the bedrooms of 
the studied houses, and the microbial species in air and walls were 
determined; (2) the indoor air quality parameters (CO2, relative humidity 
and temperature) were measured. Also air temperature and relative 
humidity inside the walls were studied. The results enabled to conclude 
that the walls of straw or reed-bale house are suitable in temperate 
climatic conditions, which as a result of professional design, usage of 
materials suitable for building, and high-quality craftsmanship provides a 
healthy and environmentally friendly housing. Also the approach as 
complex study to evaluate the building was offered. The author prepared 
study design and found suitable methods. The author was responsible for 
conducting measurements, interpretation of results and manuscript 
preparation. She was also the corresponding author.  
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Introduction 
The impacts of climate change are becoming evident worldwide (Bowden, Nyberg 
Wright, 2019), but despite the knowledge about it, global greenhouse gas emissions 
(GHG) from buildings continue to increase (Hurlimann, Warren-Myers, Browne, 2019). 
Projected future effects of this process pose more extensive changes in the form of 
temperature increases, rising sea level, and storms (Hurlimann et al., 2019). With this in 
mind there is a need for sustainable technologies and materials to fight against changing 
climate conditions (Karakosta, Doukas, Psarras, 2010; Ferreira, J.J., Fernandes, Ferreira, 
F.A., 2020; Marques, Tadeu, Almeida, António, Brito, 2020). 

Different studies (Horr et al., 2016; Katsoyiannis and Cincinelli, 2019) have shown that 
people spend 80-90% of their time indoors and a third of a person’s lifetime is spent 
sleeping (Strøm-Tejsen, Zukowska, Wargocki, Wyon, 2015). In recent years many studies 
dealing with indoor air quality have been published, but bedrooms, where people spend 
on average 7-8 hours every day, have been dealt with very little within those studies 
(Strøm-Tejsen et al., 2015; Canha, Lage, Coutinho, Alves, Almeida, 2019). Sleep has a 
really important role to play in human welfare (Canha et al., 2019), as it helps to recover 
from physical and psychological fatigue, increases productivity, and overall wellbeing 
(Krueger, Frank, Wisor, Roy, 2016; Reis, Mestre, Canhão, Gradwell, Paiva, 2016). 

Conventional construction materials drain natural resources and the production of 
these consumes a great amount of energy as well (Hurlimann et al., 2019). Earthen 
building materials are obtained locally, they are nontoxic, biodegradable, and reusable 
(Minke and Mahlke, 2005). Buildings where these materials are used are known to be 
lasting and durable, requiring almost no maintenance and they can provide a passive 
house standard worthy insulation quality (Kubba, 2012).  

Straw bale and reed buildings gather popularity because of their affordability, 
sustainability and ease of construction. They cause minimum impact on their surrounding 
environment. Natural materials, which are renewable, offer low-embodied energy; their 
low impact has a promising potential as construction alternatives (Magwood, 2004).  
They are attractive to self-builders, because working with these kinds of materials is easy, 
but the houses built using these materials can carry a potential health hazard via 
microbial population (Raamets, Ruus, Ivask, Nei, Muoni, 2020).  
 
The aims of the thesis were:  
The main goal of the current work was to evaluate through the studies of indoor climate 
and relevant construction materials the suitability of reed and straw-bale houses for 
temperate climate zone. No similar microbiological indoor air quality studies carried out 
elsewhere have been reported in the scientific literature. 

The aims of the study were to investigate the indoor climate of straw and reed-bale 
buildings, to determine the factors influencing indoor air quality, and to assess the 
suitability of straw or reed-bale houses in Estonian climatic conditions. In order to fulfil 
the set aim: (1) moisture buffering properties of natural finishing materials were studied; 
(2) air quality was tested in the bedrooms of the studied houses, and the microbial 
species in air and walls were determined; (3) the indoor air quality parameters (CO2, 
RH%, and temperature) in air and at two different heights in the walls were measured; 
(4) it was determined how the microbial communities of indoor air in the buildings from 
straw and reed-bale influence indoor air quality in bedrooms. 
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These undertakings are reflected in the following publications:  
 

• Moisture buffering properties of natural finishing materials were 
determined in laboratory conditions ((Paper II and, Paper III);  

• Air quality was tested in the bedrooms (Paper I, Paper IV) of the studied 
houses and the microbial genera in air and walls  was determined and 
identified (Paper IV); 

• It was determined how the microbial community of indoor air and indoor 
climate indicators (CO2, temperature, RH%, internal humidity load of the 
boarders, mould index) influence indoor air quality in the bedrooms of 
reed-bale and straw-bale houses (Paper IV); 

• An original approach involving microbiological studies was developed for 
evaluating indoor air quality in the houses built from straw-bales and  
reed-bales (Paper I, Paper IV).  
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1 Background 

1.1 Straw and reed as construction materials  
The construction sector is the largest resource consumer in the world contributing 
significantly to climate change (Dutil, Rousse, Quesada, 2011; Iacovidou and Purnell, 
2016). The need for buildings and infrastructure, as well as extraction of materials and 
emissions is growing rapidly (Krausmann et al., 2017). Reducing carbon emissions 
throughout the life cycle of a building is a possible mitigation measure for both design 
and construction (Pomponi and Moncaster, 2016); it is possible to use carbon-neutral 
materials there as well (Chel and Kaushik, 2018). Natural materials have little impact on 
the environment, and these kinds of materials provide healthy living environment for 
residents (Brojan, Petric, Clouston, 2013). 

Agricultural biomass residues are produced worldwide annually, but they are mostly 
underutilized (Cornaro, Zanella, Robazza, Belloni, Buratti, 2020). Biomass-based 
materials capture CO2 from the environment and improve it (Barreca, Gabarron, Yepes, 
Pérez, 2019; Cornaro et al., 2020). The use of natural materials in construction is gaining 
popularity (Barreca et al., 2019), because at the same time their use helps to minimize 
both primary energy and resource consumption (King and Aschheim, 2007). Agricultural 
plant fibre is an eco-friendly, biodegradable, cheap, and renewable material for 
construction (Fernea, Manea, Tămaș-Gavrea, Roșca, 2019). Agricultural plants which 
provide such materials (straw, hemp, flax, etc), are rich in fibres and are used as building 
materials (Fernea et al., 2019).  

Straw, which is one of the green building materials, is defined as dry stalks of cereal 
plants (barley, oats, rice, rye, wheat), after the grain and chaff have been removed 
(Marks, 2005; Cornaro et al., 2020). This material is a mixture of cellulose, hemicellulose, 
lignin and silicia and the stalks are covered with wax-like water repellent layer (Goodhew 
and Griffiths, 2005; Liuzzi et al., 2020). Straw has a high-bending and strong tensile 
strength (Liuzzi et al., 2020), it is a regenerative resource which uses minerals and water 
from the ground for photosynthesis, and it is easily available in most countries (Drozd 
and Leśniak, 2018). Straw does not have value as animal feed, but it can be used for 
bedding or as a conditioner to soil (Cascone, S., Rapisarda, Cascone, D., 2019). Spelt, 
wheat and rye straw are most suitable as building materials, but bales can be made from 
other fibrous materials (cornstalks, rice husk, pine needles, any kind of grass, beanstalks) 
too (Marks, 2005). 

Common reed (Phragmites australis) is a tall grass (reaching at its best the height of 
four meters on the coasts of the Baltic Sea), which can be found all over the globe (Paist 
et al., 2005). It is common in many kinds of wet habitats; in Estonia it is mainly found 
around shallow bays on the coastline and inland waters (Paist et al., 2005). During 
summer it is green and durable, in the wintertime it becomes hard and yellowish, which 
makes it possible to be used for the construction work (as a roofing material or for 
thermal insulation) (Stenman, 2008).  

Reed is widely used all over the world in many traditional building cultures (Milutiene, 
Staniškis, Kručius, Augulienė, Ardickas, 2012). Reed buildings were already known in 
Sumerian culture 5,000 years ago, and in Iraq they are widely constructed nowadays 
(Köbbing, Thevs, Zerbe, 2013; Al-Jumeily, Hashim, Alkaddar, Al-Tufaily, Lunn, 2018), in 
Europe the use of reed is mostly connected with lowland regions as well as mountainous 
areas (Paist et al., 2005). From the 19th century due to the lowering quality of rye straw 
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in Europe, reed was the only organic thatch material alternative (Zamolyi and Herbig, 
2010). Reed attracts attention because of the healthy indoor climate in the buildings 
made of it, and the high content of silicon in reed makes it unattractive to insects and 
other animals as well (Al-Jumeily et al., 2018).  

Reed cutting starts when reed leaves have fallen and the plant is dry (Stenman, 2008). 
Cutting is dependent on the weather and usually cutting season lasts from early summer 
to late summer, though it is collected during wintertime as well (Häkkinen, 2007). Cutting 
is not possible when the wind is strong or there is rain, when the water is high or there 
is a lot of snow (Stenman, 2008). It is possible that the effective cutting time may only be 
as short as a couple of days per year (Häkkinen, 2007). During manual cutting with the 
sickle about 30-40 bundles per person can be cut, bound and transported in a daytime 
(Stenman, 2008), but when using a harvester the corresponding number is much higher 
– 3,000-4,000 bundles per day (Stenman, 2008). The only problem with the harvester-cut 
material is the quality – the harvester cuts all the reed without any selection (Stenman, 
2008). First-year reed is suitable for insulation plates or as chaff in clay construction 
(Häkkinen, 2007). Second-year reed can be used as a roofing material too (Stenman, 
2008). 

Reed has a lower energy demand when it is used to produce building elements  
((Al-Jumeily et al., 2018). Reed-bale buildings enable control of indoor temperature more 
efficiently and thus offer better well-being for the building´s occupants (Barreca et al., 
2019). The disadvantages of reed and straw include high flammability and low 
compressive strength which limits their application to one-storey houses with  
load-bearing walls (Al-Jumeily et al., 2018). If reed has been cut during a wrong season, 
it may decompose and contribute to mould growth (Al-Jumeily et al., 2018). Mould has 
an important role in decomposing organic building materials (Brischke and Hanske, 
2016). It has been found that reed rots easily, but the decomposition can be remarkably 
suppressed with thermal treatment (Brischke and Hanske, 2016). 

A method, how to build with straw, was first used by the settlers in the Nebraska area 
mainly due to poverty and lack of traditional building materials like timber and stone 
around 1880s (Lacinski and Bergeron, 2004; King and Aschheim, 2007). With the 
invention of horse-powered straw baler they were able to use compressed straw as 
blocks for building (King and Aschheim, 2007). The oldest existing straw-bale building, 
the Burke homestead, was constructed in 1903 outside Alliance, USA (King and 
Aschheim, 2007). The first European straw bale building (Figure 1 on the next page) was 
built by Èmile Feuillette in 1921 in Montargis, France (King and Aschheim, 2007).  

It is difficult to obtain the accurate numbers of straw-bale buildings (Beaudry and 
MacDougall, 2019). Online registry of straw-bale houses has 1,670 records worldwide as 
of 2019, but it is believed to under-estimate the true numbers (Beaudry and MacDougall, 
2019).  

The spread of using cement as a construction material in Europe after WWII stopped 
the diffusion of straw-bale construction technique (King and Aschheim, 2007). Building 
with straw was rediscovered during the 1970s due to the energy crisis and since the 
1980s many straw bale constructions have appeared in the Northern Hemisphere 
(Wanek, 2003; D’Alessandro, Bianchi, Baldinelli, Rotili, Schiavoni, 2017.; Cornaro et al., 
2020). Nowadays, houses made of straw bale can be found in the Unites States, Europe, 
Canada, Australia, and Asia (Holzhueter and Itonga, 2010). 
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At the end of the 19th century, many straw and clay houses were built in southern 
Estonia, because the building resources (straw, clay) were easily available (Itse, 2012). 
The first modern straw-bale building in Estonia, a sauna, was built in 2002 in Soomaa 
(Veenre, 2011; Itse, 2012) and the first straw-bale residential building was completed in 
Koordi village in Järva County in 2007 (Itse, 2012). The first main terraced house in 
Estonia was built using straw, reed and clay in Lahemaa and its construction started in 
2015 (Kivi, 2015). The interest in the construction of straw-bale houses remains high 
(Itse, 2018). About 150 straw-bale houses have been completed in Estonia (Pata, 2016).  

Studies have shown that the heating and cooling of stone buildings requires more 
energy than the heating and cooling of reed-bale buildings (Barreca et al., 2019). Adding 
reed to the concrete mix significantly reduces the thermal conductivity of the material 
(Shon et al., 2019). The high silica content of reed makes this material unattractive for 
insects and other animals (Al-Jumeily et al., 2018). However, the drawbacks are high 
flammability and low pressure strength, due to which only single-decked houses can be 
built with load-bearing walls (Al-Jumeily et al., 2018). Reed has been found to be sensitive 
to rotting, but the decomposition process can be significantly suppressed by heat 
treatment (Brischke and Hanske, 2016). To use straw and reed as building materials, 
moisture content should be lower than 15% and there should be no evidence of rotting 
(King, 2003). Straw is more susceptible to rotting because of the presence of weed in the 
material and it is often pre-treated with chemicals to ensure suitable material quality for 
building (Minke and Mahlke, 2005).  

For classical straw bales, straw is harvested from the field with automatic balers which 
are able to cut, compress and tie the steams of plants with wire or twine (King and 
Aschheim, 2007; D’Alessandro et al., 2017). Commonly two string or three-string bales 
are used (D’Alessandro et al., 2017). Small, medium or jumbo bales can be used for 
building (Minke and Mahlke, 2005; King and Aschheim, 2007). Bale size can vary and it 
depends on the packing density (Minke and Mahlke, 2005; D’Alessandro et al., 2017). 
Most commonly used bale has dimensions 32-35x50x50 cm (King and Aschheim, 2007) 
and their density varies from 90 to180 kg/m3 (King and Aschheim, 2007; D’Alessandro 
et al., 2017). 

The strength and insulation properties of straw bales are strongly dependent on the 
packing density. According to the California Building Code a dry density of 104 kg/m3 is 
considered suitable minimum for construction (Hammer, 2013). The Australian guide to 
eco-friendly construction recommends a maximum moisture content of 15% 
(Downtown, 2013).  

Figure 1. First European Straw Bale building – “Maison Feuillette” in Montargis. On the left there is 
a picture from 1921, in the right picture the same house was captured in 2011 (Ruppert, 2013). 
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Thermal insulation is one of the most investigated properties of straw bale material 
(Brojan et al., 2013; Brojan, Petric, Clouston, 2014; Costes et al., 2017). Straw bale has 
good insulation values (R-30 to R-35 or more) – thicker bales have better R-values  
(Brojan et al., 2014). The straw bale thermal transmission (U) value meets the passive 
house standard, where U value should be lower than 0.15 W/m2K (Brojan et al., 2014). 
Brojan et al., (2013) calculated that the studied clay-plastered straw-bale wall has a 
thermal transmission value 0.12 W/m2K. It has been found that straw bale insulation is 
most effective in climatic conditions where the heating or cooling of dwellings is essential 
for comfort (King and Aschheim, 2007). The thermal conductivity values of straw  
bales are comparable to other insulation materials’ thermal conductivity values (Brojan 
et al., 2013). A bale with 45 cm of thickness provides thermal conductivity value  
0.05 W/m2K (Brojan et al., 2014). Costes et al., (2017) found that for the average density 
(100 kg/m3) of a straw-bale, the calculated thermal transmission coefficient is between 
0.15-0.2 W/m2K. It is dependable on the bale width and how the bale is installed into  
a wall (Costes et al., 2017). 

1.2 Building technologies 
When building a straw-bale house, the rules and principles are similar to the usual case 
of building (Steen et al., 1994). The main problem of using straw-bales in construction is 
excess moisture, which destroys the structure of the bales and results in mould spreading 
((Minke and Mahkle, 2005). Under moisture protected conditions, these houses last for 
centuries (Wanek, 2003). For straw-bale houses, a high foundation, a breathable layer of 
plaster, and longer eaves are extremely important. (Wanek 2003) 

A straw-bale or reed-bale house needs a good foundation, which is strong enough to 
withstand the weight of the building, does not let through the moisture from the ground, 
and is located deep in the ground (Wanek 2003). Straw packs must be insulated from 
moisture coming from the ground – packs are most vulnerable to moisture coming from 
below and above, moisture from the sides dries more easily and does not permanently 
damage the straw (Steen et al. 1994). It is ideal for straw packs to be at least 0.3 meters 
above the ground, covered with a water-repellent plaster, such as lime plaster, and in 
addition there may be air permeable boarding (Minke and Mahkle, 2005). For straw-bale 
houses it is recommended to make longer eaves than usual (Steen et al. 1994). It helps 
to draw rainwater from the walls and beyond the plaster layer, thereby reducing both 
water saturation and erosion (Wanek 2003).  

Traditionally, straw-packed houses have been thickly plastered both inside and 
outside to protect them from insects, rodents, excessive moisture and wind (Minke and 
Mahkle, 2005). In addition, the plaster provides fire resistance, is aesthetic, and stores 
heat (Wanek, 2003). The appropriate type of plaster should be selected depending on 
the climate and availability of materials (Steen et al., 1994). It is not wise to use water 
vapour barriers in straw houses because they rather become places where water vapour 
condenses and causes moisture damage (Minke and Mahkle, 2005). It is recommended 
to remove excess moisture in damp areas using forced ventilation. (Wanek 2003) 

There are several different systems to build with straw-bales. Load-bearing system is 
known as Nebraskan style, which is a way of building where bales are structural elements 
and they can be used as bricks (King and Aschheim, 2007; Cornaro et al., 2020).  
The load-bearing walls support the wooden structure of the roof and transmit the loads 
to the foundation, but there are some limitations to this technology (King and Aschheim, 
2007). Houses which have been built using Nebraskan style cannot have openings that 
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exceed 50% of the wall surface (Minke and Mahkle, 2005). If the openings exceed 50% 
of the wall surface, the wall system could be unstable (King, 2003). The rigidness of this 
technique does not allow one to construct more than four storey buildings (Lymath, 
2016).  

Nebraska-style construction has been further developed in a number of different ways 
(King and Aschheim 2007). In one case, the packages are covered with mortar and then 
laid on the wall like large bricks that can still be fastened together with additional mortar 
((Minke and Mahlke, 2005). In this case, the hardened mortar bears a part of the weight 
(King and Aschheim 2007). Such a system is accompanied by cold bridges in cooler 
climates, so it is not a very common way of building in northern hemisphere. (Minke and 
Mahlke, 2005) The second method to build with straw is a post and beam construction 
technique (King and Aschheim 2007). Straw-bales and reed-bales can be used as infill 
insulation material within a metal or timber structure or as load-bearing walls (King and 
Aschheim 2007; Marques et al., 2020).   

There are several other construction techniques for building with straw – GREB 
(Hoxha, Ungureanu, Belayachi, Do, Thevard, 2012; Cornaro et al., 2020), modular (Wall 
et al., 2012) and mixed systems (Lacinski and Bergeron, 2000; King, 2007). There are two 
styles in which Nebraskan style and the post and beam technologies are mixed – cell 
under tension system (CUT (Chaussinand, Scartezzini, Nik, 2015)) and Gagné (Steen  
et al., 1994) technique.  In these systems the structural function is partially or completely 
performed by other elements rather than straw bales (D´Alessandro et al., 2017). 

On the market there are pre-compressed straw boards and prefabricated construction 
elements (main producers Mod-Cell® in United Kingdom, Ecococon in Lithuania and 
Paille Tech in France) with straw bales (wood frame and the bales are preassembled) 
(Cornaro et al., 2020). Straw panels have already been produced in Switzerland and 
France from the 1920s under Solomite brand (Cornaro et al., 2020). In England, Starmit 
panels, where the straw is compressed over high heat without the use of additives, are 
very popular (Minke and Mahlke, 2005). Both techniques allow saving time and costs on 
the construction site (Cornaro et al., 2020).   

In Figure 2 on the next page the described building systems are presented. On the left 
there is a load-bearing wall structure, in the middle there is a frame-based wall and on 
the right, there is the base panel.  

All the exterior walls covered with plaster must be protected from water and moisture 
on both sides – top and bottom (Minke and Mahlke, 2005; Cornaro et al., 2020).  
The lower part of the straw-bale wall, which is up to 0.3 m above the ground, must be 
covered with a waterproof layer to protect it against the splashes (Minke and Mahlke, 
2005). Under ideal conditions, the main wall starts at about 0.3 m (Ezennia and Alibaba, 
2017). It is possible to reduce the risk of splash water damage by using light gravel or 
vegetation cover along the perimeter (Minke and Mahlke, 2005). Hard ground is not 
suitable because it increases the risk of splash water damage (Minke and Mahlke, 2005; 
Ezennia and Alibaba, 2017). In addition, the straw-bale wall must be protected from rain, 
hail and wind (Ezennia and Alibaba, 2017). This can be achieved with a weatherproof and 
crack-free plaster or with a ventilated coating (Minke and Mahlke, 2005; Gupta, 2015; 
Ezennia and Alibaba, 2017). 
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Theoretically, due to the formation of condensed water, the moisture content in the 
straw wall should increase in winter endangering the properties of straw as an insulation 
material (Steen et al., 1994). In the literature there are data on experiments with straw 
walls plastered on both sides, which have shown that the moisture content in straw packs 
remained relatively unchanged at around 13.4% (Steen et al., 1994). A similar result has 
been confirmed by 11% moisture content in a straw house built in Germany (Ashour, 
Georg, Wu, 2011) and a longer-term study in England where straw confirms moisture 
resistance (Thomson and Walker 2014). In general, the moisture content of the base wall 
should not exceed 15% (Steen et al., 1994). If this value is exceeded in a short period of 
time, the straw does not decompose immediately but the thermal insulation properties 
of the wall decrease (Minke and Mahlke, 2005). 

In rooms with a more than 70% moisture content, it is recommended to increase the 
diffusion coefficient of the inner wall finishing layer (adding linseed oil to the 
plaster/coating or coat the plaster with water vapour resistant paints (latex paints or 
seed oil paint)) (Sharma et al., 2010). Vapour barrier layer is generally not required for a 
vapour-permeable wall construction if lime plaster or some other breathable finishing 
material is used in the exterior finish (Minke and Mahlke, 2005; Cascone et al., 2019). 

The extremely high sorption parameters of loose straw are of no practical importance 
in shaping the indoor moisture balance, as the straw bales used are tightly pressed and 
plastered which together significantly inhibit the process of sorption (Cascone et al., 
2019). Therefore, it is recommended to apply a relatively thick and multi-layered 
clay-sand plaster to the base wall (Minke and Mahlke, 2005). To achieve even better 
sorption capacity indoors, the partitions could be laid of unfired clay bricks (Marks, 2005; 
Bronsema, 2010). 

Official tests in Austria have confirmed that unprocessed wheat straw, packed at a 
density of 120 kg/m3 was non-flammable enough (Steen et al., 1994). The straw wall, 
with a frame plastered with clay plaster lime plaster on the inside, achieved a fire 
resistance rating of F90 (Steen et al., 1994). Various tests in Germany and Austria have 
replicated this result, and similar tests in the USA (SHB AGRA test) even gave the result 
F120 (Steen et al. 1994). Even if the plaster is cracked, the charred layer formed by 
primary contact with the fire prevents the passage of oxygen into the straw pack (Theis, 
2003, Doleman, 2017). 

Figure 2. Sections of straw bale walls. From left to right: Nebraska style (load-bearing) wall, frame- 
wall, base panel; the inside is shown on the left, the outside on the right) (Pata, 2016). 
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Although straw may appear to be a suitable habitat for rodents and insects, only a few 
houses have had problems with these organisms (Steen et al., 1994). Plaster does not 
only provide structural strength and stiffness, but also protects against pests, fire and 
moisture (Beaudry and MacDougall, 2019). If the walls of the straw-bale house are not 
plastered, the risk factor is higher, and it is easier for pests to access the house or its walls 
(Steen et al., 1994). If living in an area where additional pest protection is justified, the 
straw house can be protected with various techniques, such as fine wire nets below the 
plaster layer, installing termite shields, sand barriers, borax mixture, etc. (Steen et al., 
1994; Beaudry and MacDougall, 2019). 

1.3 Microbiological studies 
Fungi are a large group of eukaryotic and heterotrophic organisms that include 
microorganisms ranging from unicellular forms to moulds, yeasts and mushrooms (Khan 
and Karuppayil, 2012). They get organic matter from the external environment for vital 
activities (Moon, 2005). Fungi are free living organisms which are capable of breaking 
down nutrients and biosynthesise the necessary biochemicals (Khan and Karuppayil, 2012).  

When talking about moulds, we refer to microscopic, primarily multi-celled and 
filamentous, composed of hyphae and mycelium (Nwakanma and Unachukwu, 2017). 
They are beneficial to the environment because they break down dead materials (Khan 
and Karuppayil, 2012). There are four stages in mould lifecycle: sporulation, germination, 
hyphal growth (vegetative development) and reproduction (Moon, 2005). Moulds do not 
have chloroplasts and thus they cannot undergo photosynthesis (Khan and Karuppayil, 
2012). They reproduce by the means of spores produced, by an asexual process or as a 
result of sexual reproduction (Moon, 2005). Many fungi are able to produce several other 
types of spores and the spore types are unique to each individual species (Nwakanma and 
Unachukwu, 2017). When spores are carried by air currents and land on a moist surface, 
they begin to grow (Moon, 2005). Moulds are normally present indoors at levels which do 
not have any impact on healthy individuals (Curtis, Lieberman, Stark, Rea, Vetter, 2004). 

In germination phase the spores settle on surfaces and stay inactive until they find a 
possibility to absorb nutrients and moisture from the substrate (Moon, 2005). Both 
factors are highly important and in their absence germination process does not occur 
(Rajasekar and Balasubramanian, 2011; D’Orazio, 2012). The exposure time for the 
formation of moulds varies greatly and is dependent on the environmental conditions in 
which the building material is located (Pasanen et al., 2000; Lawrence, Heath, Walker, 
2009). If germination is successful, the growth of hyphae takes place immediately after 
germination (D’Orazio, 2012). When pluricellular filaments thicken, they form a 
mycelium which allows the fungi to metabolize necessary nutrients and moisture from 
the substrate material (Moon, 2005).  

Every year the microbiological population living on a given piece of land differs and 
varies from place to place (Arnolds, 1992). The number of microorganisms present in  
a given place depends on available nutrients (Arnolds, 1992). The microbial population 
at the time of straw or reed harvest is of special interest to the builder because  
the microbes are baled with the straw and then used for building (Summers et al., 2003). 
Straw has adequate amounts of energy and nutrients to provide the growth and 
sustenance for microbial populations (Hoorman, 2010). If the conditions are favourable 
for microorganisms, they can multiply (Tian et al., 2020). Aerobic microorganisms, which 
colonize the straw, need nutrients, the availability of oxygen, suitable temperature and 
the availability of free moisture in the material to grow (Vereecken and Roels, 2012). 
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Bacteria dominate the decomposition process during the initial phases, while fungi or 
actinomycete have higher abundance in the later stages of decomposition (Paterson  
et al., 2008; Marschner, Umar, Baumann, 2011). If the bales have been affected by rain 
prior to using them in building a structure, it is possible to experience some microbial 
growth and therefore more spores are present as well (Summers et al., 2003). Inside the 
wall the decomposition process is aggravated due to the lack of oxygen (Veerecken and 
Roels, 2012). The oxygen inside the straw-bale wall is replaced during active microorganism 
respiration by carbon dioxide (Summers et al., 2003).  

Plant surface (phyllosphere) is hostile environment for microorganisms, because the 
temperatures and relative humidity always fluctuate (Yang et al., 2001). Surfaces have 
limited nutrient resources but despite that the above-ground parts of plants are 
colonized by a number of microbiota living in their organs and tissues (leaves, roots, 
stems, seeks, fruits, bulbs, rhizo- and phyllosphere) (Rahman et al., 2018). Legard et al. 
(1994) identified 37 genera and 88 different species of fungi in total from spring wheat. 
Members from genus Penicillium have been reported from the phyllosphere of wheat 
(Uddin and Chakraverty, 1996; Larran, Perelló, Simón, Moreno, 2006). Four species from 
the genus Cladosporium have been found from common reed plants (Wirsel et al., 2002). 
Several authors have reported that the fungal species found in straw can be divided into 
three groups according to their need for water (Grant, Hunter, Flannigan, Bravery, 1989; 
Gravesen, Frisvad, Samson, 1994). The primary colonizers in straw were from genera 
Wallemia, Penicillium, Aspergillus and Eurotium, secondary colonizers from genera 
Cladosporium, Ulocladium and Alternaria and tertiary colonizers from genera 
Stachybotrys, Chaetomium, Trichoderma and Auraeobasidium (Grant et al., 1989; 
Gravesen et al., 1994). Typical moulds in rye and wheat of Estonian origin are from the 
genera Cladosporium, Alternaria, Aspergillus, Fusarium, Penicillium, Helminthosporium, 
Mucor and Rhizopus ((Lõiveke, Ilumäe, Akk, 2008). The occurrence of Aspergillus species 
is more characteristic of the southern regions of Estonia (Lõiveke, 2008). Most likely, 
these same fungi are common colonizers in straw produced in Estonia (Ilustrumm, 2014). 
Bacterial and fungal genera have been isolated from Estonian straw bales as well 
(Raamets, Kutti, Ruus, Ivask, 2017).  The fungal genera Aspergillus, Penicillium and 
Cladosporium were present, as well as two bacterial genera – Streptomyces and 
Pseudomonas (Raamets, Kutti, Vettik, Ilustrumm, Rist, Ivask, 2016).  

There is no uniform international standard for the permitted levels of the colony 
forming units indoors (Jyotshna and Helmut, 2011). Nevalainen and Morawska (2009) 
found, that the amount of colony forming units indoors should not exceed 1000 CFU/m3 

(Nevalainen and Morawska, 2009). In Estonia, there are no recommended limit values 
for moulds in the indoor environment (Kivi, 2008; Pilt, 2017), but recommended limit 
values have been established in Finland. (Soumaa and Pekuri, 2009).  

1.4 Clay plasters, natural colours and their hygrothermal performance  
Indoor finishing materials can considerably influence indoor climate due to their 
moisture buffering ability (Svennberg, 2006). Moisture buffering in the indoor 
environment is the ability of surface materials to attenuate the moisture variations of 
the indoor air (Rode et al., 2005). It has an important role in understanding the risks for 
biological growth in the indoor environment (Svennberg, 2006). Moisture buffering has 
an impact on occupants’ health too (Rode et al., 2007; Svennberg, 2006). Different 
materials can be used to regulate humidity levels by absorbing or releasing moisture in 
indoor climates (Rode et al., 2007). 
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Earthen construction materials have been used for more than 9,000 years and they 
include adobe bricks (made from sand, clay and straw), cobs (made from clay, sand and 
straw), rammed earth, which is compressed with different fibres for stabilization, and 
clay plaster, which is usually used indoors (Minke and Mahlke, 2005). It can be used as 
an external plaster and therefore it should be strengthened by adding certain additives 
as well (Niroumand, Zain, Jamil, 2013). The most common clay minerals are smectite or 
montmorillonite, kaolinite, illitem and chlorite (Sinisalu and Kleesment, 2002).  
The aforementioned clay minerals form combined clay minerals such as illite smectite 
and illite chlorite (Sinisalu and Kleesment, 2002).  

Natural clay plaster is a fixed mixture of silt and sand, clay and some form of fibres 
(straw, sawdust, flax etc) (Allen and May, 2003). Silt and sand provide the strength and 
structure, clay acts as a binding agent (Allen and May, 2003). Natural fibres are added to 
resist the tensile stresses within the plaster surface (Ashour, 2011; Liblik and Just, 2016). 
Earthen plasters are permeable to water vapour and their mechanical behaviour is as 
good as earthen walls (Liblik and Just, 2016). This kind of plaster provides optimal 
moisture content of clay by keeping the place cool in summer and warm in wintertime 
(Minke and Mahlke, 2005). It creates comfortable and healthier living environment 
(Minke, 2013; Deliniere et al., 2014). In addition to clay plaster, whitewash and lime 
plaster are used too (Ashour, 2011). All these finishing materials are antibacterial and 
therefore disable the growth of mould and bacteria (Minke, 2013; Dettmering, 2019).  

Depending on their moisture capacity and vapour permeability, Ge et al (2014) have 
categorised materials into 3 groups. Materials belonging to group A have high moisture 
capacity and low vapour permeability (Ge et al., 2014). Materials with low moisture 
capacity and high vapour permeability belong to group B (Ge et al., 2014). Group C 
consists of materials, which have high moisture capacity and high vapour permeability as 
well (Ge et al., 2014). The addition of fibres has little influence on both the moisture 
adsorption and desorption properties of plasters (Lima and Faria, 2016). 

Clay shapes the moisture content of air in the most convenient way for humans thanks 
to its suitable sorption parameters: when the room relative humidity rises above 50%, 
the clay absorbs moisture, and when it falls below 50%, it begins to release moisture 
(Minke and Mahlke, 2005). When comparing different finishing materials (clay plaster, 
spruce board, lime-cement plaster, gypsum plaster), clay has the lowest sorption 
capacity and gypsum plaster has the highest; the addition of different fibres accelerates 
sorption (Lima and Faria, 2016). Clay plastering capacity varies greatly between different 
ready-mixed plaster mixtures depending on the clay content, type, and organic 
impurities. (Minke and Mahlke, 2005) 

1.5 Indoor air quality and its impact on building performance and 
occupants’ health 
Indoor air quality (IAQ) is one of the most important factors, which affects our life quality 
– health, wellbeing, and human performance (Bird, Balshaw, Anderson, 2012; 
Rogawansamy, Gaskin, Taylor, Pisaniello, 2015). Every day a person breathes 10m3 air 
and most of our lives (80-90%) we spend indoors (Brasche and Bischof, 2005; Horr et al., 
2016; Katsoyiannis and Cincinelli, 2019). Humans are more exposed to indoor air 
pollutants than to those which can be found from outdoor air (Branco, Alvim-Ferraz, 
Martins, Sousa, 2015). Inadequate indoor air quality may lead to illness, tiredness and to 
adverse health symptoms such as respiratory problems and headache (Dharmage et al., 
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2002; Portnoy, Kwak, Dowling, Vanosdol, Barnes, 2005). Continuous exposure to moulds 
can cause problems for immunocompromised people, chronic patients, children, and the 
elderly (Li, Hsu, Tai, 1997; Portnoy et al., 2005; Hernberg, Sripaiboonkij, Quansah, 
Jaakkola, J. J., Jaakkola, M. S., 2014). 

There are many factors, which can affect indoor air quality and sleep comfort in the 
bedrooms – air temperature, relative humidity, contaminants occurring in bedroom air 
(biological, chemical, or physical agents) (Bird et al., 2012). Carbon dioxide (CO2), which 
is used to monitor human employment, is a common indicator of indoor air quality (Batog 
and Badura, 2013). Carbon dioxide does not have any colour, taste, odour and it is a  
non-flammable gas, and is heavier than air (IPCS, 2006). During the past five years carbon 
dioxide concentrations in the atmosphere have been over the 400-ppm level and the rise 
will continue (WMO, 2020). CO2 is a main contributor to the greenhouse effect and 
therefore it accelerates global warming as well (Bertonia, Ciuchini, Tappa, 2004). 

The type and the condition of the ventilation system of buildings has a big impact on 
indoor air quality (Batog and Badura, 2013). To maintain the indoor air quality within 
acceptable limits, an efficient building ventilation system is needed (Asif, Zeeshan, 
Jahanzaib, 2018). 

From indoor environments several hundreds of bacterial and fungal species can be 
found (Uddin and Chakraverty, 1996; Verdier et al., 2014). Indoor air pollutants are 
harmful chemical, physical and biological factors, which can come from living discharges, 
decoration and furniture, and building materials (Tran et al., 2020). Moulds (mainly  
from genera – Cladosporium, Penicillum, Aspergillus, Alternaria) and large groups of  
gram-negative bacteria and mycobacteria can be found inside buildings (Verdier et al., 
2014). Indoor air microbiological community may produce contaminants – allergens, 
toxins and other metabolites, as well as spores - which can contribute to the degradation 
of indoor air quality and can pose a health hazard to occupants (Nielsen, K., Holm, Uttrup, 
Nielsen, P, 2004; Torvinen et al., 2006).  

Indoor air microorganisms have four sources – humans, contaminated water tanks, 
dusts and wet surfaces (Verdier et al., 2014). Wet surfaces can become major sites for 
microbial growth when there is contact contamination to a source (human, dust, animal 
etc.) (Verdier et al., 2014). Between 20% and 40% of the indoor climate in European and 
North American buildings is affected by mould, which causes various health problems 
(Laborel-Préneron, Magniont, Aubert, 2018). Mould does not damage the material 
directly, but its presence refers to high humidity level in the structure and possible risks 
(decomposition) (Lelumees, 2016). 

Indoor air quality is influenced by temperature, humidity, lighting, ventilation and 
different airborne particles and airborne chemical pollutants (Verdier et al., 2014). 
Dwellings can pose environmental risk factors like mould and dampness, allergens and 
different chemical emissions from building materials (Mendell, 2007). To reduce the 
problems caused by poor indoor air quality, there is a need to develop new ecologically 
friendly materials and components to create more energy-efficient and healthier 
buildings (Da Silva et al., 2016; Khoshnava et al., 2020).  

Exposure to indoor mould is a major health issue (Hurrass et al., 2017). Studies have 
shown, that there is a strong relationship between excessive moisture, mould growth 
and respiratory health effects (Hargreaves et al., 2003; Liao, Luo, Chen, S., Chen, J., Liang, 
2004). Mould in buildings represents a danger on children, the elderly and people with 
chronic illness depending on individual vulnerability (Ginestet, Aschan-Leygonie, Bayeux, 
Keirsbulck, 2020). 
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1.6 Humidity load and mould growth index in boarders 
Relative humidity (RH) inside a dwelling has an important role to play in the comfort and 
health of users (Ramos et al., 2010; Maskell, Thomson, Walker, Lemke, 2018) and it is the 
most investigated criterion for mould growth (Gradeci, Labonnote, Time, Köhler, 2017). 
Mould growth depends on relative humidity and temperature conditions at the surface 
of the material (Pasanen et al., 2000; Viitanen et al., 2009; Johansson, Ekstrand-Tobin, 
Svensson, Bok, 2012),  the type of substrate and exposure to it and the time of favourable 
conditions, and on the pH-level of the material surface and oxygen, which is always freely 
available too (Viitanen, 1994; Vereecken and Roels, 2012). If favourable conditions 
persist, a fungal growth can take place and there can be consequences for human health 
and on economic and social levels as well (Jaakkola and Jaakkola, 2004; Ramos et al., 
2010).  

Relative humidity influences the humidity regime of the building envelope and the 
indoor climate of the building (Kalamees et al., 2011). Big internal humidity load may 
adversely affect indoor climate and cause humidity problems to the building envelope 
(Kalamees et al., 2010). A family with 2 adults without children excreted water on 
average 341 g/h and a family with 1-3 children 504-600 g/h (Yang, 2010). Tenwolde and 
Walker (2001) made the annual measurements, which resulted in an average value of 
300 g/h in a family without children and 490-600 g/h of water per family with 1-3 children 
(Tenwolde and Walker, 2001). 

To predict the potential of mould growth during the design stage on and inside 
different building materials, several mould growth prediction models have been 
published based on different experiments or assumptions – isopleth models (Hukka and 
Viitanen, 1999; Sedlbauer, 2001; Arya and Singh, 2016), ESP-r mould prediction model 
(Clarke et al., 1999; Rowan et al., 1999), empirical VTT-model (Hukka and Viitanen, 1999; 
Ojanen et al., 2010; Viitanen et al., 2011), biohygrothermal model (Sedlbauer, 2001; Krus, 
Kilian, Sedlbauer, 2007), temperature ratio (Sedlbauer, 2002). A part of existing models 
based not only on relative humidity (RH) and temperature (T), but the substrate and 
exposure time (Moon and Augenbroe, 2004) have impact on the mould growth process 
too (Sedlbauer, 2001).  

A complex model for mould growth was first introduced by Hukka and Viitanen in 1999 
(Hukka and Viitanen, 1999). They reported that the ideal environment for mould 
development is the temperature between 20-28 °C and relative humidity of more than 
55% (Hukka and Viitanen, 1999). For mould growth the critical range of relative humidity 
is 75-95% (Pasanen, Niininen, Kalliokoski, Nevalainen, Jantunen, 1992; Hukka and 
Viitanen, 1999; Nielsen et al., 2004; Gobakken, Høibø, Solheim, 2010; Gradeci et al., 
2017). The most suitable temperature range varies from 20-35 °C, but basically moulds 
can grow in temperatures between 0 and 50°C (Hukka and Viitanen, 1999). There should 
be enough food for microorganisms, and the pH level should be between 5 and 6 (Moon, 
2005). It is very important that the growing conditions are available for a certain time 
(Hukka and Viitanen, 1999; Moon, 2005; Gradeci et al., 2017).  

Ojanen and Viitanen (2016) mould model has a principle for visual findings (Ojanen 
and Viitanen, 2016). Mould index has six levels for visual findings – 0 being the lowest 
(no growth) and 6 being the highest (heavy and tight growth, coverage about 100%) 
(Viitanen et al., 2015). 
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2 Materials and methods 

2.1 Structure of the study 

The schematic structure of the work carried out with the aim of completing the tasks of 
the current study is given in Figure 3.  

2.2 The hygrothermal performance of plasters 
Indoor finishing materials considerably influence indoor climate because of their 
moisture buffering ability occurring due to the sorption and diffusion properties of 
materials. Paper II and Paper III are focused on the influence of finishing materials on the 
hygrothermal performance of plasters. Full description of materials and methods used 
can be found from Paper II and Paper III. 

The recipe for specimens contained local clay, sand, cattail and flax in the form of solid 
powder and water. For the specimens for Paper II, six different covering materials were 
used, specimen (with a diameter of 100 mm approx. and thickness of 25 mm) were 
marked. For covering materials fine finishing mortar with cellulose, fine finishing mortar 
without cellulose, casein paint, cellulose base coat, lime paint, casein paint coat and not 
covered clay plaster were used. The description and properties of specimens are 
presented in the Paper II. 

Figure 3. Structure of the study Indoor air microbiological quality in reed-bale and straw-bale 
houses in Estonia 
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Hygroscopic sorption properties were determined by following the principle of the 
standard (ISO, 2013). A detailed description of the methodology is given in paper II.  

Eight different clay-sand plaster mixtures (6 specimen each, diameter approx.  
100 mm, thickness approx. 25 mm) were used as specimens for Paper III. The particle 
size distribution and mineral content were estimated for all specimens. The exact 
content of all tested plaster mixtures is unknown because all specimens were produced 
by manufacturers and only water was added in the laboratory.  All the specimens were 
marked. The description and properties of clay plaster specimens are presented in the 
Paper III.  

To estimate the consistence of the fresh mortar ISO standards ISO 10153:2004+ 
A2:2007 (ISO, 2009) and Cooper flow table Cooper TCM-0060/E flow table was used.  
The hygroscopic sorption properties were determined according to ISO 12571 standard 
(ISO, 2013). Three different RH levels were chosen: 30%, 50% and 80%.  

To describe the dynamics during the first hours, the specimens were weighted at 1, 2, 
3, 6, 12, 24, 48, 72 hours after changing the humidity level (Paper II). The To determine 
the hygrothermal performance of clay-sand plaster specimens, they were weighed at 1, 
2, 3, 6, 12 and 24 hours after the humidity level in the climate chamber had been changed 
using a 24-hour long interval until the specimen’s weight had been stabilized (Maddison, 
Mauring, Kirsimäe, Mander, 2010).   

To determine the water vapour permeability properties ISO 1015-19 standard was 
used (ISO, 2005). For both tests the same specimens as described in Paper II and Paper 
III were used.  

To prepare the specimens used in Paper III and Paper III, clay plaster was embedded 
into a cylinder (diameter approx. 100 mm), which was cut from a plastic pipe. For 
tightening, a plastic film and silicon hermetic were used.  

 
Chemicals and equipment 
To carry out the experiment described in Paper II and Paper III, climate chamber RUMED 
4101 (RH 20-95%, accuracy ±2-3%, temperature 0-60 °C, accuracy ±0.5 °C) was used.  
To weigh the sorption test specimen the digital weight Memmert PC440 Delta Range 
(range 0-5400 g, accuracy ±0,01 g) was used. For water vapour permeability, the digital 
weight Mettler (range 0-1200 g, accuracy ±0.01 g) was used. KNO3 was used to ensure 
relative humidity of 93% for wet cup method. 

For mineralogical composition the X-ray diffraction method with the XRD spectrometer 
Bruker D8 Advance was used. To estimate the particle size, wet sieving analyses were 
performed according to the standard ISO 1015-1 (ISO, 2004).  

2.3 Studies carried out in buildings 
The assessment of bacteria and fungi present in indoor air in straw-bale (n = 4) and  
reed-bale (n = 4) houses was carried out from October 2014 to October 2016 in the 
Northern part of Estonia. Description of materials and methods used can be found from 
Paper I and Paper IV.  

2.3.1 Description of the studied buildings 
Some of the houses were Nebraska-style structures (2 houses, walls bearing the weight 
of the roof), some with a framework (1 straw-bale house and 3 reed-bale houses), where 
straw/reed had an important role in insulating. In the case of one straw-bale house 
factory manufactured modules were used.  All the structures had been designed and 
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built by qualified experienced building companies. Visual examination did not reveal any 
moisture damage or mould growth. The studied structures were 2-7 years old.  

The average wall thickness was 50±5 cm except for one dwelling whose wall was 
100 cm thick. All the structures had plaster on the internal and external walls. The plaster 
thickness was usually 5 cm on the internal and external walls except for two dwellings. 
The plaster thickness of one dwelling was 7 cm on the internal and external walls (lime 
plaster), the other dwelling had a 10-cm-thick plaster on the internal and a 12-cm-thick 
plaster on the external wall. Generally, clay plaster was used; two structures had lime 
plaster on the internal and external walls.  

All the studied structures had high plinths and wide eaves (Figure 4). Both, shallow 
foundation (5 structures) and pile foundation (3 structures) were used. Wood construction 
was used for the indoor floors in all the dwellings. Three houses had wood shingle roofs, 
three houses PVC, one stone and one green roof.  

2.3.2 Microbiological studies from indoor/outdoor air and walls 

Chemicals and equipment 
The media components were weighed by an analytical weight (ABJ 120-4M, accuracy 
±0.2 mg, manufactured by Kern and Sohn, Balingen, Germany). The media were 
autoclaved using the HMT 260 MB autoclave (HMC Europe, Tüssling, Germany). 
The culture plates were poured under a fume hood (conforming to ISO 13150, Retent AS, 
Nõo, Estonia). The samples were collected with the Mirobio MB2 (Cantum Scientific, 
Dartford, UK) air samplers. For the microbial identification of moulds a microscope 
(model SP100, Brunnel Microscopes LTD, Chippenham, United Kingdom) was used.  

The data were collected on carbon dioxide (CO2) content, temperature and relative 
humidity in each bedroom with the datalogger Green-Eye Model 7798 (accuracy ±50 ppm 
for carbon dioxide, ±0.6 °C for temperature, ±3% for humidity) (10-90%), manufactured 
by TechGrow, The Hague, The Netherlands. Hobo UX100-023 data loggers (measuring 
range -20 °C to +70 °C, 5% to 95% RH, accuracy ±0.35 °C and ±2.5% RH, manufacturer 
Onset Computer Corporation, Bourne, United States) were used to collect temperature 
and humidity data from the walls.  

Figure 4. The examples of the plinths (left image) and eaves (right image) of the studied buildings. 
(Raamets et al., 2020) 
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Sampling method 
The media (malt extract agar (MEA) and dichlorane 18% agar (DG18)) were prepared and 
the sampling procedure was performed according to ISO standard 16000-18 (ISO, 2011). 
The samples for both publications (Paper I, Paper IV) were collected with air samplers on 
9 cm Petri dishes 4 times a year (winter, spring, summer, autumn) from the bedrooms  
1 meter above the floor level. The sampling time was 1 min and the volume of air passing 
was 100 litres per sample. Four replicates of each medium were collected from each area. 
As a reference, air samples were collected too in four replicates from outdoor air 1.5 m 
above the ground level. The collected samples were processed according to ISO Standard 
16000-17 (ISO, 2008).  

The samples were incubated at 25 °C for 7 days, after which the colony forming units 
(CFU) were counted. For identification further cultures were used (Paper I, Paper IV). 

The walls were studied using the previously developed methodology (Raamets et al., 
2016) as well. The samples of 10 g were plated directly on the malt extract agar (MEA) 
supplemented with chloramphenicol. The samples were incubated at 32 °C for 72 hours 
and then the colony forming units were counted and the microbial growth was identified.  

In addition, background data on carbon dioxide content, temperature and humidity of 
one of the sensors' data recorders was collected from the bedrooms of the studied 
houses (the sensor was located 1.2 m above the floor recording at 30-minute intervals). 
Data was also collected on temperature and relative humidity within the walls. For this 
purpose, 7 mm diameter holes were drilled in the walls at two heights (0.2 m and 1.2 m). 
The measuring heads of the data loggers were placed in the wells at a depth of 20 cm 
and automatic measurements were made at 10-minute intervals. 

Identification procedure 
Moulds were identified on the basis of their morphological characteristics with a 
microscope (SP100, Brunnel Microscopes LTD, Chippenham, UK). Lactophenole blue was 
used as a staining agent. The cultures were identified to family level using different 
indicators (Bergey et al., 2000; Domsch et al., 1980; Kilch, 1988; Samson et al., 1996; 
Larone, 2002; Kilch, 1988; Winn & Koneman, 2006; Watanabe, 2010). Samples were 
taken from outer boarders (walls) to study the straw and reed using the methodology 
developed earlier (Raamets et al., 2016). 10-gram samples were plated directly on Malt 
Extract Agar (MEA) with added chloramphenicol. The samples were incubated at 32 °C 
for 72 hours and then the colony forming units were counted.  
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3 Results 
The results described in this chapter are based on four publications. Only an extract of 
the results is presented here. The following discussion is organized by predominant 
themes which can be found in the added publications.  

3.1 Indoor air microbiology in straw-bale and reed-bale buildings 
Exact data about indoor air microbiology in straw bale and reed-bale buildings can be 
found in Paper I and Paper IV. Only the most important results are presented here.  

3.1.1 Mould abundance, dynamics and composition in indoor and outdoor air by 
season and by genus 
In Paper IV the mould abundance, dynamics and composition in indoor and outdoor air 
by season and by genus were described. The dynamics of the seasonal colony forming 
units (CFU) are similar in straw-bale and reed-bale buildings; differences occur in the 
number of CFU. The most abundant was the indoor air microbial community in  
straw-bale houses during summer (from June to August) with indoor air cultured colonies 
from malt extract agar (MEA) averaging 537±102 CFU m-3 and dichlorane 18% agar 
(DG18) averaging 46±12 CFU m-3. The same correlation was found for reed-bale buildings 
where indoor air cultured colonies from malt extract agar (MEA) averaged 858±106 CFU 
m-3 and from dichlorane 18% agar (DG18) averaged 36 ± 11 CFU during summer. At the 
same time, outdoor air (Table 1) contained on average 289±32 CFUm–3 on malt extract 
agar (MEA) and on average on dichlorane 18% agar (DG18) 50±11 CFU m–3 outside straw 
buildings. Outdoor air contained on average 353 ± 41 CFU m–3 on malt extract agar (MEA) 
and 45±12 CFU m–3 on dichloran 18% agar (DG18) outside reed-bale buildings. During 
spring and autumn, the result for indoor and outdoor air samples was comparable.  

 Indoors 
Sampling site Winter Spring Summer Autumn 

Straw-bale (MEA) 149±29 298±100 537±102 307±99 
Reed-bale (MEA) 380±136 518±145 858±106 548±155 

Straw-bale (DG18) 14±8 29±9 46±12 20±11 
Reed-bale (DG18) 22±13 23±9 36±11 22±10 

 Outdoors 
Sampling site Winter Spring Summer Autumn 

Straw-bale (MEA) 94 ± 19 197 ± 43 289 ± 32 168 ± 34 
Reed-bale (MEA) 118 ± 15 198 ± 48 353 ± 41 212 ± 34 

Straw-bale (DG18) 18 ± 7 30 ± 9 50 ± 11 22 ± 10 
Reed-bale (DG18) 24 ± 9 27 ± 11 45 ± 12 23 ± 9 

 
During the study, indoor air fungi were identified up to genus level (Table 2). During 

the winter period, the most identified moulds in straw buildings belonged to the genus 
Penicillium (74%). Moulds, belonging to the same genus (Penicillium (70%) also 
dominated in the reed-bale buildings during the winter months. 

During spring and summer months in indoor air, most of the identified moulds 
belonged to the genus Cladosporium. In autumn the most common mould genus both in 
straw bale and reed-bale buildings was Penicillium (straw-bale – 31%, reed-bale – 37%).  

Table 1. Seasonal variation in airborne mould indoors and outdoors shown as mean with the 
standard error (±SE), range of CFU m−3 air 
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Winter Spring Summer Autumn  

Straw-
bale 

Reed 
-bale 

Straw-
bale 

Reed 
-bale 

Straw
-bale 

Reed 
-bale 

Straw
-bale 

Reed 
-bale 

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) 

 Winter Spring Summer Autumn 
 Straw-

bale 
Reed 
-bale 

Straw-
bale 

Reed 
-bale 

Straw
-bale 

Reed 
-bale 

Straw
-bale 

Reed 
-bale 

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) 
 

3.1.2  Mould abundance, dynamics and composition by genus in the boarders  
Samples were collected from the walls of the buildings during autumn and the full results 
can be found from Paper IV. Only a few colonies were found to grow from the collected 
samples (min. 6 CFU, max. 14 CFU). The genus distribution of the colonies was similar to 
the distribution in indoor air.  

36% of the identified moulds belonged to the genus Cladosporium, 32% to the genus 
Penicillium, 25% to the genus Aspergillus and 2% to the genus Alternaria. 3% of the 
identified moulds did not belong to any genera mentioned before and were classified as 
others. 

3.2  Indoor air quality in the studied bedrooms  
Exact data about humidity load, mould growth index in boarders, hygrothermal properties 
of natural finishing materials and indoor air indicators are presented in Paper II, Paper III 
and Paper IV.  

3.2.1  Hygrothermal conditions inside the boarders 
In Paper IV the humidity load and mould growth index in boarders were in focus. In the 
boarders, higher relative humidity and temperature values than in indoor air were 
recorded but the likelihood that the conditions were suitable for mould growth was very 
low.  

The average temperature in the boarders at 1.2m was the lowest (17.5±1.3 °C) in the 
straw-bale buildings in winter but in the reed-bale buildings in spring (15.6±1.5 °C).  
The highest average temperature was recorded at 1.2m in the boarders of the straw-bale 
(20.6±0.8 °C) and the reed-bale dwellings (19.3±1.1 °C) in summer. The temperature in 
the boarders of the straw-bale buildings at 1.2m was higher (17.3-20.6 °C) than in the 
reed-bale buildings (15.6-19.3 °C). The difference was much bigger at 0.2 m where the 
average air temperature in the straw-bale buildings varied from 14.4-19.2 °C respectively 
and in the reed-bale buildings from 7.3-16.3 °C respectively. At 0.2 m in the boarders the 
average temperature was the lowest in both the straw-bale and reed-bale dwellings in 

Table 2. The distribution of moulds identified by genus to families by season and building material. 
The first figure represents the number of colony forming units (CFU) and the second percentage (%) 
of the seasonal total (Paper IV). 
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winter (14.4±2.4 °C and 7.3±2.5 °C respectively). The highest average temperature was 
recorded in summer when the temperature was 19.2±1.0 °C in the straw-bale dwellings 
and 16.3±1.6 °C in the reed-bale buildings.  

The average RH% indicators at 1.2 m height in the boarders of the straw-bale and  
reed-bale buildings were the lowest in winter (33±12% and 33±14% respectively),  
and the highest in summer (53±7% in the straw-bale dwellings and 57±1% in the  
reed-bale buildings). For the most part the relative humidity indicators were similar –  
33-53% and 33-57% respectively.  

The average RH% at 0.2 m in the boarders was the lowest in winter (38±4% in the 
straw-bale dwellings and 45±6% in the reed-bale buildings respectively), the highest 
average values were recorded in summer (54±2% in the straw-bale dwellings, 58±1% in 
the reed-bale buildings). In the reed-bale buildings the relative humidity at 0.2 m was 
higher (42-58%) than in the straw-bale dwellings (38-54%).  

3.2.2 The hygrothermal properties of natural finishing materials 
In Paper II and Paper III the hygrothermal properties of natural finishing materials were 
studied. The results were registered after the 1, 2, 3, 6, 12 and 24 hours, and after a  
24-hour-long stabilization period.  

For clay plaster with different coverings the rate of moisture uptake at range 0-30% 
RH was the highest during the first hour (10.4-16.6 g/(m2h) being 11-15% of total 
moisture content received by stabilization at 72 h. The rate of moisture uptake within 
the first hours was the highest for uncovered plaster (total moisture uptake within  
3 hours 32.7 g/m2) and the lowest for casein base coat (total moisture uptake within  
3 hours 21.2 g/m2). At that range relative humidity total uptake and moisture content 
were equal. The total absorbed moisture content at RH of 30% was from 105.0 to  
111.3 g/m2.  

During the first hour at range 30-50% uncovered clay plaster, plaster with casein paint 
and cellulose paint coverings absorbed at the rate of 8.2-8.7 g/(m²h) while  
plaster with casein base coat absorbed only 3.3 g/(m²h). Within the first hour the  
amount of water vapour absorbed is 5.2-13.4% of the total uptake of range 30-50%  
(58.4-65.5 g/m²).  

For clay plaster made of different types of clays in sorption range from RH = 0-30%  
the rate of moisture uptake within the first hour was the highest for the plaster groups I, 
II, VI and VIII (Table 3). All the specimens contained red (I) or dark red 0-2 mm clay (VI) 
with some additions (cattail (III), hemp shives (VIII)). First group stabilized the fastest  
(48 hours), but for groups II, VI and VIII the stabilization time was 120 h. Group VII (White 
0-2 mm) showed the lowest moisture uptake rate and it stabilized at 24 hours.  

Rooms with high occupation and inadequate ventilation level can have the  
RH = 50-80%, but it is not common in a ventilated living room. During the first hour 
uncovered clay plaster, plaster with casein paint and cellulose paint coverings moisture 
absorbed with the rate of 14.9-15.7 g/(m²h) while plaster lime paint and fine finishing 
with cellulose absorbed 11.5-12.0 g/(m²h). The total moisture uptake within three hours 
was 23.5-31.1 g/m² lining up accordingly. Within the first hour the amount of water 
vapour absorbed was 6.9-9.0 % of the total uptake of range 50-80% (160.3-180.9 g/m2.  

In both ranges (30-50% and 50-80%) the most active was plaster group I (red 0-2 mm 
cattail) and the least active was group VII (white 0-2 mm).  
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Results from Paper II showed, that lime paint increased slightly the resistance of the 
plaster-coating system, but clay finishing mortar did not have significant influence on 
water vapour permeability.  

Table 3. Sorption and desorption at RH = 30-50 %. Moisture uptake/release rate g/(m2h) and total 
moisture uptake/release g/m2 (Paper III) 

Sorption Desorption 
1h 2h 3h 120h 1h 2h 3h 120h 

g/(m2h) g/(m2h)/ 
g/m2 

g/(m2h)/ 
g/m2 

g/m2 g/(m2h) g/(m2h)/ 
g/m2 

g/(m2h)/ 
g/m2 

g/m2 

I 9.4 -1.2/8.2 4.1/12.3 45.3 -8.3 -6.3/-
14.5

-6.3/-
20.8

-53.3

II 4.7 0.5/5.2 1.6/6.8 63.1 -6.5 -4.4/-
10.9

-4.0/-
14.9

-71.3

III 7.8 3.3/11.1 1.2/12.3 147.8 -11.9 -7.0/-
18.9

-4.3/-
23.2

-148.2

IV 5.5 0.8/6.3 0.9/7.2 69.5 -6.6 -4.3/-
10.9

-2.8/-
13.7

-78.0

V 3.9 -0.3/3.6 1.9/5.5 55.7 -6.7 -4.8/-
11.5

-2.8/-
14.3

-65.1

VI 6.5 7.4/13.9 -0.8/13.1 164.8 -15.3 -6.8/-
22.1

-5.9/-
28.0

-165.1

VII 3.4 -1.2/2.2 0/2.2 8.1 -3.5 -2.3/-5.8 -1.9/-7.7 -13.7
VIII 7.4 4.3/11.7 0.8/12.5 164.1 -12.7 -6.3/-

19.0
-5.1/-
24.1

-161.6

3.2.3 Indoor air indicators 
Indoor air indicators are reflected in Paper IV. During the whole studied period, the 
average level of carbon dioxide (Table 4) was the lowest in summer (607±26 ppm in the 
straw-bale buildings, 568±48 ppm in the reed-bale buildings). The highest average level 
of carbon dioxide in the straw-bale dwellings was in spring (636±26 ppm) and in the reed-
bale dwellings in autumn (626±65 ppm).  

Table 4. Indicators of average indoor climate (CO2, relative humidity, temperature) in the bedrooms 
of the straw bale and reed-bale buildings shown as a mean with the standard error (±SE) (Paper 
IV). 

Winter Spring Summer Autumn 

Straw-
bale  

Reed-
bale 

Straw
-bale

Reed-
bale 

Straw-
bale  

Reed-
bale 

Straw-
bale  

Reed-
bale 

CO2 (ppm) 618± 
28 

574± 
46 

636± 
26 

573± 
55 

607± 
26 

568± 
48 

616± 
27 

626± 
65 

Tempe-
rature (°C) 

19.0± 
0.5 

19.0±
0.5 

19.0±
0.4 

19.3± 
0.9 

19.0± 
1.3 

20.6± 
1.8 

20.4± 
0.6 

20.7± 
0.9 

RH (%) 36±2 41±2 36±2 42±2 36±2 43±2 39±2 44±3 

    The average temperature remained between 19-21 °C in the bedrooms of the studied 
dwellings. The respective indicators were homogeneous remaining on average between 
19.0-19.3 °C in both types of buildings in winter and spring. In summer the indoor 
temperature of the reed-bale dwellings was on average 1.6 °C higher than in the straw-bale 
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buildings. The average temperature was the highest in both straw-bale (20.4±0.6 °C) and 
reed-bale buildings (20.7±0.9 °C) in autumn.  

The average relative humidity remained between 36-44%, being the lowest in the 
straw-bale dwellings (36-39%) and higher in the bedrooms of the reed-bale buildings  
(41-44%). The humidity indicator in the reed-bale buildings was 41±2% in spring.  
In summer and autumn, the value was higher by 1% (42±2% and 43±2% respectively) 
compared to the value of the previous season.  

3.3 Mould growth index and the internal moisture excess of the walls  
In Paper IV mould growth index and the internal moisture excess of the walls was 
described. In the outdoor wall higher relative humidity and temperature values than in 
indoor air were recorded but the likelihood that the conditions were suitable for mould 
growth was very low. (Paper IV) 

The internal moisture excess of the boarders was evaluated in winter and summer on 
the basis of one certain day. The internal moisture excess of the reed-bale buildings 
varied from 0.46 g m–3 to 3.42 g m–3 in summer and from 0.62 g m–3 to 2.73 g m–3 in 
winter. The internal moisture excess of the straw-bale buildings varied from 2.1 g m–3 to 
1.99 g m–3 in summer and from 0.06 g m–3 to 1.43 g m–3 in winter. Internal moisture 
excess was negative at daytime when the residents were not in the dwelling. 

3.4 Approach for the complex assessment of indoor air quality in straw-
bale and reed-bale buildings  
A complex assessment of indoor air quality in straw-bale and reed-bale buildings helped 
to develop an approach, which is described in Paper IV. In the study, indoor air quality 
was investigated comprehensively collecting simultaneously indoor climate parameters 
(air temperature, RH, CO2) and microbiological data (the abundance of colony forming 
units and taxonomic composition) both in air and the material of the outer boarders 
(walls). In the interdisciplinary study the indoor climate of the straw-bale and reed-bale 
buildings was evaluated comprehensively using data loggers, air and material samplers. 
Two data loggers were placed approximately 20 cm deep in the boarder – one at 0.2 m 
from floor level to determine possible problems at joints (capillary rise, construction 
fault, possible air leaks) and the other at 1.2 m from the floor in the stable part of a wall.  

Based on the data acquired with the data logger, and the collected air and material 
samples, it was found that the risk of mould growth in the straw-bale and reed-bale 
dwellings was low. It is necessary to stress the extraordinarily low temperature  
(7.3±2.5 °C) in the boarders at 0.2 m from the floor level in winter which referred to the 
inadequate density of the used reed bales. Because of the stack effect there was air 
infiltration at the lower joints and the humidity level was not high.  
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4 Discussion 
During this study straw and reed were materials whose properties were studied (Paper 
I, Paper IV). Both materials use carbon dioxide for photosynthesis when they grow, and 
their use in construction is growing (Minke and Mahlke, 2005). As they are biodegradable 
materials, it is important to be informed about the microbial communities accompanying 
these materials and their possible effects on indoor air and building envelope when using 
them in construction.   

Lawrence (2009) stated that microorganisms need humid environment and suitable 
temperature to survive. There were three mould genera (Aspergillus, Penicillium and 
Cladosporium) and two bacterial genera (Streptomyces and Pseudomonas) identified 
from fresh straw and reed. Uddin and Chakraverty (1996) and Larran et al. (2006) have 
reported members from genus Penicillium on plant surface. Wirsel et al. (2002) reported 
to have found four species from the genus Cladosporium from common reed plants. Both 
of these genera were identified from fresh straw and reed grown in Estonia (Raamets  
et al., 2016). Grant et al. (1989) and Gravesen et al. (1994) have found that the fungal 
species found in straw can be divided into three groups by their need for water.  
The genera Penicillium and Aspergillus belong to the primary colonizers, the genera 
Cladosporium and Alternaria are the secondary colonizers of materials. These four 
genera along with some other mould genera (Fusarium, Helminthosporium, Mucor and 
Rhizopus) are typical moulds in the cereals of Estonian origin (Lõiveke et al., 2008). 
Ilustrumm (2014) has pointed out that the same moulds are common colonizers in straw 
produced in Estonia.  

Fungal contamination in indoor environments can cause adverse health effects for the 
inhabitants (Rogawansamy et al., 2015) and is therefore one of the leading causes of 
indoor air quality (IAQ) complaints in occupational settings (Bird et al., 2012). Four genera 
identified during our experiments are amongst the most common allergenic genera and 
these moulds have been associated with the symptoms of respiratory tract allergies 
(Dharmage et al., 2002). Aspergillus sp. and Penicillium sp. are known as significant 
indoor air allergens (Li et al., 1997). 

Different indoor finishing materials can be used to regulate humidity levels in indoor 
climates (Rode et al., 2007). Earthen plasters have good mechanical behaviour and they 
are permeable to water vapour (Liblik and Just, 2016). It has been found by Lima and 
Faria (2016) that the addition of fibres has little influence on the moisture sorption and 
desorption properties of plasters. When the room RH falls below 50%, clay plaster begins 
to release moisture; if the humidity is higher than 50%, clay starts to absorb moisture.  
In addition to being a low-energy product compared to other forms of plaster, its 
application on the interior surface of the walls makes a major contribution to the safety 
and comfort of the occupants (Lima and Faria, 2016). 

Clay has a relatively low equilibrium moisture content (0.4-6% by weight), and it 
absorbs the moisture of possible organic matter surrounded by wood or other clay and 
thus prevents damage to the materials by microorganisms or insects too (Minke and 
Mahlke, 2005). The balanced moisture content of wood is usually in the range of 8-12%, 
animal pests need 14-18% moisture for their activities, and microorganisms more than 
20% moisture content (Minke and Mahlke, 2005).  

Eight different clay-sand plaster mixtures were used for the tests describer in Paper II 
and Paper III. The base for four of them was red/dark red clay, which is the most used 
finishing plaster in the straw-bale and reed-bale dwellings in Estonia, four specimens 
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were based on blue, grey and brown clay with the addition of cattail, white clay was used 
without the addition of fibres. Uncoated clay plaster adsorbs an average of 74% within 
24 hours and an average of 93% within 48 hours of stabilized moisture at the time of 
stabilization. The humidity level RH 30-50% in reality corresponds to the humidity in living 
areas for people and the normal humidity level of the room. A sharp increase in humidity 
in area of 30-50% took 72 hours for the test specimens to stabilize. A sharp drop in 
humidity in the RH region of 50-30% took 96 hours for the specimens to stabilize.  
The humidity level RH 50-80% corresponds to wet room conditions. A sharp increase in 
humidity in RH 50-80% area took 120 hours for the test specimens to stabilize. It took 
120 hours to abruptly lower the humidity in the RH region to stabilize 80-50% of the 
specimens. The curves based on the equilibrium humidity found during wetting and 
drying did not overlap - this indicates hysteresis that should not occur in raw clay bricks 
(Minke and Mahlke, 2005) and clay plaster (Maddison et al., 2008).  

According to the results from Paper II and Paper III, the 2.4 cm thick layer of clay 
plaster contained a moisture content of 105.0-111.3 g/m2 at 30% relative humidity.  
The sorption rate was more intense in the first hours. The sorption rate in the first hours 
can be influenced by the use of different finishing materials, but over time the rates will 
nevertheless converge and will not affect the equilibrium humidity. (Paper II, Paper III) 

Within the sorption range RH=0-30% the moisture uptake within the first hour was 
the highest for 4 plaster groups, three of which contained added fibres. There was a 
statistical correlation between the moisture absorption and calcite content of clay 
plasters (87.1%). Calcite was present in the plaster mixtures in 4.2-8.6%, the exception 
was group VII, where no calcite was present.  

Based on the data collected during these experiments, the best indicator of the effect 
of the coating is the rate of sorption in the first hours. Therefore the use of clay plaster 
in interior finishing did not provide sufficient protection against relative humidity 
fluctuations due to the incorrect construction of the building (deficiencies in the 
ventilation system), which resulted in that the interior air was constantly too humid or 
too dry. The use of clay plaster as a buffer material had the best effect on stabilizing 
diurnal and / or short-term humidity fluctuations.  

In heated rooms where people spend longer periods of time the temperature has to 
be at least 18 °C offering warmth and creating and maintaining healthy indoor climate 
which meets the set requirements (Kalamees et al., 2011). The average air temperature 
of the studied buildings was between 19 and 21 °C during the test period meeting the 
EVS-EN 16789-1:2019 standard (ISO, 2019) indoor climate class III. In summer when the 
temperature and humidity levels in buildings are higher and if the unfavourable 
conditions appear, microbial growth may occur (Hukka and Viitanen, 1999; Johansson, 
et al., 2012). Mould does not damage the material directly, but its presence refers to high 
humidity level in the structure and possible risks (decomposition) (Lelumees, 2016).  

In addition to suitable temperature, relative humidity and nutrients play a role in the 
growth of microorganisms (Rajasekar and Balasubramanian, 2011). Critical relative 
humidity from microbial growth standpoint is 75-95% depending on temperature and 
building material (Johansson et al., 2012). In their model characterising mould growth 
Hukka and Viitanen (1999) pinpoint the duration of environmental conditions which are 
necessary for microbiological growth to start. In the studied buildings the relative 
humidity was between 36% and 44% and the temperature between 19 °C and 21 °C. 
Carbon dioxide was measured during the whole study period and the results presented 
in Paper IV can be a base to conclude that level was in the desired range (≤800ppm (ISO, 
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2019)) belonging to indoor climate class II (≤800ppm) on the basis of ISO standard  
EVS-EN 16789-1:2019 (ISO, 2019) in all the studied bedrooms. The relative humidity and 
values of temperature indicators in the bedrooms of the studied houses were too low to 
promote mould growth. In the reed-bale buildings, the values of colony forming units 
(CFU) were higher than in the straw-bale buildings which could refer to possible microbial 
growth near the upper joint.  

Yang (2010) found that a family with 2 adults without children excreted water on 
average 341 g/h and a family with 1-3 children 504-600 g/h. The annual measurements 
resulted in an average value of 300 g/h in a family without children and 490-600 g/h of 
water per family with 1-3 children (Tenwolde and Walker, 2001). Relative humidity 
influences the humidity regime of the building envelope and the indoor climate of the 
building (Kalamees et al., 2011). When internal humidity load is big, it may adversely 
affect indoor climate and cause humidity problems to the building envelope (Kalamees 
et al., 2010). The internal moisture excess in the studied buildings was relatively low:  
it was bigger in the reed-bale buildings (from 0.46 g m–3 to 3.42 g m–3 in summer and 
from 0.62 g m–3 to 2.73 g m–3 in winter) belonging to the II class on the basis of the 
standard EVS-EN ISO 13788 (ISO, 2012). Humidity in dwellings changes during the day 
depending on the intensity of use of the room and the purpose and it also changes 
according to the season (Yang, 2010). Considering internal moisture excess in the  
straw-bale dwellings, they belonged to the Ist class on the basis of the standard EVS-EN 
ISO 13788 (ISO, 2012). According to the results presented in Paper IV the internal 
moisture in the straw-bale dwellings was negative in winter when the residents were not 
at home.  

In winter the average temperature at 0.2 m was only 7.3±2.5 °C in the reed-bale 
buildings which might refer to high relative humidity, but in the given situation it was 
only 41±2% on average. This might have been caused by possible low density of the 
building joints, and because of the stack effect cold air was infiltrated in this area.  
As measurements were carried out only at two heights (0.2 and 1.2 m) there might have 
been an outflow of air (warm, humid) from the upper joint because of the stack effect 
which could directly contribute to the occurrence of mould. The finding causes concern 
because the building envelope might be threatened by moisture and the reed-bale might 
be at the risk of microbial growth if suitable conditions occurred. The indoor air samples 
taken on Malt Extract Agar (MEA) and on dichlorane 18% agar (DG18) showed higher 
values during every season, as can be seen from Paper I and Paper IV, if compared to the 
samples taken from outside air.  

For apartment buildings and small dwellings with a heated surface area of less than 
120 m2, the maximum CO2 concentration above the ambient air concentration of 800 
ppm is permitted according to the standard (ISO, 2019). By default, the standard states 
550 ppm above the external concentration for category I, 800 ppm above the external 
concentration for category II, and 1350 ppm above the external concentration for 
category III. The standard separately sets out the calculated carbon dioxide 
concentration for bedrooms as well. For bedrooms in category I, the concentration can 
be up to 380 ppm above the external concentration, for category II 550 ppm above the 
external concentration and for category III 950 ppm above the external local 
concentration (ISO, 2019). The average content of CO2 in all the studied bedrooms 
belonged to the indoor climate category II (≤800ppm) on the basis of the standard  
EVS-EN 16789-1:2019 (ISO, 2019).   
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Different countries have different standards for the permitted levels of the colony 
forming units, but there is no uniform international standard (Jyotshna and Helmut, 
2011). A study by a WHO expert group found that the amount of colony forming units 
indoors should not exceed 1000 CFU/m3 (Nevalainen and Morawska, 2009). In Estonia, 
there are no recommended limit values for moulds in the indoor environment (Pilt, 
2017). Recommended limit values have been established in Finland and it is stated that 
the recommended values are up to 500 CFU/m3 in winter and up to 2,500 CFU/m3 in 
summer (Soumaa and Pekuri, 2009). For this study of colony forming units (CFU) in indoor 
air, which results are presented in Paper I and Paper IV, the average concentrations of 
indoor air colony forming units over the study period remained at 323±80 CFU/m3 for 
the straw-bale dwellings and 576±94 CFU/m3 for the reed-bale dwellings. The samples 
taken from one of the reed-walled dwellings in the summer of 2015 (1060±8 CFU/m3) 
exceeded the recommended concentration (1000 CFU/m3) given by the WHO expert 
group suitable for indoor conditions but were below the Finnish recommended limit 
values (up to 2500 CFU/m3).   

The concentration of colony forming units was higher in indoor air than in outdoor air 
during every season (Paper I, Paper IV). The mould families identified in the indoor air of 
the buildings did not differ from the mould families found in outdoor air (Paper I, Paper 
IV). In the boarders the concentrations were very low in the measured areas and their 
distribution to genera similar to the identified genera in indoor and outdoor air (Paper I, 
Paper IV). There were no significant differences in the mould distribution to genera and 
their percentage share (Paper I, Paper IV). Similar dynamics in indoor seasonal air 
sampling as in this study has been noted in previous studies on the indoor climate of 
buildings (Medrela-Kuder, 2003; Haas et al., 2007; Frankel et al., 2012).  
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5 Conclusions 
 

• Moisture buffering properties of natural finishing materials were studied. 
Different clay-sand plasters were tested. Large differences in sorption 
properties depending on clay type and plaster recipes were followed. There was 
a clear positive correlation between the plaster mixture calcite content and the 
water vapour uptake. Therefore it can be concluded that the buffering ability of 
indoor finishing materials enables to smooth the peaks of indoor humidity.  
As inner surface (2.5 cm plaster) is able to deposit the moisture more than  
300 g/m2 at relative humidity of 80%, it enables to reduce the internal moisture 
excess and therefore internal humidity load on the boarders. When coverings 
(paints or other finishing) are chosen carefully the influence of them to plaster 
system could be minimal. 
  

• Indoor air quality parameters (CO2, RH%, and temperature) in air and at two 
different heights in the walls were measured. Internal moisture excess in the 
buildings was relatively low: it was bigger in the reed-bale buildings (from 
0.46 g m–3 to 3.42 g m–3 in summer and from 0.62 g m–3 to 2.73 g m–3 in winter) 
belonging to the II class on the basis of the standard EVS-EN ISO 13788 (ISO, 
2012). Considering internal moisture excess in the straw-bale buildings, they 
belonged to the Ist class on the basis of the standard EVS-EN ISO 13788 (ISO, 
2012). The content of CO2 in all the studied bedrooms belonged to the indoor 
climate class II (≥800ppm) on the basis of the standard EVS-EN 16789-1:2019 
(ISO, 2019).  
 

• Microbial species in air and walls of the studied straw-bale and reed-bale houses 
were determined. Microbial community inside the wall and indoors was similar 
to outdoor microbial community. Moulds belonging to four different genera 
were identified during the study (Alternaria, Aspergillus, Penicillium, and 
Cladosporium) in the bedrooms. Higher colony forming unit (CFU) values were 
registered in the reed-bale buildings during the study. In the straw-bale 
buildings the same values were lower. The study carried out revealed that the 
indoor air of the straw-bale and reed-bale buildings included more colonies than 
the outside air. No visual growth was detected during the study.  
 

• The concentration of mould was higher in indoor air than in outdoor air during 
every season. The mould families identified in the indoor air of the buildings did 
not differ from the mould families found in outdoor air. In the boarders the 
concentrations were very low in the measured areas and their distribution to 
families similar to the identified families in indoor and outdoor air. There were 
no significant differences in the mould distribution to families and their 
percentage share. 
 

• It was evaluated how the microbial community of indoor air and indoor climate 
indicators (CO2, temperature, RH%, internal humidity load of the boarders, 
mould index) influence indoor air quality in the bedrooms of reed-bale and 
straw-bale houses according to the standard EVS-EN 16789-1:2019. Microbial 
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community in indoor air had no effect on indoor air quality. According to Finnish 
limit values (winter – up to 500 CFU/m3, summer up to 2500 CFU/m3) the 
studied indoor air in the buildings had good air quality. The average 
concentrations of CFUs during the study period remained at 323±80 CFU / m3 
for the straw-bale houses and at 576±94 CFU/m3 for the reed-bale houses.  
In the studied buildings the relative humidity was between 36 and 44% and the 
temperature between 19 and 21 °C during the studied period meeting the  
EVS-EN 16789-1:2019 standard (ISO, 2019) indoor climate category III.  
The average content of CO2 in all the studied bedrooms belonged to the indoor 
climate category II (≤800ppm) on the basis of the standard EVS-EN 16789-
1:2019 (ISO, 2019). 
 

• The current work was to evaluate through the studies of indoor climate and 
relevant construction materials the suitability of reed and straw-bale houses for 
temperate climate zone. No similar microbiological indoor air quality studies for 
reed-bale and straw-bale houses have been reported in the scientific literature. 
The results of this research clearly show that straw-bale and reed-bale houses 
are suitable in Estonian climatic conditions and are healthy and environmentally 
friendly buildings when expert planning, suitable materials, and quality 
craftsmanship are used. 
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Abstract 

Indoor air microbiological quality in reed-bale and straw-bale 
houses in Estonia 
Climate change and the depletion of resources create a need for sustainable solutions in 
construction. Straw and reed, which are widely available materials in Estonia, can replace 
energy intensive building materials. Red clay is widespread in South Estonia. It does not 
have toxic properties, it is a biodegradable, antibacterial and reusable material which 
according to several studies improves indoor climate and creates a healthy living 
environment. In addition to clay plaster, whitewash and lime plaster are used as well.  
All these finishing materials are antibacterial disabling the growth of mould and bacteria. 

Straw bale houses have been built since the middle of the 19th century when the 
emigrants in Nebraska, the Unites States had to use straw bales to construct temporary 
buildings due to lack of building materials and wood. In modern construction, there are 
buildings with bearing walls and timber frame houses where straw is used as an 
insulation material. Straw and reed modules and boards are used in construction in 
temperate climate as well.  

Straw and reed are materials which are colonised by microorganisms at the beginning 
of their life cycle. Both materials consist mainly of cellulose, hemicellulose and lignin, 
they are a good medium for microorganisms. The main problem with poor quality 
material is the emergence of mould, and rodents which damage the material.  

The aim of the present thesis was to investigate comprehensively the indoor climate 
of reed and straw-bale dwellings in Estonia, and the factors influencing the indoor 
climate. Data on the microbial community present was collected from the bedrooms of 
eight houses from their building boarder construction in 0.2 m depth at two heights 
(material samples from the wall) and from indoor air (samples with air analysers).  
The result of the study showed that the genera found (Cladosporium, Penicillium, 
Aspergillus, Alternaria) were similar in outdoor and indoor air. The abundance of 
microorganisms was smaller in the reed-bale houses than in the straw-bale houses.  

The indoor climate indicators (CO2, RH%, temperature) were similar in the studied 
bedrooms too, the content of CO2 varied the most. The boarder indicators were similar 
to the room indoor climate indicators.  

The hygrothermal properties (i.e. sorption and water vapour permeability, 
mineralogical composition and texture) of different natural materials and natural paints 
were studied in laboratory conditions. The result showed that the hygrothermal 
properties of clay plaster differ significantly depending on the composition of plaster – 
the content of calcite influenced the most. The hygrothermal properties of clay plaster 
are very good and the material can inhibit the growth of mould and bacteria.  Whitewash, 
which has antibacterial properties, proved to be the best covering material for clay 
plaster.  

A house built of reed-bale or straw-bale is suitable in Estonian climatic conditions.  
It is a healthy and environmentally sustainable home when it is carefully planned, and 
suitable material and quality craftsmanship used.  

All the studied houses were hygrothermally properly designed. The buildings with 
moisture damage (e.g. after flood, water accidents) need to be studied separately for a 
longer time period after the accident.  
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Lühikokkuvõte 

Siseõhu mikrobioloogiline kvaliteet Eesti roo- ja põhupakist 
elamutes 
Kliimamuutus ning ressursside ammendumine loovad vajaduse kestlike lahenduse järele 
ka ehituses. Põhk ning pilliroog, mis on Eesti tasandil hõlpsasti hangitavad materjalid, on 
oma omadustelt võimelised asendama energiamahukaid ehitusmaterjale. Lõuna-Eestis 
on laialt levinud ka punane savi – ilma toksiliste omadusteta, biolagunev, 
antibakteriaalne ja taaskasutatav materjal, mis erinevate uuringute andmetel parandab 
sisekliimat ning loob tervisliku elukeskkonna. Lisaks savikrohvile on kasutusel ka 
lubivärvid ja lubikrohv – kõik need viimistlusmaterjalid on antibakteriaalsed, raskendades 
hallitusseente ja bakterite kasvu.  

Maailmas on põhust maju ehitatud alates 19. sajandi keskpaigast, mil Ameerika 
Ühendriikidesse Nebraskasse saabunud uusasunikud oli sunnitud ehitusmaterjalide ja 
puidu nappuse tõttu kasutama ajutiste ehitiste valmistamiseks põhupakke. Kaasaegses 
ehituses eristatakse nii kandvate seintega maju kui ka puitkarkassil maju, kus põhk on 
kasutusel soojustusmaterjalina. Üha enam on parasvöötme aladel kasutusel ka ehitamine 
pilliroost või põhust moodulitest ja plaatidest.  

Põhu ja pilliroo puhul on tegemist on materjalidega, mis oma elutsükli algfaasis on 
koloniseeritud mikroobikoosluse poolt. Kuna mõlemad materjalid koosnevad peamiselt 
tselluloosist, hemi-tselluloosist ja ligniinist on nad heaks substraadiks mikroorganismidele. 
Samuti tekitavad probeeme närilised, kes kahjustavad põhu- ja roopakke, mida kasutatakse 
hoone ehitusel, vähendades oma tegevusega pakkide soojuspidavust ja tihedust.   

Põhku ja pilliroogu peetakse üldjuhul ehitusmaterjalina nii keskkonnale kui ka 
inimtervisele ohutuks.  Paraku võib kaasneda nende materjalide kasutamisega hoonete 
ehitusel hallituse esinemine, mis võib põhjustada nõrgema immuunsüsteemiga inimestel 
erinevaid haigusnähte (silmade, nina ja kurgu ärritusnähud, allergiline nohu ja silmapõletik, 
astma). Uuringuid antud teemal Eesti oludele vastavates klimaatilistes tingimustes tehtud 
ei ole, kuid looduslikest materjalidest ehitatud hooned koguvad üha enam populaarsust.  

Antud töö eesmärgiks oli uurida Eesti roo- ja põhumajade sisekliimat ning seda 
mõjutavaid tegureid.  

Töö raames koguti andmeid kaheksa maja magamistubadest nii ehitlusmaterjalil 
elutseva kui ka siseõhus leiduva mikroobikoosluse kohta. Nii sise – kui ka välisõhus olid 
leitud perekonnad sarnased (Cladosporium, Penicillium, Aspergillus, Alternaria). 
Roopakkidest ehitatud majades oli mikroobikoosluse arvukus väiksem kui põhumajades.  

Kõikide uuritud magamistubade lõikes olid sarnased ka sisekliima näitajad (CO2, RH%, 
temperatuur), enim varieerus süsihappegaasi sisaldus. Piirete näitajad olid vastavuses 
toa sisekliima näitajatega.  

Laboritingimustes uuriti erinevate looduslike viimistlusmaterjalide (savi- ja lubikrohv 
paberkrohv, looduslikud värvid) niiskustehnilisi omadusi. Leiti, et looduslike materjalide 
niiskustehnilised omadused erinevad oluliselt sõltuvalt krohvi koostisest. Savikrohvi 
niiskustehnilised omadused on väga head ning materjal on võimeline inhibeerima 
hallitusseente ja bakterite kasvu.  

Pilliroost või põhust ehitatud maja on Eesti klimaatilistesse tingimustesse sobiv hoone, 
mis põhjaliku planeerimise, ehituseks sobiva materjali kasutamise ja kvaliteetse 
ehitustegevuse tulemusena on inimese tervisele sõbralik ja keskkonna mõistes kestlik 
eluase.  
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Publication I 
Raamets, J., Kutti, S., Ruus, A., Ivask, M. (2017). Assessment of indoor air in Estonian 

straw bale and reed houses. WIT Transactions on Ecology and the Environment, 211, 
193−196. Doi:10.2495/AIR170191 
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Curriculum Vitae 
Personal data 
Name: Jane Raamets (until 22.07.2016 last name Peda) 
Date of birth: 4th of July 1987 
Place of birth:  Tartu 
Citizenship:  Estonian 

Contact data 
E-mail:

Education 
2011–2020 
2017–2019 
2009–2011 
2006-2009 
1994–2006 

Language skills 
Estonian  
English  

jane.raamets@taltech.ee 

Tallinn University of Technology – PhD 
Estonian University of Life Sciences – Msc 
Tallinn University of Technology – Msc 
Tallinn University of Technology – Bsc  
Ülenurme Gymnasium – Secondary Education 

Native language 
High level (C1) 

German  Intermediate level (B2) 
Russian  Intermediate level (B1) 
Spanish  Basic level (A1) 

Professional employment 
01.10.2018–… Tallinn University of Technology, School of 

Engineering, Tartu college 
Lecturer (1,0) 

01.01.2017–
30.09.2018 

Tallinn University of Technology, School of 
Engineering, Tartu college 

Industrial Ecology lecturer 
(0,75) 

01.01.2017–
30.09.2018 

Tallinn University of Technology, School of 
Engineering, Tartu college 

Engineer (0,25) 

01.10.2016–
31.12.2016 

Tallinn University of Technology, TUT Tartu 
College, Chair of Environmental Protection 

Engineer (0,25) 

01.09.2016–
31.12.2016 

Tallinn University of Technology, TUT Tartu 
College, Chair of Environmental Protection 

Industrial Ecology lecturer 
(0,75) 

01.08.2015–
30.09.2016 

Tallinn University of Technology, TUT Tartu 
College, Chair of Environmental Protection 

Engineer (0,50) 

01.04.2014–
14.09.2014 

Tallinn University of Technology, TUT Tartu 
College 

Lab worker (0,50) 

01.09.2013–
31.08.2016 

Tallinn University of Technology, TUT Tartu 
College, Chair of Environmental Protection 

Lecturer (0,50) 

01.09.2011–
31.12.2013 

Tallinn University of Technology, TUT Tartu 
College 

Lab worker (0,50) 

11.02.2010–
31.08.2010 

A. Le Coq AS Laboratory microbiologist 
(1,00) 

19.05.2008–
31.08.2008 

A. Le Coq AS Laboratory microbiologist 
(1,00) 
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Elulookirjeldus 
Isikuandmed 
Name: Jane Raamets (kunil 22.07.2016 perekonnanimi Peda) 
Sünniaeg: 04.07.1987 
Sünnikoht: Tartu  
Kodakondsus: Eesti 

Kontaktandmed 
E-posti aadress:  jane.raamets@taltech.ee

Hariduskäik 
2011–2020 Tallinna Tehnikaülikool – PhD 
2017–2019 Eesti Maaülikool – Msc 
2009–2011 Tallinna Tehnikaülikool – Msc 
2006-2009 Tallinna Tehnikaülikool – Bsc  
1994–2006 Ülenurme Gümnaasium – keskharidus 

Keelteoskus 
Eesti keel emakeel 
Inglise keel kõrgtase (C1) 
Saksa keel kesktase (B2) 
Vene keel kesktase (B1) 
Hispaania keel algtase (A1) 

Teenistuskäik 
01.10.2018–… Tallinna Tehnikaülikool, 

Inseneriteaduskond, Tartu kolledž 
Lektor (1,0) 

01.01.2017–
30.09.2018 

Tallinna Tehnikaülikool, 
Inseneriteaduskond, Tartu kolledž 

Tööstusökoloogia lektor 
(0,75) 

01.01.2017–
30.09.2018 

Tallinna Tehnikaülikool, 
Inseneriteaduskond, Tartu kolledž 

Insener (0,25) 

01.10.2016–
31.12.2016 

Tallinna Tehnikaülikool, TTÜ Tartu Kolledž, 
Keskkonnakaitse õppetool  

Insener(0,25) 

01.09.2016–
31.12.2016 

Tallinna Tehnikaülikool, TTÜ Tartu Kolledž, 
Keskkonnakaitse õppetool  

Tööstusökoloogia lektor 
(0,75) 

01.08.2015–
30.09.2016 

Tallinna Tehnikaülikool, TTÜ Tartu Kolledž, 
Keskkonnakaitse õppetool  

Insener (0,50) 

01.04.2014–
14.09.2014 

Tallinna Tehnikaülikool, TTÜ Tartu Kolledž, 
Keskkonnakaitse õppetool  

Laborant (0,50) 

01.09.2013–
31.08.2016 

Tallinna Tehnikaülikool, TTÜ Tartu Kolledž, 
Keskkonnakaitse õppetool  

Lektor (0,50) 

01.09.2011–
31.12.2013 

Tallinna Tehnikaülikool, TTÜ Tartu Kolledž Laborant (0,50) 

11.02.2010–
31.08.2010 

A. Le Coq AS Laborant-mikrobioloog 
(1,00) 

19.05.2008–
31.08.2008 

A. Le Coq AS Laborant-mikrobioloog 
(1,00) 
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