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1. Introduction

Indoor air quality (IAQ) is a combination of several factors which are associated 
with the building characteristics, indoor activities and local ambient air. The main 
groups of pollutant sources that affect IAQ are materials used in the building, fur-
niture and decoration, occupants and their actions, and ambient pollutants 
(Śmiełowska et al. 2017, Azuma et al. 2016). Moreover, ventilation, geographical 
location, climate and season have a significant effect on IAQ and how occupants 
perceive it (Salthammer et al. 2016). In addition to these IAQ factors, stress, poor 
cooperation at the workplace, heavy workload and individual factors may affect the 
perceived IAQ (Brauer and Mikkelsen 2010, Magnavita 2015). 

Children spend a significant part of their day at school; therefore, IAQ of the 
school building is an important determinant of their health. Children are more sus-
ceptible to the effects of air contaminants than adults because of their immature 
immune and respiratory systems, inferior body mass index and breathing pattern 
(Yassin and Pillai 2018, Chithra and Nagendra 2018). Therefore, children could be 
critically affected by exposure to various air pollutants in the school environment. 

For teachers, too, the school represents their daily working environment, and the 
quality of indoor air is important because their work is mostly bound to certain 
classrooms, characteristically requires continuous use of their voice, and is psycho-
socially demanding. All these factors contribute to the perception of symptoms and 
discomfort. Ensuring a safe and comfortable working environment for teachers and 
decreasing sick leaves are important not only for personal health and wellbeing but 
also from the perspective of education, economics and children (Kielb et al. 2015). 
Therefore, it is important to examine air pollution in school environments, docu-
ment exposure to indoor pollutants and identify meaningful factors that influence 
critical exposure. 

In Finland, occupant reports and worry among the common public about IAQ 
problems have been increasing at an alarming rate, and have been under active dis-
cussion for many years (Lampi et al. 2020). Public beliefs and opinions about IAQ 
problems may differ significantly from those of authorities and experts, who have a 
deeper level of knowledge about these issues. From the public viewpoint, school 
buildings and their repair needs are often under debate because of IAQ problems. 
In fact, significant indoor air problems have been reported in 17.9% of Finnish mu-
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nicipal school buildings, which form one of the main groups of problematic build-
ings (Salmela et al. 2019). Poor ventilation has been found to be related to the per-
ceived problems in air quality in most cases (Salmela et al. 2019). The main chal-
lenges are poorly functioning ventilation systems and occupants’ inability to influ-
ence the indoor conditions. However, 10–30% of municipalities face challenges in 
determining the needed actions and their urgency (Hyvärinen et al. 2017). Mois-
ture-damaged structures and buildings which require renovation based on their 
lifecycle form another significant group of problematic buildings (Reijula et al. 
2012). However, occupants are increasingly reporting problems about buildings 
that do not fulfil the criteria for renovation too. Thus, it seems that there are mis-
understandings and disagreements about the urgency of existing problems between 
the public and municipalities.  

Urgent measures and actions are often required by the occupants based on their 
self-reported perception of indoor air or signs of problems in the buildings. In par-
ticular, problematic school buildings are a cause of parental worry. If investigations 
of such buildings do not reveal any specific problems or reasons for repair based on 
the occupants’ complaints, municipalities and building owners are faced with very 
complex situations, which are unfortunately becoming rather frequent. As personal 
health is a sensitive issue, and the causal relationship between IAQ parameters and 
health is still mainly uncharted, communication is often challenging. In such a sce-
nario, the need to detect possible underlying causes of the problems is obvious 
(Lampi et al. 2020). 

Most of the studies related to IAQ in school buildings have focused either on per-
ceived IAQ determined using questionnaires (Reijula and Sundman-Digert 2004), 
or on measured IAQ calculated based on one or more of the following factors: car-
bon dioxide (CO2), comfort parameters (humidity and temperature), chemical ma-
terial emissions (e.g. volatile organic compounds [VOCs] and formaldehyde), and 
particles or microbiological contaminants (fungi and bacteria) (as reviewed in Sal-
thammer et al. [2016]). However, there is a lack of wide multidisciplinary studies 
that collect, combine, and analyse different parameters and predictors of perceived 
and measured IAQ. The present study sought to fill in this gap by investigating sev-
eral physical, chemical and biological factors that affect IAQ in Finnish schools. 
Simultaneously, occupants’ perceptions were recorded using both a commonly 
used standard questionnaire and a recently developed and applied questionnaire. 
The research was conducted in four schools with reported prolonged and unsolved 
indoor air problems, and for comparison, two schools without any reported prob-
lems were also included. The characteristics of these two categories of schools, that 
is, the ‘problematic’ and ‘comparison’ schools, were studied.  

The present study used a new approach to examine IAQ, by investigating indoor 
airborne fungi from the exhaust air filter of the air handling unit, with a focus on 
the genus Trichoderma, including mycoparasitic, biocide-resistant and potentially 
pathogenic species. The presence of viable conidia of strains of this genus would 
indicate the existence of hidden moisture and active mould growth in the building 
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constructions. In addition, in two of the problematic schools, a special ventilation 
intervention was conducted, and follow-up investigation of the measured and per-
ceived IAQ was performed. In one of the schools, the effects of long-term applica-
tion of moderate positive differential pressure (dPa) on the occupants’ perceptions, 
IAQ and moisture performance of the structures were investigated over a school 
year. In the other school, the function of a hybrid ventilation system was assessed 
and some improvements were made. Later, the effects of these improvements were 
investigated. 

Overall, this study attempts to assess various IAQ-related factors and to simulta-
neously gauge occupants’ perceptions systematically in Finnish school environ-
ments. In addition, the effect of two ventilation interventions was examined, and 
the findings could add important knowledge about the role of appropriate ventila-
tion in solving IAQ problems in buildings. The results can be applied to identify 
buildings in which IAQ problems are suspected based on occupant dissatisfaction, 
and to provide solutions for ventilation problems. 
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2. Literature review

2.1 Common factors affecting indoor air quality in school buildings
and their assessment

Classroom IAQ can decrease as a result of various pollutants from indoor and out-
door sources, such as VOCs, allergens, particulate matter (PM), bacteria and fungi, 
as well as the interaction between many factors (Chithra and Nagendra 2018, Salo-
nen et al. 2015, Madureira et al. 2012, Zhao et al. 2008, Weschler 2011). The sources 
of these pollutants are various, and include, for example, building and furniture 
materials, VOCs emitted through human activities, PM introduced via ventilation 
or occupants, and dampness and moisture that may cause mould and bacterial 
growth (Śmiełowska et al. 2017, Herrick et al. 2016, Azuma et al. 2016, Borras-San-
tos et al. 2013). All these factors are highly dependent on environmental conditions, 
including geographical location, season and climate (Salthammer et al. 2016). In 
addition to indoor pollutant levels, school activities and dynamic movement in 
densely occupied spaces increases exposure to pollutants (Mazaheri et al. 2014). 

IAQ is relevant as an indicator of exposure because individuals are exposed to 
different concentrations of air pollutants as they move to and from different out-
door and indoor locations (Buonanno et al. 2015). Therefore, a more efficient way 
to protect the population from health risks caused by air pollution would be to 
measure exposure rather than to estimate ambient air pollutant concentrations 
(Salthammer et al. 2016, Morawska et al. 2013).  

Below, Figure 1 depicts the complexity of a school environment in terms of the 
various factors associated with IAQ (Salthammer et al. 2016).  
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Figure 1. Factors affecting indoor air quality in classrooms. The primary factors are shown in the grey 
area (Salthammer et al. 2016).

The various ambient pollutants and their concentrations in outdoor and indoor air 
differ significantly between Nordic countries, such as Finland, and other parts of 
the world. Since pollutants are significantly related to national, cultural, behav-
ioural and climatic factors, it is important to separately consider the worldwide con-
text and the context of each location (Li, Z. et al. 2017). For example, in Southern 
Europe, the cities are more urbanized and trafficked as the population is relatively 
large; therefore, the ambient pollutant levels are much higher than those in coun-
tries in Northern Europe (Eeftens et al. 2012, Pacitto 2018b). 

In Finland, significant indoor air problems have been detected in 5–18% of the 
total square footage area of buildings owned and used by municipalities (Salmela 
et al. 2019). Municipalities have reported that significant indoor air problems occur 
in 17.9% of schools and high schools, which account for over half of the surface area 
of all municipality-owned buildings suffering from significant indoor air problems. 
Thus, schools in Finland form the largest group of problematic buildings. In fact, 
the indoor air situation is considered to be very challenging in 10–30% of the mu-
nicipalities (Salmela et al. 2019). The most common reasons for the reported prob-
lems in the municipal and state-owned buildings are poor ventilation, stuffiness 
and differential pressures (which together accounted for 70% of the problems). The 
next on the list of causative factors are moisture and mould damage, air tempera-
ture, humidity (too moist or too dry) and draftiness. It is worth noting that in Fin-
land’s neighbouring country Sweden, temperature, humidity and draftiness were 
the most common problems, and moisture and mould damage were considered to 
be rare in over 60% of the municipalities (Salmela et al. 2019). Unfortunately, in-
vestigations into repairs in municipal buildings often begin only when the problem 
reaches a severe level (Annila et al. 2017). It is also known that municipalities have 
financial limitations that result in neglect of operative actions and maintenance and 
might lead to persistent IAQ problems at school facilities (Mendell and Heath 
2005). 
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Below, the factors which affect IAQ in schools and are relevant for this study are 
described. 

Ventilation 

Ventilation ensures thermal comfort, human performance and IAQ by diluting the 
concentrations of pollutants in indoor air. Along with indoor temperature and rel-
ative humidity (RH), ventilation has a significant effect on human perceptions and 
well-being (Fang et al. 2004, Wargocki et al. 2000), and poor ventilation is one of 
the main reasons for IAQ-related problems in schools (Fisk 2017). Adequate class-
room ventilation can reduce adverse health outcomes (Carrer et al. 2015) and, to-
gether with thermal comfort, significantly improve learning outcomes (Haverinen-
Shaughnessy and Shaughnessy 2015). Further, inadequate ventilation has been 
shown to be correlated to discomfort and health problems, such as asthma symp-
toms, poor lower respiratory function and inflammation, and is one of reasons for 
sick leave (Sundell et al. 2011) and absenteeism (Mendell et al. 2013). The chosen 
ventilation strategy of a building also significantly affects the indoor microbial com-
munity (Bayer and Grimes 2015). 

Ideal IAQ requires fresh air and prevention of negative health effects, and it is 
strongly associated with ventilation rates. Therefore, minimum rates of ventilation 
are provided by various standards, such as the American Society of Heating, Refrig-
erating and Air-Conditioning Engineers (ASHRAE) Standard 62 (ASHRAE 2016) 
and the Finnish decree (Ministry of the Environment, Finland 2017), which con-
sider building types, occupant-based contaminants, odours and emissions from 
building and furniture materials. 

Building ventilation comprises three basic elements: ventilation rate (the amount 
and quality of outdoor air provided), airflow direction (overall air movement in the 
building, from the clean to the dirty zones), and air distribution/airflow pattern (ef-
ficient delivery and removal of supply air to and from each part of the spaces) (WHO 
2009a). Various ventilation approaches that cover all three elements are used in 
buildings: (1) For natural ventilation, fresh air is moved through the building under 
pressure differences. (2) In mechanical exhaust ventilation, indoor air is continu-
ally extracted, and thus, new fresh air enters naturally. (3) Mechanical supply and 
exhaust ventilation involves continually bringing in and removing a designated 
amount of air. (4) In hybrid (mixed-mode) ventilation, air is introduced and ex-
tracted naturally, but mechanical components (such as fans) are used if the air flow 
rate is insufficient (Heiselberg et al. 2002, Heiselberg 2000). 

In cold climates, such as in Finland, negative pressure ventilation is used: this 
means that strong exfiltration of air is prevented in order to reduce interstitial mois-
ture condensation. Condensation is caused by warm and moist indoor air penetrat-
ing the structure of walls, roofs or floors, and meeting a cold surface (WHO 2009a). 
Outdoor air temperature, humidity and infiltration of the walls with air influence 
moisture condensation (You et al. 2017). Under negative pressure ventilation, the 
room pressure is set to a slightly negative value via unequal supply and exhaust 
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rates. As a result, outdoor air is sucked in via a controlled path or via leakages or 
openings in the envelope. In contrast, under positive pressure ventilation, indoor 
air leaks out. For buildings in regions with a cold climate and significant excess 
moisture, there is justifiable concern about moisture condensation under positive 
pressure (Chen et al. 2016). However, such evidence has not been shown for non-
residential buildings with low positive pressure.  

The advantages of mechanical ventilation are that supply air can be filtered and 
the air flow rates and air flow paths inside the building can be controlled, regardless 
of outdoor conditions. Especially in highly polluted regions, the filtering of air is 
essential for preventing the entry of pollutants (Tippayawong et al. 2009, Lee and 
Chang 2000). However, mechanical ventilation systems are associated with several 
uncertainties and problems in the real-world setting. For example, they often do 
not function according to expectations, because of equipment failures, poor mainte-
nance or design, or interruptions in utility service, or because the ventilation rate 
fails to meet the set requirements and varies remarkably (WHO 2009a, Morawska 
2017, Salthammer et al. 2016, Toyinbo 2016b). High negative pressure may also 
introduce harmful pollutants, e.g. fungal spores (Seppänen and Fisk 2004, 
Airaksinen et al. 2004a). In addition, installation and, especially, maintenance 
costs can be high. In modern airtight buildings, mechanical ventilation with heat 
recovery meets the aims for energy saving; however, especially in these buildings, 
balancing and controlling ventilation pressure differences is essential (Kalamees 
2010). In schools, ventilation needs to be regularly maintained and adjusted to re-
spond to the needs of the various occupants (Toyinbo et al. 2016b).  

 Studies have shown that mechanical ventilation is not always more advantageous 
than natural ventilation. For example, occupants often find it easier to adapt to nat-
ural ventilation, as they are exposed to a larger range of conditions than in mechan-
ically ventilated buildings (de Dear and Brager 1998, Corgnati et al. 2007). Addi-
tionally, occupants perceive natural wind as being more pleasant than the gusts 
emitted from mechanical ventilators (Zhu et al. 2016). Further, although human 
thermal adaptation is not well understood, it can be assumed that dynamic airflows 
play a major role in thermal comfort (Salthammer et al. 2016). However, despite its 
perceived benefits, natural ventilation is inadequate in some buildings and cli-
mates. In such situations, hybrid ventilation systems might be the solution, as they 
combine the benefits of both natural and mechanical ventilation, in terms of energy 
saving, reliability and flexibility. In fact, the aims for the development of these sys-
tems include increasing the utilization of sustainable technologies, reducing energy 
consumption and creating comfortable indoor environments (Heiselberg 2000, 
Chenari et al. 2016). 

Volatile organic compounds and formaldehyde 

VOCs are organic compounds with a boiling point between 50°C and 260°C. In VOC 
analyses, the results are often in the form of toluene equivalents, which represent 
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the concentration calculated by comparing the compound’s detector response to 
the detector response of toluene (Fromme et al. 2019).  

Total volatile organic compounds (TVOCs) is defined as the sum of the concen-
trations of all VOCs (identified or non-identified) between n-hexane and n-hexade-
cane and calculated as toluene equivalents (ISO 16000-6:2011). The normal ana-
lytical procedure involves collecting air samples in sorbent tubes, such as Tenax TA, 
and thermally eluting them with a non-polar gas chromatography column for anal-
ysis (ISO 16000-6:2011, Mølhave et al. 1997). TVOC provides an estimation of the 
composition of the chemicals in indoor air, and is therefore, used as an indicator of 
the chemical load, contamination sources or insufficient ventilation (Fromme et al. 
2019). However, it does not account for the potency of the single compounds, or 
exposure to low levels of VOC mixtures or high concentrations of specific sub-
stances. For the European Union (EU), the European Community has created 
guidelines which stipulate that the maximum concentration of TVOCs must not ex-
ceed 0.3 mg/m3, and the concentration of individual VOCs must not exceed 10% of 
the set maximum. The target concentrations of single substances should be set 
based on toxicology analysis. Substances with a low odour perception threshold and 
compounds or mixtures with a high probability of sensory effects, odour perception 
or discomfort (Salthammer 2011, Andersson et al. 1997) need additional assess-
ment. In new or freshly renovated buildings, increased VOC values are accepted for 
up to 12 months (Fromme et al. 2019). 

Formaldehyde (HCHO) is a ubiquitous air contaminant with various adverse ef-
fects on humans (Tsai 2019, Salonen et al. 2009, WHO 2010). Airborne formalde-
hyde can be released from several sources, such as paints, coatings, wall and floor 
coverings, and furnishing (Rovira et al. 2016). In classrooms, formaldehyde con-
centrations are found to be very low, or even below detectable limits (Yang et al. 
2009, Lee and Chang 2000). 

The gaseous pollutants detected in school buildings include VOCs and inorganic 
gases, of which the most commonly detected ones are CO2, carbon monoxide (CO), 
nitrogen dioxide (NO2), sulphur dioxide (SO2), and ozone (O3). Indoor emission 
sources, such as indoor building and furniture material, play a major role in VOC 
exposure (Paciência et al. 2016). In schools, the emission sources include typically 
used cleaning products and materials for art and craft (Śmiełowska et al. 2017, 
Mishra et al. 2015). Additionally, occupants’ behaviour and activities, as well as sea-
son, affect the indoor VOC concentrations. In a review study by Paciencia et al. 
(2016), higher mean concentrations of known VOCs were found during the cold 
season, with the concentrations varying from undetectable to 160 μg/m3. The levels 
of certain VOCs are sometimes much higher indoors than outdoors. The most com-
mon species of VOCs found in school environments are benzene, toluene, ethylben-
zene and xylene (Chithra and Nagendra 2018), and among them, toluene is found 
in the highest concentrations in classrooms (Madureira et al. 2015, Demirel et al. 
2014, Raysoni et al. 2013, Jovanović et al. 2014). 
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Particulate matter 

In addition to gaseous components, a variety of contaminants in the form of air-
borne particles may be detected in indoor air. PM covers solid particles and liquid 
droplets found in air. Airborne particles cover a range of diameters—from a few 
nanometres to tens of micrometres—and are usually described based on their 
equivalent diameter. PM is usually categorized as PM2.5, PM10, and ultrafine par-
ticles (UFPs), which have an aerodynamic diameter less than 2.5 μm, 10 μm and 
100 nm, respectively. The particle size and chemical composition of PM influence 
their transport and suspension in the air and their deposition in the lungs (Moraw-
ska and Salthammer 2003).  

From a regulatory point of view, the most common approach for assessing PM is 
to monitor the mass concentrations of PM10 and PM2.5 collected through a filter, 
but recently, the scientific focus is on measuring the UFP surface area and particle 
number concentrations (Cauda et al. 2012, Pacitto et al. 2018b). For determining 
the mean concentrations in an area, the common assumption is that each person in 
each region has the same exposure level. However, actual individual exposure is 
strongly dependent on personal time-activity patterns; therefore, the monitoring of 
mean concentrations could lead to significant errors and the development of indi-
vidual-level monitoring is, therefore, recommended (Bo et al. 2017, Buonanno et al. 
2014). 

PM is either directly emitted into the air or converted from gaseous precursors 
derived from anthropogenic and natural sources (Atkinson et al. 2010). Fine parti-
cles (PM2.5) are primarily a product of the combustion of coal, oil or gasoline, or 
released during the transformation of gases and organics (Srimuruganandam and 
Nagendra 2012). Coarse particles (PM10) are released through resuspension of 
road and street soil or industrial dusts, suspension of disturbed soils (e.g. during 
farming and mining), construction, coal and oil combustion, and ocean spray (Sri-
muruganandam and Nagendra 2012). Apart from dust, fly ash and oxides are also 
formed during various processes; additionally, coarse PM is also composed of pol-
len, bacteria and plant parts (Cheung et al. 2011). Road and vehicle-based dust 
formed 11% of total primary emissions of PM10 and PM2.5 in the European Union 
during 2017 (EEA 2019). Importantly, PM is one of the most severe pollutants with 
regard to health, especially in urban areas. 

Indoor particles vary in size, form and chemical composition. They consist of am-
bient particles that infiltrate indoors and particles emitted or formed through vari-
ous indoor processes and activities (Morawska et al. 2017). In indoor air, particles 
from different sources persist via deposition and resuspension. In urban environ-
ments, ambient particles originate mainly from traffic emissions, fossil fuel burning 
and resuspension, and also chemical and thermodynamic processes (Belis et al. 
2013). Some indoor activities that contribute to indoor particles are, for example, 
cooking, smoking, cleaning, and candle burning, or chalk dust and art classes in 
school environments. Indoor particles have some differences in their composition 
and toxicity from outdoor aerosols; thus, it is essential to consider these separately 
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(Oeder et al. 2011). In school environments, PM2.5 and PM10 have been shown to 
mainly be of indoor origin (as a result of resuspension, for example), whereas out-
door air seems to be the main source of UFPs (Morawska 2017, Oeder et al. 2011). 
The sources of PM in a school building are listed in Figure 2. 
 

 

Figure 2. Sizes and sources of PM in school environments. Secondary inorganic aerosol (SIA): am-
monium, sulphate and nitrate derived primarily from the gaseous precursors ammonia (NH3, 
which is mainly from farming activities in rural areas, and from catalysed gasoline engines in 
urban areas), sulphur dioxide (SO2, produced by combustion of sulphur-containing fuels, e.g. fuel 
oil, coal, sea salt and gypsum dust particles) and nitrogen oxides (NOx, which is derived through 
combustion processes during road transport, energy production and energy use by industries). 
Crustal/mineral dust: re-suspension in fields or bare soils by local winds or long-range transport 
(primary source, Sahara Desert). Traffic: primary exhaust emissions, organic and inorganic gas-
eous precursors from combustion, road dust re-suspension including brake and tyre wear, crus-
tal/mineral crust particles and material from road wear. Point sources: mainly emissions from oil 
combustion in power plants and from industries (e.g. petrochemical, metallurgic, ceramic, phar-
maceutical and IT hardware) and from harbour areas (sometimes mixed with traffic or unidentified 
combustion sources). Biomass burning: domestic wood burning and open fires. Sea/road salt: 
sea salt in coastal areas and road salt in continental areas. (Belis et al. 2013) 
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Human exposure to PM occurs mostly indoors, as a large proportion of time is 
spent indoors, and microenvironments are the major contributors with regard to 
personal exposure (Faria et al. 2020). Geographical location effects the daily par-
ticle dose, but culture and lifestyle, e.g. types of cooking, have a stronger effect on 
the microenvironments in which people spend their time. In a study by Pacitto et 
al. (2018b), the personal particle dose exposure was shown to be the lowest in 
Lund, Sweden, where the context is closer to Finland than to other European 
countries or Australia. 

The main indoor sources for PM in school buildings are human activities, plants 
and building materials, especially mineral fibres (Chatzidiakou et al. 2012). In 
schools, PM2.5 and PM10 originate mostly from indoor sources; in particular, re-
suspension of particles brought in on children’s shoes and clothes is a highly signif-
icant source of indoor particles (Morawska et al. 2017). Therefore, taking off the 
shoes when entering the school building could significantly reduce the mass con-
centration of particles (Leppänen et al. 2020). Dynamic movement and the pres-
ence of a large number of people in a confined space increase particle exposure in 
schools (Fromme 2007). In addition, ventilation and infiltration introduce PM 
from outdoors, and vehicles are the main source of outdoor PM (Trompetter et al. 
2018). A study of school children’s exposure to UFPs found that exposure during 
school hours was attributable more to urban background particles than traffic near 
the school, and no persistent indoor particle sources were detected (Mazaheri et al. 
2014). Because of climate change, the contribution of natural sources to the ambi-
ent PM concentration levels is expected to increase in the future, through phenom-
enon with far-reaching effects, such as wildfires (Knorr et al. 2017). The adverse 
health effects of indoor PM in schools can be managed by providing sufficient and 
filtered ventilation, minimizing the sources of PM in the first place, ensuring clean-
liness of the school, and building schools far from busy roads (Rivas et al. 2018, 
Morawska et al. 2017). 

Bioaerosols 

Bioaerosols are defined as airborne particles with compounds of biological origin, 
for example, pathogenic or non-pathogenic and living or dead fungi and bacteria, 
their secondary metabolites, bacterial endotoxins, mycotoxins, viruses and pollen 
grains (Douwes et al. 2004, Ghosh et al. 2015). Due to their ubiquitous nature, bi-
oaerosols are detected in most enclosed environments (Nevalainen et al. 2015). 
Their distribution is highly dependent on seasons, and their concentrations are 
higher in summer and fall and lowest in winter (Salonen et al. 2017, Salonen et al. 
2015). In indoor environments, the presence of bioaerosols is controlled through 
cleaning, maintenance and ventilation systems (Salonen et al. 2015, Ghosh et al. 
2015). 
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Endotoxins 
Endotoxins are biologically active liposaccharides and components of the outer 
membrane of gram-negative bacteria (Duchaine et al. 2001, Rennie et al. 2008). 
They are ubiquitous contaminants in indoor environments and are found in dusts 
and aerosols. Geographical region, season, cultural differences and habits affect the 
endotoxin levels in schools (Jacobs et al. 2014a). According to a review by Salonen 
et al. (2016), some of the factors which affect the endotoxin levels of indoor floor 
dust are, for example, age of the building, cleaning, farm or rural living, flooring 
materials (carpets, in particular), number of occupants, the presence of dogs or cats 
indoors, and relative humidity. However, it was concluded in their review that the 
research data are inconsistent and additional studies are needed. 

Studies on endotoxins and other particles in house dust have traditionally been 
based on vacuumed dust samples collected from floors or mattresses, as it is cheap 
and highly feasible (Fahlbusch et al. 2003, Schram et al. 2005, Schram‐Bijkerk et 
al. 2006, Noss et al. 2008, Samadi et al. 2010, Frankel et al. 2012). However, the 
majority of the samples may consist of large or heavy particles, such as sand, that 
would not become airborne, and the power of the vacuum, sampling area and time 
have a major impact on the results (Noss et al. 2008, Mazique et al. 2011). Several 
air sampling methods have been used as alternatives (Park et al. 2000, Dales et al. 
2006, Wheeler et al. 2011, Morgenstern et al. 2005), but they may also be biased in 
that they may not represent the actual concentrations or measures of long-term in-
haled exposure (Duchaine et al. 2001, Mazique et al. 2011). To compensate for the 
shortcomings of all these methods, an electrostatic dust fall collector was developed 
and is nowadays widely used instead of the vacuuming method (Jacobs et al. 2013, 
Noss et al. 2008). 

Indoor fungi 
Fungi on building materials, settled dust and air 
Indoor environments in buildings are evolutionary new ecosystems. The number of 
known fungal taxa is estimated at around 80,000, but only 150 to 250 of these taxa 
are found in buildings (Samson 2011). Thus, only a limited number of fungal species 
dominate the indoor mycobiota, even though buildings provide diverse ecological 
niches (Nielsen et al. 2004). The moisture requirement of different fungal genera 
or species varies. Usually, a water activity (aw, which is an indicator of the availa-
bility of water) of 0.95–0.99 is favourable for fungal growth, while aw values of 
0.65–0.90 and 0.88–0.99 are favourable for the growth of xerophilic fungi and 
yeasts respectively (Su-lin et al. 2011). The temperature in buildings is typically 20–
25°C, and the pH range in building materials is typically 5–6.5. These conditions 
are optimal for mesophilic fungal genera, such as Aspergillus, Trichoderma and 
Penicillium (Vacher et al. 2010). Sufficient light and oxygen are also critical for the 
growth of fungi in indoor environments (Voisey 2010, Airaksinen et al. 2004b). 
Moisture migration through the structures may result in microbial growth, and fun-
gal spores might move indoors under the influence of negative pressure (Airaksinen 
et al. 2004a, Seppänen and Fisk 2004, Airaksinen et al. 2004b).  
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Modified wood products, wood polyethylene composites and plywood are suscep-
tible to infestation by fungal genera such as Aspergillus, Trichoderma and Penicil-
lium (Thacker 2004, Doherty et al. 2011). Some of the substrates for indoor fungi 
are inner wall materials used in buildings, such as prefabricated gypsum boards, 
cork liners and mineral wool; polyurethane used in composites, painted surfaces,
fibre glass insulation and ceiling tiles; and paper and glue used in indoor surfaces. 
Additionally, nutrients in house dust and water favour fungal growth on all building 
materials. Thus, it is very likely that any hygroscopic or moist natural or synthetic 
material may serve as a substrate for saprophytic, biodeteriogenic or cellulolytic 
fungi and enable them to grow indoors (Samson 2011, Li et al. 2015). The mould 
growth on building materials causes changes in the structure and porosity of ply-
wood and concrete and penetrates the building material in search of nutrients. Over 
time, the building material will become more fragile as the structure weakens (An-
dersen et al. 2011b, Viitanen et al. 2010). 

In schools, Trichoderma species are typically found on wet manufactured wood 
and gypsum boards (Lübeck et al. 2000, McMullin et al. 2017), and Trichoderma 
spp. and Aspergillus versicolor have been associated with moisture damage (Salo-
nen et al. 2015). Moreover, species of the indoor fungal genera Trichoderma and 
Aspergillus are known to be capable of plastic degradation, for example, in a struc-
ture made of concrete that contains plasticizers (Danso et al. 2019, Gregory 2009).
In school environments in continental and moderate climates, the most common 
indoor fungal genera are Cladosporium spp., Penicillium spp., and Aspergillus spp. 
(Salonen et al. 2015). 

In mould-damaged buildings, the indoor mycobiota might be extensive and form 
a significant indoor source of fungi (Gutarowska and Piotrowska 2007). Surfaces 
covered with fungal biomass release conidia into indoor air, and indoor settled dust 
may be enriched with these conidia and may preserve them. Viable conidia in settled 
indoor dust, thus, serves as a reservoir for recolonization of favourable ecological 
niches in the building (Kildesø et al. 2003). Air filters, such as exhaust air filters in 
the air handling unit, and ventilation ducts may also be colonized by fungi. Indoor 
fungi can be useful indicators of IAQ; therefore, a deeper understanding of their 
biology is important (Cabral 2010). 

House dust contains mainly textile fibres and human-based materials, as well as 
fungi and bacteria (Rintala et al. 2012) and material from plant and animal sources. 
Fungi and their residues are sampled from air, surfaces, dust or building material. 
Particle measurement techniques especially developed for biological particles are 
needed for the sampling of airborne fungi. In culturing methods, air samples are 
collected directly on an agar surface (impactors) or a liquid medium (impingers) 
(Nevalainen et al. 2015). These samples are quantitatively assessed as the concen-
tration per square metre of air (Reponen et al. 2011, Pasanen 2001). For a large-
scale study, air sampling using air samplers is often too costly and laborious. There-
fore, settled dust sampling methods for measurement of long-term exposure have 
been developed for indoor sampling (Gehring et al. 2008). 
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Floor sampling is typically done by vacuuming a specific area for a pre-deter-
mined time (Karvonen et al. 2014). Then, the dust is weighed, and the results are 
expressed as weight per gram of dust or per square metre. Sampling of mattress 
dust is often used in allergy-related studies (Hyvärinen et al. 2006). However, dust 
samples collected by these methods do not represent airborne fungi, and therefore, 
passive collectors for gathering settled dust from surfaces have been developed 
(Noss et al. 2010). Passive sampling provides a longer sampling time and, therefore, 
reflects the long-term airborne exposure. 

 
Fungal species useful as bioindicators for fungal infestations in buildings  
Fungal identification in indoor mould samples is important in order to recognize 
genera or species that can be used as bioindicators of fungal infestation and water 
damage in buildings. The traditional methods use morphological characterization 
of fungal contamination to provide simple and fast genus-level identification, but 
species-level identification usually requires DNA-based methods (Samson 2011). 
Toxicity profile bioassays, mycoparasitism analysis and fluorescence emission 
methods could be useful for separating indoor isolates into morphotypes, and this 
could enable screening for certain indicator species and speed up the identification 
procedure (Castagnoli et al. 2018). The species which have been proposed to be in-
dicative of moisture in buildings are tertiary colonizers that need a high aw >90 and 
produce conidia in slimy masses which are not easily aerosolized, for example, spe-
cies of the genera Trichoderma and Stachybotrys (Nielsen et al. 2004, Li et al. 
2015).   

Mycoparasitic fungi prey on other fungal species and kill their fungal prey by in-
vasion and secretion of certain enzymes, and feeding on the released nutrients 
(Karlsson et al. 2017). The necrotrophic species T. atroviride may be the best-
known species that exhibits strong necrotrophic mycoparasitism. Necrotrophic my-
coparasites are destructive, have a wide host range and nonselectively prey on live 
and dead fungal biomass (Karlsson et al. 2017). The strong necrotrophic mycopar-
asitism exhibited by T. atroviride may indicate availability of fungal prey on wet 
building materials. Li et al. (2015) suggest that the presence of viable conidia of 
Trichoderma species, such as T. atroviride, in airborne or settled dust, extracted 
from exhaust filters, should be considered as a significant indicator, based on which 
further investigation should be conducted to confirm the presence of this species 
(Li et al. 2015, Castagnoli et al. 2018). 

2.2 Effects of indoor air factors on health and comfort

Indoor air quality and health 

IAQ is widely discussed worldwide in terms of personal discomfort and health risks, 
and the school environment is of special interest. The World Health Organization 
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(WHO) has stipulated that indoor spaces should support human health and learn-
ing, and has recognized several risk factors for health in indoor environments 
(WHO 2017). In Europe, air pollution is classified as the second biggest concern for 
humans after climate change, and as the most significant environmental risk for 
health; this makes it the biggest single environmental health risk and a major rea-
son for premature death (WHO 2016, EEA 2019, WHO 2014). In addition to ambi-
ent air, household indoor air, especially when open fires are used for heating and 
cooking, is an important health risk (WHO 2019). The major health impacts are 
observed in the countries with the highest populations, whereas northern European 
countries with smaller populations, such as Finland, Sweden and Norway, have a 
smaller impact (EEA 2019). 

The characterization of indoor pollutants and their exposure potential is critical 
for public health, considering their long-term adverse effects. Children are more 
vulnerable to the health effects of IAQ than adults (Pacitto et al. 2018b), and they 
form a sensitive population in terms of exposure to environmental contaminants, 
such as air pollutants (Bennett et al. 2007, Firestone et al. 2007, Foos et al. 2007). 
The respiratory, immune, reproductive, central nervous, and digestive systems in 
children are not fully developed (Makri et al. 2004), and they have low body mass 
and a different breathing pattern compared to adults (Yassin and Pillai 2018, 
Chithra and Nagendra 2018, Mendell and Heath 2005, WHO 2006). As a result of 
the still developing anatomic barriers in children, it is easier for toxic substances to 
enter their body, and their lungs are exposed to higher amounts of pollutants via 
the oral or nasal route (Firestone et al. 2007, Makri et al. 2004, Bennett et al. 2007, 
Foos et al. 2007). 

School environmental conditions are one of the major contributors to total pollu-
tant exposure in children, as they spend a considerable amount of time in schools 
(Sheehan et al. 2012, Lai et al. 2015, Jacobs et al. 2013, Yassin and Pillai 2018, Sal-
thammer et al. 2016, Bennett et al. 2019). The health effects of specific indoor ex-
posures are exhibited as respiratory symptoms and asthma both in allergic individ-
uals and those who have not been sensitized before (Madureira et al. 2009, Madu-
reira et al. 2015, Kanchongkittiphon et al. 2015). In addition to the risk of short- 
and long-term health hazards, poor IAQ can reduce academic performance, school 
attendance and comfort level (Mendell and Heath 2005, Annesi-Maesano et al. 
2013). Schools have several interconnected factors that have been shown to have 
health effects. In particular, ventilation and low RH cause or contribute to health 
effects and comfort (Turunen et al. 2014, Mendell and Mirer 2009, Lan et al. 2011, 
Torresin et al. 2018). However, building maintenance is often inadequate in school 
buildings (Ruggieri et al. 2019). 

In addition to children, problems with IAQ also affect the health and work com-
fort of teachers, and reduce productivity and increase the number of sick leaves 
(Ervasti et al. 2012). Classroom conditions are significantly associated with the res-
piratory symptoms of teachers (Claudio et al. 2016), and these symptoms have been 
associated with dustiness, mould, paint odours, and stuffy or dry air (Kielb et al. 
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2015, Magnavita 2015). Assuring a safe and comfortable environment for teachers 
and decreasing sick leaves are of great importance not only for personal health and 
wellbeing, but also from the educational and economic perspectives (Kielb et al. 
2015). 

Occasionally, human bodies develop long-term indoor air-related sensitivity that 
is manifested through various symptoms. These symptoms are covered by the term 
‘sick building syndrome’ (SBS) coined by WHO in the early 1980s (Runeson-Brob-
erg 2020). It covers a variety of symptoms that could occur while staying in a build-
ing, and typically diminish when leaving it, but a specific cause or illness cannot be 
identified. Some patients are sensitive to the symptoms even while leaving the 
building and later develop sensitivity to other exposures, such as smells, fragrances 
and electromagnetic fields. Such patients typically suffer from anxiety, and the con-
dition is considered as an environmental illness. As it is a psychogenic condition, it 
can be treated with therapy. However, there are no studies on effective treatment 
methods for SBS (Runeson-Broberg 2020). The risk factors include various per-
sonal, environmental and social factors. In addition to background factors, such as 
female gender and allergic illnesses, environmental risk factors, for example, alde-
hydes, VOCs, mould or ventilation-related factors, have also been reported to con-
tribute to SBS (Saijo 2020). According to psychosocial studies, difficulties in the 
psychological work environment are associated with SBS (Runeson-Broberg 2020). 

If an explanatory environmental factor for the symptoms is not identified after 
careful investigations, and the symptoms include functional disorder, the condition 
can be defined as environmental intolerance, which has been added to the 2015 
Finnish International Classification of Diseases under code 68.81, and defined as 
continuous or repeated exceptional sensitivity to normal environmental factors 
(THL 2020). In a person with environmental intolerance, the environment is per-
ceived as being harmful, but the symptoms cannot be explained by the quality or 
level of indoor environmental factors (Karvala et al. 2018). In Finland, similar to 
Sweden and Denmark, building-related sensitivity has found to have an incidence 
of 7%, and severe disabling symptoms have been found in 0.2% of the people (Kar-
vala et al. 2018, Vuokko 2019). However, the findings reflect disparities between 
countries with regard to which exposures are perceived as harmful by people and 
are the focus of attention (Karvala et al. 2018). 

Effects of thermal comfort and relative humidity on health and perfor-
mance 

Thermal comfort is a difficult term to define, but it is recommended that the indoor 
temperature be maintained below 24°C to ensure thermal comfort (Stafford 2015, 
Andersen 2011a). According to the ASHRAE standard (ASHRAE 1992), the recom-
mended indoor temperature range is 20°C–23.8°C in winter and 22.7°C–26.1°C in 
summer, and the recommended RH is between 30% and 60%. Levels above or be-
low these may affect the comfort and productivity of the occupants, and the chem-
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ical emissions of building materials. One of the major functions of a ventilation sys-
tem is to control temperature and RH so as to maintain a satisfying level of thermal 
comfort, which is described as ‘that condition of the mind that expresses satisfac-
tion with the thermal environment’ (ASHRAE 1992). 

It is well documented that both thermal conditions and IAQ affect the perfor-
mance of students and teachers, based on the findings from numerical and lan-
guage-based tasks in which the rate of working and number of errors are quantified 
(Wargocki and Wyon 2017, Ervasti et al. 2012, Chithra and Nagendra 2018). High 
classroom temperature was found to decrease students’ performance based on 
state-wide test scores in mathematics, reading and science (Haverinen-Shaugh-
nessy and Shaughnessy 2015), and significant associations were found between un-
satisfactory classroom temperature and upper respiratory symptoms (Toyinbo et 
al. 2016a). 

High RH may be associated with airway infections (Palumbo et al. 2018) and is 
also a risk factor for excess moisture and mould growth indoors. However, in cold 
climate, RH is often reduced to remarkably low levels that can have several health 
effects, including dryness of the eyes, nasal cavity, mucous membranes and skin 
(Wolkoff 2018a, 2018b, 2020), and respiratory infections and allergies (Mendell et 
al. 2011). Long-term exposure to excessively dry indoor conditions with RH below 
20% is known to cause irritation and symptoms of the respiratory tract, eyes and 
skin (Fang et al. 2004, Sunwoo et al. 2006), and a low RH of 20–35% also favours 
the spread of influenza viruses (Lowen et al. 2007, Kudo et al. 2019). Dry air weak-
ens the natural defence system against airborne infections, and thus, makes people 
more vulnerable to attacks by microbes (Mendell et al. 2011, Wolkoff 2018a). To 
minimize the survival of bacteria and viruses, the RH should be between 40% and 
70% (Fisk et al. 2010, Hodgson 2002). 

Effects of carbon dioxide on health and performance 

CO2 is a colourless and odourless gas exhaled by humans during metabolic pro-
cesses. Exhalation by humans is usually the major source of CO2 in classrooms. In-
door CO2 is used as an indicator of air quality and ventilation effectiveness (von 
Pettenkofer 1858), and CO2 is usually considered a global IAQ indicator (Griffiths 
and Eftekhari 2008). For example, Ramalho et al. (2015) provided evidence that 
CO2 is a good indicator of other pollutants. Indoor CO2 concentrations of above 
1000 ppm are usually considered as an indicator of insufficient ventilation rate, and 
are known to affect indoor environmental symptoms and performance (Zhang et al. 
2017, Chithra and Nagendra 2018, Allen et al. 2016, Satish et al. 2012, Daisey et al. 
1999). According to German guidelines, CO2 concentrations below 1000 ppm are 
regarded as harmless and indicate that no measures are necessary, while concen-
trations between 1000 and 2000 ppm are considered to be potentially harmful and 
indicate the need for better ventilation (Fromme et al. 2019). 

High CO2 concentrations reduce school attendance and concentration and cause 
respiratory symptoms (Shendell 2012, Gaihre et al. 2014). Additionally, among 
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teachers, neurophysiological symptoms, such as headache, fatigue and difficulties 
in concentrating, have been shown to increase with every 100 ppm increase in the 
maximum CO2 concentration (Muscatiello et al. 2015). 

Health effects of volatile organic compounds 

Many VOCs are known as potential human carcinogens, irritants and toxicants, and 
VOC exposure has been associated with asthma and other respiratory diseases (Yas-
sin and Pillai 2018, Paciência et al. 2016). Additionally, some VOCs such as benzene 
and HCHO are known to have carcinogenic effects (Tsai 2019, Salonen et al. 2009, 
WHO 2010).  

VOCs are considered as the most important group of health threats that are 
largely present indoors due to material emissions, and are continuously released 
over a long time (Rumchev et al. 2007). HCHO and VOCs (e.g. benzene) are known 
or suspected carcinogenic and/or toxic substances that can harm the liver, kidney, 
the central nervous system, and the upper respiratory tract (WHO 2010). 

By setting in place the required actions and policies, indoor exposure to VOCs can 
be reduced, as has been successfully done in Finland via the material emission la-
belling schemes (FISIAQ and RTS sr. 2018, Paciência et al. 2016). Importantly, sen-
sitive subpopulations must be considered in risk characterization and assessment 
of hazardness (Valcke and Haddad 2015). 

Health effects of particulate matter 

Worldwide, PM is an important environmental risk for human health, due to vari-
ous properties, such as size, morphology, chemical composition, and thermody-
namic and microbiological properties. The smaller the particle size, the more easily 
they can enter deep into the lungs, where they can have adverse health effects on 
the respiratory, central nervous and cardiovascular system (Oberdörster 2000, 
Wichmann and Peters 2000, Brook et al. 2010, Li et al. 2017). There is an increasing 
amount of evidence that the harmful effects are related to the size of the particle 
(Kim et al. 2015). Particle exposure measurements are based on particle mass con-
centration, which was later been found to be a poor measure because of the strong 
influence of large particles on the respective fractions. Fine particles are biologically 
more relevant to health; thus, particle number (that is, surface area concentration) 
is a better measure of fine particle exposure. UFPs have a large surface area and, 
therefore, a higher possibility of transporting toxic compounds into the lungs 
(Schmid and Stoeger 2016, Sager and Castranova 2009, Nygaar et al. 2004, Brown 
2001). Thus, the daily dose and toxicity of airborne particles are the main medically 
relevant parameters. 

Exposure to PM2.5 has been included among the top ten risk factors for lower life 
expectancy and disease (Forouzanfar et al. 2016). The health effects of exposure to 
PM2.5 are adverse. They include respiratory and cardiovascular diseases and prem-
ature mortality and morbidity (WHO 2006). Furthermore, conjunctivitis, hay fever, 
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current itchy rash and sensitization to outdoor allergens have also been found to be 
associated with exposure to PM2.5 (Janssen et al. 2003). There are also some less 
severe effects of PM2.5 which are, nonetheless, a significant public health concern, 
since air pollution affects the entire population daily. Elevated outdoor PM10 levels 
have been related to absenteeism in epidemiology studies (Park et al. 2002). In 
studies on Western populations, lifestyle, e.g. cooking activities, has been found to 
have a strong effect on the daily exposure and dose of the population, in contrast to 
the minor contribution of outdoor microenvironments (Pacitto et al. 2018a). 

According to the latest European review, the daily PM10 limit, according to the 
WHO Air Quality Guideline (AQG), was exceeded in 22% of the 2886 reporting sta-
tions in 17 of 28 EU Member States and in six other reporting countries. Further, 
the long-term limit for PM10 was exceeded in 51% of the stations and in all the 
reporting countries, except for Estonia, Finland and Ireland, and the AQG for the 
annual mean PM2.5 was exceeded in 69% of the stations in all reporting countries, 
with the exception of Finland, Estonia and Norway. Additionally, Finland had the 
lowest average exposure for PM2.5 during 2015–2017 (EEA 2019). 

Health effects of endotoxins 

Bioaerosols have several potential health effects, of which the most severe ones are 
acute toxicity, allergies, infections and cancer. Endotoxins are known toxins with 
high proinflammatory potency, and can influence respiratory health by increasing 
the severity of asthma and causing bronchial hyperresponsiveness (Thorne 2000, 
Rabinovitch et al. 2005). The effects of exposure to low levels of airborne endotox-
ins on respiratory health have been reported in multiple studies (Farokhi et al. 
2018), and there is sufficient evidence for the association between exacerbation of 
asthma and endotoxin exposure (Kanchongkittiphon et al. 2015). In addition to 
asthma symptoms, a decrease in lung function and higher respiratory symptom 
rates have also been reported in relation to endotoxin exposure (Rabinovitch et al. 
2005, Jacobs et al. 2013, Rennie et al. 2008). School endotoxin levels may contrib-
ute significantly to total endotoxin exposure in children and teachers (Sheehan et 
al. 2012, Jacobs et al. 2013). Interestingly, endotoxin exposure during childhood 
may have a protective effect on the development of allergic sensitization (Liu 2002, 
Douwes et al. 2004, Gehring et al. 2008, Braun-Fahrländer et al. 2002, Norback et 
al. 2014). 

Health effects of indoor fungi 

Moisture condensation inside the structures or other moisture damage in a building 
might lead to microbial growth, and therefore, occupants’ exposure to fungal 
spores, cellular components and metabolite products (Nevalainen et al. 2015, 
Huttunen et al. 2016). In Finland, moisture damage is the source of the most im-
portant indoor pollutants, based on an evaluation of the burden of disease (Lampi 
and Pekkanen 2018). In the recent survey of Finnish municipalities, moisture and 
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mould problems were found to be the second most common cause of indoor air 
problems, and 68% of the municipalities considered it to be a rather common prob-
lem (Salmela et al. 2020). However, every building has some form of moisture dam-
age at some point of time in its lifecycle, and this may occur in all kinds of structures 
(Annila et al. 2017). Factors such as location, spread and severity, also affect the 
level of moisture damage in buildings. In the worst case scenario, moisture damage 
in schools may have adverse health effects on students and teachers (Borras-Santos 
et al. 2013, Claudio et al. 2016, Casas et al. 2017). 

In a Finnish survey (Lampi et al. 2020, Lampi et al. 2019), 63% of the public were 
of the opinion that even a small moisture and mould problem can pose a severe 
health risk that requires immediate intervention. However, although moisture 
problems are known to be risk factors for asthmatic symptoms (Current Care 
Guidelines 2016), very few of them are severe enough to affect humans (Karvonen 
et al. 2015, Mendell and Kumagai 2017). Internationally, there has been long-term 
consensus about the correlation between moisture damage and health effects. 

The association between high moisture content in structures, IAQ and health has 
been reported in several studies (Mendell et al. 2018, Meklin et al. 2005), and 
dampness and mould are strongly linked to the risk of respiratory symptoms and 
asthma (WHO 2009b, Pekkanen et al. 2007, Kanchongkittiphon et al. 2015, Tischer 
et al. 2011, Sahakian et al. 2008, Quansah et al. 2012, Bornehag et al.2001, Mendell 
et al. 2011). More specifically, in addition to allergic bronchopulmonary aspergillo-
sis and mycoses caused by mould, there is sufficient evidence that moisture/mould 
damage is associated with allergic respiratory diseases, asthma (manifestation, pro-
gression and exacerbation), allergic rhinitis, exogenous allergic alveolitis and res-
piratory tract infections/bronchitis (Hurraß et al. 2017). The sensitizing potential 
of moulds is estimated to be lower than that of other environmental allergens, and 
recent studies show the prevalence of sensitization to be 3–10% in the total popu-
lation of Europe (Hurraß et al. 2017). 

For children, a causal relationship has been reported between development of 
asthma and moisture damage (Caillaud et al. 2018, Kanchongkittiphon et al. 2015). 
However, it is difficult to definitively prove this causal relationship, since the factors 
and mechanisms associated with the health effects are unclear (Clark et al. 2004, 
Alenius et al. 2007, WHO 2009b, Mendell et al. 2011, Hurraß et al. 2017, Current 
Care Guidelines 2016, Pekkanen and Lampi 2015). On the other hand, indoor mi-
crobiota has been reported to have potential benefits in the context of childhood 
exposure and asthma (Kirjavainen 2019). 

Trichoderma citrinoviride and T. longibrachiatum are potentially opportunistic 
human pathogens that typically colonize water-damaged buildings and produce 
toxic peptaibols (Mikkola et al. 2012, Kuhls et al. 1999, Hatvani et al. 2013, Castag-
noli et al. 2018). When Trichoderma species, including the toxigenic mycoparasitic 
species T. atroviride, contaminate building material, they emit conidia in slimy 
masses which do not easily become airborne (Li et al 2015). However, when the 
fungal growth dries up, high amounts of conidia may be emitted into the air 



33 

(McMullin et al. 2017). Negative ventilation pressure has been shown to enable the 
small desiccated conidia (2–4 μm) of Trichoderma species to be transported from 
building constructions into indoor air (Airaksinen et al. 2004a). The emitted co-
nidia and hyphal fragments may contain toxic pebtaibols that can disrupt cation 
homeostasis of the target cells via the insertion of K+ and Na+ conducting channels 
in the cell membrane, and provoke histamine release (McMullin et al. 2017, Mik-
kola et al. 2012). Moreover, T. harzianum strains produce peptaibols that are toxic 
to mammalian cells and have been isolated from water-damaged building materials 
in Finnish dwellings (Peltola et al. 2004). Potentially pathogenic Trichoderma spe-
cies, such as T. longibrachiatum and T. citrinoviride, pose a health risk to humans 
exposed to their viable conidia (Lübeck et al. 2000, Kuhls et al. 1999). Trichoderma 
mycotoxins might also exhibit in vivo toxicity against mammalian cells (Kumpula 
et al. 2000). 

To conclude, the role of indoor fungi and fungal products in human health is still 
not well understood. Therefore, currently, the public focus is on the potential of 
microbes and their metabolic products, which are present everywhere, as agents of 
human exposure in damp and moisture-damaged buildings. Several factors con-
tribute to a variety of microbial concentrations in indoor environments, and despite 
the availability of different types of detection methods, their detection and evalua-
tion of potential human exposure remain difficult. 

It is important to consider the complexity of numerous biological agents and their 
interactions when assessing indoor environments and human well-being (Neva-
lainen et al. 2015). Determining the actual causes of occupants’ symptoms is often 
difficult or unsuccessful, and many factors contribute to the successful timing and 
performance of renovation. However, in microbially damaged buildings, the prob-
lems might continue if harmful impurities remain in the structures or crawlspace 
after renovation (Meklin et al. 2005, Haverinen-Shaughnessy et al. 2008). 

In Finland, national research-based recommendations have been published for 
doctors for the treatment of patients with symptoms related to moisture and mould 
damage (Current Care Guidelines 2016). Similar recommendations have been pub-
lished, for example, in the German-Austria region (Hurraß et al. 2017). However, 
laboratory or other clinical tests based on the combination of both moisture damage 
and symptoms do not exist. Furthermore, while qualitative assessments in the form 
of observation of visible mould or odour are available, there is little information 
about the associations between health effects and measured microbiological agents 
(Karvala 2012). 

2.3 Available international and national guidelines

Air quality guidelines by the World Health Organization 

Clean outdoor and indoor air is recognized as a basic right. Yet, globally, air pollu-
tion is among the top risk factors for mortality and lost years of healthy life and is a 
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cause for concern in both developed and developing countries, as well as urban and 
rural areas. WHO has been active in the field of air pollution over the past 60 years. 
The first WHO publication on air quality and health, titled ‘Air pollution’, was pub-
lished in 1958 (WHO 1958). Since then, there has been progress in international 
standards and guides on air quality and exposure, as well as an increase in the 
knowledge and acceptance of the health effects of air pollutants. Later, the WHO 
AQGs were developed to provide evidence-based recommendations to protect pop-
ulations worldwide from the adverse health effects of air pollutants.  

In the second edition of ‘Air quality guidelines for Europe’ (WHO 2000), indoor 
air pollutants (environmental tobacco smoke, man-made vitreous fibres and radon) 
were noted in a separate section for the first time, and in ‘Air quality guidelines: 
global update 2005’ (WHO 2006), an entire chapter was devoted to IAQ. Moreover, 
environmental inequity and its causes among and within nations were also dis-
cussed in this publication. During the preparation of this publication, it was con-
cluded that WHO guidelines focusing on IAQ should be initiated. It had become 
clear that since populations spend a considerable time indoors and indoor air pol-
lutants were increasingly being recognized as significant risk factors for health, the 
approach would have to be different from that used for outdoor pollutants. As a 
result of these deliberations, the first volume of ‘WHO guidelines for indoor air 
quality’ focusing on dampness and mould was published in 2009 (WHO 2009b), 
and the second volume, which focused on specific pollutants, was published in 2010 
(WHO 2010). In the latter volume, guidelines were provided for nine indoor air 
pollutants, namely, benzene, CO, formaldehyde, naphthalene, NO2, polycyclic aro-
matic hydrocarbons, radon, trichloroethylene and tetrachloroethylene. The third 
volume focused on household fuel combustion and was published in 2014 (WHO 
2014).  

WHO’s AQGs are based on consensus about limiting exposure to air contami-
nants that frequently occur in indoor environments. These contaminants include 
CO2, CO, HCHO, NO2, SO2, O3, radon (Rn), TVOCs and particulate matter (PM2.5 
and PM10) (Luengas et al. 2015, Abdul-Wahab et al. 2015). All of these WHO pub-
lications provide a detailed, scientific basis for regulatory authorities for setting 
standards, but they do not set air quality standards per se. Globally, local sociopo-
litical and economical conditions and ambient concentrations of air pollutants vary 
significantly, and therefore, national guidelines and standards are essential. 

Finnish guidelines 

Finland’s favourable geographical location, low population density and overall 
prosperity ensure the provision of well-maintained buildings and occupant equality 
in terms of their right to safe and healthy premises. Additionally, the work towards 
better indoor air has been active in Finland over the past 25 years. The national 
regulations for ensuring healthy and safe indoor environments have been continu-
ously under substantial development, and are more comprehensive than in, for ex-
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ample, other Nordic Countries (Salmela et al. 2019). Apart from the national legis-
lation, several supplemental guides about, for example, building and indoor climate 
investigations and repairs, healthy school environments, and solving IAQ problems 
in work places, have been published, and good practices to solve problems have 
been developed since 2000 (Pitkäranta 2016, Hekkanen 2006, Hietanen-Peltola 
and Korpilahti 2015, Lappalainen et al. 2017). About 70% of Finnish municipalities, 
with the majority forming the biggest ones, have a written procedure for cases of 
indoor air problems; however, only half of them have a procedure for prioritizing 
the repairs of the most problematic buildings. Furthermore, multi-professional ‘in-
door air groups’ consisting of several representatives from all the important groups, 
for example, building owners, school management and personnel, and parents 
(Lahtinen et al. 2008), are actively organized and considered to be beneficial in 
solving challenging cases in the municipalities (Salmela et al. 2019). The quality of 
indoor air in public and residential buildings has also improved due to the work of 
several associations working in the field of IAQ, ventilation and health, in coopera-
tion with the authorities. For example, in addition to action limits set by laws and 
decrees, the well-adopted, voluntary Classification of Indoor Environment (FISIAQ 
and RTS sr. 2018), has contributed significantly to better IAQ in Finnish buildings. 

In Finland, acts and related decrees regulate school buildings and their healthy 
and safe indoor spaces with regard to many aspects related to the construction and 
maintenance of the building and the wellbeing and safety of the students and em-
ployees (FINLEX 2020), as illustrated in Figure 3. 

 

 

Figure 3. The Finnish acts and decrees that regulate indoor environments in school buildings. 

The Decree of the Ministry of Social Affairs and Health on Health-related Condi-
tions of Housing and Other Residential Buildings and Qualification Requirements 
for Third-party Experts (545/2015) (Ministry of Social Affairs and Health, Finland 
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2015) provides action limits for exposure agents. An action limit is the concentra-
tion, measurement result or property which indicates that the party responsible for 
the hazard must take action, as laid down in section 27 or 51 of the Health Protec-
tion Act, to identify the health hazard and, if necessary, to eliminate or restrict the 
hazard. 

Although bioaerosols and their health effects have been widely studied, dose-re-
sponse-based studies have not been able to set internationally accepted and com-
prehensive exposure limits (Ghosh et al. 2015). Respiratory illnesses and allergy 
have been reported in relation to mould exposure, but health-based guidelines and 
limits for moisture or microbes do not exist. 

The required ventilation rate for school buildings in Finland is 6 L/s per person, 
and based on students’ academic performance, it appears that there is no need for 
an increase (Ministry of the Environment, Finland 2017, Toyinbo et al. 2016b). In 
comparison, ASHRAE has set a minimum requirement of 8 L/s per person for 
schools (ASHRAE 2016). 

The Finnish Building Information Foundation RTS sr published an indoor cli-
mate classification system in cooperation with the Finnish Society of Indoor Air and 
Climate in 1995, and it was renewed for the third time in 2018 (FISIAQ and RTS sr. 
2018, Ahola et al.2019). These voluntarily, but frequently, used recommendations 
were developed to help constructors and the building material industry in making 
choices that support healthy and safe buildings. The classification can also be ap-
plied for renovations. However, it is not to be used in the evaluation of a building’s 
healthiness, since exceeding the recommended values does not automatically indi-
cate the presence of a health risk. The classification presents three classes of indoor 
climate: S1 for excellent indoor climate, S2 for good indoor climate and S3 for sat-
isfactory indoor climate fulfilling the requirements of the law. There is no recom-
mendation for RH, except for a maximum RH of 60%, since it is acknowledged that 
the RH might be extremely low during wintertime. Considering the recommenda-
tions for the air flow rate, the minimum requirement of 6 L/s per person in schools 
corresponds to class S3, whereas an air flow rate of 11 l/s per person would come 
under class S1. In addition, the classification includes the M-classification for build-
ing material emissions, including workchairs with a soft covering. Limits have been 
set for classes M1 and M2, while all other materials that do not fulfil the require-
ments belong to class M3. The requirements set limits for TVOC, single VOCs, for-
maldehyde, ammonia and other hazardous compounds listed in the European 
Commission Decree No. 1272/2008, and also, acceptability limits for odour. The 
best class, which is M1, is widely adopted in industries and familiar to the public 
too; therefore, the classification has promoted a significant decrease in material-
based emissions indoors. 

The Finnish Institute of Occupational Health publishes recommended values for 
several VOCs and other IAQ-related parameters at workplaces based on research 
data (FIOH 2019). These values are based on the studied levels of impurities in 
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normal office environments. Values that exceed these levels might be indicative of 
indoor climate problems. 

Table 1 presents the action limits and recommended maximum values for IAQ, as 
well as the corresponding values set by WHO. 

Table 1. The main Finnish regulations (Ministry of Social Affairs and Health, Finland 2015, Finnish 
Ministry of the Environment 2018) and recommended maximum values (FISIAQ and RTS sr. 2018,
FIOH 2019) for factors affecting school indoor environments, and the corresponding air quality guide-
lines by WHO (WHO 2006, WHO 2010).

545/2015 1009/2017 Finnish Classification 
of Indoor Climate
2018

FIOH 2019 WHO

Decree on 
Housing Health

Design 
values for 
new build-
ings

S1 S2 S3 Recommended 
values for work-
places

AQGs for se-
lect pollutants
2010 /AQGs –
global update 
2005 (PM)

CO2 (higher 
than the con-
centration in 
outdoor air)

2100 mg/m3 (1 
150 ppm)

1 450 
mg/m3

(800 ppm) 
(momen-
tary)

<350 <550 <800

TVOC 400 μg/m³ > 100 μg/m3

VOC 50 μg/m³ Several com-
pounds men-
tioned

TXIB 10 μg/m³ 6 μg/m³
2EH 10 μg/m³ 4 μg/m³
Naphthalene 10 μg/m³, odour 

may not occur
< 2 μg/m³, no 
odour

10 μg/m³

Benzene 1 μg/m³ No safe level
Styrene 40 μg/m³
Formalde-
hyde

Annual average 
50 μg/m³

> 15 μg/m³ (note: 
very small con-
centrations may 
cause irritation 
symptoms)

30-minute aver-
age 100 μg/m³

100 μg/m³

CO 7 mg/m³ (mo-
mentary)

100 mg/m3 (15 
min), 7 mg/m3

(24 h)
PM10 (24 h) 50 μg/m³ 50 μg/m 50 μg/m³ (20 

μg/m³, annual)
PM2.5 (24 h) 25 μg/m³ <10 <10 <25 25 μg/m³ 25 μg/m³ (10 

μg/m³, annual)
Temperature Heating season 

+20 to +26 °C
20-25 °C

Outside heating 
season +20 to
+32 °C

20-27 °C

Ventilation 
rate per per-
son

6 L/s during oc-
cupancy

6 L/s 11 L/s 8 L/s 6 L/s 

outside oc-
cupancy

0.15 
(L/s)/m2

TXIB: 2,2,4-trimetyyli-1,3-pentaanidiolidi-isobutyraatti; 2EH: 2-etyyli-1-heksanoli
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2.4 Perceived indoor environment and symptoms related to indoor 
air quality

Occupants’ environmental discomfort and indoor air-related symptoms are com-
monly used as subjective indicators of the quality of indoor air. Various factors, in-
cluding ventilation rate, the emission rates of indoor pollutants, and air tempera-
ture and humidity, affect the acceptability of indoor air. In indoor air investigations, 
both the physical and psychosocial characteristics of the school environment and 
symptom reporting are important (Lahtinen et al. 2008, Norbäck 2009). However, 
it is worth noting that public knowledge about the role of factors other than build-
ing-related factors in symptom perception seems to be poor. For example, these 
were the findings of a recent Finnish public survey (Lampi et al. 2020): 49% of fe-
male and 40% of male respondents thought that symptoms are the best indicator 
of indoor air problems in a building; 32% thought that worry about IAQ can cause 
symptoms similar to IAQ problems; only 44% of the respondents thought that the 
assessment of indoor impurities should be based on building investigations and 
other measurements, and not so much on symptom perceptions among occupants; 
59% thought that it is difficult to evaluate whether respiratory symptoms are caused 
by indoor air or other reasons. Accordingly, it is well known that human indoor air-
related symptoms are affected by a wide set of factors inside and outside of the 
building, including personal health and psychosocial wellbeing (Magnavita et al. 
2015, Lahtinen et al. 2004, Kinman et al. 2008, Lampi ja Pekkanen 2018). For ex-
ample, worry about one’s own health, awareness of existing IAQ problems, human 
background factors (for example, age, illnesses and smoking), psychosocial climate 
in the studied indoor environment (for example, workplace) and possibly pro-
longed process management might contribute to the symptoms and complaints. 
The complexity of this situation is illustrated in Figure 4. 
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Figure 4. Perceived indoor air quality and related symptoms in schools are affected by several fac-
tors, and the measurable contaminants in indoor air are only one aspect. 

The potential role of psychological mechanisms, such as attention and expectations, 
have been studied in symptom reporting in general (Lorenz et al. 2005, Bantick et 
al. 2002, Petrie et al. 2004). Cognitive processes and psychological states, such as 
worry or stress, have been shown to affect symptom reporting and interpretation of 
somatic perceptions in several studies, in which negative information about the ex-
posure was found to cause more symptom reporting (Jaén and Dalton 2014, Dalton 
et al. 1997, Crichton et al. 2014, Andersson, Linus et al. 2013). Expectation of symp-
toms increases selective attention to bodily processes, and as a result, people notice 
common physiological sensations and attribute them to health threats (Rief and 
Broadbent 2007). In other words, worried people tend to observe themselves more 
intensively and interpret their observations in a way that supports their worry. Fur-
thermore, worries and beliefs about harmful factors in the close environment affect 
the measurable physical responses in humans (Tinnermann et al. 2017, Winters et 
al. 2003, Jaén and Dalton 2014). Accordingly, several studies from different con-
texts have shown the connection between high levels of health-related worry and 
development of symptoms (Eriksson et al. 1996, Indregard et al. 2013, Filipkowski 
et al. 2010, Freyler et al. 2013, Kaptein et al. 2005). 
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Since IAQ problems are commonly recognized as a serious threat to health and 
well-being, especially in children, awareness of such problems considerably in-
creases the level of worry and concern among parents. In a recent study, IAQ prob-
lems were strongly associated with an increase in worry and an increase in all the 
symptoms under study, as reported by the parents (Nissilä et al. 2019). Therefore, 
parental worry may play a major role in school IAQ problems in Finland, and ques-
tionnaire results need to be interpreted with caution when there is a high level of 
worry among the respondents (Nissilä et al. 2019). On the other hand, the preva-
lence of symptoms may not be correlated with the main source of impurities in the 
building (Tähtinen et al. 2019). 

In the context of schools, level of worry could be influenced by the problem man-
agement and communication strategies in place. Proper sharing of information and 
discussion with the occupants are essential in a building in which IAQ problems are 
suspected, but awareness and warnings about potential health risks might unnec-
essarily increase the level of worry and, therefore, perceptions of symptoms 
(Witthöft and Rubin 2013). This poses a challenge for IAQ problem management 
and questionnaire interpretation; additionally, due to various psychosocial factors, 
questionnaire data may be biased (Pennebaker 2000). 

The information given about a study to the respondents may considerably affect 
the reporting of symptoms (Brauer and Mikkelsen 2003). In a study that used fam-
ily-administered questionnaires, it was noticed that families with a greater number 
of reported symptoms by the child and other family members were more inclined 
to participate in the study (Bornehag, Carl-Gustaf et al. 2006). Therefore, it is pos-
sible that occupants who have more symptoms are overrepresented in question-
naire studies. Among office workers, the effect of psychosocial factors on health 
complaints have been widely studied, and IAQ-related symptom reporting is asso-
ciated with socioemotional difficulties (Norbäck 2009, Lahtinen et al. 1998, Finell 
et al. 2018b). Similarly, it is possible that teachers reporting more work-related 
symptoms could have more socioemotional difficulties or dissatisfaction with their 
work (Savelieva 2019, Finell 2018a). 

Indoor air questionnaires 

Self-administered questionnaires are commonly used to collect information about 
occupants’ indoor air-related symptoms and environmental complaints. In the 
1990s, the frequently used MM-40-questionnaire was developed in Örebro, Swe-
den, to investigate indoor air-related symptoms and complaints in workplaces and 
schools (Andersson 1998). Later, similar questionnaires were developed for sec-
ondary school students (MM-60) and parents of primary school children (MM-80). 
In Finland, an indoor climate survey was developed based on the MM40-question-
naire by the Finnish Institute of Occupational Health (FIOH) (Reijula and 
Sundman-Digert 2004), and this questionnaire is still frequently used by the FIOH. 
Overall, indoor air questionnaires are commonly used in Finland, parallel to build-
ing investigations (Pitkäranta 2016). The FIOH’s questionnaire is targeted mainly 
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at office workers, based on the wide reference data collected (Reijula and Sundman-
Digert 2004), but there has also been some focus on workers in health care facilities 
(Hellgren et al. 2011, Hellgren 2008). In school environments, reporting by parents 
has been used as a proxy for reporting by primary school students. However, dis-
crepancies between parents’ proxy and student self-reporting have been shown, 
and therefore, the recently developed questionnaires prioritize student self-report-
ing (Bevans et al. 2010, Lampi, Jussi et al. 2018, Eiser and Varni 2013, Ung‐Lanki 
et al. 2017). Questionnaires targeted at students instead of the parents increase the 
response rate, since they are easier to administer to students during the school day 
and also provide more reliable information (Savelieva 2019). 

In order to assess the associations between symptoms and expert-assessed con-
ditions in the schools, symptom scoring instead of multiple symptom-by-symptom 
questions has been successfully introduced (Nissilä et al. 2019, Savelieva et al. 2019, 
Ung‐Lanki et al. 2017, Tähtinen et al. 2018). However, although questionnaires are 
a valuable source of information for solving IAQ problems, the questionnaires alone 
should not determine the urgency of the measures or renovation actions (Nissilä et 
al. 2019, Tähtinen et al. 2019). Instead, proper building and structural investiga-
tions are always needed (Weijo et al. 2019). 

Indoor air-related symptoms in Finland 

Two Finnish population studies, the FinHealth Survey and the National Indoor Air 
and Health Survey, have recently investigated the commonness of perceived indoor 
air-related problems (Koponen et al. 2018, Lampi et al. 2020, Lampi et al. 2019). 
Difficult or very difficult indoor air-related symptoms were rarely perceived at a 
population level, as only 2.2% of women and 0.2% of men reported having had in-
door air-related symptoms. However, a significant proportion (37% of women and 
21% of men) of working age (25–64 years) individuals reported having mild or 
moderate indoor air-related symptoms at some point in their life, either at the 
workplace or at home. Indoor air-related symptoms were much more common at 
the workplace than at home, as 22.1% of women and 11.1% of men reported having 
symptoms at the workplace during the last 12 months in the FinHealth Survey, and 
26% women and 15% men reported a similar situation in the National Indoor Air 
and Health Survey. 

In a study reviewing indoor climate survey responses to the FIOH questionnaire 
that included 29,098 persons from 467 work places, the most common indoor air-
related disadvantages reported were stuffy or poor air and insufficient ventilation 
(Salmela et al. 2019). In particular, the employees of the municipalities, and espe-
cially employees working in the health care or teaching sectors, most commonly 
perceived indoor air-related symptoms and discomfort. However, the factors caus-
ing these symptoms are not known and should be studied further, with a special 
focus on the role of noise and psychosocial load.  

In a different study that targeted only school personnel, the severity of the self-
reported perceived problems among people working in schools was demonstrated 
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(Putus et al. 2017). A national survey for teachers and principals in which they self-
reported their health and its relation to the workplace was conducted in 2017, and 
5000 responses were collected (it should be noted that no objective measurements 
of the occupants’ health were made). In this survey, 30% of the respondents re-
ported having IAQ-related discomfort and 40% reported that they experienced 
health effects. Only 30% reported not having suffered any harm from indoor air. 
Further, 75% reported being exposed to moisture and mould damage at some point, 
and 40% reported that they were exposed to moisture and mould damage for a long 
period of 5–20 years. There were notable differences in the responses between gen-
ders: 30% of the male respondents and 19% of the female respondents reported not 
being exposed at all. Adverse factors were mostly reported for workplaces built in 
the 1960s to 1980s. In fact, two-third of the respondents working in buildings built 
from the 1970s reported experiencing the adverse effects of poor indoor air (Putus 
et al. 2017). These results reflect the challenging situation in Finnish schools with 
regard to the perceived IAQ and the actions required by the public. 

In Finland, despite the advantages of the favourable geographical location, low 
population density and cleanliness of ambient air, as well as the very active opera-
tive attention to good indoor air by authorities, politicians and associations, public 
discussion about the commonness of indoor air problems and the severity of their 
possible health effects has become active and often divided (and even escalated). 
Even experts in the field express very diverse opinions about IAQ-related issues in 
public (Lampi et al. 2020), causing confusion among the public who search for in-
formation. In fact, disinformation is frequently shared among people, for example, 
through social media, and mistrust among worried people towards the authorities, 
building owners and construction companies has led to incendiary situations con-
cerning suspected IAQ problems in buildings. A recent national survey about the 
public’s opinions and beliefs about the health effects of indoor air collected 1797 
responses, which showed that there was an alarming difference between research 
information and public beliefs (Lampi et al. 2020). For example, 66% of the women 
and 59% of the men thought that the majority of the indoor air symptoms are not 
transient, and only 13% of women and 9% of men thought that it is possible to re-
cover from sensitivity to indoor air symptoms. These distorted beliefs and state-
ments might affect policy and decision making and, furthermore, prevent people 
with acute health problems caused by indoor air from receiving the necessary care 
(Lampi et al. 2020). In a recent survey of Finnish municipalities, a lot of challenges 
were noted in the prioritization of issues due to public pressure and lack of evidence 
about the causes of indoor air problems and their health effects (Salmela et al. 
2019). 

With a view to close the gap between perceived IAQ and measured IAQ, the Finn-
ish Institute of Health and Welfare initiated the national Indoor Air and Health 
Programme 2018–2028 with numerous collaborators and stakeholders (Lampi et 
al. 2020, Lampi and Pekkanen 2018). The programme aims primarily to reduce 
hazards to health and wellbeing in indoor environments, and covers the following 
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important areas related to the aim: increasing understanding of the health effects 
of IAQ; developing management strategies for the problems; improving the treat-
ment and functional capacity of people with illnesses; and strengthening compe-
tence in indoor air-related matters (Lampi et al. 2020). 
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3. Aims

The aims of this study were:  
 

1. To conduct a comprehensive characterisation of the IAQ in school buildings 
with and without reported IAQ complaints and detect measurable differ-
ences between the buildings (publications I and II). 

 
2. To test a new online indoor air questionnaire targeted at teachers and stu-

dents to gather space- and time-specific data that can be compared to sim-
ultaneous long-term measurements of temperature, RH and CO2 (publica-
tions I and II). 

 
3. To assess the effects of significant ventilation system changes on measured 

and perceived IAQ in school buildings with unsolved IAQ problems, with 
special focus on indoor mycobiota (publications III and V). 

 
4. To provide information about the applicability of moderate positive dPa in 

a well-ventilated building awaiting repairs, with special focus on the mois-
ture performance of the structures (publications III and IV). 
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4. Material and methods

4.1 School characteristics and study design

Perceived and measured IAQ was studied in six comprehensive schools in the Hel-
sinki metropolitan area. The schools were built or renovated after 2003 and 
equipped with mechanical ventilation systems, and they were representative of typ-
ical Finnish school buildings. The studied buildings were selected in collaboration 
with indoor air specialists from the Real Estate Centre of Vantaa and Built Assets 
Management of the City of Helsinki, and the focus was on relatively new or reno-
vated schools. The main selection criteria were buildings with reported IAQ prob-
lems (‘problematic schools’) or buildings without known IAQ-related problems 
(‘comparison schools’), as categorized by the beforementioned municipal organiza-
tions. Finally, six available and suitable school buildings were selected for the study. 
In four of the buildings, the major occupants had made prolonged complaints, but 
no obvious IAQ problems had been found on assessment. In two of the buildings, 
the occupants had not reported any IAQ-related problems, and the indoor air ex-
perts of the municipalities, who were responsible for the building conditions, had 
not detected any problems either. Therefore, these two buildings were included in 
the study as comparison buildings. 

In the problematic schools, complaints about IAQ-related discomfort and symp-
toms had been reported to the indoor air specialists and work health personnel al-
most continuously for at least one to two years. The commonly reported complaints 
included, for example, perception of stuffy and warm air, dust, bad odours, head-
aches, nausea, skin symptoms, and respiratory symptoms (such as dry cough, 
hoarseness, stuffy nose and dry throat). Based on their complaints, many IAQ-re-
lated and structural investigations, as well as actions, such as ventilation adjust-
ments, sealing and structural repairs, were conducted over the past years. However, 
the occupant complaints continued, and a clear reason for major repairs had not 
been found. 

In the comparison schools, such IAQ-related complaints were not reported and 
the need for acute action or repairs was not detected either. However, the term 
‘comparison’ has been used instead of ‘reference’ because the school categorization 
was based purely on the knowledge received but not proven by comparable research 
methods. The term ‘reference’ would imply a building that has been shown to be 
fully satisfactory in all aspects related to the study. In contrast, this study was based 
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purely on comparison of these two pre-categorized building groups, ergo, on a prac-
tical basis. 

The received information about the buildings and their conditions can be consid-
ered accurate and reliable, as the indoor air specialist who was consulted was re-
sponsible for controlling all the information related to the buildings and was re-
sponsible for any actions and, therefore, had reliable knowledge about them. The 
information about occupant complaints and completed actions was confirmed by 
the school principals, as well. School personnel and parents were informed about 
the study set-up and school categorization into problematic or comparison schools 
before the study began. 

All the schools were located in urban areas approximately 20–50 m from local 
main traffic routes and had some green areas nearby. There was no heavy traffic in 
direct proximity to the schools. Students from grades one to nine were taught in the 
schools. Information about the studied schools is presented in Table 2. 

Table 2. Information about the schools included in this study (the relevant publications are indicated 
in brackets)

School City Approx. 
no. of 
stu-
dents

No. of 
employ-
ees

Year of 
construc-
tion

Year of 
renova-
tion

Type of ven-
tilation

Measurement 
period (I, II)

Ventilation 
interven-
tions (III, 
IV, V)

P1 Van-
taa

840 79 2006 - mv 7–21 Nov, 2016

P2 Van-
taa

840 75 2006 - mv 21st Nov to 7th

Dec 2016
P3 Van-

taa
680 56 1968, 

extension 
2002

2003-
2005

mv 30th Jan to 13th

Feb 2017
May 2016 -
May 2017 
(III, IV)

P4 Hel-
sinki

700 74 2009 - mv, nv 6–20 Mar 2017 May 2016 -
March 2017 
(V)

C5 Van-
taa

570 68 1980s, 
extension 
2013-2014

- mv 24th Oct to 7th

Nov 2016

C6 Hel-
sinki

800 40 1955 2010-
2012

mv 16–30 Jan 2017

P: problematic building (reported indoor air complaints); C: comparison building (no reported indoor air com-
plaints); mv: mechanical supply and extract ventilation; nv: fan-assisted natural ventilation

 
Perceived and measured IAQ was studied in 38 classrooms in the six schools be-
tween October 2016 and March 2017, that is, during the winter season. The mete-
orological conditions during the measurement periods of different schools were 
comparable (median temperature, -1.4°C to 1.2°C; median RH, 85% to 94%). 
Therefore, the likelihood of a bias in the analysis was low. 

Six classrooms (marked with the letters a–f, and the corresponding number of the 
school) from each school were selected for the study. The school principals were 
asked to select the classrooms in order to ensure that suitable classrooms were se-
lected, and the relevant personnel were interested in the study. In school P2, how-
ever, some parameters were studied in two additional classrooms (2g and 2h) as 
well, after some deliberation between the researchers and school management. 
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These were the rules for the selection of the classrooms: (i) the classrooms should 
mainly be used by students from grades seven to nine because they would need to 
fill in an online questionnaire (and younger children were considered to be too im-
mature to respond appropriately), and (ii) classrooms in which other material was 
likely to be emitted (for example, arts, physics and chemistry classrooms) would 
not be selected. Most of the selected classrooms complied with these requests, how-
ever, some art or physics classrooms were accepted. 

Walk-through inspections of the selected classrooms revealed that they were 
clean, but the upper surfaces were dusty. Surface cleaning was conducted daily in 
the classrooms, but the school cleaning personnel were requested not to clean for 
four days before the measurement period. The classroom walls and ceilings were 
painted, and the floors covered with plastic flooring. Special sources of organic mat-
ter were not observed, such as animals, potted plants or visible moisture or mould 
damage. 

In two of the school buildings, a special ventilation intervention study was con-
ducted between May 2016 and May 2017. In ventilation intervention study 1, a con-
tinuous positive dPa of 5–7 Pa was applied in a limited section of the building over 
one school year by simple adjustments of the mechanical supply and exhaust air 
system. The effects of the positive dPa on the moisture performance of the struc-
tures was studied over the entire intervention period of 9 months in the selected 
building section. Ventilation intervention 1 is described more detailed in 4.1.1. 

In ventilation intervention study 2, the ventilation function of a section of the 
building with hybrid ventilation was assessed and improved. The findings were im-
portant, as hybrid ventilation is rarely used in Finnish school buildings. In both 
interventions, occupants’ perceptions were recorded before and after the interven-
tion, while simultaneously sampling a few IAQ parameters. Ventilation interven-
tion 2 is described more detailed in 4.1.2. 

The present study was conducted as part of the Finnish research projects EURA 
(the Finnish Work Environment Fund, grant no. 115376), TOXICPM (the Academy 
of Finland, grant no. 289161), and Indoor Air Police (Business Finland, grant no. 
4098/31/2015). The aim of these projects is to gain a comprehensive understanding 
of the chemical, physical and microbiological IAQ in school buildings in the metro-
politan area of Finland. 

Ventilation intervention 1: Effect of positive pressure on indoor air 
quality and moisture performance of structures (publications III and 
IV) 

Background and building characteristics 
Ventilation intervention study 1 was carried out in school P3 due to its repair history 
and high number of prolonged occupant complaints that continued despite the re-
pair actions. Since 2004, microbial and structural investigations as well as repairs 
for extensive moisture damage, air leakage, and ventilation system problems had 
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been conducted in the building, according to information received from the build-
ing owner. Despite this, the occupants’ IAQ-related complaints had continued.  

According to the received information, the outer wall structures contained mate-
rial with microbial damage (such as the wooden window frame fastening and min-
eral wool layer), and this possibly resulted in the release of impurities indoors via 
infiltrations caused by negative dPa. It was suspected that these impurities might 
be a health risk. An extensive structural repair in the lower parts of the outer wall 
had been planned to improve the building design and to seal the air leakage routes. 
However, the repairs did not take place immediately, but only during the following 
years.  

An important feature of this intervention is that it could be implemented in one 
controllable building section. The aim was to prevent potential infiltration of impu-
rities by generating a 5–7 Pa positive dPa in the selected section. The dPa was kept 
low to avoid strong exfiltration of indoor air, and the moisture performance of the 
structures was monitored during the intervention. 

The selected section of school P3 consisted of 12 classrooms, six toilets, a storage 
area for cleaning material and one corridor. It was served by one air handling unit; 
therefore, it was possible to apply positive dPa only in that building section. The 
building had a mechanical supply and extract ventilation system with heat recovery. 
Such a ventilation system transfers dry air from the outside to indoors. Each class-
room had two or three supply air duct diffusers and one or two extract air grilles. 
Airflow rates were adjusted by dampers in the main air handling unit and with reg-
ulation and measuring devices connected to each terminal device. Heating was pro-
vided by a district heating network and via central heating systems with water ra-
diators and thermostatic valves. The layout of this section of the building is pre-
sented in Figure 5. 

 

 

Figure 5. Floor plan of the section in which intervention 1 was applied in school P3. The ventilation 
intervention was conducted in the building section marked with red, and most of the measure-
ments were taken in classrooms 3g and 3h (which correspond to classrooms 3 and 9 in publica-
tion III, respectively). 

With regard to the occupancy of the classrooms, 20–25 persons worked in the 
building for a few hours per day during the normal school week, that is, Monday to 
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Friday. IAQ measurements were conducted in two classrooms: classroom 3g (class-
room 3 in publication III) on the eastern side of the building section, and classroom 
3h (classroom 9 in publication III) on the western side. These two classrooms were 
selected because most of the IAQ complaints had been received from them, accord-
ing to information given by the occupational safety and health personnel.  

Set-up for the ventilation intervention 
The ventilation intervention was implemented in three parts: (1) Airflow rates from 
the terminal units in the studied building part were measured to determine the in-
itial state of the ventilation. Simultaneously, IAQ measurements were conducted, 
occupants’ perceptions were recorded, and microbial samples were collected. (2) 
The air distribution ductwork was fully balanced by an authorized company. (3) 
Supply and extract fan speed was adjusted in the air handling unit to generate a 
positive dPa of 5–7 Pa over the building envelope. (4) Airflow rates were re-meas-
ured to ensure that the required level of dPa was set, and simultaneous IAQ meas-
urements were conducted. After five months of this positive dPa intervention, oc-
cupant perceptions were recorded and microbial samples were collected. 

Positive dPa was maintained in the studied building section over the entire school 
year, including the cold winter season, from August 2016 to May 2017. dPa values 
and moisture behaviour of the structures were monitored during the entire set-up 
in the two selected classrooms. Interzonal pressure differences were not measured, 
because the ventilation system was carefully balanced to eliminate potential dPa 
between classrooms, and all the classrooms had practically the same supply and 
extract airflows. In addition, air mixing between rooms was improbable since each 
classroom had its own supply, and the extraction air terminal units and classroom 
doors were typically kept closed. 

Ventilation intervention 2: Effects of improving the hybrid ventilation 
system on indoor air quality (publication V) 

Background and building characteristics 
Ventilation intervention study 2 was conducted in school P4, which had two sepa-
rate ventilation systems serving the building: mechanical supply and extract venti-
lation with heat recovery and fan-assisted natural ventilation (hybrid ventilation). 
The building sections with different ventilation systems were next to each other and 
only separated by walls. The doors between these sections were in daily use; thus, 
mixing of air occurred between the sections. Both perceived and assessed IAQ-re-
lated problems had been reported in the entire building since 2010, including, for 
example, moist flooring replacements, local moisture damage repairs, ventilation 
adjustments, and sealing of air leaks. Despite the long history of actions, the rea-
sons for the occupants’ complaints, including, for example, stuffy air and unpleas-
ant odours, were not identified, but infiltration of harmful impurities from the 
structures was suspected.  
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The ventilation intervention focused on one building section with hybrid ventila-
tion that comprised two floors with eight classrooms on each floor, as most of the 
complaints were reported from this section. Perceptions of poor IAQ had especially 
been reported from the first floor, in which bad odours and stuffy air were also ob-
served during the walk-through inspection. 

The hybrid ventilation system 
The hybrid ventilation system was designed as follows: A supply air tower brought 
filtered outdoor air into the air handling unit located in an underground supply air 
chamber in which the air was heated with the help of radiators. The chamber con-
sisted of two corridors with a cross-section of 2 m2. From the chamber, the supply 
air was transferred into classrooms via classroom-specific ducts. Altogether, 16 sep-
arate ducts led into the classrooms from the chamber. The layout of the studied 
building section, depicting the location of the supply air chamber, air handling unit 
and ventilation ducts underneath the building section, is presented in Figure 6 
(which is based on Figure 2 in publication V). 

 

 

Figure 6. The layout of the studied building section and location of the underground supply air cham-
ber (in the area indicated with the blue line). Green arrows indicate the movement of air into the 
air handling unit from outdoors and into the chamber. Measurements were conducted in class-
rooms 4d and 4e (which correspond to classrooms 1 and 2 in publication V, respectively) in the 
first-floor building section. 

The ducts had motorized and remote-controlled dampers to adjust the supply air 
to the classrooms, with an opening ranging from 0% to 100%. The supply air rate 
was set to 8 L/s/person; thus, it was altogether 2000 L/s for the entire building 
section comprising the two floors. For the base ventilation, the dampers were set to 
be open at 20%, as shown in Figure 7 (which corresponds to Figure 4 in publication 
V). When the classrooms were occupied, the classroom-specific CO2 sensors con-
trolled the supply air intake by adjusting the dampers in the chambers, and more 
supply air was brought into the classroom if the CO2 concentration exceeded ap-
proximately 500 ppm. 
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Figure 7. Supply air chamber, classroom-specific ventilation ducts with the designed damper opening 
at 20%, and radiators providing heating to the supply air (Figure 2 in publication V).

The supply air entered the classroom via grilles under the windowsills, and from 
the classrooms, it moved to the lobby via grilles in the partitions. From the lobby, 
the air was extracted naturally outdoors via a large exhaust stack. In general, the 
supply air moving into the classrooms was not equally distributed between the 
rooms but was dependent on the location of the classroom’s supply air duct in the 
supply air chamber. The ducts located at the end of the angular corridor (leading to 
the studied classrooms) received the least supply air due to pressure loss in the cor-
ridor. Furthermore, the classroom-specific supply air provision and the classroom 
door positions affected the dPa throughout the building section. The air handling 
unit had a supply air fan to enhance the supply air rate on an on-demand basis; in 
the studied building, it was set to run constantly at full speed to improve the air 
quality. The ventilation system was found to have some prerequisites for appropri-
ate operation. However, it was concluded that some technical changes to the control 
system would have provided better classroom-specific adjustments in accordance 
with the supply air income in each classroom (Vornanen-Winqvist et al. 2017). 

The required remote-control system adjustments were successfully completed by 
a competent company. As an important note, this case study highlights the im-
portance of school maintenance personnel: that is, the fundamental building tech-
nology systems, such as ventilation and its control mechanisms, should be designed 
such that it can be understood and controlled by personnel who are in charge of the 
school building on a daily basis. In this case study, for example, this would have 
prevented at least two years of poor ventilation functioning and its effects on occu-
pant perceptions and wellbeing. 
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Set-up for the ventilation intervention 
The initial ventilation measurements have been described in Vornanen-Winqvist et 
al. (2017). The perceived and measured IAQ were studied before May 2016 and af-
ter March 2017 in order to understand the effects of the ventilation system improve-
ments, mainly in classrooms 4d and 4e (which correspond to classrooms 1 and 2 in 
publication V, respectively), which were the most unfavourably located in relation 
to the supply air income provided by the air handling unit. Additional measure-
ments were conducted in the lobby and in some other classrooms in the studied 
section. The occupants’ perceptions were recorded in May 2016 and January 2017, 
and data were also obtained from other similar building sections with hybrid ven-
tilation in which there were similar ventilation problems and similar improvements 
were made. 

4.2 Sampling and instrumentations

Both short-term and long-term sampling and measurements were conducted: up to 
two weeks in the six-school comparison study, and up to nine months in the venti-
lation intervention studies. Measured factors, measurement methods, devices, 
their accuracy and range, and the relevant publications are presented in Table 3. 
The methods are described in more detail in chapters 4.2.1−4.2.8. Both real-time 
and retrospective data on the occupants’ perceptions are presented in chapter 4.3. 

The selected measurement methods were judged to be applicable in school envi-
ronments, and the used devices were found to be suitable and accurate for the typ-
ical concentrations found in such buildings. Short-term measurements were con-
ducted in unoccupied classrooms in between or after normal school classes. In this 
manner, disturbances in sampling and potentially high levels of momentary impu-
rity levels in indoor air (for example, via personal hygiene products) were excluded. 
Long-term measurements were conducted during the normal school semester, as it 
was representative of the actual conditions that occupants were exposed to on a 
daily basis. However, there were some challenges related to the safe installation of 
long-term measurement devices in the classrooms occupied by young children. The 
devices needed to be placed in locations in which they did not disturb the teaching 
of the class or were not likely to be touched by children. Therefore, the measure-
ment spots had to be selected individually in each classroom, depending on the fur-
niture and classroom use. 

Quality assurance and control procedures for the described methods included ap-
propriate calibration of the instruments according to manufacturer’s guidelines or 
by the manufacturer’s service and use of standardized sampling and analysis pro-
cedures. Most of the analyses were conducted in certified laboratories. 
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Table 3. Measurement methods

Measured Factor Device/method Accuracy (range) Publications
Differential pressure across 
the envelope, 60 s average

SWEMA 3000md ±0.3% read value, lowest, ±0.3 
Pa

I

Differential pressure across 
the envelope, continuous

KIMO CP101 1.5% of reading ± 3 Pa (-500 to 
1000 Pa)

III, V (2016)

or Envic dp-101s-pd2, 
logger Grant 1000 (values 
as 5-min averages of 10-s
readings)

3% of reading ± 0.2 m/s V (2017)

Supply/extract airflow rate Swemaflow 125D Air flow: ±3.5%, not better than 
0.4 L/s. Backpressure: ±10%, 
lowest 1 L/s. T ± 0.5 °C. Ba-
rometer ±3.5 hPa.

I, III

or SWEMA 3000md See above I, III, V
Temperature and relative hu-
midity outdoors

ThermaData ±0.5°C at −10 to 85°C (−30 to 
85°C)

III

Temperature Rotronic CL11 ±0.3°K at 23 ± 5 °C (-20 to 
60°C)

I, III, V

Relative humidity Rotronic CL11 <2.5% at 10 to 90% (0 to 
100%)

I, III, V

Carbon dioxide Rotronic CL11 ±30 ppm ± 5% of the measured 
value (0 to 5000 ppm)

I, III, V

Particulate matter 2.5 μm MIE pDR-1500 ±5% (0.001−400 mg/m3, parti-
cle size range of maximum re-
sponse, 0.1−10 μm)

I, III, V

Particulate matter 10 μm MIE pDR-1500 See above I
Volatile organic compounds Tenax TA, 

GilAir Plus / ACTI-VOC,
TD-GC-MS

±20%, average
±5% (20 to 5000 cc/min)/5% of 
set point or ±3 mL/min (20–200 
mL/min)

I, III, V

Formaldehyde FM-801 ±4 ppb, <40 ppb
±10% of reading, ≥40 ppb
(10−1000 ppb, actual detection 
limits down to <5 ppb below the 
display value)

I, III, V

Carbon monoxide                      IQ-610 probe ±2 ppm, <50 ppm, ±3% rdg 
>50 ppm (range, 0−500 ppm)

I, III

Number of microbial colonies 
(air sample)

RCS High Flow Touch, 
agar strips

I

Endotoxins (settled dust) Vacuum cleaner, filter, LAL I
Mycobiota of settled and filter 
dust

Plastic bag, malt extract 
agar plates, BSMI, ICP, tef1

I, III, V

Temperature and relative hu-
midity inside structures

RF SensIT Δt = 1 h, error ± 5% IV 
(classroom 
3g)

or Vaisala HMP 110 sen-
sors, logger Grant 1000 
(values every 15 minutes)

Error ± 1.5% IV 
(classroom 
3h)

Perceived indoor air quality Örebro (MM40) question-
naire

I, III, V

Perceived indoor air quality Online-questionnaire I, II
BSMI: Boar sperm motility inhibition assay; ICP: inhibition of cell proliferation; tef1: translation elongation fac-
tor 1 alpha.

Ventilation (publications I, III and V) 

In the six-school comparison study, momentary dPa values across the building en-
velope were measured with the SWEMA 3000md device (Swema, Stockholm, Swe-
den) (Figure 8a), as 60-s average measurements. Measurements were conducted 
using a plastic tube with a copper core placed outside of a closed window. Supply 
and extract air flow rates were measured with SWEMA 3000md at the terminal 
units of the ventilation duct. Measurements were conducted only in classrooms 
where reliable measurements were possible during the visit. 
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In ventilation intervention 1, airflow rates were measured in the studied building 
section before and after balancing of the ventilation, and after the generation of 
positive dPa with Swemaflow 125D (Figure 8b; Swema, Stockholm, Sweden). Meas-
urements were made at each terminal unit in the classrooms, toilets and corridor. 
dPa values across the building envelope were measured in classrooms 3g and 3h 
with the measurement device KIMO CP101 (Sentronic AB, Busslingen, Switzerland) 
and logger Grant 1000 (Grant Instruments, Cambridgeshire, UK) (Figure 8c). The 
measurements were taken continuously for one week before the ventilation inter-
vention and for nine months after the generation of positive dPa and consisted of 
5-min average values of 10-s readings. A plastic tube with a copper core was placed 
outside a window that was not normally open, and the measurement device with 
the logger was placed inside and near the window. The outdoor temperature was 
monitored simultaneously. 

In ventilation intervention 2, instant measurements of air flow rates were taken 
in all classrooms of the studied building section before and after the improvement. 
Damper positions were controlled by increasing CO2 concentrations in the class-
rooms. dPa values across the building envelope were measured in classrooms 4d 
and 4e continuously for one week before, and two weeks after improvements were 
made to the ventilation system. 

 

 

Figure 8. (a) Swema 3000md for differential pressure measurements. (b) SwemaFlow 125D for air 
flow measurements. (c) KIMO CP101 and logger Grant 1000 for differential pressure measure-
ments. 
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 Temperature, relative humidity and carbon dioxide (publications I, III 
and IV) 

Temperature, RH and CO2 concentrations were recorded as continuous measure-
ments for a two-week period in each classroom with a Rotronic CL11 metre (Ro-
tronic AG, Bassersdorf, Zürich, Switzerland) (Figure 9). 

In ventilation intervention 1 (P3), temperature, RH, and CO2 concentrations were 
measured in classrooms 3g and 3h for a one-week period before the ventilation in-
tervention and for a nine-month period after the intervention. In ventilation inter-
vention 2 (P4), temperature, RH, and CO2 concentrations were measured in class-
rooms 4d and 4e for a one-week period before and a two-week period after the ven-
tilation improvement. 

 

 

Figure 9. Rotronic CL11 for continuous measurements of temperature, RH and CO2. 

 Volatile organic compounds, formaldehyde and carbon monoxide 
(publication I, III and V) 

VOC sampling and analysis were carried out according to the relevant ISO standard 
(ISO 16000-6:2011). Air samples of 8 dm3 were taken from empty and closed class-
rooms at a height of 1.5 m (Figure 10). Samples were collected in stainless steel 
tubes (Markes International Ltd., Llantrisant, UK) packed with Tenax TA (60/80 
mesh) or Tenax TA-Carbograph 5TD. GilAir Plus (Sensidyne, St. Petersburg, FL, 
USA) or ACTI-VOC (Markes International Ltd., Llantrisant, UK) air sampling 
pumps were used at a flow rate of 0.20 dm3/min. 

The samples were desorbed with a thermal desorption unit (TD-100, Markes In-
ternational Ltd.) and analysed with a gas chromatograph (Clarus 580; Perkin-
Elmer Ltd., Beaconsfield, UK) equipped with a mass selective detector (Clarus 
600T, Perkin-Elmer Ltd.). VOCs were quantified using the scan (50–400 m/z) 
mode. TVOC (n-hexane to n-hexadecane) levels were calculated as toluene equiva-
lents, and concentrations of the individual compounds were calculated using pure 
reference compounds or toluene equivalents at a detection limit of 0.2 μg/m3 (not 
included in the sum concentration). The samples were identified using reference 
compounds (Indoor Air Standard, 50 components, 49148-U; Sigma-Aldrich, St. 
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Louis, MO, USA) and the NIST 2011 Mass Spectral Library Automated Mass Spec-
tral Deconvolution and Identification System (AMDIS).  

 

 

Figure 10. Sampling of VOCs in the middle of a classroom with Tenax TA tubes and an ACTI-VOC 
air sampling pump. 

Indoor air formaldehyde concentrations were evaluated in one classroom per 
school with a formaldehyde metre (FM-801; Graywolf Sensing Solution, Sheldon, 
IA, USA), continuously for two weeks. CO was measured in one classroom per 
school continuously for two or four days with IQ-610 probes, and the readings were 
saved in a palm computer and online (Graywolf Sensing Solution, Sheldon, IA, 
USA). Measurement devices for formaldehyde, CO and PM (chapter 4.2.4), and the 
palm computer installed in a classroom are shown in Figure 11. 

 

 

Figure 11. Measurement units for formaldehyde (HCHO), particulate matter (PM) and carbon mon-
oxide (CO). 
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In ventilation intervention 1 (P3), VOCs were measured, and formaldehyde was 
monitored for one week in classrooms 3g and 3h and in the corridor before and 
after the beginning of the intervention period (that is, in May 2016 and September 
2016). CO was measured for a one-week period after the intervention in classroom 
3g. 

In ventilation intervention 2 (P4), VOCs were measured in classroom 4e before 
and after the ventilation improvement was set up. Formaldehyde was measured 
continuously for a one-week period in classroom 4e before the intervention (May 
2016) to assess the indoor conditions when ventilation function was poor. 

Particulate matter (publications I, III and V) 

Fine particulate matter (PM2.5) and/or coarse particulate matter (PM10) were 
measured for two weeks in one classroom per school with MIE pDR-1500 (Thermo 
Fisher Scientific, Franklin, MA, USA), which comprised a nephelometer and a size-
selective inlet cyclone (Figure 11). 

In ventilation intervention 1 (P3), PM2.5 was measured continuously for a one-
week period before (May 2016) and after (August 2016) ventilation balancing in 
classroom 3g to detect changes in its concentration after ventilation had been bal-
anced and positive dPa was generated. 

In ventilation intervention 2 (P4), PM2.5 was measured continuously for one 
week in classroom 4e before the intervention (May 2016), in order to determine the 
indoor conditions when ventilation function was poor. 

Endotoxin loads in settled surface floor dust (publication I) 

Endotoxin samples were collected from a 10-m2 area of the classroom floors with a 
vacuum cleaner (Volta Equipt or Electrolux ZB5003; AB Electrolux, Stockholm, 
Sweden), and disposable wipers were used as filters (Kimwipes, Kimtech Science 
Wipers; Merck KGaA, Darmstadt, Germany). Classrooms were empty during vacu-
uming, but they had normal occupancy during the day. Sampling was done for 5 
min, and after sampling, the filters were placed in clean plastic bags (Minigrip, 
Amer Plast, Tampere, Finland) and frozen at -20°C until they were sent for analysis 
(Duquenne et al. 2013, Letourneau et al. 2009, Spaan et al. 2008, Spaan et al. 
2007). 

All the analyses were done at the Centre de Recherche de l’Institut Universitaire 
de Cardiologie et de Pneumologie de Québec (Canada) with a Kinetic-QCLTM Ki-
netic Chromogenic LAL Assay (Lonza, Walkersville, MD, USA) and are described 
in more detail in publication I. The endotoxin loads in floor dust were expressed as 
EU/m2, and the detection limit of the method was 0.47 EU/m2. The methods used 
have been evaluated in previous studies (Duquenne et al. 2013, Letourneau et al. 
2009, Spaan et al. 2007, Spaan et al. 2008). 
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 Airborne cultivable microorganisms (publication I) 

Airborne cultivable microorganisms were collected in each studied classroom with 
an RCS® High Flow Touch Microbial Air Sampler (Ser. No. 41877; Merck KGaA, 
Darmstadt, Germany) and plastic strips containing small wells full of agar media 
(HYCON®, Merck KGaA, Darmstadt, Germany). Sampling was conducted indoors 
(two samples per classroom) and outdoors in the school yard (two samples per 
school), and the sampling volume was 0.10 m3. The sampling device used is known 
as an effective instrument for bioaerosol sampling and is widely used around the 
world (Salonen et al. 2015, Yao and Mainelis 2007, Reponen et al. 2011, Saldanha 
et al. 2008). The RCS High Flow instrument has a particle diameter cut-off size 
(d50) of 2–5 μm (Millipore, 2003), which meets the cut-off size requirements for 
collection of most fungal spores found in indoor environments (aerodynamic diam-
eter, 2–4 μm) (Reponen et al. 2011). The device is shown in Figure 12 (Figure S5, in 
publication 1). 

 

 

Figure 12. RCS® High Flow Touch Microbial Air Sampler and agar strips (Figure S5, publication I). 

Samples were collected from empty classrooms during a normal school day, and 
therefore, they are representative of the typically building-related conditions that 
occupants are exposed to. Samples were taken at a height of about 1.0 m above the 
floor or ground level, by walking around with the device. Agar media blanks were 
taken into the field but not opened (Bartlett et al. 2004). 

Two types of strips were used to identify cultivable microorganisms: Tryptic Soy 
Agar (TSA, with no added fungicide) for counting the total cultivable microorgan-
isms (TC, Total count [941105], HYCON®), and Rose Bengal Agar with streptomy-
cin and chloramphenicol to selectively isolate and enumerate cultivable yeasts and 
moulds (YM, Yeasts and moulds [941196], HYCON®). Cultivation and identifica-
tion were done according to the manufacturer’s guidelines. Strips were incubated 
at the required temperatures (30°C for TC and 21°C for YM), and visible colonies 
were counted after four (TC) or seven days (YM) of cultivation. 
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Characterisation of cultivable moulds in indoor airborne and settled 
dust with special focus on toxigenic Trichoderma strains (publications 
I, III and V) 

Potential cumulative exposure to pathogenic and toxigenic fungi and indoor fungal 
composition can be evaluated by culturing settled dust, since house dust is a long-
term reservoir of indoor fungi (Vesper et al. 2006, Leppänen 2017, Yang et al. 
2016). Therefore, cultivable moulds were characterized from each school by collect-
ing and culturing settled dust from classroom surfaces and, as a less common 
method, from the exhaust air filters of the air handling units. The filters were con-
sidered to be representative of the fungal compositions carried via air from indoor 
spaces over a long period. 

In both ventilation interventions, the mycobiota of indoor dust was characterized 
twice during the study, that is, before and after the ventilation intervention. In ven-
tilation intervention 1 (P3), samples were collected from the studied building sec-
tion’s air handling unit’s extracted air filter in August 2016 and February 2017, as 
well as from the settled dust from classrooms 3g and 3h in May 2016 and September 
2016. Reference dust was collected from outdoor air in August 2016 with the help 
of malt extract agar (MEA) fallout plates that were kept exposed for an hour, and 
hay barn dust was also studied as a reference sample of a rich, natural microbial 
environment. 

In ventilation intervention 2 (P4), the settled dust samples were collected from 
classrooms 4d and 4e and the lobby in May 2016 and in March 2017 (10 months 
after the intervention). Since the building section with hybrid ventilation did not 
have an exhaust air filter, only settled dust could be collected from the classrooms. 
However, exhaust air filter samples were taken from the mechanically ventilated 
building section in March 2017. 

Characterisation of cultivable moulds was conducted using the procedure de-
scribed below. 

Sampling of dust from the exhaust air filter and classroom surfaces (publications 
I, III and V) 
Exhaust air filter dust from the filters was directly shaken onto MEA plates, which 
comprised malt extract (15 g; Sharlab, Barcelona, Spain) and agar (12 g; Amresco, 
Solon, Ohio, USA) dissolved in 500 mL of H2O. Settled dust was collected from 
schools P3, P4 and C6 by wiping surfaces present at 1.5–2.0 m above the floor level 
with clean plastic bags (Minigrip: Amerplast, Tampere, Finland), and cultured on 
MEA. Culture plates were inoculated, sealed, and incubated at 22°C for four weeks. 
Figure 13 depicts how dust samples were collected from an exhaust air filter. 
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Figure 13. Cutting a piece of material from an exhaust air filter of an air handling unit for collecting 
dust samples for culture. 

Rapid toxicity screening of single colonies with boar sperm and somatic cell lines 
(publication I, III and V). 
Fungal colonies that represented dominant morphotypes after four weeks of incu-
bation were characterised and identified to the genus or species level by macro-
scopic and microscopic observations. The colonies of moulds formed were screened 
for toxicity as follows: 10–20 mg of biomass (wet weight) from each colony was 
stirred into 0.2 mL of ethanol and heated in a water bath for 10 min at 80°C. Then, 
the ethanolic lysates obtained were exposed to porcine spermatozoa and kidney 
tubular epithelial cells (PK-15; Finnish Food Safety Authority, EVIRA, Helsinki, 
Finland). The lysates were considered toxic if a 2.5 vol% resulted in a decrease in 
boar sperm motility or a 5 vol% resulted in a decrease in the proliferation of PK-15 
cells by >50% compared to the control sample. Colonies displaying toxicity were 
pure-cultured and identified to the genus or species level, and special attention was 
paid to the diversity of toxigenic Trichoderma strains, potentially pathogenic and 
non-pathogenic Rhizopus strains, toxigenic Fusarium strains, and toxigenic and 
non-toxigenic Chaetomium-like strains. 

Boar sperm motility inhibition (BSMI) assay measures motility inhibition, i.e. in-
ability to respond to induction of motility in resting sperm cells exposed for one day 
at room temperature, and was performed according to the method described by 
Andersson et al. (2004). The inhibition of cell proliferation (ICP) assay with PK-15 
cells and the determination of EC50 concentrations were done according to the 
methods described by Bencsik et al. (Bencsik et al. 2014).  

Characterization and identification of fungal isolates (publications I, III and V) 
Fungal colonies were grouped into nine morphotypes based on their morphology 

on MEA plates, ability to grow at 37°C, light microscopy results for conidia and co-
nidiophores, mycoparasitic growth and responses to the two toxicity assays (BSMI 
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and ICP). The isolates were compared to the reference strains from the HAMBI cul-
ture collection (Microbial Domain Biological Resource Centre HAMBI, University 
of Helsinki, Finland) or identified according to the process described by Samson et 
al. (2004). Representatives of the morphotypes of toxigenic Trichoderma and 
Chaetomium strains were further identified by sequence analysis of the ribosomal 
RNA gene cluster’s internal transcribed spacer region and/or a fragment of the gene 
encoding for translation elongation factor 1 alpha (tef1) (Castagnoli et al. 2018).  

Testing the biocide resistance of Trichoderma strains (publication I) 
In Finland, boron chemicals and cationic polyguanide biocidal disinfectants, such 
as polyhexamethylene biguanide (PHMB), are used in construction materials to re-
mediate mould-affected indoor spaces and prevent future mould growth in new 
buildings (Mikkola et al. 2015). The biocide resistance of the isolated Trichoderma 
strains was tested using MEA plates (prepared as described earlier) containing 
PHMB (30 μg mL-1) and borax (600 μg mL-1). PHMB-containing MEA plates were 
prepared by adding 15 mg of PHMB to 500 mL of the water used to prepare the 
MEA medium. Borax-containing plates were prepared via the process described by 
Mikkola et al. (2015). The plates were inoculated with about 5 mg of spores, incu-
bated for two weeks at 22oC and kept in daylight to optimise sporulation. Growth 
and sporulation were inspected after one and three weeks. Three tests were re-
peated per strain, and MEA control plates were inoculated in parallel. 

Moisture performance of the structures (publications III and IV) 

Study set-up 
In ventilation intervention 1 in school P3, the moisture performance of the struc-
tures was monitored over the entire study period to record the effects of positive 
dPa on the structures. Positive dPa is typically not applied in Finnish buildings be-
cause of the risk of water vapor condensation and moisture accumulation inside the 
structures during the cold season. The relevance of this risk factor was evaluated by 
on-site measurements and computer modelling. 

Before the ventilation intervention, moisture excess in the studied classrooms 3g 
and 3h was calculated as the difference in the measured absolute humidity of indoor 
and outdoor air. To monitor possible moisture condensation during the ventilation 
intervention, temperature and RH probes were installed inside the structures at the 
most probable leakage paths. Similar measurement installations were made in a 
reference room in the same building, in which positive dPa was not applied.  

In classroom 3g, the outer wall was facing east, and temperature and RH sensors 
were placed on both sides of the insulation layer as follows: two under the window 
(internal and external sides) (Figure 14), one at the junction between the floor and 
the wall (external) and another one at the junction between the ceiling and wall 
(internal). In classroom 3h, the outer wall was facing west, and the sensors were 
located at the floor (outer side) and ceiling (inner side) junctions of the external 
wall. The following classroom parameters were used in the calculations: Area = 52.4 
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m2 and ventilation volumetric flux (q) = 4.18 l/s.m2 (which was close to the design 
value of 4 l/s.m2). 

 

 

Figure 14. Installation of the sensors inside the wall structure for continuous measurement of tem-
perature and RH. 

Building materials 
The classroom’s floor structure, from the bottom up, was as follows: concentrated 
gravel (about 200 mm), concrete slab (50 mm), levelling mortar, polyethylene film 
as a vapour barrier (0.15 mm), styrofoam (styrox, 1 m outside and 75 mm on the 
edges), reinforced concrete slab (50 mm) and surface material (plastic carpet). 

The external wall facing west had an exterior wall structure made of autoclaved 
aerated concrete elements (U-factor, 0.57W/m2K), and the wall facing east was 
made externally of an older concrete layer (130 mm), mineral wool (100 mm) and 
a masonry wall (130 mm) (U-factor 0.38W/m2K). 

The shorter end wall of the building section was externally made of older bricks, 
followed by 100 mm of mineral wool, and reinforced concrete (U-factor, 
0.38W/m2K) on the inner side. 

In the ceiling, a painted damping cladding (50 mm) was installed under a load-
bearing concrete slab (140 mm), mineral wool (100 mm), a mineral wool board (30 
mm) and a ventilated attic space with layered covering that constituted the roof. 
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Modelling the moisture excess in the classroom by moisture calculation and oc-
cupancy estimation based on CO2 production 
Modelling was performed to quantify two distinct but correlated physical phenom-
ena: (i) the moisture load produced by the occupants that affects the RH of the 
classroom and (ii) the effect of positive dPa on the moisture performance of struc-
tures. Indoor and outdoor temperatures were used as the initial values, and to-
gether with indoor CO2 concentration and RH measured for 14 days in September 
2016, the indoor RH was computed as a function of time.  

The room moisture balance was calculated using a previously reported method 
(Bednarand Hagentoft 2005). The rate of water vapour released into the room by 
each occupant as a result of breathing and sweating is calculated using the formula 
G = 40 g/h = 1.11 × 10-5 kg/s (Ministry of the Environment, Finland 2017, Pitkäranta 
2016). The dry air entering the room via mechanical ventilation supply air reduced 
the volume of moist air. Moisture buffering of building materials was not accounted 
for, and this was considered as a safe assumption since moisture buffering affected 
the results only marginally (Bednar and Hagentoft 2005). 

In order to estimate the actual occupancy in the classrooms, the CO2 production 
was computed dynamically. The return air mass was assumed to be equal to the 
supply air mass, and the indoor air and CO2 were assumed to be perfectly mixed, 
with no adsorption or desorption of CO2 through interior materials. Height (H) is 
assumed as 1.55 m, weight (W) as 50 kg and metabolic rate as 1.2 met or 69.84 
W/m2, for an average office person engaged in office work (Persily and de Jonge 
2017). These values were used to determine the yield of CO2 produced by one occu-
pant. Finally, by dividing the total measured yield by this theoretical value, the ac-
tual number of occupants for the time span considered was determined. 

Modelling the moisture performance of structures 
The physical mechanisms at the origin of the observed effect and its effects on the 
internal RH and moisture performance of the envelope were addressed. Both ana-
lytical and numerical calculations were performed based on the measurements de-
scribed above. 

First, the dynamical moisture excess in the internal spaces was modelled via equi-
librium equations. The indoor and outdoor RH difference and the occupants’ own 
moisture production via metabolic processes were accounted for. The analytical RH 
profiles obtained were successfully validated with the measurements. The aim of 
the calculation was to understand the equilibrium state in typical winter conditions. 
Air infiltration locations were identified in the wall/floor and window/wall junc-
tions through the previous investigations, and moisture transfer was computed at 
these locations. Two joints in the outer wall (at the foundation and at the top) were 
modelled in 2D. The observed porosities enabled indoor air humidity to enter the 
structure (Hall and Hoff 2011, Hall et al. 2011).  

The moisture performance of external walls was numerically assessed via simula-
tions that were run for a 14-day period (16th–31st January 2017), in order to account 
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for two school weeks. The simulations were performed with the software COMSOL 
Multiphysics (Pryor 2009). 

Initially, only heat and moisture transfer via diffusion was considered at the struc-
tural joints, and later, convection flow through the structural joint via impurities 
was considered. Setup of the COMSOL simulation for moisture transfer through the 
joints is presented in Figure 15 (publication IV, Figure 5). 

 

 

Figure 15. Setup of the COMSOL simulation for moisture transfer through joints (Figure 5, publication 
IV).

In addition to estimating the effect of diffusion and convection on the structure’s 
moisture content, the effect of indoor air humidity over a total of three simulations 
was also estimated. Temperature and moisture profiles at the upper and lower junc-
tions of an external wall were computed, and both diffusion and convection were 
considered. The initial conditions were (i) an observed indoor moisture excess of 
0.02 g/m3, (ii) the standard value of 2 g/m3 and (iii) a design value of 5 g/m3.  

The calculation was based on the material data available, the wall layer arrange-
ment and thickness, the indoor and outdoor conditions of the monitoring measure-
ments and the leakage paths observed in the structural joints. Impact points were 
assumed to provide a smooth, line-like airflow through convection under dPa be-
tween indoor and outdoor air. In the programme, a fixed pressure of 5 Pa was set. 
This represented the average pressure generated by the ventilation system. In real-
ity, the value fluctuates due to wind and stack effects. 

Data on material properties were obtained from the COMSOL material library, 
partly supplemented by the literature. Superficial paints and plastering were not 
included, as it is not clear how many layers and what types of paints were used. 
Overestimation of the diffusion flux ensured that the analysis was on the safe side. 
The plastic flooring on the inner surface of the substrate was considered in the cal-
culation. Indoor and outdoor conditions were retrieved from monitoring measure-
ments and the Finnish Meteorological Institute open data between 16th and 31st Jan-
uary 2017. 

Initially, when the convection flow in the structure was simulated, the flow was 
found to have very little effect on the thermal and moisture profiles. This result was 
applied in the combined heat and moisture diffusion equations. Heat and moisture 
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transfer were calculated for ten days and were found to be unchanged under con-
stant environmental conditions. 

It is difficult to create a standard solution for controlling flow, humidity and heat 
transfer, because the problem is non-linear (Hall and Hoff 2011). In order to find a 
solution, the outdoor temperature was gradually changed in relation to the indoor 
air temperature of 21°C until the average outside temperature of –1 °C. The problem 
was solved step by step using the result of the previous calculation as the initial 
condition for the next one. 

4.3 Indoor climate questionnaires (publications I, III and V)

Indoor climate survey for employees (publications I, III and V) 

A standardised and frequently used indoor climate survey of the FIOH (Reijula and 
Sundman-Digert 2004) was used in each studied school in January 2017. In addi-
tion, the questionnaire was implemented in the ventilation intervention schools P3 
and P4 before the interventions, in May 2016. 

The survey was based on the Örebro (MM–40) Indoor Climate Questionnaire 
(Andersson 1998). It consists of questions about the work environment, work ar-
rangements, allergy history of the employees, and work-related symptoms from the 
past three months. Work arrangements, stress and other psychosocial load or per-
sonal conditions, such as allergic illness, are included in the survey, as they can af-
fect IAQ-related perceptions (Andersson 1998, Reijula and Sundman-Digert 2004, 
Runeson-Broberg and Norbäck 2013, Lahtinen et al. 2004). 

Employees working in the entire building were included in the study, and the re-
sponse time was two weeks. The FIOH collected and reported the answers sepa-
rately for each school. The results in the reports were compared to reference data 
collected from 122 office and healthcare workplaces in Finland (Reijula and 
Sundman-Digert 2004, Hellgren 2008). Schools are different from offices and 
health care facilities, for example, with regard to their activities, occupancy and 
noise, but nonetheless, the reference data represent conditions at an average work-
place. 

In ventilation intervention school P3, the main aim of the follow-up survey was to 
determine whether symptoms supposedly related to impurities from the structures 
could be reduced by converting infiltration to exfiltration in the studied building 
section. In school P4, the aim was to identify potential changes in perceived IAQ 
while the previously poorly functioning ventilation system was improved. In school 
P4, only the questionnaire results from the two hybrid ventilation building sections 
were used for comparison, since comparison with the mechanically ventilated sec-
tion would have been misleading. 
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Online questionnaire for students and teachers (publication I and II) 

In addition to the conventional indoor climate survey, occupants in the selected six 
classrooms from each school (36 classrooms in total) participated in an online 
questionnaire during the two-week measurement period. The questionnaire was 
developed and tested for the first time in these schools. The aim was to develop a 
simple and short online questionnaire that would involve both students and teach-
ers and record occupant perceptions for specific hours and rooms.  

Questions were selected based on previous indoor climate questionnaires, e.g. 
Örebro MM–60 and school-specific MM–80 (Haverinen-Shaughnessy et al. 2008). 
Sections on IAQ-related symptoms and perceived IAQ and their relation to the time 
spent in schools were included, with the response options being ‘no’, ‘little’ and ‘a 
lot of’ (the last two categorized were as ‘yes’). In the first response, some back-
ground information was collected, such as age, gender, perceived health, allergic 
and respiratory diseases, pets, moisture damage at home, size of the family, type of 
accommodation, and smoking status.  

Students from grades seven to nine, studying in the selected classrooms, were 
asked to participate. In some classrooms, students from grades five to six partici-
pated as well, according to the teachers’ request. All respondents received a per-
sonal link to the questionnaire via email or the Finnish software for school–home 
communication called Wilma (Wisma 2020, Heimo et al. 2018). The procedure was 
agreed upon separately with each school. Parents were given a chance to deny their 
child’s participation beforehand, but only a few parents did not provide their con-
sent. Participants could finish their questionnaire at any time during the study. The 
responses were given after each class via cell phone or a tablet computer. Printouts 
of the questionnaires were available in case of technical problems. Several re-
sponses from the same respondents and from different locations were highly bene-
ficial for analysing the results. Simultaneous continuous measurements of CO2, T, 
and RH were compared to the responses. 

4.4 Statistical analysis (publications I, II, III and V)

Statistical parameters were calculated with Microsoft Excel (version 1908) and are 
presented along with the measurement results for each section. 

The statistical analyses were performed by cross tabulations, Pearson χ2-test and 
Fisher’s exact test with the statistical software SPSS-25.0 for Windows (SPSS, Inc., 
Chicago, IL, USA). The analyses were used to determine the statistical significance 
of the differences between the online questionnaire results for problematic and 
comparison schools and differences between the two questionnaires before and af-
ter ventilation interventions 1 and 2. 
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5. Results

5.1 Ventilation

Air flow rates could be measured in the absence of distraction factors in schools P2, 
P3, and P4, and C5, with the exception of classrooms 2b, 4f, 5a, 5b and 5f. In school 
P4, measurements were conducted only in classroom 4f, which was located in the 
building section that was on the mechanical ventilation system, as the other class-
rooms were on the hybrid ventilation system. Differential pressures, air flow rates 
and ventilation sufficiency in the classrooms are shown in Table 4. The sufficiency 
of the supply air rate was calculated by dividing the supply air flow rate by the re-
quired design air flow rate, which is 6 dm3/s per person (Ministry of the Environ-
ment, Finland 2017). 

Table 4. Differential pressures, supply and extract air flow rates, and ventilation sufficiency in the 
classrooms.

dPa [Pa] Sufficiency of supply air [no. of persons] *
(supply/extract air flow rate [dm3/s])

P1 P2 P3 P4 C5 C6 P1 P2 P3 P4 C5 C6
a -6.8 4.1 -1.4 -5,5 -1.1 -6.4 - 37 (224/219) 32 (195/195) 27 (163/-) - -
b -15.5 3.5 -1.2 -4,1 -3.4 -1.6 - - 34 (203/181) 22 (132/-) - -
c -16.7 -5.6 -8.5 -10,2 -9.3 -1.8 - 48 (288/318) 25 (153/201) 27 (162/-) 11 (66/-) -
d -11,0 -4.1 -2.4 -12,1 -2.7 -1.3 - 26 (158/168) 48 (289/267) 23 (141/-) 15 (87/-) -
e -1.6 8,0 6.3 -10,8 -18.7 -3.2 - 39 (233/197) 47 (283/286) 15 (87/-) 11 (64/-) -
f -9.2 -5,0 -11.9 -6,4 -8.3 6.8 - 41 (243/279) 41 (249/221)
g -1,0 40 (240/292)
h -0.7 21 (128/128)

*Supply air flow rate (dm3/s) divided by the design air flow rate of 6 dm3/s per person

 
In 66% of the classrooms, dPa values varied from –9.3 Pa to –0.7 Pa, and this can 
be considered as moderate dPa. In 21% of the classrooms (1b–d, 3f, 4c–e and 5e), 
the dPa was high, that is, –10.2 Pa to –18.7 Pa; this was mainly observed in schools 
P1 and P4. Further, 13% of the classrooms (2a, 2b, 2e, 3e and 6f) had a moderate 
positive dPa of 3.5 Pa to 8.0 Pa. Positive dPa was especially prominent in school P2. 
Based on the typical classroom density of 20–30 students per class, the supply air 
flow rates were sufficient (for 21–48 individuals) in most of these classrooms, with 
two exceptions: C5 (in which the ventilation was sufficient for only 11–15 individu-
als) and P4 classroom 4f (in which the ventilation was sufficient for only 15–27 in-
dividuals). 
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Ventilation intervention 1 (publication III) 

Remarkable changes were observed in ventilation function after this ventilation in-
tervention. At the starting point, the airflow rates were unbalanced in most spaces 
in the studied building section, including classrooms, corridor and toilets (see pub-
lication III, Table 3). The supply and extract air flow rates deviated from the design 
values by 20% on average, and even by up to 57% in one classroom, which showed 
the highest deviation. The extract air flow rates in the toilets and storage were 55% 
lower than the designed values, and incorrect rotation direction of the fan was 
found to be responsible for this. At a system level, the total extract airflow rate was 
18% higher than the design air flow rate. Differential pressures in the two class-
rooms measured were highly negative and were as low as -30 Pa, and showed con-
siderable fluctuation during the one-week measurement time. 

For the intervention, the ventilation system was first balanced to a desirable level, 
and then positive dPa was generated. As a result of these adjustments, all of the 
classrooms, except two, received more supply than extract air. Some spot measure-
ments were conducted in spring 2017 to confirm that the air flow rates were still 
supporting the set-up. The measurements indicated that high fluctuation in the dPa 
values had been corrected and differential pressures remained positive, but they 
had not fully reached the expected level of 5−7 Pa. In classroom 3h, the expected 
dPa value was achieved during 23% of the measurement time, but the dPa was still 
positive for 84% of the time. In contrast, in classroom 3g, positive dPa was achieved 
only 45% of the time, and therefore, had deviated from the set-up. The measure-
ment period of nine months was disrupted by the ventilation shutdown that was 
occasionally conducted in the buildings by remote control, counter to the study 
plan. These disruptions were only discovered from the data after the study was con-
ducted. Ventilation was obviously shut down in the evening and night, typically 
from 4 p.m. to 6 a.m., and during holiday periods, of which the longest period was 
the Christmas holiday (17 days). During the Christmas holiday period, the negative 
dPa values reached as low as −18 Pa (average, −7.9 Pa) and −22 Pa (average, −8.4 
Pa) in classrooms 3g and 3h, respectively. These disruptions might have had un-
wanted effects on results of the ventilation intervention. 

Figure 16 presents the significant difference in and fluctuations in dPa values be-
fore the ventilation intervention (May 2016) and after the intervention (from Sep-
tember 2016 to May 2017). It also shows the effect of occasional disruptions to the 
positive dPa period in the form of notable negative dPa values. 
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Figure 16. Differential pressures measured from two classrooms in the studied building section. 
Measurement was conducted for one week before the ventilation intervention (May 2016) and for 
nine months during the positive dPa period (Sep 2016–May 2017).  

Overall, the measurements indicated an approximately linear relationship between 
internal pressure and outdoor temperature. The results showed that positive dPa 
increased when the outdoor temperature increased (see publication III, Figure 5), 
and showed a corresponding simultaneous decrease when the outdoor temperature 
decreased. Figure 17 presents this phenomenon with the help of the dPa results 
from one of the studied classrooms. 

 

 

Figure 17. Linear correlation between outdoor temperature and dPa according to measurements in 
one classroom in the studied building section. The building had an air handling unit without den-
sity-corrected airflow rates. 

 Ventilation intervention 2 (publication V) 

In the initial measurements of ventilation function, the ventilation system was 
shown to be in notable dysfunction. The supply air flow rate in the classrooms of 
the studied building section was 0 L/s, and the dPa values were between −47.1 and 
8.9 Pa (average, −7.0 Pa) and between −36.7 and 6 Pa (average, −7.9 Pa) in class-
rooms 4d and 4e, respectively. The high negative dPa values might have been 
caused by infiltration of impurities from the building structures. 

Ventilation adjustments were made and base ventilation was provided to the 
classrooms. Following this, the air flow rates ensured that the required ventilation 
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rate of 6 L/s per person was achieved (Ministry of the Environment, Finland 2017) 
in the classrooms. For example, in classroom 4e, the supply air flow rate was 4.8–
7.4 L/s per person, with an estimated occupancy of 15 persons. Differential pres-
sures were stabilized, especially in classroom 4e, which showed differential pres-
sures of −3.6 to 0.7 Pa (average, −1.0 Pa). Classroom 4d received the least amount 
of supply air from the chamber because it was the farthest from the ventilation duct, 
and its dPa values ranged from −17.5 to 4.7 Pa (average, −6.8 Pa). dPa values in 
classrooms 4d and 4e before and after the ventilation intervention are shown in 
Figure 18. 

 

 

Figure 18. Differential pressures in the two studied classrooms before the ventilation improvement 
intervention (May 2016) and after the intervention (March 2017). 

Momentary dPa measurements were conducted in several classrooms of the stud-
ied building section at various door positions, and supply air rates were controlled 
via CO2 sensors. Classroom door positions and classroom-specific supply air rates 
were shown to affect the overall dPa values in the building section. These findings 
indicate that it was difficult to control the dPa values with the hybrid ventilation 
system. 

5.2 Temperature, relative humidity and carbon dioxide (publications 
I, III and V) 

The measurement results for temperature, RH and CO2 during the two-week meas-
urements and normal occupation hours from 8 a.m. to 5 p.m. in the six studied 
schools are presented in Table 5. 

The median temperatures in all the schools were within the required range limits 
of +20°C (min) and +26°C (max) during the heating season (Ministry of Social Af-
fairs and Health, Finland 2015). The highest median temperatures were measured 
in schools P3, C5 and C6 (21.9°C, 22.6°C and 21.9°C, respectively), and the lowest 
one was measured in school P1 (20.4°C). The maximum measured temperature was 
29.9°C in the problematic schools, and 26.2°C in the comparison schools. 
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Table 5. The range of temperature (T), RH and CO2 in the six classrooms in each school, measured
during school days between the working hours of 8 a.m. and 5 p.m.

P1 P2 P3 P4 C5 C6

T (°C)
Median 19.2-21.6 19.3-21.8 21.2-22.9 18.7-21.3 20.9-23.1 21.7-24.4

Min 16.6-19.9 17.7-19.9 19.9-21.4 11.6-19.6 16.1-22.4 19.8-23.1

Max 21.4-23.3 21.6-23.1 22.7-29.9 20.6-22.9 23.1-25.5 23.4-26.2

RH (%)
Median 18-22 21-25 15-18 21-27 22-27 20-23

Min 8-10 11-13 3-6 9-13 13-16 12-14

Max 38-43 35-40 25-30 28-46 41-57 28-33

CO2 (ppm)
Median 469-563 438-488 425-572 434-499 416-501 474-686

Min 391-425 394-408 384-396 389-409 349-423 403-419

Max 864-1095 792-919 858-1306 700-1164 854-1411 962-1286

 
During the nine-month measurement period for ventilation intervention 1, the av-
erage temperature was 21°C in both measured classrooms 3g (17°C–24°C) and 3h 
(19°C–34°C) in school P3. Classroom 3h was located on the western (sunnier) side 
of the building, so this might explain the higher maximum temperatures. In venti-
lation intervention 2 in school P4, the average temperature was 21°C (range, 20–
22°C) in both classrooms in May, and it was 20°C (12–22°C in classroom 4d and 
20–21°-C in classroom 4e) in March. 

The RH measurements showed that the indoor air was very dry in both the prob-
lematic and comparison schools, especially in school P3. The lowest RH values were 
measured in school P3 (median, 16.1%), and the highest RH was in C5 (median, 
24.5%). In the other schools, it was between 21% and 23%. 

After ventilation intervention 1, the RH varied between 5% and 75% (average, 
31%) in classroom 3g and between 4% and 77% (average, 30%) in classroom 3h. 
The variation in RH over the long measurement period of 9 months was probably 
attributable to variance in absolute humidity of the outdoor air. Both the cold win-
ter and warm spring season were included in the measurement period. In ventila-
tion intervention 2, an average RH of 29% (18–40%) and 27% (16–38%) were 
measured in the warm month of May in classrooms 4d and 4e, respectively. In the 
spring season, the RH values for classrooms 4d and 4e were 23% (11–46%) and 22% 
(10–29%), respectively. 

The required maximum limit for indoor CO2 (1150 ppm higher than the approx. 
concentration of 400 ppm that is measured outdoors) (Ministry of Social Affairs 
and Health, Finland 2015) was not exceeded in the schools. The highest CO2 con-
centrations were detected in schools C6 and P1 (median, 564 and 520 ppm, respec-
tively). In schools P2, P3, P4 and C5, the CO2 concentrations were lower, at 458, 
466, 443 and 482 ppm, respectively. The CO2 concentrations were high in more 
classrooms in the comparison schools (maximum, 1623 ppm) than in the problem-
atic schools (maximum, 1164 ppm). 
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After the ventilation intervention in school P3, the average CO2 concentrations were 
518 ppm (391–972 ppm) and 520 ppm (382–1264 ppm) in classrooms 3g and 3h, 
respectively, which indicate that the classrooms had proper ventilation. Before ven-
tilation intervention 2 in school P4, the CO2 concentration was 488 ppm (394–1431 
ppm) in classroom 4d and 458 ppm (402–829 ppm) in classroom 4e, and after the 
intervention, the average concentrations were 464 ppm (394–801 ppm) and 450 
ppm (400–700 ppm), respectively. The concentrations do not indicate a complete 
lack of base ventilation before the ventilation improvement intervention, but this is 
probably because of the temporary provision of supply air income with the help of 
the CO2 sensors. The classroom-specific measurements are shown in Figure 19. 

 

 

Figure 19. Median temperature (T), RH and CO2 during school hours in all the studied classrooms. 

5.3 Volatile organic compounds, formaldehyde and carbon monox-
ide (publications I, III and V) 

In all the schools, TVOC and single VOC concentrations were below the national 
decree’s reference values of 400 μg/m3 for TVOC and 10–50 μg/m3 for single com-
pounds (Ministry of Social Affairs and Health, Finland 2015). However, in class-
room 3b, the ethanol concentration of 75 μg/m3 exceeded the action limit of 50 
μg/m3. TVOC concentrations were higher in the comparison schools (average, 22 
μg/m3 for C5, and 37 μg/m3 for C6) than in the problematic schools (12, 9, 8 and 12 
μg/m3 for P1, P2, P3 and P4 respectively). A greater variety of different VOCs were 
detected in the comparison schools. The median concentration of 69% of the de-
tected compounds was ≤1 μg/m3. The detected VOCs and TVOCs per school are 
presented in Table 6. 

The measured values for toluene (in classrooms 4d and 4e), 2-phenoxyethanol (in 
classrooms 2c, 5a, 5b, 5c and 5e), and propylene glycol (in classroom 2c) exceeded 
the recommended maximum values for workplaces (FIOH 2019). Temporary emis-
sions, for example, from cleaning substances, could explain the presence of these 
compounds, but VOC sampling should be repeated to examine their possible long-
term presence in indoor air. 
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Table 6. VOCs and TVOCs measured in the studied schools with national action limits and recom-
mended maximum concentrations.

[μg/m3] P1 P2 P3 P4 C5 C6 3) 4)
Aliphatic hydrocarbons
Decane - - - - - 0.7 50 -
Heptane 2 - - - - 0.5-1 50 3
Nonane 0.4 - - - - 0.6 50 -
Octane - - - - - 0.4-0.5 50 -
Methylcyclohexane 1) 0.9 - - - - - 50 -
Cyclohexane 0.8 - - - - - 50 -
Undecane - - - - - 0.5-0.7 50 -
Aromatic hydrocarbons -
Benzene 0.4-0.7 0.4-0.6 0.5-0.6 0.6-0.8 0.4 0.6-1 50 1
Ethylbenzene - 0.4 0.6 - - 0.5-2 50 -
Xylene (p,m) 0.4-0.5 0.4 0.7 0.4-0.8 0.4-0.5 2-6 50 6
Xylene (o) - - - - - 0.6-2 50 6
1,2,4-Trimethylbenzene - - - - - 0.5-0.9 50
Toluene 0.4-2 0.4-0.6 0.3-0.6 0.3-7 - 2-3 50 4
Styrene - 0.8 - - - - 40 -
Hydrocarbon mixtures 1) - - 25 - - - -
Terpenes and terpenoids -
A-Pinene 0.4-1 - - - 0.5-0.8 0.8 50 -
Limonene - - 0.9 - - - 50 -
Alcohols
1-Butanol - 0.6 0.5-1 0.6-11 1-3 0.7-1 50 4
2-Ethyl-1-hexanol 0.8-3 0.7-4 0.5-1 0.4 2-3 0.4-0.6 10 4
Ethanol 2) - - 4-75 - - 7-42 50 -
1-Propanol 2) - - 5 26 - - 50 -
2-Propanol 2) - - 1 3 - - 50 -
Propane-1,2-diol - 1-15 0.8 - 0.9 0.7-2 50 12
2-Methyl-1-propanol - - - - - 0.8 50 -
Phenols -
Phenol - - - - 0.7 - -
Alcohol and phenol ethers -
2,2-Butoxyetoxyethanol - - - - 2 - 50 -
2-Butoxyethanol - - 1 - 0.7-2 - 50 7
2-(2-Butoxyethoxy)ethanol - 2 - - - - 50 6
1-Methoxy-2-propanol - 0.7-3 0.7-1 0.9 - 0.8-2 50 5
2-(2-Ethoxyethoxy)ethanol - - - - 4-7 - 50 15
2-Phenoxyethanol 0.8 4 - - 2-10 - 50 3
Aldehydes -
Benzaldehyde 0.7-1 0.6-1 0.4 0.9-1 1-2 1-2 50 2
Decanal 0.9-1 0.6-2 0.7-1 0.7-3 1-3 - 50 3
Hexanal - 0.9-1 - 1 - - 50 -
Nonanal 0.9-2 1-2 1 1-5 1-3 0.9-1 50 5
Octanal - 0.5-0.7 - 0.7-0.9 0.8-1 - 50 -
Ketones
Acetone 2) 1 - 2-5 3-14 - 1 50 -
2-Butanone 2) 3 - - - - - 50 -
6-Methyl-5-hepten-2-one - 0.4 - 0.9 - - 50 -
Acids
Acetic acid 2) - - - - 9-10 50 -
Hexanoic acid - - - - 2 2 50 11
Esters and lactones
Butyl acetate - - - 0.5 - 2 50 -
Ethyl acetate - - - 1 - - 50 -
2-(2-Butoxyethoxy)ethyl acetate - - - - - 0.6-2 50 4
2,2,4-Trimethyl-1,3-pentanediol mo-
noisobutyrate (Texanol) - - 0.7 - - 0.7 50 -

2,2,4-Trimethyl-1,3-pentanediol di-iso-
butyrate (TXIB) - - - - - 2 50 -

Siloxanes
Hexamethylcyclotrisiloxane 2) 4 - - - - - 50 -
Octamethylcyclotetrasiloxane 2) 7 6 - - - 5 50 -
Decamethylcyclopentasiloxane 0.8-3 0.8-3 0.6-2 - 0.7-3 1-9 50 10
Dodecamethylcyclohexasiloxane 2) 1 - - - - - 50 -
TVOC <10 - 30 <10 - 20 <10 - 40 <10 - 20 20-30 30-50 400 -

1) Semiquantitative, 2) Outside the TVOC area, 3) Finnish regulation (Ministry of Social Affairs and Health, Fin-
land 2015), 4) Recommended maximum values for work places by the Finnish Institute of Occupational Health
(FIOH 2019).
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Most VOCs belonged to compound groups of aromatic hydrocarbons, alcohols and 
aldehydes. The most common compounds were benzene (median concentration, 
0.5 μg/m3), toluene (0.5 μg/m3), nonanal (1 μg/m3), 2-ethyl-1-hexanol (2 μg/m3), 
benzaldehyde (1 μg/m3), decanal (1 μg/m3), 1-butanol (1 μg/m3), p,m-xylenes (0.5 
μg/m3), decamethylcyclopentasiloxane (2 μg/m3) and acetone (3 μg/m3). 

The occupants were exposed to special teaching materials in art classrooms 1d, 2c 
and 3f, so there were some differences between classrooms 2c and 3f and other 
classrooms. The sample from classroom 2c contained 2-ethyl-1-hexanol (4 μg/m3) 
and nonanal (2 μg/m3), unlike the samples from other classrooms in the school. 
Further, the TVOC concentration was higher in classroom 3f (40 μg/m3) than in 
other classrooms in the same school (≤10 μg/m3) and had several compounds with 
concentrations <2 μg/m3. An example of the special exposure materials that could 
be present in an art classroom is shown in Figure 20. 

 

 

Figure 20. Art classrooms may contain a lot of materials and decoration that emit various chemical 
compounds. 

Measurements taken after the ventilation interventions showed that the TVOC and 
VOC concentrations were lower (the concentrations of single compounds varied be-
tween 1 and 4 μg/m3) than the national action limits (Ministry of Social Affairs and 
Health, Finland 2015). In school P3, TVOC decreased by 21–55% in the classrooms 
and corridor between the beginning of the study and after one month of the positive 
dPa intervention. 

In school P4, the VOC concentrations, with the exception of the acetone concen-
tration, decreased after the ventilation intervention (the decrease in TVOC was 
86%). Before the intervention, the concentrations of toluene and decamethylcyclo-
pentasiloxane exceeded the limits recommended by FIOH (Finnish Institute of Oc-
cupational Health 2017). 
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The effects of ventilation interventions 1 and 2 on VOC, formaldehyde and CO 
concentrations in schools P3 and P4 are shown in Table 7.  

Table 7. TVOC, VOCs (concentrations over 1 μg/m3), formaldehyde, and CO concentrations before 
(a) and after (b) ventilation interventions in schools P3 and P4.

P3 / 3g P3 / 3h P3 / Corridor P4 / 4e Action Limit**
(μg/m3) a b a b a b a b

TVOC 31 19 42 19 34 27 71.5 10 400

Acetic acid 2 1 1 2 2 50

Acetic acid, butyl ester 2 50

Octamethylcyclotetrasiloxane 4 2 4 50

Decamethylcyclopentasiloxane 4 1 2 3 15 50

2-ethyl-1-hexanol (2E1H) 2 1 3 3 10

Phenoxyethanol 2 2 50

1-Butanol 1 50

Nonanal 3 1 3 1 3 2 2 1 50

Decanal 2 1 2 1 2 2 2 1 50

Acetone 1 2 7 50

Benzaldehyde 2 0.9 50

Toluene 25 6 50

Benzene 0.8 50

Xylene (p,m) 0.4 50

1-Methoxy-2-Propanol 0.9 50

Formaldehyde * * - - - - * - 50/100

Carbon monoxide (CO) - 300–1300 - - - - - - 7000

*Below the detection limit of 10 ppb (~12 μg/m3), **Ministry of Social Affairs and Health, Finland 2015

 
The formaldehyde concentrations in all the schools were under the Finnish action 
limit of 50 μg/m³ (Ministry of Social Affairs and Health, Finland 2015). In the 
measurements taken after the ventilation intervention in schools C6 and P4, the 
concentrations were below the device’s detection limit of 10 ppb (equivalent to ap-
proximately 12 μg/m³), and in the other schools, it reached a maximum of 13 ppb 
(equivalent to approximately 16 μg/m3). 

CO is a colourless and odourless toxic gas formed by incomplete combustion of 
organic matter and mainly originates from outdoor vehicular emissions (Chithra 
and Nagendra 2018). Research on CO levels in school classrooms is limited, but 
some epidemiological studies have associated mean CO levels of 2.73 ppm (range: 
0.65–6.23 ppm) with a 4.0% increase in absenteeism and no delayed effects (Chen 
et al. 2000, Currie et al. 2009). In all the schools, the CO concentration (0.1–1.3 
ppm) was below the Finnish action limit of 7 mg/m3 (equivalent to 6.0 ppm) (Min-
istry of Social Affairs and Health, Finland 2015) and the WHO (2010) limit of 6.1 
ppm (24-hour exposure).  
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5.4 Particulate matter (publications I, III and V)

According to WHO guidelines, the daily concentration limits are 20 μg/m3 for 
PM10 and 10 μg/m3 for PM2.5 (WHO 2010), and the Finnish action limits are 25 
μg/m3 for PM2.5 and 50 μg/m3 for PM10 (Ministry of Social Affairs and Health, 
Finland 2015). In the problematic schools and in schools P3 and P4 before the in-
tervention, the PM concentrations were lower than both these limits. No obvious 
differences were found between the problematic and comparison schools. The me-
dian values varied from 0.5 to 3.6 μg/m3 for PM2.5 and from 1.8 to 2.8 μg/m3 for 
PM10 during school hours. In the section of school P4 with hybrid ventilation, the 
median concentration was the highest when the ventilation was not functioning 
properly. The measured fine and coarse particulate matter (PM2.5 and PM10) con-
centrations are shown in Table 8. 

Table 8. Average, median, minimum and maximum values of PM2.5 and PM10 in the studied class-
rooms on school days between 8 a.m. and 5 p.m.

PM2.5 (μg/m3) PM10 (μg/m3)
School P1 P2 P3 P3* P3** P4* C5 C6 P1 P2 P3 P4 C5 C6
Classroom 1e 2g 3a 3g 3g 4e 5b ND 1e 2g ND ND 5b 6d

Measurement 
time (days) 14 16 4 7 7 7 14 2 16 14 3

Average 2.7 1.0 2.3 1.8 1.3 3.8 2.4 3.4 2.5 3.1 1.8

Median 2.1 0.5 2.1 1.7 1.0 3.6 2.2 3.3 1.8 2.8 1.5

Min 0.5 0.0 0.7 0.1 0.1 0.0 0.3 2.4 0.4 0.6 0.8

Max 24.2 24.9 4.3 5.9 5.9 17.6 6.2 6.8 24.1 11.2 11.5

*Sample taken before the intervention. **Sample taken after the intervention. ND: no data.

5.5 Endotoxin loads in settled surface floor dust (publication I)

The endotoxin concentrations were lower in schools P1, P2, C5 and C6 (average, 1.5, 
7.3, 1.1 and 15.8 EU/m2, respectively) than in schools P3 and P4 (77.5 and 56.4 
EU/m2, respectively). The concentrations varied between classrooms, especially in 
schools P3 and P4 (standard deviation (SD) = 63.0 and 49.5, respectively), but it 
was less in schools C5 and P1 (SD = 1.0 and 1.5, respectively). The concentrations 
of endotoxins in each school are presented in Table 9. 

Table 9. Endotoxin loads in settled floor dust samples from the six studied schools.

P1 P2 P3 P4 C5 C6

Endotoxins [EU/m2]

Field blank 1.3 2.7 3.9 3.2 - 2.9

Average 1.5 7.3 77.5 56.4 1.1 15.8

Median 1.0 5.5 68.2 45.3 0.9 10.3

SD 1.5 7.5 63.0 49.5 1.0 15.8

Min 0.5 1.0 9.9 8.3 0.5 3.5

Max 3.7 23.0 192.3 132.6 3.1 46.8
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5.6 Airborne cultivable microorganisms (publication I) 

Airborne cultivable microorganisms were studied by determining the total count of 
viable microorganisms. A cultivated TSA strip is shown in Figure 21 (Figure S6, 
publication 1). 

 

 

Figure 21. Counting of visible colonies of airborne microorganisms with a TSA strip (Figure S6, pub-
lication 1). 

The average concentrations of airborne cultivable microorganisms in each school 
are presented in Table 10, and classroom-specific concentrations and the corre-
sponding outdoor concentrations are shown in Figure 22. 

Table 10. Concentrations of airborne cultivable microorganisms in the six studied schools. 

  P1 P2 P3 P4 C5 C6 

Total cultivable microorganisms (cfu/m3) 
Average 212 209 260 260 22 87 

Median 240 230 220 210 15 95 

SD 39 197 172 182 21 38 

Outdoor  - 100 50 320 170 120 

I/O-ratio  - 0-5.1 0.8-10.8 0.3-1.7 0-0.4 0.3-1.2 

Yeast and mould (cfu/m3) 

Average 20 9 7 17 5 0 

Median 5 10 0 10 0 0 

SD 39 9 12 15 8 0 

Outdoor  - 390 30 160 180 0 

I/O-ratio  - 0-0.1 0-0.3 0-0.3 0-0.1  - 

 
In non-damaged buildings, microbial concentrations are similar in indoor and out-
door air (indoor/outdoor [I/O] ratio, close to 1), in general; however, an I/O ratio 
>1 indicates indoor sources of fungi (Salonen et al. 2015). The I/O ratio calculated 
for TC was >1 in most of the classrooms in P2 and P3, in two classrooms in P4, and 
in one classroom in C6. The concentrations varied notably between classrooms, es-
pecially in schools P2–P4. Altogether, the I/O ratio was >1 in 58% (11 classrooms) 
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of the studied classrooms in the problematic schools and in 8% (1 classroom) in the 
comparison schools, as illustrated in Figure 12. However, the yeast and mould 
counts did not indicate elevated indoor concentrations compared to the corre-
sponding outdoor concentrations. This might mean that the total colony count 
might be mostly representative of bacteria, which were possibly derived from hu-
mans (Hospodsky et al. 2012). 

 

 

Figure 22. Airborne cultivable microorganisms in classroom (a–h) air, as determined using TSA 
strips. The red line shows the measured outdoor concentration. 

5.7 Characterisation of cultivable moulds in indoor airborne and set-
tled dust (publications I, III, and V) 

Table 11 presents the most common morphotypes of fungal genera and species 
identified from the indoor fungal colonies isolated from samples obtained for the 
school comparison and ventilation intervention studies (reported in publications I, 
III and V).  

Table 11. Morphotypes representing frequent fungal genera and species isolated from the exhaust 
air filters and settled dusts from the studied six schools. 

Morphotypes Growth at 
37°C 

Toxicity in bio-
assays 

Colony colour 
(MEA) 

Size of 
conidia 
(μm) 

Publication  
(no. of strains) 

  BMSI ICP       

Aspergillus section Flavi + - - green 5–8 III (2) 

Aspergillus section Nigri + - + black 3.5–5 III (10), V (1) 

Asp. versicolor - - + yellow 2–3 III (2) 
Asp. westerdijkiae - + + yellow 2.5–3 III (5), V (2) 

Curvularia sp.  + + black-grey 15 × 5 III (10) 

Paecilomyces variotii + + - yellow 3–5 III (2) 

Penicillium expansum - + + grey 3 III (1) 

Penicillium chrysogenum, Pen-
icillium commune 

- - + green 3–4 III (10) 

Penicillium sp. - - - yellow 3 III (10) 
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Penicillium sp. (terverticilliate) ND ND ND green 3.4 V (10)

Penicillium sp. (monoverticilli-
ate)

ND ND ND green 2.3 V (3)

Trichoderma longibrachiatum + + + green 1.5 × 3 I (1), III (1)

Trichoderma atroviride - + + green 2.5-3 I (10), III (ND)

Trichoderma citrinoviride + + + green 1.6 × 3, 
1.4×1.8

I (10), V (10)

Trichoderma trixiae - + + green 3.5-4 I (7), III

Trichoderma sp. - + + green 4 V (5)

Rhizopus oryzae + - - ND 10×5 I

Rizopus sp. - - - grey-black 5–10, 
11×6

I, III (10), V (10)

Eurotium sp. + + + green 5–7 V (1)

Chaetomium globosum ND + + ND ND I

Dichotomophilus sp. ND - - ND 5.4×7.5 I

Fusarium sp. ND + + ND 30-6×5-3 I

ND: no data

 
Overgrowth of species of fungal genera, such as Rhizopus, prevented colony quan-
tification, and therefore, the dominance and occurrence of each fungal species, ge-
nus or morphotype were estimated based on the number of plates that were positive 
for growth. Fungal colonies of toxigenic morphotypes that occurred frequently rep-
resented species of the genera Trichoderma, Aspergillus, Penicillium, Fusarium 
and Chaetomium. Strains that were able to grow at 37°C, and were therefore poten-
tially pathogenic, were identified as Trichoderma (T. citrinoviride and T. longi-
brachiatum), Aspergillus (A. flavus and Aspergillus sp. section Nigri), Rhizopus 
(R. oryzae) and Paecilomyces sp. Non-toxigenic and non-pathogenic Rhizopus and 
Penicillium strains were found in the indoor dust samples collected from all the 
schools. The results are presented in Table 12. 

Table 12 shows that, altogether, 52 plates were inoculated with airborne and set-
tled dust. Toxigenic Trichoderma strains were found on 38% of the plates collected 
from schools P1–P4, but not on any of the 21 plates from schools C5 and C6. Thus, 
the incidence of toxigenic strains was <5%. Some of the common representative 
toxigenic species of the genus Trichoderma that were detected in the problematic 
schools were the mycoparasitic T. atroviride (Druzhinina et al. 2011, Seidl et al. 
2009) and T. trixiae and the potentially pathogenic T. longibrachiatum and T. 
citrinoviride. T. trixiae has been reported only once in a Finnish indoor environ-
ment, whereas T. atroviride is the most frequent Trichoderma species isolated 
from Finnish buildings (Castagnoli et al. 2018). 

Trichoderma is an example of a cellulolytic fungal genus that requires high water 
content for survival; therefore, species of this genus are well-adapted to colonize 
structures with water damage. Many Trichoderma species are mycoparasitic (How-
ell 2003), and their presence might be indicative of moisture and mould in build-
ings (Salonen et al. 2015). Mycoparasitic and mycotrophic Trichoderma species 
have the potential to grow on all surfaces in a building covered by other fungi; thus, 
they occupy a unique ecological niche in buildings.



80 

Other species of interest that were found in the schools were toxigenic and poten-
tially pathogenic Aspergillus (in P3, P4, C5 and C6), the toxigenic Chaetomium glo-
bosum (C5), non-toxigenic Dichotomophilus sp. (C5), and toxigenic Fusarium sp. 
(which were the dominant colonisers in school C6). Thus, it can be concluded that 
viable conidia of toxigenic and potentially pathogenic species may also be found in 
buildings without occupant complaints. 

Table 12. Toxigenic Trichoderma strains and other frequent fungal species isolated on MEA cultured 
samples from exhaust filters of air handling units and settled dust collected in six Finnish representa-
tive schools. Toxigenic strains were screened for toxicity via ex vivo and/or in vitro assays.

Sampling Toxigenic Tricho-
derma species

Other frequent fungal species and genera

Time and material Identified strains 
(positive plates/all 
plates)

Identified toxigenic 
strains (positive
plates/all plates)

Other identified 
strains (positive
plates/all plates)

P1 Nov 2016 EF T. atroviride 6/6 Rhizopus oryzae1 1/6
Rhizopus sp. 5/6
Penicillium sp. 3/6

P2 Nov 2016 EF T. trixiae 6/9 Rhizopus sp. 5/9
Penicillium sp. 5/9

P3 Aug 2016 EF T. atroviride 2/8 Pen. chrysogenum 7/8 Rhizopus sp.  3/8
Pen. commune 7/8 Asp. flavus1 2/8
Asp. section Nigri1 7/8 Penicillium sp. 1/8
Paecilomyces sp.1 1/8

Feb 2017 EF3 T. longibrachia-
tum1

1/9 Asp. westerdijkiae 3/9 Rhizopus sp. 4/9

Pen. expansum 1/9 Penicillium sp. 6/9
May 2016 SD T. atroviride 1/2 Asp. versicolor 2/2 Rhizopus sp. 1/2

Sep 2016 SD3 T. trixiae 1/3 Rhizopus sp. 2/3
Penicillium sp. 2/3

P4 March 2017 EF None <1/6 Asp. westerdijkiae 1/6 Penicillium sp. 6/6
May 2016 SD4 T. citrinoviride1 1/6 Rhizopus sp. 2/6

T. atroviride 2/6
March 2017 SD None <1/9 Asp. westerdijkiae 2/9 Penicillium sp. 3/9

Asp. section Nigri1 3/9 Penicillium sp. 2/9
Eurotium sp. 1/9

C5 Nov 2016 EF None <1/9 Chaetomium glo-
bosum2

3/9 Rhizopus sp. 2/9

Asp. section Nigri1 2/9 Dichotomophilus 
sp.

6/9

Penicillium sp. 6/9

C6 Jan 2017 EF None <1/6 Fusarium sp. 6/6 Rhizopus sp. 1/6
Asp. westerdijkiae 2/6 Penicillium sp. 2/6
Asp. section Nigri1 1/6

SD None <1/6 Fusarium sp. 4/6 Rhizopus sp. 1/6
Asp. westerdijkiae 1/6 Penicillium sp. 1/6

Reference samples
School yard
Barn dust

Aug 2016 Curvularia sp. 4/6
Aug 2016 Penicillium sp. 6/6

EF: exhaust filter of the air handling unit; SD: settled dust from the classroom surfaces. 1Able to grow at 37°C.
2Unable to grow at 37°C but found to infect immunocompromised patients (Lesire et al. 1999).
3During September 2016 and February 2017, a continuous positive differential pressure of about 5 Pa was 
generated in the building section served by the air handling unit under investigation. 4Before sampling, the 
supply air income had been insufficient for several months, due to a control system error.
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A summary of the toxigenic and/or potentially pathogenic moulds found in the 
schools is presented in Table 13 (Table 6 in publication I). Tables 12 and 13 show 
that potentially pathogenic and toxigenic fungi were detected in all the schools, but 
the diversity of the toxigenic species varied between the schools. 

Table 13. Summary of the identified toxigenic and/or pathogenic moulds in the six studied schools
(publication I, Table 6).

School Trichoderma strains 
growing at

Toxigenic and/or path-
ogenic Aspergillus, 
Paecilomyces and
Penicillium strains

Rhizopus sp.
growing at

Toxigenic strains of

22°C toxi-
genic

37°C 37°C 22°C Fusarium sp. Chaetomium sp.

P1 + - - + + - -

P2 + - - - + - -

P3 + + + - + - -

P4 + + + - + - -

C5 - - + - + - +

C6 - - + - + + -

Ventilation intervention 1 (publication III) 

In school P3, it was found that Rhizopus strains unable to grow at 37°C were the 
most commonly isolated fungi from both filter and settled dust before and after the 
ventilation intervention. Before the ventilation intervention, 80% of the colonies in 
all the samples were toxic, and the dominant strains belonged to the toxigenic, po-
tentially mycoparasitic Trichoderma atroviride, potentially pathogenic Aspergillus 
and toxigenic Penicillium species. After the ventilation intervention, 40% of the col-
onies were found to be toxic, and the dominant species were mainly from the non-
toxigenic genera Penicillium and Rhizopus. Further, species of the toxigenic genera 
Aspergillus that were unable to grow at 37°C were also detected. However, one tox-
igenic T. longibrachiatum strain was able to grow at 37°C, and each plate had one 
toxigenic T. trixiae and one toxigenic Penicillium expansum colony.  

Reference settled dust and fallout plate samples were collected outdoors in the 
school yard, and they contained toxigenic Curvularia sp. colonies, with 90% toxic 
colonies. Hay barn dust as a second representative reference sample contained non-
toxigenic Penicillium sp., and no other toxigenic or potentially pathogenic species. 

Ventilation intervention 2 (publication V) 

Before ventilation intervention 2 in school P4, the dominant cultivated mor-
photypes were the potentially opportunistic human pathogen (Hatvani et al. 2013) 
T. citrinoviride (>100 colonies/plate), the toxigenic and potentially mycoparasitic 
(Howell 2003) T. atroviride (>100 colonies/plate), and non-toxigenic, non-patho-
genic Rhizopus sp. (plate overgrown). 

After the ventilation intervention, the mycobiota was more diverse and consisted 
of frequent non-toxigenic Penicillium (terverticilliate species, >100–120 colo-
nies/plate; monoverticilliate species, 10 colonies/plate) and Eurotium species (1 
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colony/plate), sporadic and toxic Aspergillus westerdijkiae (2–3 colonies/plate) 
and potentially pathogenic Asp. niger (1–2 colonies/plate). 

Biocide resistance of indoor fungi (publication I) 

Resistance against the biocides PHMB and borax was tested with different repre-
sentative species of the genus Trichoderma and select reference strains. Three re-
sistance patterns were found (see publication I, Figure 3). A summary of the borax 
and PHMB resistance patterns of species of the genus Trichoderma is shown in 
Table 14. 

Table 14. Species’ resistance patterns towards borax and PHMB.

Species Sensitivity to biocides*
Borax 600 μg/ml PHMB 30 μg/ml

Trichoderma atroviride R (1 week) R (3 weeks)

Trichoderma citrinoviride S (>3 weeks) S (>3 weeks)

Trichoderma longibrachiatum S (>3 weeks) S (>3 weeks)

Trichoderma trixiae R (3 weeks) R (1 week)

Chaetomium globosum ND ND

Dichotomophilus sp. ND ND

Fusarium sp. ND ND

Rhizopus oryzae ND ND

Rhizopus sp. ND ND

Reference Trichoderma strains of indoor and outdoor origin

T. atroviride Indoor strain H3/226 R (1 week) R (3 weeks)

T. atroviride City park strain SZMC 12495 R (1 week) R (3 weeks)

T. atroviride Forest strain SZMC 1723 R (1 week) R (3 weeks)

T. citrinoviride Indoor strain SJ40 S (>3 weeks) S (>3 weeks)

T. longibrachiatum Indoor strain THG R (1 week) S (>3 weeks)

T. trixiae LB1 R (3 weeks) R (1 week)
*The time required for sporulation and for fully covering the plate. R: resistant, S: sensitive, ND: No data.

 
T. trixiae showed resistance against PHMB and borax after one week of incubation. 
T. atroviride expressed resistance against borax after one week, but it expressed 
resistance against PHMB only after three weeks. PHMB and borax had growth in-
hibitory effects on T. citrinoviride and T. longibrachiatum strains, even after three 
weeks of incubation. Interestingly, the outdoor reference strains of T. atroviride 
(SZMC 1723 and SZMC 12495) were also resistant to borax and PHMB. The re-
sistance of T. atroviride was considered to be a species-specific trait; that is, these 
species may be well-adapted to indoor environments contaminated with these bio-
cides. Borax- and PHMB-resistant strains of the species T. trixiae and T. atroviride 
were found in schools P1–P4, while the biocide-sensitive strains of potentially path-
ogenic T. longibrachiatum and T. citrinoviride were found in P1 and P2, respec-
tively. 
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The resistance patterns of indoor Trichoderma isolates in response to PHMB and 
borax are shown in Figure 23 (Figure 4, publication I). 

 

 

Figure 23. Resistance patterns of indoor Trichoderma isolates in response to PHMB and borax. The 
strains were considered resistant if they were able to completely cover the plate with sporulating 
hyphae, and they were considered to be sensitive if they were unable to cover the plates within 
three weeks. The rows show the resistance patterns exhibited by the Trichoderma trixiae strains 
(A, B and C), the T. atroviride strains (E, F and G) and the potentially pathogenic T. citrinoviride 
and T. longibrachiatum strains (I, J and K). Non-inoculated MEA plates (not shown) and growth 
on non-supplemented biocide MEA plates (D, H and L) were used as controls (Figure 4, publica-
tion I). 

5.8 Moisture performance of the structures (publication IV) 

 Moisture excess in classrooms 

RH measurements inside the external walls at the insulation edge are shown in 
publication IV in Figures 6 and 7, and the theoretical estimations of indoor RH and 
the measured RH values are shown in Figures 8 and 9. 

The theoretical RH values were compared with the measured values for a period 
of 14 days for an estimated occupancy of 11 persons before a holiday. The theoretical 
values were generally larger, especially during occupation hours. This is probably 
because the building materials and furniture absorb and release moisture, and 
therefore, the measured RH is lower (Woods and Winkler 2018, Osanyintola and 
Simonson 2006). As a result, the moisture excess values were different based on 
the measured and computed RH values: that is, for a design ventilation rate of 4 
(L/s)/m2, the 24-h computed average was 0.19 g/m3 and the measured average was 
0.13 g/m3. 
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The moisture excess values are illustrated in publication IV (Figures 10–13). The 
moisture excess value corresponding to actual occupation was nearly the same for 
each ventilation rate over the whole period of measurements. That is, in any season, 
the average moisture excess was always lower than 0.2 g/m3, even for a very low 
volumetric flux (q = 1 [L/s]/m2). Specifically, the design value of 4 (L/s)/m2 corre-
sponded to a moisture excess value of 0.07 g/m3 for January, which is the month 
with the highest values. All the values remained very small, even when a stress test 
was performed with full occupancy (26 individuals) instead of actual occupancy 
during working hours. 

Over a one-day period with full occupancy during working hours, moisture excess 
was always lower than 1.5 g/m3 for normal ventilation rates, as shown in Figure 24 
(Figure 10 in publication IV). The measured ventilation rate after generation of 
overpressure was 4.18 (L/s)/m2, which is very close to the design value of 4 
(L/s)/m2. The fluctuations corresponded to indoor and outdoor RH variations. 
 

 

Figure 24. Moisture excess calculated over one day for different ventilation rates, with full occupancy 
during office hours (Figure 10, publication IV). 

 Impact of positive differential pressure on moisture migration in walls 

When only the diffusion model was considered, no noticeable change was observed 
in the temperature distribution of the structural joint as the humidity increased. 
Thus, the moisture excess had little effect on the temperature of the structures. 
When a convection flow was added to the diffusion model (by assuming a narrow 
airflow through the joint), the temperatures of the outer wall and the insulating 
layer of the plinth increased at the air gap. 

The RH profiles for the diffusion and convection models for the floor junction at 
indoor moisture excess values of 0.02 g/m3, 2 g/m3 and 5 g/m3 are shown in Figures 
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25 and 26 respectively (Figures 14 and 15 in publication IV), and the corresponding 
profiles for the joint at the ceiling are shown in Figures 16 and 17 in publication IV. 

 

 

Figure 25. Simulation results for the floor joint: left to right, moisture excess of 0.02 g/m3, 2 g/m3 and 
2 g/m3 in the convection model (Figure 14, publication IV). 

 

 

Figure 26. Moisture migration in the floor junction. RH values for a moisture excess of 5 g/m3 in the 
only diffusion model (left) and the diffusion coupled to convection model (right) (Figure 15, publi-
cation IV). 

As expected, the moisture content in the walls was proportional to the values in the 
floor junction for both the diffusion and convection models. Interestingly, when the 
measured value of indoor moisture excess was 0.02 g/m3, the convective stream 
drained the structures at the edge of the air gap. A moisture excess of 2 g/m3 in the 
convection model resulted in a slight increase in the RH of the material layers on 
the side of the air gap, but this effect was nearly negligible. On the contrary, the 
design moisture excess value of 5 g/m3 had a significant effect on convection, as the 
moisture was found to accumulate throughout the structural joint in the vicinity of 
the air gap. Thus, achieving the design value in a well-ventilated school building is 
unrealistic. 

In the ceiling joint, no excess RH was found, and the structure was also found to 
be safe with a moisture excess of 5 g/m3. The addition of convection flow to the 
model did not induce excessive moisture accumulation. 
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5.9 Indoor air questionnaires

The results from the six schools showed that the occupants’ perceptions reported 
in the two types of questionnaires were in agreement. The online questionnaire had 
many advantages over the traditional survey, although it requires a few improve-
ments. The results revealed that the measured C02 data corresponded to the per-
ceived CO2 data, but this was not observed for temperature or RH. The perceptions 
reported in both questionnaires confirmed the initial categorization of the schools 
as problematic or comparison schools. 

Indoor climate survey for employees (publications I, III and IV) 

The number of employees in each school (P1: 45, P2: 75, P3: 56, P4: 59, C5: 37, and 
C6: 40 employees) fulfilled the applicable criterion of a minimum of 20 full-time 
employees for the completion of the survey (FIOH 2020). The average response 
rate was 68% (P1: 85%; P2: 69%; P3: 70%; P4: 73%; C5: 46%; and C6: 65%), and 
this was similar to the response rate (average, 70%; range, 40–100%) reported in 
other studies which utilized the FIOH’s questionnaire (Tähtinen et al. 2019, Reijula 
and Sundman-Digert 2004, Pasanen et al. 2002). The lower the response rate, the 
lower is the reliability of the results, and a self-selection bias is also likely to occur. 
However, despite the response rate of 46% in C5, the results are still indicative. 
Data on the perceived work environment and symptoms in each school based on 
the FIOH’s indoor climate survey are presented in Table 15. 

As shown in Table 15, the work-related symptoms occurred more in the problem-
atic than in the comparison schools. In school C5, tiredness (19%), hoarse or dry 
throat (18%) and skin symptoms of the hands (18%) were reported, and these three 
symptoms showed the highest prevalence (16–37%, 28–46% and 13–26%, respec-
tively) across all the problematic schools. The subjective IAQ is typically based on 
building-related factors in schools with indoor air problems, while in schools with-
out IAQ problems, it may reflect psychosocial factors (Finell et al. 2017), as reported 
by several responders in school C5. 

With regard to discomfort related to the work environment, the differences in 
perceptions between the problematic and comparison schools were not as clear. In 
school P2, only temperature-related discomfort was reported instead of other IAQ 
related discomfort. Yet, more discomfort was reported in the problematic schools. 
Stuffy air and insufficient ventilation were reported in C5, and this was supported 
by the air flow rate measurements. Additionally, the high perceived temperatures 
in C6 were verified by the actual measurements. 
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Table 15. Results of FIOH’s indoor climate survey for each school and reference values used in the 
analyses of the results* (Reijula and Sundman-Digert 2004).

Factors related directly to IAQ
Background factors Ref* P1 P2 P3 P4 C5 C6
Number of employees 41 75 56 59 37 40
Number of responses 35 52 39 43 17 26
Response rate (%) 85 69 70 73 46 65
Female (%) 71 64 82 82 55 33 83
Daily smokers (%) 21 0 4 0 1 2 12
Average age (years) 45 47 46 42 48 50
Average employment (years) 6 6 9 5 9 11
Work environment (%)
Draught 22 6 13 23 35 7 9
Too high temperature 17 6 4 6 2 0 22
Varying temperature 16 11 17 28 22 7 13
Too low temperature 13 10 20 24 42 7 12
Stuffy air 34 59 30 62 42 63 24
Dry air 35 46 34 42 33 13 28
Insufficient ventilation 32 40 31 56 35 50 28
Smell of mould/cellar 9 9 2 24 2 13 0
Other unpleasant smell 17 31 8 26 16 6 12
Tobacco smoke 4 0 0 0 0 0 0
Noise 17 34 47 38 41 57 21
Poor lighting/reflections 14 0 4 5 5 19 8
Observable dust/dirt 25 63 31 42 23 32 0
Work-related symptoms (%)
Tiredness 16 37 16 28 19 19 12
Feeling heavy headed 9 40 22 18 19 7 12
Headache 7 23 18 16 14 0 4
Difficulties concentrating 3 21 4 13 9 7 4
Eye irritation 17 46 22 33 28 7 4
Nose irritation 20 40 24 51 23 0 4
Hoarse/dry throat 14 34 40 46 28 18 9
Cough 5 14 10 23 12 0 0
Cough disturbing sleep 1 6 2 3 2 0 0
Dry/flushed facial skin 11 23 20 24 19 6 4
Skin symptoms on hands 15 26 20 13 16 18 8
Difficulties in breathing 3 14 10 10 2 0 0
Whistling breath 1 3 4 3 2 0 0
Fever/chilliness 2 6 0 5 2 0 0
Pain/stiffness in joints 3 9 4 0 0 0 0
Muscle pain 4 9 4 0 0 0 0
Other 9 2 8 5 0 0
Factors related indirectly to IAQ
Work is interesting and inspiring (%)
Often 75 94 92 87 65 69 81
Sometimes 20 6 8 13 12 31 19
Rarely or never 4 0 0 0 0 0 0
Too much work (%)
Often 20 29 16 15 12 31 4
Sometimes 59 49 68 74 49 55 77
Rarely or never 21 23 16 10 16 13 19
Possibility of affecting work (%)
Often 35 20 42 38 19 6 20
Sometimes 44 54 50 56 47 57 68
Rarely or never 21 26 8 5 12 38 12
Help from colleagues (%)
Often 72 80 86 85 63 68 72
Sometimes 22 20 12 15 14 25 28
Rarely or never 6 0 2 0 0 7 0
Illnesses (%)
Asthma 8 17 16 10 7 0 12
Hay fever 38 29 43 53 37 33 35
Atopic eczema 28 14 20 26 12 15 15
Stress (%)
A lot 10 18 20 21 9 45 12
Some 28 38 42 46 31 30 35
Just a little bit /not at all 63 44 38 33 36 25 54
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Ventilation intervention 1 (ventilation positive pressure effect, publication III) 
In school P3, differences in perceptions before and after the intervention were stud-
ied, as well as differences between the studied building section and the other build-
ing sections. The response rate was quite low before and after the intervention (58% 
and 62%, respectively, in the studied building section, and 65% and 72%, respec-
tively, in the other building sections). Therefore, individual responses were empha-
sized. In addition, the unplanned disruptions in the positive dPa period mentioned 
earlier (which might have resulted in possible infiltration of impurities during neg-
ative dPa periods) might have affected the results. 

In the follow-up survey in the studied section, there were more reports of hoarse-
ness, dry throat (p = 0.118), heavy-headedness (p = 0.183), cough (p = 0.321), head-
ache, difficulty in concentrating (p = 0.444), varying temperature (p = 0.162), draft 
(p = 0.275), and insufficient ventilation (p = 0.372). Further, perceived heavy-head-
edness (p = 0.183) and cough (p = 0.381) increased more than it did in the other 
sections (p = 0.706 for both).  

The perception of too high temperature was found to decrease (p = 0.477), but 
this was already low in the other sections. Perception of unpleasant odour de-
creased (p = 0.638) to the same level as in the other sections. Perceptions of draft 
(p = 0.275, p = 0.253) and insufficient ventilation (p = 0.342, p = 0.352) increased 
in a similar manner in both sections. 

In the other building sections, reports of low temperature (p = 0.345), stuffy air 
(p = 0.085), dry air (p = 0.103), and visible dust (p = 0.408) increased, but the 
increase was not statistically significantly. This trend was not observed in the stud-
ied building section. Perception of tiredness (p = 0.077), nose irritation (p = 0.085) 
and dryness of facial skin (p = 0.036) increased, while no change was observed in 
the studied section (p = 1.000). The same trend was also observed for statistically 
insignificant factors, i.e. hand skin symptoms (p = 0.352) and shortness of breath 
(p = 0.491). 

To conclude, the pre- and post-intervention questionnaire data indicate that the 
IAQ perceptions worsened in the entire building. Notable improvements in the oc-
cupants’ perceptions were not found in the studied building section, but their per-
ceptions had not worsened to the extent observed in the other building sections. 

Ventilation intervention 2 (improvements in hybrid ventilation, publication V) 
The response rate was rather good in both sections before and after the intervention 
(79% and 80%, respectively, in the studied building section, and 84% and 85%, re-
spectively, in the other section). The changes in perceptions in the follow-up survey 
were not statistically significant for either of the building sections. However, the 
perception of draught had increased significantly in both sections (p = 0.04 and p 
= 0.06 for the studied and other sections, respectively, at a 50% confidence inter-
val), and perceptions of dry air, too low room temperature, dry skin and throat, 
cough, and eye irritation increased in a non-significant way. These reported factors 
could be related to the season, which was cold and dry during the follow-up survey. 
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To conclude, the ventilation improvement intervention did not demonstrate any 
clear effect on the perceived symptoms. However, in the studied building section, 
before the intervention, the most common perceptions were stuffy air (53%), insuf-
ficient ventilation (47%), and unpleasant odour (40%), and after the intervention, 
these perceptions decreased to a normal level compared to the reference data. A 
similar, but not so clear, change was observed in the other identical building sec-
tion. 

Online questionnaire for students and teachers (publications I and II) 

A total of 105 teachers and 1268 students in the six participating schools answered 
the online questionnaire during the two-week participation period. A total of 719 
answers (49–213 per school) were received from the teachers, and 6322 answers 
(235–1478 per school) were received from the students. As some of the respondents 
faced issues due to unstable internet connection, printouts of the questionnaires 
(20%) were also provided. Inappropriate answers from the students were not in-
cluded in the final data (less than 5% of the total). For more detailed information, 
see the tables in publication II. 

The most commonly reported allergic disease was allergic rhinitis (33.3% of the 
teachers and 15.2% of the students), and the most commonly reported respiratory 
illness was common cold (38.1% and 44.4% of the teachers and students respec-
tively). Perceived health was reported as good or excellent by 61.9% of the teachers 
and 76.8% of the students. 

Reports of allergic diseases and poor health were more common among teachers 
in the problematic schools than those in the comparison schools, and there were 
significant differences in the report of atopy (p-value = 0.010). However, respira-
tory illnesses were more common in the comparison schools. Further, allergic dis-
eases, asthma (p = 0.030) and respiratory illnesses (p < 0.001) and worse perceived 
health (p = 0.03) were more commonly reported among the students in the prob-
lematic schools. Differences between the problematic and comparison schools were 
clearer among the students than among the teachers. 

Symptoms and perceived IAQ in the comparison and problematic schools 
A higher number of occupants reported poor IAQ and symptoms in the problematic 
schools, and teachers reported poorer IAQ and symptoms more frequently than the 
students in the problematic schools. Differences between the problematic and com-
parison schools were significant with regard to the symptoms and discomfort re-
ported by teachers and the symptoms reported by students (p-values < 0.001). The 
most commonly reported symptoms and comfort-related factors were sore throat, 
hoarseness, headache, eye symptoms, and dry and stuffy air. Teachers in problem-
atic schools reported significant discomfort, such as dry, very cold or stuffy air, 
draftiness, and dustiness. However, both students and teachers reported very warm 
air significantly more in the comparison schools than in the problematic schools. 
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Students more frequently reported that the symptoms decreased when they were 
not at school than the teachers; however, the difference was not significant. 

The symptoms and discomfort reported by teachers indicated that schools P3 and 
P4, in particular, had perceived IAQ problems. In addition, teachers from school P1 
reported several symptoms, and the student responses indicated the same trend, 
but were not as clear. In school P4, teachers reported atopy and students reported 
allergic eye symptoms. In schools P3 and P2, the students reported flu. 

Differences in symptoms and perceived IAQ between classrooms 
The results of the questionnaire demonstrated that there were many significant dif-
ferences between the classrooms in both the problematic and comparison schools. 
Humidity, very cold air, and stuffy air were the most commonly reported significant 
issues. However, the results of measurements and reported perceptions were not 
entirely consistent. 

In four schools, the maximum CO2 levels were observed in the same classrooms 
in which the prevalence of stuffy air was high. The measured temperature values 
correlated with the perceived temperature, but inconsistencies were widely ob-
served. In a few schools, the prevalence of draught was higher when the range be-
tween the maximum and minimum values of temperature was high. Furthermore, 
there was no consistency between the RH measurements and questionnaire data 
with respect to dry or humid air. 

Typically, significant differences between classrooms were found with regard to 
the perception of dry/sore throat, tiredness, headache and skin symptoms. The 
symptom prevalence was quite steadily distributed between different classrooms, 
with the exception of P3, where almost all the symptoms were clearly more frequent 
in one classroom. In contrast, elevated measured values were mostly clustered in 
one or two classrooms. Overall, there was no obvious correlation between the meas-
ured values and increase in reported symptoms in the classrooms. Only in school 
P4, the reported symptoms and measured values were both elevated in one class-
room, and the measured values and reported symptoms both showed a decrease in 
some classrooms. 
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6. Discussion

6.1 Factors affecting indoor air quality (publications I, II, III and V)

Exposure to environmental factors, such as pollutants (for example, PM, VOCs and 
CO2), is related to adverse health outcomes, for example, the development of res-
piratory symptoms (Madureira et al. 2015). In school buildings, occupants are ex-
posed to several environmental factors at the same time. According to a recent 
study, 36% of the Finnish public assume that buildings can be divided into prob-
lematic and healthy buildings (Lampi et al. 2020). However, this notion does not 
seem feasible, considering that a variety of different factors affect indoor environ-
ments individually or in combination. In addition, the individual background, sen-
sitivity and expectations of the various occupants of the buildings must also be con-
sidered. 

Besides the biological factors, indoor pollutants, such as chemical and traffic 
emissions, are solely introduced by development activities and the long-term and 
everyday actions of humans. As the development and implementation of new sub-
stances and technologies occur at a much faster rate than research about their 
health consequences, complex indoor environments will always be one step ahead 
of human-based research. Irrespective of their condition, all buildings contain im-
purities of varying quantity and quality, and occupants are exposed to these to some 
extent and they are also a cause for complaints (Karvonen et al. 2015, Lampi et al. 
2018, Tähtinen et al. 2018). Due to the psychophysical nature of humans, percep-
tions inevitably reflect a much wider general view than purely indoor environment-
based phenomena. Therefore, repair actions in buildings to improve IAQ must be 
based on structural investigations, through a holistic evaluation supplemented by 
occupant perceptions (Weijo et al. 2019).  

Furthermore, the health symptoms and worries of occupants must be taken seri-
ously, in the hope that dose-response-based research will eventually come to the 
rescue of those who develop acute conditions because of the building conditions. 
However, in schools without special repair needs related to IAQ, the building man-
agement and occupants themselves can remarkably affect everyday wellbeing by 
simple actions: reducing traffic and other emissions near the school, choosing low-
emission materials, ensuring proper cleaning (of both basic material and movables) 
without unnecessary chemicals, enhancing the socioemotional climate and (as an 
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author’s note) ensuring regular breaks between classes that are spent in outdoors, 
as the air is still considerably clean in Finland. 

In this study, the concentration levels of several studied pollutants (gaseous pol-
lutants, particulate matter and endotoxins) were found to be very low in all the 
studied schools, and there were no significant differences between the problematic 
and comparison buildings. The measurement methods employed are those which 
are commonly used in IAQ investigations. Culture of viable airborne microbes from 
samples of classroom air, classroom settled dust and dust collected from the air 
handling unit exhaust air filters, was found to be effective in assessing schools with 
a higher amount of occupant complaints. 

Ventilation (publication I) 

The aim to fully control air movement in and out, and within a building, stems from 
the need to ensure energy efficiency at a time of worsening climate change and pro-
vide fresh indoor air to humans, who are spending an increasing amount of more 
time indoors. Poorly functioning systems result in the entry of impurities that were 
harmless within the structures, and this has adverse health effects on the occupants. 
Occupant comfort in mechanically ventilated buildings compared to naturally ven-
tilated ones seems to be more complex than earlier suspected and remains ambig-
uous. Unless financial resources are continually directed towards enabling contin-
uous and frequent monitoring and control of the ventilation systems and all the 
related components, the more feasible and safe solution would be to design and 
install very simple systems that are easy to maintain and check by school mainte-
nance personnel who are already employed at schools. 

According to the instant dPa measurements in the six-school comparison study, 
up to 21% of the classrooms had high negative dPa values of over -10 Pa. High neg-
ative dPa values should be avoided, especially in buildings with known or suspected 
IAQ problems, so as to avoid the infiltration of possible harmful impurities inside 
building structures, as stipulated in the national decree (Ministry of the Environ-
ment, Finland 2017). 

Air flow rates could be measured in 63% of the classrooms. In the others, the ven-
tilation terminal units were unreachable with the available devices because of struc-
tures or installations in front of them. In some classrooms, the ventilation was not 
functioning or some technical parts critical for the measurements, e.g. valves, were 
broken. In the measured classrooms, ventilation sufficiency was determined by 
comparing the design ventilation rate per person and measured supply air flow rate 
for the estimated normal classroom occupancy. In most of the classrooms, the ven-
tilation rate appeared sufficient for the evaluated occupancy. 

It must be noted that only momentary measurements of both dPa and air flow 
rates were taken. Since normal variation in ventilation is affected by several factors, 
for example, wind, outdoor temperature and door openings in the building, conclu-
sions cannot be founded on momentary measurements. Instead, continuous and 
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comprehensive long-term measurements and investigations of the entire building 
or limited sections are essential. 

Temperature, relative humidity and carbon dioxide (publications I, II, 
III and V) 

The indoor temperatures of the schools were within the range of +20°C and +26°C 
during the heating season, in accordance with the limits set by the national decree 
(Ministry of Social Affairs and Health, Finland 2015). Interestingly, the measured 
temperature was rather high in the comparison schools, especially in C6, and this 
was in keeping with the perceived thermal comfort reported in the indoor climate 
questionnaires. The online questionnaire results revealed that there was a correla-
tion between the CO2 measurement results and the corresponding perceptions, and 
between thermal comfort and measured temperature. 

Thermal comfort has been shown to have a significant impact on students’ health 
and school performance, including attention, comprehensive understanding and 
learning (Wargocki and Wyon 2007, Mi et al. 2006, Bakó-Biró et al.2007). As sum-
marized in Salthammer et al. (2016), in regions with moderate climatic conditions, 
a temperature of 20–22°C increases school performance, whereas with tempera-
tures of 23–24°C, the performance starts decreasing (de Dear et al. 2015). The sat-
isfaction of occupants with thermal conditions is dependent on the local climate, 
season (Corgnati et al. 2009) and ventilation system. In fact, ventilation is a key 
variable in thermal sensation, and it has been shown that people in naturally ven-
tilated buildings accept a wider range of environmental conditions than those in 
air-conditioned rooms (Corgnati et al. 2007, Kwok and Chun 2003). It also appears 
that natural wind is preferred over mechanical ventilation; this indicates the supe-
riority of dynamic airflow over the constant airflow produced by mechanical venti-
lation (Zhu et al. 2016). However, the human thermal sensation is a complex phe-
nomenon, and it is not yet known whether thermal discomfort aggravates the ef-
fects of indoor pollutants on health (Mendell and Heath 2005). 

 RH was low in all the studied schools, particularly in school P3. Low RH values 
are typical in the cold season, especially in well-ventilated buildings. An RH of 40% 
has been suggested to be ideal for the well-being of the eyes and upper airways 
(Wolkoff and Kjærgaard 2007). Therefore, some of the symptoms reported by the 
occupants, especially in school P3, might be attributable to low RH values. Per-
ceived ‘dry air’ is correlated with dry eyes and throat, but the presence of certain 
indoor air pollutants, ambient humidity, low RH in indoor air, and nasal diseases, 
are often confused with another common IAQ complaint known as ‘stuffy air’ (Wol-
koff 2018a). 

With regard to the median CO2 concentrations, they were found to be at optimum 
levels in all the schools (416–572 ppm), and maximum values of 1095 and 1286 
ppm were detected in schools P1 and C6, respectively. Therefore, it can be con-
cluded that CO2 is unlikely to worsen occupant wellbeing in modern well-ventilated 
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schools such as those included in this study. On the other hand, CO2 was not en-
tirely reliable as an indicator of proper ventilation, as it did not reveal certain severe 
problems in ventilation function that were identified in some of the schools. 

Volatile organic compounds and formaldehyde (publication I) 

The concentrations of TVOCs and VOCs were higher in the comparison schools (av-
erage, 22 and 37 μg/m3 respectively) than in the problematic schools (12, 9, 8 and 
12 μg/m3, respectively), and a greater variety of VOCs were detected in the compar-
ison schools. The highest temperatures were measured and perceived in school C6. 
Increase in temperature promotes VOC emissions from indoor materials (Zhou et 
al. 2017), and this might partly explain the higher emissions in the comparison 
schools with higher temperatures. Yet, in all the studied classrooms, the TVOC and 
single VOC concentrations were fairly below the national reference values (Ministry 
of Social Affairs and Health, Finland 2015), and the median concentration of the 
majority of the detected compounds was ≤1 μg/m3. These low concentrations indi-
cate proper dilution of material emissions and use of low-emission materials in all 
the schools. 

In a review study by Paciencia et al. (2016), covering studies across the world, 
higher mean concentrations of specific VOCs were found during the cold season: 
the concentrations ranged between nondetectable and 160 μg/m3. In a study of 144 
mechanically ventilated classrooms in USA in the winter time, TVOC concentra-
tions varied between 10.12 and 45.89 μg/m3 and the mean concentrations of most 
VOCs were below 5 μg/m3 (Zhong et al. 2017). These findings are similar to our 
results. In Germany, the TVOC values are categorized into five levels that are de-
fined by the German Committee on Indoor Guide Values (AIR) (Fromme et al. 
2019). Level 1 is a TVOC concentration of <300 g/m3, which indicates good level as 
long as the values of other contaminants are within set limits. 

In the participating schools, the formaldehyde concentrations were under the 
Finnish action limit of 50 μg/m³ (Ministry of Social Affairs and Health, Finland 
2015). More specifically, the measurements were below the device’s detection limit 
of 10 ppb (which is equivalent to approximately 12 μg/m³) in schools C6 and P4, 
and the maximum concentration was 13 ppb (equivalent to approximately 16 
μg/m3) in the other schools. These results were within the range of formaldehyde 
concentrations found in past school studies (Madureira et al. 2015, Zhong et al. 
2017). Similarly, formaldehyde concentrations in schools were also found to be very 
low in an international review study by Chithra and Nagendra (2018). However, 
formaldehyde is a strong irritant and causes sino-nasal and nasopharyngeal cancer 
in animals and humans (IARC Working Group on the Evaluation of Carcinogenic 
Risks to Humans 2006), and even small concentrations in indoor air could cause 
irritation. For example, in France, the maximum value for long-term exposure is 10 
μg/m3 (Alary et al. 2007, Oppl and Neuhaus 2008). Accordingly, the recommended 
indoor air level for long-term formaldehyde exposure is 4 μg/m³, according to a 
Finnish study, (Salonen 2009b). 
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Particulate matter (publications I, III and V) 

Chatczidiakou et al. (2012) summarized from several reviewed studies that the daily 
mean concentrations of PM10 in European classrooms ranged from 43 to 169 

g/m3, which exceeds the mean daily value of 20 g/m3 recommended by WHO. 
Additionally, the median daily PM2.5 concentration was 20.2 g/m3, which exceeds 
the recommended WHO daily average of 10 g/m3. As summarized by Salthammer 
et al. (2016) from a review of worldwide studies, the median PM10 concentration 
was 105 g/m3 and median PM2.5 concentration, 24 g/m3. The corresponding 
concentrations found in this study were lower than these values; this is possibly 
attributable to the cleanliness of the ambient environment and good filtered venti-
lation system at the schools included in the present study. 

Endotoxin loads in settled surface floor dust (publication I) 

The measured endotoxin concentrations were extremely low in this study: the av-
erage endotoxin concentrations varied from 1.1 to 77.5 EU/m2, and were clearly the 
highest in schools P3 and P4. The endotoxin concentrations in classroom settled 
dust reported in the literature vary from a range of 2178−6914 EU/m2 in school 
buildings in a subtropical study (Salonen et al. 2013) to a range of 2200−48000 
EU/m2 in different climatic regions (Salonen 2016). 

In a HITEA study, Finnish schools were found to have the lowest endotoxin levels 
(mean concentration, 1.1–3.8 kEU/m2) compared to schools in Spain and the Neth-
erlands (Jacobs 2014a). However, in the HITEA study, settled dust was collected 
for eight weeks, and this differs substantially from the momentary sampling that 
was conducted in this study. Several factors affect endotoxin levels, for example, 
the building’s age, cleanliness, flooring materials, ventilation system, presence of 
animals, relative humidity and temperature (Salonen et al. 2013, Jacobs et al. 
2014a), and these factors might contribute to the low concentrations observed in 
the studied schools. The schools had plastic flooring and other hard-surfaced in-
door materials, a high level of cleanliness, low indoor RH (15%–27%) and stable 
indoor temperatures. Cold outdoor temperatures also promote low endotoxin levels 
indoor, compared to, for example, schools in subtropical areas (Salonen et al. 
(2013).  

The endotoxin concentrations varied considerably between classrooms in schools 
P3 and P4 (SD = 63.0 and 49.5, respectively), but in schools C5 and P1, variability 
between classrooms was low (SD = 1.0 and 1.5, respectively). Classroom use and 
occupancy following the most recent cleaning episode could explain the differences 
and data variability between classrooms. In classrooms with high endotoxin con-
centrations, atypical sources of pollutants may exist, for example, rodents invading 
indoors, based on the mouse excrement observed in two classrooms in school P3.  

Single endotoxin measurements may be used to estimate annual endotoxin levels 
in schools as the correlation between repeated measurements has been shown to be 



96 

reasonable (Jacobs et al. 2014a). However, previous research data indicate that alt-
hough endotoxin quantification in floor settled dust is generally accepted, measure-
ments of endotoxins in air samples might better represent inhaled endotoxins 
(Noss et al. 2008, Park et al. 2006, Jacobs et al. 2014b). 

Airborne cultivable microorganisms (publication I) 

Microbes are a natural part of any given indoor environment. Considering their di-
versity, their role as indoor contaminants and their relationships with the human 
body are complex (Nevalainen et al. 2015). Airborne microorganism sampling was 
shown to be effective in identifying differences between the problematic and com-
parison schools in this study. Differences between classrooms were especially no-
table in schools P2–P4. The standard deviations in comparison schools were signif-
icantly smaller, which indicates that were more local differences in the airborne 
microbial concentrations in the problematic schools. The median I/O ratio for 
schools P2–P3 was >1, which indicates the possible presence of indoor microbial 
sources. Yeast and mould counting did not show elevated concentrations indoors 
compared to outdoors. Therefore, the elevated total microorganism concentrations 
could be related to the occupants, particularly as bacteria sources, if the classrooms 
had poor ventilation. However, the air flow rate measurements did not support this 
possibility. Nonetheless, elevated concentrations in problematic schools may indi-
cate indoor sources of microorganisms and, consequently, require additional envi-
ronmental investigations, but this needs to be assessed further using quantitative 
sampling. 

Space-time variation in microorganism concentrations is high in outdoor envi-
ronments (WHO 2009b). Data interpretation should be based on multiple air sam-
pling methods, since climatic conditions are the determinants of viable fungal con-
centrations in the air (Salonen et al. 2015). In the subarctic region, winter is the 
preferred season for identifying differences between damaged and non-damaged 
buildings compared with seasons with higher outdoor fungal concentrations 
(Meklin 2002). Thus, repeat sampling and longitudinal studies are necessary to 
confirm airborne microbial exposure in an occupational setting. 

Characterisation of cultivable moulds in indoor airborne and settled 
dust (publication I) 

In the current study, microbes were cultured from samples of both classroom set-
tled dust and dust collected from extract air filters. The filters were considered to 
represent the microbiome within the building and its constructions. The assump-
tion is that microbes might be occasionally liberated into indoor air due to negative 
or fluctuating dPa across the building envelope. Active air sampling of dust is con-
sidered to be the most direct way of evaluating inhalable microbial exposure in 
building occupants. However, different types of settled dust samples are widely 
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used to represent inhalation exposure in studies assessing the health effects of in-
door microbes (Leppänen et al. 2018). Settled dust generally represents long-term 
enrichment of microbes (Shan et al. 2019, Hanson et al. 2016). 

Proper sampling and structural investigations are important for understanding 
teachers’ and students’ exposure to pathogenic and/or toxigenic moulds. However, 
culturing of dust samples collected from exhaust air filters does not provide infor-
mation about the origin of the spores or location of the possible growth. The pres-
ence of outdoor fungi in the filter dust is possible, if the classroom windows have 
been kept open. However, the absence of the most common outdoor fungus species 
of the genus Cladosporium (Salonen et al. 2015, Barnes 2019) indicates that the 
filter dust was a good representative of the indoor air in this study. 

Special attention was paid to strains of the genus Trichoderma, which is repre-
sented by four species. However, this provides only a narrow view of the wide mi-
crobiome in an indoor environment. The presence of viable conidia of species be-
longing to this genus may not explain the differences between the schools with or 
without reported problems, but it may be a consequence or a bioindicator of recent 
moisture and active mould growth in the four problematic schools. Assessing the 
role of individual potentially pathogenic species, including T. longibrachiatum and 
T. citrinoviride, in exposure and health effects in humans, or as an indicator for 
more specific building investigations, is crucial but out of the scope of this study. 

In the dust samples from exhaust air filters and classrooms, potential pathogenic 
and/or toxigenic Trichoderma strains were found only in the problematic schools. 
Mycoparasitic and mycotrophic T. atroviride strains were the most frequently iso-
lated Trichoderma species, and this could indicate hidden excess moisture and 
mould growth of other fungi. The presence of viable conidia of the potentially path-
ogenic species T. longibrachiatum and T. citrinoviride was also a cause for concern 
in the problematic school buildings. However, they seemed to be more sensitive to 
the tested biocides than T. atroviride and T. trixiae. 

The mycoparasitism and mycotrophy of species of the genus Trichoderma, espe-
cially T. atroviride, indicate adaptation to environments contaminated with other 
fungi (Druzhinina et al. 2011, Seidl et al. 2009). Thus, the presence of cultivable 
conidia of toxigenic, biocide-tolerant and mycoparasitic Trichoderma species in a 
building may indicate long-term excess moisture and mould growth of other fungi, 
as well as emission of toxic and immunoreactive metabolites into the indoor air. 
Mycoparasitically and mycotrophically growing Trichoderma species produce 
many biologically active substances, such as proteases, chitinases and peptaibols, 
which play a role in the mycoparasitic process (Druzhinina et al. 2011). Indoor T. 
atroviride and T. trixiae strains emit peptaibols, which are toxic to mammalian 
cells (Castagnoli et al. 2018). Biologically active metabolites could, therefore, be air-
borne in buildings showing Trichoderma growth. 

According to the findings of this study, moisture and mould problems might be 
present but might not have been detected in the problematic schools. This might, 
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however, explain the perceived symptoms and discomfort. The assessment of ven-
tilation system filter dust was shown to have potential as a method for identifying 
buildings with further investigation needs.  

Indoor and outdoor isolates of T. atroviride exhibited high resistance to biocides 
compared to the tested T. longibrachiatum and T. citrinoviride isolates. Biocide 
tolerance was shown to be a species-specific characteristic; this indicates that spe-
cies such as T. atroviride may be well adapted to growing in biocide-treated build-
ings. 

Buildings are not separate, closed elements from the ambient environment, nor 
are they independent of the occupants’ actions within them. Despite modern ambi-
tions to create airtight envelopes with no moisture or air movement inside them, 
and the invention of mechanical ventilation systems with effective filtration, all 
buildings are still exposed to direct moisture as well as ambient air and its proper-
ties, such as temperature, humidity and impurities brought inside the building. 
Therefore, it is important to accept that outside elements will always have an influ-
ence on the indoor environment, irrespective of how airtight a building is, and to 
focus on construction in a way that ensures both the health and comfort of humans 
and the value and longevity of the building. 

Moisture problems are a risk factor for asthmatic symptoms (Current Care Guide-
lines 2016), but they are not always severe enough to effect humans (Karvonen et 
al. 2015, Mendell and Kumagai 2017). Different degrees of moisture damage occur 
in almost every building at some point in their life (Annila et al.2017), but several 
factors determine whether they become a problem for humans or not. In a classical 
modern setup, moisture damage is caused because moisture has found its way in-
side the tight building structure but has no chances of drying. 

Every school has its own microbial ecosystem, and new microbial populations 
may evolve over time. The airborne dispersal and mobility of biologically active sub-
stances depends on air humidity, ventilation negative or positive dPa, evolution of 
the microbial ecosystem and the metabolic state of the microbes. Additionally, the 
occupants of schools vary, for example, in their age distribution as well as their pre-
vious exposure and personal sensitivity. Therefore, it is difficult to replicate occu-
pant perceptions or symptoms and their relation to the microbial population of the 
school in a scientific experiment. Nonetheless, problematic buildings could be mod-
elled in a classic way, that is, through a set of common traits or occurrences of which 
all have some and none have all. 

6.2 Ventilation interventions (publications III, IV and V)

Ventilation is an essential part of indoor environment quality and has major effects 
on occupants’ wellbeing in a building. Proper ventilation should not be assessed 
only based on sufficient ventilation rates or single indicators, such as CO2 concen-
tration, but based on the balance of function over the entire building, via avoidance 
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of high air flows and high negative pressure. In addition, ventilation-related param-
eters, such as indoor impurities caused by dPa and low RH of indoor air, can have 
a significant effect on occupants’ well-being. As shown in this study, even relatively 
small changes in airflow rates and pressure differences can have noticeable effects 
on the measurable and perceivable parameters of indoor air. 

In both studied schools, the initial state of the ventilation systems was striking. In 
ventilation intervention 1 (the positive dPa study), the comprehensive ventilation 
measurements conducted revealed a very high negative dPa and fluctuation of dPa 
over time in the entire building section under study. In ventilation intervention 2 
(the hybrid ventilation study), the initial measurements revealed a complete lack of 
base ventilation. The CO2-controlled system brought supply air into classrooms 
when the CO2 concentration increased above the limit, but no supply air was pro-
vided when the classrooms were unoccupied or had low occupancy. As ventilation 
is among the major concerns in Finnish buildings (Salmela et al. 2019), these are 
most likely not exceptional situations in a school building. 

In both interventions, the known changes in the environmental conditions be-
tween the initial and follow-up surveys were outdoor conditions (season) and the 
ventilation intervention in the studied building section. Due to the temporal limi-
tations of the project, the first indoor climate survey was conducted during spring 
(May 2016) and the follow-up survey was conducted during winter (January 2017). 
Thus, the different ambient factors affecting the perceived IAQ during the surveys 
could have weakened the results. Both pollen-related symptoms and dryness of air 
have been shown to affect occupant perceptions of IAQ (Haverinen-Shaughnessy et 
al. 2012, Azuma et al. 2017, Frontczak and Wargocki 2011). In future studies, the 
effects of external variables, for example, season, must be eliminated via careful 
planning. 

Despite the non-optimal set-up, some differences were found between the pre- 
and post-intervention surveys (although they were not statistically significant). 
This indicates that there were improvements in perceptions in the studied building 
sections. For example, in the follow-up survey conducted after ventilation interven-
tion 1, the occupants’ perceptions had not worsened as much as it had in the other 
building sections, in which significant worsening of perceptions was noted. 

The measurements, especially the pre-intervention measurements, were well rep-
resentative of the building- and ventilation-related conditions, since the occupancy 
rate was low (approximately 15 persons for 1–4 h per day) at the end of the semester 
and the role of human-based sources was minimal. The concentrations of TVOC, 
VOCs and formaldehyde were low in both schools. In ventilation intervention 1, the 
TVOC decreased further after the ventilation changes. However, since the level was 
very low before and after the intervention, the effectiveness of the intervention is 
unclear. 
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Ventilation intervention 1 (publication III) 

In this intervention, after the ventilation system was balanced and a positive dPa 
was generated, high levels of fluctuation and high negative pressures were avoided. 
However, the intervention set-up was disrupted by ventilation shutdown during 
certain periods, especially on holidays, and this resulted in periods of negative dPa 
and pressure fluctuation. The building was unoccupied during the holiday periods 
and, therefore, the pressure fluctuation did not have a direct impact on the occu-
pants, or a significant impact on the pressure differential over a longer period. Yet, 
it is possible that impurities inside the structures infiltrated indoors during these 
periods, and this probably influenced the indoor conditions and the user responses 
to the questionnaire. Thus, the pressure fluctuations as a result of ventilation shut-
down might have weakened the findings obtained in the positive dPa period. 

The ventilation shutdowns, which were against the agreed upon study set-up, fur-
ther demonstrate the complexity of ventilation control in buildings. Many separate 
organizational sectors guide, control or maintain the ventilation system, which is, 
therefore, vulnerable to misuse or misunderstandings. An important feature of 
school building design should be a ventilation system that the janitor of the school 
has proper knowledge of and is capable of controlling and maintaining on a regular 
basis, without being dependent on external consultants or operators. 

The linear correlation between dPa and outdoor temperature could pose a chal-
lenge in the generation of continuous positive dPa, as the initial adjustments are 
done during the warm season. In the heat recovery ventilation units used in the cold 
season, the mass flow of constant volume extract fans increases when the tempera-
ture decreases after heat recovery. Correspondingly, the density of the air becomes 
higher, but the supply air fan operates under a stable air temperature condition. 
Therefore, the mass flow does not change. An air handling unit with density-cor-
rected air volume flow rate control should be used to avoid this effect. 

The change in pressure conditions coincided with a partial but important change 
in the species composition of the indoor microbiome, and potentially mycoparasitic 
T. atroviride strains disappeared after the intervention. The small-sized conidia 
(<4 μm) of T. atroviride, Aspergillus, and Penicillium species from extract air fil-
ters collected under negative dPa may represent viable fungi emanating from build-
ing constructions, as fungal spore penetration in indoor spaces under negative pres-
sure has been observed previously.  

Trichoderma species were identified in the exhaust filter and settled dust before 
the ventilation intervention, but they were not found after the intervention. In ad-
dition, the species composition of the indoor mycobiota differed from that of the 
outdoor microbiota. For example, no mycoparasitic Trichoderma strains from the 
outdoor samples or barn dust were cultivable. This indicates that the Trichoderma 
species may have emanated from an indoor source. The potentially pathogenic spe-
cies of Aspergillus (section Nigri and section Flavi strains, representing Aspergil-
lus species causing infections in humans) (Paulussen et al. 2017) identified before 
the intervention were replaced with Aspergillus strains that were unable to grow at 
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37°C (Asp. westerdijkiae and Asp. versicolor-like strains) after the intervention. In 
addition, potentially pathogenic isolates of Paecilomyces and Trichoderma species 
were also observed after the intervention, but they appeared to be minor represent-
atives of the mycobiota. 

The basis for ventilation intervention study 1 was that the application of a small 
(5–7 Pa) positive pressure difference inside a school building might lower the con-
centrations of indoor air pollutants by pushing them out of the classrooms and, 
simultaneously, preventing them from being released indoors from the structures. 
The findings indicated that through this ventilation intervention, the conditions in 
a building with unsolved IAQ problems or awaiting repairs could be controlled 
without other major temporary actions, especially when there is microbial damage 
or infiltration of other impurities from the structures. However, the observed 
changes in the measured and perceived IAQ after the intervention were minor and 
not statistically significant. In future applications of this intervention, the dPa 
should be high enough to constantly cover all spaces and correct the constant vari-
ation in air flow rates. 

Moisture performance of the structures under positive differential 
pressure (publication IV) 

In ventilation intervention 1, the moisture excess in classroom structures was found 
to be very low under the design ventilation rates, independent of the season. A very 
low ventilation rate of 1 L/sm2 was associated with an average excess moisture value 
of only 0.5 g/m3, and a design value of 4 L/sm2 was associated with moisture excess 
of 0.13 g/m3. The average moisture excess over the whole period remained below 1 
g/m3 for ventilation rates that were half the design values and for actual occupancy 
with the design ventilation rates. Moisture buffering was neglected in the calcula-
tions, which slightly overestimated the peak RH values. However, in the long-term 
results, the calculated values were more or less equivalent to the measured ones. 
Because moisture buffering was not considered in the calculations, the low mois-
ture excess that was obtained was an overestimation of the real value (which was 
expected to be even smaller due to humidity absorption by furniture and other ma-
terials present inside the classrooms). 

Generally, the effect of the convection stream depends critically on the indoor air 
RH. According to the measurements, moisture did not accumulate in the sheath 
structures during the winter since indoor air was very dry and the indoor and out-
door moisture excess values were similar. Because of the efficient mechanical ven-
tilation with very low moisture excess, the convection stream was almost as dry as 
the outdoor air and slight drying of the structure occurred. The numerical compu-
tations showed that the studied structures tolerated a moisture excess of 2 g/m3, 
and noticeable, yet non-critical, moisture convection effects were observed in the 
floor junction. The moisture stress caused by convection became significant only 
when it approached the design value of residential buildings (about 5 g/m3). How-
ever, the design values of moisture excess were ten times larger than the measured 
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moisture excess of indoor air, even at the highest determined values with low ven-
tilation rates. The findings of this study show that realizing such a high value of 5 
g/m3 in non-residential buildings is impossible in practice. In the external ceiling-
wall joint, the RH remained at safe and low levels inside the entire structure for any 
moisture excess value.  

With regard to moisture migration in walls, an excessive RH of 100% was ob-
tained only in the presence of diffusion. This is probably related to poor structural 
design, as the bricks were set as the inner layer and concrete as the outer layer. 
However, despite this, good performance of the structure was observed based on 
the low moisture excess value. 

Comparable studies are difficult to find, but Chen et al. (2016) reported comple-
mentary findings in their study which was conducted in a hot and humid climate. 
With regard to studies on cold climates, Kalamees (2010) demonstrated via field 
measurements and numerical simulations that pressure difference is indeed critical 
for moisture transport in structures. The effect was larger for less airtight enve-
lopes, for which a large dPa (typically about 10 Pa) implied an increase in the mois-
ture accumulation rate on the inner surface of the sheathing. A sufficient level of 
airtightness reduced the accumulation effect enormously, leading to low moisture 
content in the structure. The occurrence of this phenomenon was also confirmed 
by Langmans et al. (2012), whose model reflected field measurements and showed 
that a positive pressure difference pushes the moisture to accumulate towards the 
cold wall. These findings are in line with the results of this article, but the major 
difference is that the much lower moisture excess in non-residential buildings was 
not considered in the previous studies. 

As shown in this study, contrary to expectation, positive dPa does not compromise 
the moisture functionality of wall structures. Instead, it pushes dry air through the 
joints and helps in maintaining RH at desirable levels. The measurements and an-
alytical calculations showed that the joint action of positive pressure and the design 
ventilation values for good IAQ maintained the moisture excess at very low levels. 
During occupation hours, which see the maximum load, the moisture excess in 
classrooms was around 1–1.5 g/m3 for the design ventilation rates, and the average 
value stayed below 0.2 g/m3 under all relevant conditions. Furthermore, these re-
sults were independent of the season considered, and thus, they represent the situ-
ation throughout the year.  

In conclusion, the measurements and numerical analyses performed here re-
vealed that application of a positive pressure differential might be safe and effective 
in non-residential buildings, and does not affect the moisture performance of walls, 
based on realistic simulations of various situations in school buildings.  

Ventilation intervention 2 (publication V)

In ventilation intervention 2, problems in the hybrid ventilation control system 
were detected and repaired. Some disadvantages were detected in the design of the 
hybrid ventilation system, and could be, according to the study, avoided with simple 
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changes in the ventilation control system. The supply air fan-assisted hybrid venti-
lation system provided adequate ventilation and was effective in decreasing the 
concentrations of indoor impurities, unpleasant odours and stuffy air, when 
properly controlled.  

The intervention showed that a major misinterpretation of the ventilation system 
function is possible if only the CO2 concentration is used as an indicator of function. 
That is, severe problems could arise in automated sensor-controlled systems if only 
one parameter is controlled and relied on. It might also become difficult to detect 
any dysfunction, and this might escalate IAQ-related problems and complaints. Ad-
ditionally, in the project discussions, the indoor air specialists of the municipality 
organizations confirmed that problems with broken sensors are common and might 
cause long-lasting ventilation dysfunction and unsolved IAQ complaints in the 
school buildings. 

Viable conidia of toxigenic, potentially mycoparasitic Trichoderma sp. colonies, 
which are unable to grow at 37°C, were found before the ventilation intervention in 
dust sampled from the lobby but not in dust sampled from three locations after the 
ventilation improvement. To the best of my knowledge, this is the first time that 
dominance of potentially pathogenic and allergenic T. citrinoviride was detected in 
indoor settled dust in a Finnish school building. Since settled dust is very likely to 
be derived from airborne dust, airborne exposure to viable conidia of T. citrino-
viride was possible. This finding is very important, as a significant correlation has 
been found between the risk of both childhood and adulthood asthma and the pres-
ence of IgG antibodies against T. citrinoviride (Jaakkola et al. 2002). Notably, after 
the ventilation intervention, T. citrinoviride colonies were not found in the settled 
dust from the same location. 

As shown in the study, the system could not be fully controlled by the school jan-
itors or even by external experts in some cases, and this led to long-term severe 
dysfunction of base ventilation. Thus, it is crucial for relevant school personnel to 
be knowledgeable about maintaining and controlling the ventilation systems and 
their function. In municipal school buildings, the operational and service reliability 
of building technology should be high, and the system should be understandable 
and accessible for school maintenance personnel who work with it on a daily basis. 
This is essential from both the financial and wellbeing perspective. 

6.3 Indoor climate questionnaires (publications I, II, III and V)

Before the study began, school personnel and parents were informed about the cat-
egorization of schools into problematic or comparison schools. Despite the risk of 
this information possibly affecting the occupants’ survey responses, this decision 
about open sharing of information was taken because IAQ-related issues are a very 
sensitive topic in Finnish schools at the moment. Any rumours or speculations 
about whether a school might have some ‘IAQ problems’ could escalate into difficult 
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confrontations, and therefore, must be avoided. In the problematic schools, the on-
going suspicion about possible IAQ problems was commonly known among the per-
sonnel, students and parents. Therefore, the categorization of their schools as prob-
lematic schools was not a surprise to the involved groups. Correspondingly, it had 
to clarified that the comparison schools were included in the study as ‘good exam-
ples’ to prevent any misunderstanding. 

The occupant responses in the two surveys were in agreement with each other, 
but there were a few differences, which could be attributable to the substantial dif-
ferences between the questionnaires themselves. The FIOH survey covered the 
whole building and long-term perceptions, whereas the online questionnaire pro-
vided a wide range of time- and space-specific data from both students and teach-
ers. The teachers’ and students’ responses to both indoor air questionnaires indi-
cated differences in symptom prevalence and perceived work environment between 
the problematic and comparison schools. Therefore, the responses corroborated 
the initial categorisation of the schools. 

Indoor climate survey for employees (publications I, III and V) 

According to the results of the survey, poor IAQ was most commonly perceived in 
schools P1 and P3. Moreover, the occupants in P2 and P4 reported more symptoms 
in relation to the reference values and comparison schools. As reported previously, 
low indoor RH might have affected the perceptions of the occupants in all the 
schools, particularly in P3 (Wolkoff 2018a, Wolkoff and Kjærgaard 2007). In the 
problematic schools, occupants especially reported stuffy or dry air, insufficient 
ventilation, eye or nose irritation, hoarse throat or cough, difficulties in breathing, 
or facial or hand skin symptoms. The perception of these symptoms could be re-
lated to the season (that is, winter) and the presence of dry indoor air. Furthermore, 
heavy-headedness, tiredness and headaches were also reported in the problematic 
schools. A recent study demonstrated that respiratory symptoms, such as runny or 
stuffy nose, cough, hoarseness, and sore throat, and general symptoms, such as fa-
tigue, difficulties in concentrating, and headache, are correlated to IAQ problems 
(Savelieva et al. 2019). Additionally, certain psychosocial factors and the occur-
rence of asthma might have affected the results in schools P1 and P2 (Reijula and 
Sundman-Digert 2004). 

In the problematic schools, occupants’ worry about perceived IAQ problems had 
been affecting the psychosocial climate of the workplace over a long period; this 
might have resulted in an increase in IAQ-related complaints and symptom percep-
tions, as reported previously (Lahtinen et al. 2004, Brauer and Mikkelsen 2010, 
Nissilä et al. 2019, Finell et al. 2018). Moreover, as explained earlier, the occupants’ 
knowledge of whether their school was considered a problematic or a comparison 
school may have considerably affected the reporting of symptoms (Brauer and Mik-
kelsen 2003). A higher sensation of symptoms and poor IAQ could have motivated 
the occupants to respond accordingly to the questionnaires in problematic schools, 
as shown in a study on family-administered questionnaires (Bornehag et al. 2006). 
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Therefore, occupants who had more symptoms might have been overrepresented 
in this study. 

Online questionnaire for students and teachers (publications I and II) 

The online questionnaire was used to collect data continuously from different 
rooms and different groups, such as students and teachers, and this seemed highly 
beneficial in relation to traditional questionnaires. 

According to the results of the online questionnaire, symptom prevalence and 
perceived work environment varied widely even between nearby classrooms. Per-
ceptions of poor IAQ were typically focused on one or two classrooms per school, 
whereas symptoms were reported from several classrooms. It is possible that the 
occupants are more familiar with the term ‘symptoms’ than factors related to poor 
IAQ, and therefore, were more likely to report symptoms. This might also indicate 
that symptom perceptions may prevail even after occupants leave the room in 
which the symptoms originated. Some typical long-standing symptoms are head-
ache, tiredness and respiratory or allergic illnesses. 

In general, the indoor air in the schools was very dry (RH was 3.2% at the lowest), 
but this is typical during the cold wintertime and in mechanically ventilated build-
ings. Dry indoor air has adverse health effects (Mendell and Mirer 2009) and might 
explain the reported symptoms and discomfort in this study, at least in relation to 
the other IAQ factors (Lan et al. 2011). However, the measured RH did not correlate 
consistently with the reported perceptions of dry or humid air. Instead, a correla-
tion was found measured temperature and thermal comfort. The questionnaire did 
not address psychosocial factors or occupants’ awareness of IAQ problems and con-
cern about their own health, even though both these factors might have affected the 
responses and led to a bias (Torresin et al. 2018). Finally, the term ‘dry or wet/hu-
mid air’ is considered to be semantically misleading, and it has been suggested that 
these terms be redefined or re-thought to create more meaningful IAQ descriptors 
(Wolkoff 2018a). 

6.4 Advantages of the study

In this study, 14 different parameters that contribute to IAQ were assessed, and 
they covered gaseous, particulate and biological pollutants; physical parameters; 
ventilation function; and occupants’ perceptions, which were recorded using two 
different types of questionnaires. Both momentary (ventilation function, VOCs, and 
airborne cultivable microorganisms) and long-term (T, RH, CO2, formaldehyde, 
CO, endotoxin and cultivation of fungi from indoor dust) sampling were conducted. 
The applied measurements included commonly used methods and less common 
approaches, such as detecting microbes from exhaust air filters, collecting cultiva-
ble airborne microorganisms from indoor air with a rapid method, and implement-
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ing a new, rapid online questionnaire. These methods were successfully imple-
mented, and they provided a comprehensive outlook of multiple parameters in the 
studied schools. Thus, this investigation is novel in terms of its methodological ap-
proach. The main advantage of this study was it provided a detailed understanding 
of the interplay between several factors that affect IAQ and occupants’ perceptions 
of their environment and experience of symptoms. 

Six classrooms per school were selected and analysed based on the same criteria 
and protocol. They provided a representative picture of typical school conditions, 
since (typically) the classrooms in Finnish schools are notably clean and well ven-
tilated, and very similar to each other in terms of the construction materials and 
indoor pollutants. These school buildings are good representatives of modern Nor-
dic school buildings which are equipped with a mechanical supply and exhaust heat 
recovery ventilation system. 

Many of the samples provided long-term values or cumulative values, instead of 
momentary values, for example, the filter, settled dust and endotoxin samples, and 
the two-week monitoring samples. The selected methods were chosen with the aim 
of collecting several simultaneous samples that cover many pollutant groups within 
the short time window of the study. As a new approach, indoor airborne fungi were 
studied from the exhaust air filter of the air handling unit. The microbial analyses 
demonstrated differences between the problematic and comparison schools. The 
findings imply that there is an indicative, but not a definitive, causal relationship 
between the reported health problems and indoor microbes. The dust collected 
from the extract air filter represents the air circulating in the studied building sec-
tion over a period of several months, and it is, thus, an exceptionally representative 
sample.  

In ventilation intervention 1, the effects of positive dPa were comprehensively 
studied over an entire school year, and novel data were obtained about the effects 
of positive dPa on moisture accommodation inside the structures. Moisture perfor-
mance of the structures was studied by determining the moisture excess values and 
addressing the impact of a small positive pressure. The theoretical analysis was 
compared to experimental data obtained over one heating season, which suffi-
ciently covered the phenomena. The intervention proposed here and its effects have 
so far not been reported in the literature and constitutes a new foundation for future 
studies. 

Simultaneously with the IAQ-related measurements, occupants’ perceptions were 
recorded with two types of indoor air quality surveys—the FIOH survey and an 
online questionnaire that was implemented for the first time in the studied schools. 
FIOH’s indoor climate survey provided a comprehensive view of the perceived con-
ditions in the whole school building as reported by adults, and reflected the occu-
pants’ perceptions over the past few months. The questionnaire is widely used, and 
the answers were analysed by authorized experts and compared to wide reference 
data collected from real work environments. The number of respondents included 
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in the study fulfilled the minimum requirement and the total average response rate 
of 68% was acceptable. 

The online questionnaire was short and simple and targeted both teachers and 
students, in contrast to the FIOH survey, which only targeted the personnel. A ma-
jor advantage of the online questionnaire was that it could collect wide, continuous 
classroom-specific and up-to-date data over the two-week study period, similar to 
the IAQ measurements. With such data, it is possible to investigate more precise 
locations of possible sources of the problems. Another advantage was that several 
responses could be collected from the same respondents. As the questionnaire was 
short, it was not too burdensome to use, and the occupants remained motivated 
about responding several times. 

In conclusion, this study addressed the complexity of IAQ and its effects on occu-
pant perceptions in school buildings with occupant complaints but without obvious 
reasons for the complaints. This study used a set of rarely used methods for identi-
fying traits which are characteristic of problematic schools and for monitoring im-
provements in buildings under IAQ investigations through simple ventilation 
changes. Therefore, this study presents methods that could prove useful for inves-
tigating a particular set of schools and promotes future studies on a higher number 
of problematic and comparison buildings. 

6.5 Limitations of the study

The main limitations of this study are the statistical analyses, the number of sam-
ples, and seasonal and other disruptive factors in the study set-up. Moreover, the 
number of buildings, especially the reference buildings, was limited, but the results 
confirmed in this study can be applied to a higher number of problematic and ref-
erence buildings and multiple samples. The limitations related to the statistical 
analyses and measurement set-ups could also be overcome in future studies. 

In ventilation intervention 1 (application of a positive differential pressure), some 
changes occurred in the ventilation function that were not appropriate for the study 
design. The ventilation system was controlled remotely and automatically, and the 
disruptions were caused by information break. Therefore, it was difficult to com-
pare the changes in occupants’ perceptions in the building section in which the ven-
tilation changes were made and the sections in which they were not. The rapid 
online questionnaire could be more useful in collecting perception data from spe-
cific building sections over a longer period. It is important to involve students in 
the study, since teachers form a minority of the school occupants. If a questionnaire 
is introduced before and after ventilation changes, they should be implemented 
during the same season and other indoor variables should be stabilized and rec-
orded as precisely as possible. Further, comprehensive IAQ measurements should 
be conducted during the same season before and after the ventilation changes are 
introduced.  
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With regard to the microbial measurements, the amount of airborne dust was not 
measured in these schools, and therefore, the actual quantity and duration of expo-
sure to the dust-borne microbes in the various samples are not known (Leppänen 
et al. 2018, Fu et al. 2020). The microbial composition in the air can vary temporally 
and, thus, air sampling generally represents short-term microbial exposure. In ad-
dition, air sampling does not provide information about the various species present. 
Despite these shortcomings, in this study, the air sampling method provided a sim-
ple and fast tool to evaluate differences between schools.  

In the characterisation of the cultivable moulds detected in indoor airborne and 
settled dust, the Trichoderma species were, interestingly, found only in the prob-
lematic schools. Investigation of the role and significance of individual species, in-
cluding potentially pathogenic Trichoderma species, in occupant exposure was out 
of the scope of this article. With regard to the diversity of environmental microor-
ganisms, it is obvious that the presence of a single genus does not alone explain the 
perceived differences between buildings. 

The small sample of respondents in the FIOH survey, especially in the sections 
with ventilation interventions, weakened the reliability of the survey data. In addi-
tion, the reference data were gathered from office environments, so they are not 
entirely indicative of the conditions of school buildings with regard to, for example, 
occupancy, activities and noise. Thus, comparing the results to the reference data 
is not the best strategy. With regard to the online questionnaire, only a limited num-
ber of classrooms were included in the study. Additionally, the data consisted 
mainly of student responses because teachers usually had their own classrooms, 
whereas students moved between the classrooms. Considering the age of the re-
sponding students, misunderstandings and intentional pranks are expected. How-
ever, such obvious responses comprised a negligible portion of the total data, and 
therefore, any bias would be compensated for by the large amount of good data. It 
has been shown that children between the ages of 9 and 12 can independently pro-
vide repeatable information about symptoms and IAQ (Lampi et al. 2018). Yet, the 
online questionnaire developed here should be improved to prevent any possible 
confusion or randomness in the responses and to ensure that the questions are sim-
ple and clear. For underage students, the terminology used could be misleading or 
unfamiliar. 

The technical problems (related to poor internet connection) encountered in im-
plementing the online questionnaire was a major disadvantage of this study. As 
printouts of the questionnaire were also provided, 5–40% of the responses to the 
online questionnaires were provided on paper. This made the data handling more 
time consuming and vulnerable to mistakes. Additionally, some questions were left 
blank, and this resulted in more missing data. In the online version, responses to 
every question were mandatory in order to proceed to the next question. Therefore, 
before this questionnaire is used for future studies, technical issues must be solved. 
Additionally, precise information must be provided about the privacy of the data, 
and the collection, processing and storage of the data. However, in order to improve 
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the utility of this questionnaire for future use, it needs to be designed and conducted 
by individuals with special expertise. Additionally, the statistical and practical reli-
ability of the results could be increased by improving the comprehensibility of the 
questionnaire and carefully selecting the questions. 

6.6 Future research possibilities

The measurement methods commonly used in indoor air investigations were una-
ble to indicate problematic schools in this study. In future studies, methods to de-
tect excess moisture and mould, such as the exhaust air filter analyses used in this 
study, also need to consider the occupants’ perceptions of poor IAQ. Additionally, 
as indicated in the present study, supply air filters should be investigated as sources 
of pollution indicators. Simultaneous investigations of supply air filters and venti-
lation pressure conditions as potential contaminant transport mechanisms are 
highly recommended. A longitudinal study in a selected sample of problematic and 
reference schools, which addresses a few critical factors with highly seasonal varia-
tion, along with simultaneous recording of occupants’ perceptions, is recom-
mended. 

Along with the wide range of data from the indoor air questionnaire, a detailed 
statistical analysis of the different parameters should be performed. Additionally, 
the developed and tested online questionnaire was shown to be an informative and 
useful tool to assess perceived IAQ in a school building, and it could be highly im-
pactful if improved further. As it is time- and space-sensitive, it could be used to 
screen current IAQ problems and determine investigation targets in public build-
ings. The large amount of data that can be collected with this questionnaire could 
provide multiple possibilities to study correlations between personal, climatic, and 
building-related factors, as well as interconnections between time and place over a 
specific period. The information obtained from the results of the questionnaire 
combined with systematic investigation of the indoor environment could be used 
as a basis for a more detailed analysis. As a future step, the questions should be 
developed so that they are simpler and easier to understand, and only truly relevant 
questions should be included. Additionally, the questionnaire should be extended 
to the occupants of all sections in the building, to ensure a comprehensive view of 
all the spaces and obtain sufficient data from specific building sections that are of 
interest for comparison. The number of respondents should also be optimized by 
including students in the survey, especially because students are the major occu-
pants of school buildings. A simultaneous comprehensive investigation of the ven-
tilation function , as well as the interesting role of low RH in symptoms and wellbe-
ing, are other important topics for future research. 

As described in this study, generating a positive differential pressure in a school 
building for a particular period is a safe, easy and controllable way of improving 
IAQ and increasing the wellbeing of the occupants. Further confirmatory studies 
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with a properly controlled continuous positive differential pressure and simultane-
ous measurements of IAQ and moisture performance are recommended. Im-
portantly, the continuity of positive dPa without disruptive periods should be en-
sured, and the moisture performance of structures during positive dPa should be 
investigated based on the age, building materials, building purpose and occupancy. 

Overall, since ventilation is the most crucial part of IAQ in modern buildings but 
typically applied ventilation systems seem to be associated with several problems, 
studies replicating the set-ups presented in both the ventilation interventions of the 
present study would be highly beneficial in providing new information about long-
term occupant responses to ventilation function. The assessment of less common 
ventilation strategies, such as the hybrid ventilation system presented in this study, 
is recommended, provided that the conditions during the set-up are precisely con-
trolled.  
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7. Conclusions

Based on the findings of the present thesis, the following conclusions can be drawn: 
 

1. The detection of airborne cultivable microorganisms isolated from samples 
of settled and exhaust filter dust was effective in highlighting differences 
between schools in which occupants did or did not report IAQ-related prob-
lems. In schools with reported IAQ-related problems, the airborne cultiva-
ble microbial concentrations were higher and indicated more local differ-
ences in the buildings. The culture experiments for exhaust air filter and 
classroom settled dust samples focused on Trichoderma species due to their 
mycoparasitic nature. Pathogenic and/or toxigenic Trichoderma strains oc-
curred only in the schools in which occupants reported IAQ-related prob-
lems. The assessment of exhaust air filter dust was shown to have potential 
as a method for identifying buildings that require further investigation for 
IAQ. Other measurements of gaseous pollutants, PM or endotoxins were not 
indicative of schools with greater occupant dissatisfaction. 
 

2. The online indoor air questionnaire had several benefits and possibilities in 
terms of data acquisition, and if it is further developed, it might be suitable 
for studying perceived time- and space-specific symptoms and discomfort 
in a school building. However, it is important to include both teachers’ and 
students’ perspectives. There was no consistency between the perceived and 
measured temperature and humidity, but a correlation was found between 
perception of stuffy air and measured CO2 concentrations. 
 

3. Both the ventilation interventions applied in this study (positive pressure 
differential and adjustments to hybrid ventilation) resulted in minor 
changes in the measured IAQ factors, and indicated that there were small, 
but insignificant, improvements in the occupants’ perceptions. A change in 
the indoor mycobiota composition was also observed, and this corre-
sponded with changes in ventilation function. The ventilation interventions 
highlighted the importance of ventilation for ensuring good IAQ. The move-
ment of impurities from the building structures to the indoor environment 
could be prevented and occupant wellbeing could be improved with simple 
adjustments in ventilation systems. To achieve this, an appropriate supply 
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air income must be ensured, and negative differential pressure must be con-
trolled throughout the building. 
 

4. The common ventilation rates used in school buildings were found to keep 
moisture excess at very low levels even under a moderate positive dPa, as 
moisture accumulation inside structures was not observed. The measure-
ments and numerical analysis revealed that positive dPa can be safely ap-
plied without worsening the moisture performance of the walls, under real-
istic situations occurring in school buildings. 
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