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INTRODUCTION 

Considering the whole life cycle of a build-
ing, the construction sector is the primary energy 
consumer in the modern world. One of the great-
est challenges for the industry is to minimize its 
negative influence on the environment (Asadi et 
al. 2012, Santamouris 2016). In order to achieve 
this goal, starting from the design phase to the 
recycling or disposal phase, sustainability is the 
main keyword in the further development of the 
building industry (Pacheco-Torgal 2014, Czopka 
2018). The progressively stricter requirements 
for the energy demand reduction and improve-
ments in the energy efficiency lead to increasing 
the focus on the better insulated and more airtight 
building envelopes (including walls, floor, ceiling 
and roof) towards the implementation of nearly 
zero-energy buildings (NZEB) concept, which is 

included in the Directive 2010/31/EU of the Eu-
ropean Union (Liobikiene and Mindaugas 2017, 
Dobbins et al. 2019).

Therefore, building design and construction 
must be oriented towards improving the perfor-
mance of building envelopes by using standard, 
reliable solutions in combination with novel ma-
terials that must not only be effective, but also 
eco-friendly (Sinka et al. 2018, Boussaba et al. 
2019). However, the increased airtightness and 
thicknesses of insulation in outer layers of build-
ing envelopes  can lead to an overall increase in 
relative humidity (RH) of building envelopes 
during the periods of lower exterior temperature, 
which would result in an increased risk of mois-
ture-related damage, including mould growth 
(Gullbrekken et al. 2015, Mundt-Petersen and 
Harderup 2015). According to the RH require-
ments for different fungi to start growing and 
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ABSTRACT
In order to assess the sustainability of buildings with different types of insulating assemblies in the Latvian climate, 
a long-term test building monitoring experiment has been underway since 2013. There are a total of five test build-
ings on site with roughly six years’ worth of accumulated temperature and humidity readings in the key parts of 
assemblies. This study is meant to quantify the mould presence in building walls, floor and ceiling by performing 
laboratory tests, assessing the number of colony-forming units, and comparing the results with mould risk predic-
tions due to the isopleth model developed by Sedlbauer, using both the hygrothermal data derived from the sensors 
within buildings and the output of numerical simulations in WUFI Pro 6.3, a commercial software package. The 
analysis indicated good agreement between the lab tests and mould risk assessment using the data sets from the 
sensors, validating the applicability of the Sedlbauer model to the Latvian climate, while the comparisons between 
the numerically obtained forecasts and experimental data revealed dissimilarities that are largely due to impreci-
sions in material models and initial conditions.
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proliferate, fungi fall into several groups: xero-
philic and xerotolerant (<80% RH); mesophilic 
(80–90% RH); hydrophilic (>90%) (Pasanen et 
al. 2000, Hess-Kosa 2010).

Despite the unremitting attention to the as-
sessment of the hygrothermal performance of 
various envelope assemblies and boundary con-
ditions associated with mould fungi growth, there 
are still gaps in knowledge concerning these is-
sues (Mundt-Petersen and Harderup 2013, Vinha 
et al. 2018). Most of the studies on these problems 
have been carried out under laboratory conditions 
(Johansson et al. 2012, Laborel-Préneron et al. 
2018), while there are very few detailed in situ 
investigations devoted especially to the microbial 
contamination, and efforts are usually limited to 
visual inspection (Mlakar and Štrancar 2013, La-
tif et al. 2014).

In order to avoid the moisture damage in build-
ings, a forecast of mould growth risk in buildings 
is very important already during the design phase, 
well before construction commences (Fedorik and 
Haapala 2018, Gradeci et al. 2018). To this end, 
various prediction models (Vereecken and Roels 
2012, Gradeci et al. 2017) and numerical analy-
sis tools (Fedorik and Haapala 2018, de Mello et 
al. 2019) were developed to the coupled transport 
of moisture and heat. One of the commonly used 
methods for mould growth risk assessment is the 
LIM (Lowest Isopleth for Mould) critical curve 
model developed by Sedlbauer (Krus et al. 2007). 
As for the simulation tools, WUFI® Pro is a rather 
popular and user-friendly software package for 
the hygrothermal simulations of building enve-
lopes and can be used to solve the problems with 
symmetries that enable one-dimensional treat-
ment of heat and moisture transport within build-
ing envelope cross-section. WUFI Pro also comes 
with an extensive material database (Künzel et al. 
2012, Zirkelbach et al. 2016).

Although the WUFI numerical models have 
been validated for the walls in northern Europe 
area (Mundt-Petersen and Harderup 2013, Alev 
et al. 2014), the program has not been system-
atically tested for the Latvian climate, where the 
outdoor RH, temperature as well as wind speed 
differ from other European areas.

In order to comply with the NZEB standards, 
a long-term building performance monitoring 
project has been underway in Latvia since 2011. 
Several small test buildings were built in the ur-
ban area of Riga (Latvia) using various local raw 
materials for different construction solutions. The 

main goal of the project is to evaluate the energy 
efficiency and sustainability of building construc-
tions with similar U-values in the local climate 
(Dimdiņa et al. 2013, Ozolinsh and Jakovich 
2013, Apine et al. 2015).

The objective of the present study was to 
evaluate the amount of mould fungi within the 
insulating assemblies (in wall, floor and ceiling) 
of test buildings by means of lab tests of mate-
rial samples and compare the results against the 
mould growth risk predictions that are derived 
both from the experimental data obtained from 
sensors and the simulation results obtained us-
ing WUFI® Pro. This three-way analysis enables 
to verify the applicability of the standard LIM 
mould growth risk model to the local climate.

MATERIALS AND METHODS

Test buildings

In 2013, five test buildings with inner dimen-
sions of 3 × 3 × 3m and different wall insulating 
assemblies were completed. All wall assemblies 
have thermal transmittance of ≈ 0.16 , W ∙ M−2K−1 

and the floor and ceiling envelopes are identical 
across buildings. The indoor temperature ~ 20°C 
and ventilation rate 0.45 h−1  is maintained within 
buildings. The buildings are equipped with a sen-
sor and a data logger system that monitors the 
temperature, RH, interior air velocity, solar radia-
tion intensity, etc. – a typical layout of the sen-
sor system within a building is shown in Fig. 1a. 
Detailed specifications for each building and sen-
sor placement within are found in Jakovics et al. 
2014. In this manuscript, the hygrothermal data 
insulation assemblies for three buildings were 
studied. Wall envelopes, codenamed LOG, PLY 
and AER, all have the following first three outer 
layers: Spruce, 40mm → Plywood, 6.5 mm → 
Air gap, 30 mm. Inner layer structure, exterior to 
interior, is as follows:
 • LOG: Spruce, 200 mm → Stone wool, 

200 mm → Vapor barrier, ˂ 1mm → Spruce, 
40 mm (Fig. 1b);

 • PLY: Plywood, 20 mm → Stone wool, 200 mm 
→ Plywood, 20 mm → Fibrolite,  75 mm →  
Cement plaster, 20 mm ;

 • AER: Stone wool, 30 mm Stone wool, 50 mm 
Lime-cement plaster, 15 mm Aerated concrete,  
375 mm → Lime-cement plaster, 15 mm.
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 • The ceiling and floor assemblies have the fol-
lowing layouts:

 • Ceiling: Plywood, 12 mm → Blowing birch 
wood fiber, 200 mm → Plywood, 4 mm → 
Stone wool, 50 mm → Vapor barrier, ˂ 1 mm  
→ Plywood, 6.5 mm (Fig. 1b).

 • Floor: Plywood, 21 mm → Vapor barrier, ˂ 
1 mm → Stone wool, 200 mm → Plywood, 
21 mm → Stone wool, 50 mm → Vapor bar-
rier,  ˂ 1 mm  → Plywood, 21 mm .

The temperature and RH sensors were in-
stalled in key locations within wall, floor, and 
ceiling envelopes (see Fig. 1a and 1b). Addition-
ally, monitoring weather conditions at the test site 
starting from April 2013 yielded the following 
data: outdoor temperature, RH, solar radiation in-
tensity, wind direction and speed. At the 5-year 
mark, the building envelopes were opened and the 
samples from the key locations were taken to the 
lab for the micro-organism content assessment.

Collection of material samples for 
microbiological analysis

Ceiling. In October 2017, the samples of 
blowing birch wood fibers were collected from 

LOG (Fig. 1b). Three samples were taken from 
the top and three more from the bottom part of the 
insulation layer. Walls. In May 2018, the samples 
were collected from LOG and PLY outside sur-
faces of walls under ventilated facades, as well 
as exterior surfaces of stone wool slabs. No less 
than three samples were taken in each case. Floor. 
In August 2018, three samples were taken from 
exterior surface of the wool slab in the lower part 
of the AER floor envelope.

Microbiological analysis

In order to prepare a suspension for exami-
nation, 1 g of insulation material (stone wool or 
wood fiber) was homogenized in 100 ml of steril-
ized distilled water. The surface samples were ob-
tained using the swab method. In order to prepare 
a sample, a moistened cotton swab was used to 
wipe 10 cm2 of the wall surface. The swabs were 
placed in vials containing 1 ml of sterile distilled 
water. At least three replications were prepared 
for each sample.

Afterwards, 100 μl of obtained suspensions 
(from both insulation materials and surfaces of 
plywood and wood) were transferred onto Petri 
dishes with 2% Malt Extract Agar and Dichloran  

Figure 1. Location of the temperature and relative humidity sensors within a test building, marked with black 
dots (a); within wall, ceiling and floor insulating assemblies (b). Red circles mark the locations where the 

material samples were taken for lab analysis (a,b). RH time series for key locations within buildings shown in 
(c). In (a), ”ROOM” represents the sensors located within the building interior, ”LOFT” is the attic sensor, ”AIR.
FAC” is the sensor within the air gap of the wall envelope, ”WALL” and ”FLOOR” are sensors embedded into 

walls and floor, respectively.
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18% Glycerol Agar in at least four replications 
for each medium. Dichloran 18% Glycerol Agar 
was used to isolate and identify xerophilic fungi 
(Penicillium, Aspargillus, Eurotium), while Malt 
Extract Agar allowed to resolve the mesophilic 
and hydrophilic moulds. When necessary, the so-
lutions of the samples were additionally diluted 
from 10% of original concentration to 0.01%. 
The plates with the samples were incubated at 
20–23°C for 10–28 days. Filamentous fungi were 
identified to the genera level using macro- and 
micro-morphological traits. The number of fun-
gal propagules was expressed as colony-forming 
units (CFU) per gram of insulation material or per 
cm2 of material surface. The statistical differences 
among the samples were assessed using the Wil-
coxon rank test.

Mould growth prediction model

In order to assess the mould fungi growth risk, 
Sedlbauer’s Lowest Isopleth for Mould (LIM) 
model for mycelial growth was used (Krus et al. 
2007). Four categories of substrates are defined to 
take into account not only RH and temperature, 
but also the effect of building materials as nutri-
ent substrate: LIM 0 – optimal culture medium; 
LIM I – biologically degradable building materi-
als (e.g. wall paper, martials made of biologically 
degradable raw resources, plaster); LIM II – bio-
logically adverse materials (e.g. renderings, min-
eral building materials), LIM III – materials that 
are neither degradable nor contain nutrients (for 
this category is not given special isopleth curve). 

The experimental data from sensors, tempera-
ture and RH time series, are converted to a series 
of sequential temperature/humidity value pairs 
and plotted against LIM curves (0, I and II) – this 
allows one to both track the dynamics of mould 
growth risk and assess its severity.

Numerical simulations

The insulating assemblies were simulated in 
WUFI Pro 6.3, a commercial hygrothermal analy-
sis software package. WUFI solves the coupled 
heat and moisture transport equations along with 
constitutive relations for the water content and 
water phase transitions. Given a sufficiently accu-
rate history of the exterior climate and an adequate 
model for the interior climate, as well as correct 
material properties, it allows computing transient 
temperature and relative humidity fields within 

insulating assemblies. WUFI output, like sensor 
data, can be used to determine the mould growth 
risks throughout the simulated time interval of the 
experiment. A more detailed description of simu-
lation methodology is given in Künzel (1995).

RESULTS

In the both PLY and LOG buildings the high-
est risk of mould growth is predicted in the outer 
part of insulation envelopes, wherein the sen-
sors were placed at the stone wool layer bound-
ary (Fig. 1b). For PLY, the sensor data indicates 
RH mostly above 70%, but below 80% during the 
warm season over the first five years of monitor-
ing (Fig. 1c). According to the Sedlbauer’s model, 
such conditions should result in a moderate risk 
of mould growth. Moreover, in the initial stage of 
the experiment, the risk of fungal pollution was 
higher, but decreased slightly, then stabilized af-
terwards (Fig. 2). Although a visual inspection of 
stone wool slabs did not reveal any signs mould, 
the microbial analyses enable to detect the signs 
of quite significant fungal growth (Table 1). In 
PLY, not only xerophilic (Penicillium, Eurotium) 
fungi, but also a considerable concentration of 
mesophilic (Cladosporium, yeasts etc.) fungi 
were found. It should be noted that the construc-
tion of the test buildings was carried out during 
the autumn and winter, so the timber and insu-
lation materials were exposed to damp air and 
moisture, which is likely to have increased RH 
considerably, promoting the mould growth.

However, the results of both the experiment 
and the simulation for PLY show that at the 5 year 
mark some risk of mould growth is present within 
the wall envelope. A visual inspection of the outer 
part of this assembly, the plywood surface with-
in the air gap at the ventilated façade, was also 
conducted. It was found that the surface of ply-
wood was mostly covered with black spots due 
to Cladosporium (4038 ± 1003 CFU/cm2) . This 
makes sense given that RH in the air gap consis-
tently exceeded 70% during the warm seasons of 
the first five years of monitoring (Fig. 1c), dem-
onstrating that the air change in the air gap was 
insufficient to prevent the mould growth and that 
an appropriate ventilation rate is a critical factor. 
(Hägerstedt and Arfvidsson 2010, Mundt-Peters-
en et al. 2013). At the end of 2017, the air flow 
rate through the ventilated facade was increased, 
resulting in the decline of RH. Further monitoring 
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is necessary to ascertain that this will reduce the 
mould growth risk.

In the LOG wall assembly, the sensor data 
has revealed that the hygrothermal conditions 
were favorable for the mould growth, with many 
events above LIM I and LIM II curves, mostly 

during a short time period after the construction 
was finished (Fig. 3). In the examined samples, 
the fungal contamination could not be identified 
visually. However, lab tests allowed to detect 
a minor amount of fungi, mostly Penicillium, 
Cladosporium and yeasts (Tab. 1) with the total 

Figure 2. Mould growth risk assessment according to the Sedlbauer’s model of mycelium growth (Krus et al. 
2007) from April 3, 2013 to April 1, 2019 for the PLY wall at the location of the sensor placed within the stone 

wool layer. The mould growth risk forecasts due to the data from (a, b) sensors and (c, d) WUFI are presented. In 
(a,c), the temperature/RH events are color coded in order of appearance, dark blue to yellow. In (b,d), color bars 

represent the relative density of events, higher values above the LIM curves indicating greater mould growth 
risk. White contours in (b,d) are lines of constant event densit

Table 1. Concentration of culturable fungi in the stone wool samples from the insulation at the outer surfaces of 
LOG and PLY wall envelopes

Fungi
Concentration (CFU g-1)

LOG PLY

Xerophilic
Eurotium 0 ± 0 67 ± 20
Penicillium 188 ± 31 550 ± 101
Total 188 ± 31 617 ± 121

Mesophilic
 

Cladosporium 150 ± 29 12 350 ± 1 487
Yeasts 125 ± 48 200 ± 67
Others* 175 ± 66 200 ± 38
Total 450 ± 143 12 750 ± 1 592

TOTAL 638 ± 174 13 400 ± 1 709
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amount significantly lower (statistical p-value 
p ˂ 0.001) than in PLY. As in the PLY case, the 
risk of mould growth has been decreased over the 
period of five years. The timber behind the ven-
tilation façade was partially covered with black 
spots of Cladosporium fungi, which is, again, due 
to insufficient ventilation. Here, the RH trends 
were similar to those observed for PLY (Fig. 1c).

Unfortunately, the material model for the 
LOG wall assembly has not been established yet. 
Therefore, the LOG numerical results are not pre-
sented here.

The sensor data for LOG ceiling envelope 
shows that during the first years of monitoring, 
the RH and temperature conditions supported 
the fungal growth within blowing birch wood fi-
ber – there is a high density of the RH/tempera-
ture events even above LIM II, though the highest 
density is below LIM 0 (Fig. 4). Over 5 years, 
the mould growth risk has declined. The micro-
biological analysis confirmed the presence of 
fungal pollution. During a visual inspection, the 
insulation wood fiber under the cover plywood 
appeared coated with a thin film of mould. The 
samples from wood fiber at the sensor location 

(Fig. 1b) had a considerable concentration of 
xerophilic species, i.e. Penicillium, Aspargillus 
and Eurotium, and even higher concentration 
(p ˂ 0.001  was found in the samples taken from 
the lower part of ceiling insulation (Table 2).

As seen in Fig.4, the simulation results yield 
a different pattern for the mould growth. The risk 
of fungi proliferation was significantly lower at 
the beginning of the monitoring period. However, 
note that the projected mould risk increased rap-
idly and the RH/temperature event density was 
greatest in the area between LIM 0 and LIM I, 
with a fraction of time spent above LIM I, indicat-
ing minor mould growth risk within wood fiber 
insulation. As in the PLY wall case, the predicted 
RH values increase over time, indicating that the 
envelope materials accumulate moisture. To sum-
marize, while the simulation results revealed a 
minor mould growth risk with a tendency to in-
crease over time, the experimental data suggests 
the opposite dynamics. Further monitoring of the 
ceiling envelope, as well as improvement of ma-
terial models and more adequate initial conditions 
for simulations is necessary to understand the fac-
tors that lead to discrepancies.

Figure 3. Mould growth risk assessment according to the Sedlbauer’s model from April 3, 2013 to April 1, 2019 
for the LOG wall assembly at the location of the sensor placed within the stone wool layer

Table 2. Concentration of culturable fungi in the samples of blowing birch wood fiber from LOG ceiling 
insulation layer

Fungi
Concentration (CFU g-1)

Top Bottom

Xerophilic

Aspargillus 330 493 ± 30 221 12 167 042 ± 2 263 724
Eurotium 1 544 ± 657 33 958 ± 4 104
Penicillium 7 464 845 ± 624 884 358 602 013 ± 13 652 617
Total 7 796 883 ± 655 762 370 803 014 ± 15 920 445

Mesophilic Different* 0 ± 0 525 ± 361
Total 0 ± 0 525 ± 361

TOTAL 7 796 883 ± 655 762 370 803 014 ± 15 920 445
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The floor insulating assembly was identical 
for all buildings. However, the initial conditions 
may have been dissimilar due to the exposure to 
moist air during construction. Moreover, a critical 
error was made during construction – an addition-
al vapor barrier was included at the bottom of the 
envelope, below the insulation layers, therefore 
making the assembly vapor-tight. Combined with 
high initial RH due to the exposure to ambient 
air, the mould growth hazard was, as indicated by 
analysis of the AER building, the highest among 
all assemblies and persisted throughout the moni-
toring period, as seen from both sensor and simu-
lation output shown in Figure 5.

Note that both experiments and simulations 
produce the RH/temperature events concentrated 
well above LIM II curves. The mould growth was 
more pronounced during the cold seasons, where 
the temperature ranged from 0°C to 5°C. The 
laboratory tests confirmed the results obtained 
from sensors and simulations. Although a visual 
inspection did not indicate any mould growth, the 
sample analysis revealed a rather high concentra-
tion of xerophilic (Penicillium, Eurotium) and 

mesophilic (Cladosporium, Epicoccum, yeasts 
etc.) fungi (Table 3). 

On the numerical simulations side, a much 
worse situation in terms of fungi proliferation is 
predicted during warmer periods within 10°C to 
17°C range. This is likely due to overestimated 
vapor diffusion resistance of the vapor barrier at 
the bottom of the envelope. The building mainte-
nance logs indicate that floor vapor barriers may 
have been damaged, which could result in partial 
perforation and translate to lower vapor diffusion 
resistance coefficients. A numerical sensitivity 
analysis will be performed for the floor insulating 
assembly to address this issue.

CONCLUSIONS

The results of this study clearly show that 
Sedlbauer’s LIM curve model for mould growth 
risk assessment can be safely and successfully 
applied in the Latvian climate. Clearly, even 
longer monitoring periods are necessary to 
evaluate the sustainability of different insulation 

Figure 4. Mould growth risk assessment according to the Sedlbauer’s model from April 3, 2013 to April 1, 2019 
for LOG ceiling at the location of the sensor placed on top of the layer of blowing birch wood fiber using the 

data from (a, b) sensors and (c, d) WUFI
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solutions, which is the experiment currently con-
tinues, likely for several more years. Compar-
ing the simulated mould growth risk dynamics 
against the sensor data and lab tests, some dis-
similarities were found. These are largely due to 
imprecisions in materials models (i.e. sorption 

curves) and initial conditions (actual versus in-
put inferred from sensor data) for RH within as-
semblies. However, in the case of the PLY wall 
assembly, the numerical model correlates with 
the lab test results quite well. The results are cur-
rently being used to validate the material models 
for WUFI Pro 6.3, which can then be used by 
other researchers, improving WUFI as a valu-
able tool that can be used to avoid critical errors 
during the design phase of building construction 
and to ensure that the insulating assemblies per-
form as intended over the course of building op-
erational lifetime.
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Figure 5. Mould growth risk assessment according to the Sedlbauer’s model from April 3, 2013 to April 1, 2019 
for AER floor at the location of the sensor placed at the lower layer of stone wool using data from (a, b) sensors 

and (c, d) WUFI

Table 3. Concentration of culturable fungi within the 
samples of stone wool insulation from the AER floor 
envelope

Fungi Concentration (CFU g-1)

Xerophilic
Eurotium 250 ± 144
Penicillium 98 383 ± 26 443
Total 98 633 ± 26 587

Mesophilic

Alternaria 333 ± 110
Cladosporium 9 333 ± 3112
Epicoccum 583 ± 220
Yeasts 5 069 ± 2 015
Others* 42 ± 21
Total 15 361 ± 5 478

TOTAL 113 994 ± 32 065

* Fungi identified only once or twice, such as 
Chrysonilia, Geotrychum, Isariella, Paecilomuces, 
Phoma, Phomopsis etc.
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