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Abstract: Climate change is anticipated to affect the degradation of the building materials in cultural
heritage sites and buildings. For the aim of taking the necessary preventive measures, studies
need to be carried out with the utmost possible precision regarding the building materials of each
monument and the microclimate to which they are exposed. Within the present study, a methodology
to investigate the mold risk of timber buildings is presented and applied in two historic constructions.
The two case studies are located in Vestfold, Norway. Proper material properties are selected for
the building elements by leveraging material properties from existing databases, measurements,
and simulations of the hygrothermal performance of selected building components. Data from the
REMO2015 driven by the global model MPI-ESM-LR are used in order to account for past, present,
and future climate conditions. In addition, climate data from ERA5 reanalysis are used in order
to assess the accuracy the MPI-ES-LR_REMO2015 model results. Whole building hygrothermal
simulations are employed to calculate the temperature and the relative humidity on the timber
surfaces. The transient hygrothermal condition and certain characteristics of the timber surfaces are
used as inputs in the updated VTT mold model in order to predict the mold risk of certain building
elements. Results show a significant increase of the mold risk of the untreated timber surfaces due
to climate change. The treated surfaces have no mold risk at all. It is also observed that the most
significant increase of the mold risk occurs in the north-oriented and the horizontal surfaces. It is
underlined that the mold risk of the timber elements is overestimated by the MPI-ES-LR_REMO2015
model compared to ERA5 reanalysis. The importance of considering the surface temperature and
humidity, and not the atmospheric temperature and humidity as boundary conditions in the mold
growth model is also investigated and highlighted.
Keywords: hygrothermal performance; timber buildings; cultural heritage; numerical simulations;
monitoring and sensors; climate models; fungi identification; mold growth modelling
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1. Introduction
Historic constructions constitute an integral part of the human cultural heritage and
they play a significant role to the economies of the areas where they are located. Thus, we
need to ensure their existence on a long-term horizon. Recent research underlines that an
additional burden that the historic constructions have to deal with is climate change [1–7].
The impact of climate change on the tangible cultural heritage have been investigated
in several projects, with the most known ones being the Noah’s Ark [1] and the Climate
for Culture [3]. Within the Noah’s Ark project, data from climate models have been used
as inputs in damage functions in order to examine the climate change impact on the
deterioration of the building materials in cultural heritage sites. In the project Climate for
Culture, the methodology that was followed included some additional steps in order to
examine the impact of climate change on artifacts that are located in interior environments.
Specifically, there were data used from climate models, material properties for the elements
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of the building cell, and the heat, air, and moisture (HAM) loads in the interior of certain
rooms in order to calculate the air temperature and air relative humidity inside them. Then,
by using appropriate standards and models describing the deterioration of the valuable
tangible cultural heritage, the result of the action of certain deterioration mechanisms was
investigated. The current research is conducted in the framework of the HYPERION EU
project [8], which aims to create an online platform for the assessment of the resilience
of historic areas by taking into account several different hazards. One of the examined
hazards is climate change. In the framework of this project, specific buildings of high
cultural significance are modelled in detail in order to be able to investigate their risks in
a building component level. This detailed investigation is important, especially for the
managers of the cultural heritage buildings, who mainly focus their conservation strategy
on the material level and are also interested in examining the effectiveness of different
conservation strategies. The focus of the current study is to investigate the mold risk of
two timber historic buildings located in southern Norway.
In many studies, the impact of climate change on the mold risk of timber elements
has been investigated [9–12] by using the biohygrothermal model [13]. In [9,10,12], the
mold risk of historically significant artifacts that are made of timber was investigated,
while in [11], the focus was placed on the investigation of the mold growth risk on the
log walls of a historic timber construction. The biohygrothermal model accounts for the
temperature and relative humidity on the surface of interest, and also for different substrate
categories in order to calculate the mold growth in millimeters. One disadvantage of the
biohygrothermal model is the limited number of the substrate categories that does not allow
for defining of the different mold risks among different wood species, or between a rough
and a planed wood surface. In addition, the biohygrothermal model does not account for
the reduction of the mold risk under unfavorable conditions and, thus, it is not appropriate
for the assessment of the mold risk for periods of several years. Considering the inputs,
outputs, and applicability of several different mold growth models reviewed in [14–16],
it was concluded that the assessment of the mold growth risk on the timber building
elements can be most effectively employed by using the updated Technical Research Centre
of Finland (VTT) mold growth model [17]. The updated VTT mold model, apart from
the temperature and the relative humidity on the surface of interest, takes into account
the wood species (hardwood or softwood), the type of surface (planed or rough), four
different sensitivity classes, and four different material classes, according to which it can
be parametrized in order to account for different final surfaces, e.g., untreated sapwood,
surface treated with tar, etc. The updated VTT mold model also accounts for the decrease
of the mold level during unfavorable growth periods.
The temperature and the relative humidity on both the exterior and the interior
surfaces of the building components should be defined in order to be used as inputs in
the mold growth model. Their calculation can be done by using whole building heat,
air, and moisture (HAM) tools, given the outdoor climate, the material properties of the
building components, the type of use (e.g., visitors, interior sources of moisture), and the
operating heating, ventilation, and air conditioning (HVAC) systems. The HAM tools
available for such applications have been reviewed in [18]. According to the conclusions of
the Climate for Culture project [3], the software that are more appropriate to be used for
applications related to historic buildings are the WUFI® Plus [19] and the HAMBase [20].
The studies [9,10,12,21–25] are relevant applications employed within the project ‘Climate
for Culture’.
Then, the input material properties should be defined for the components of the
buildings under investigation. Within the studies [9,10,12,21–25], the material properties
have been selected from existing databases. In the current research, the material properties
should be defined with greater accuracy. For this purpose, a methodology to select the
proper material properties for the simulated building components is proposed. Within this
method, material properties from existing databases, measurements, and simulations of the
hygrothermal performance of selected building components are used. The hygrothermal
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models suitable to be used in such applications, as well as the input material properties
that they take into account, have been reviewed in [26].
In addition, climate data from climate models are used in order to account for the past,
present, and future conditions. The focus is to investigate the climate change impact on the
mold growth of various building components and how it may vary based on the different
exposure environment, i.e., differences between indoors and outdoors and differences
among different orientations. Moreover, climate data from ERA5 reanalysis for the present
conditions are used in order to assess the accuracy of the results deriving from the climate
models. Finally, the importance of assessing the mold growth on the building components
by taking into account the surface temperature and the surface relative humidity, and not
the atmospheric temperature and the atmospheric relative humidity is also investigated. It
should be highlighted that the calculation of the temperature and the relative humidity on
the exterior and the interior surfaces of the building elements indicates the computationally
demanding process of the employment of whole-building hygrothermal simulations, given
the material properties of the building cell and the outdoor climate.
2. Materials and Methods
The study consists of an experimental part and numerical simulations.
The experimental part is focused on:

•
•
•
•

Description of the case studies;
Determination of the presence of fungal colonization in aerosol and on the material
surface, and identification of the microfungi in the laboratory;
Mapping the geometry and different building materials in the two case studies;
Monitoring of the hygric and thermal performance of selected building elements in
order to validate, on a later stage, respective numerical simulations.
The numerical simulations are focused on:

•

•
•

•

Using measurements from the sensors, material properties from existing databases,
and a one-dimensional hygrothermal simulation tool in order to select appropriate
material properties for the components of the two buildings;
Synthesis of climate files that will be used in order to assess the climate change impact
on the hygric and thermal performance of the building components;
Employment of whole building hygrothermal simulations in order to define the
temperature and relative humidity on the surface of the building components (both
exterior and interior) under the considered climate excitations;
Use of a mold growth model that accounts for the transient hygrothermal conditions
of the building elements in order to assess their mold risk.

At this point, it is noteworthy that the hygrothermal building simulation software
WUFI® provides an extensive database with material properties relevant to the building materials of the current study. In addition, the software packages WUFI® Pro 5.3 by
Fraunhofer Institute for Building Physics (IBP), Germany [27], WUFI® Plus V.3.2.0.1 by
Fraunhofer IBP, Germany [28], and WUFI Mould Index VTT 2.1 by Technical Research
Centre of Finland and Fraunhofer IBP, Germany [29] can be used for the one-dimensional
hygrothermal simulations, whole building hygrothermal simulations, and mold risk assessment, respectively. This is the main reason why this specific software family has been
selected in the current research. The WUFI® software is a numerical solver of a moisture
transfer and an energy transfer equation, which are coupled. More information on the
governing transport equations and the calculation procedure can be found at [30].
2.1. Experimental Part
2.1.1. Study Site
In this research, the focus has been placed in the county of Vestfold, Norway, which
hosts the highest number of timber historic buildings in the country. Specifically, in the
city of Tønsberg, there are several historic timber buildings which have been moved there
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In this research, the focus has been placed in the county of Vestfold, Norway, which
hosts the highest number of timber historic buildings in the country. Specifically, in the
city of Tønsberg, there are several historic timber buildings which have been moved there
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2.1.2. Fungi Sampling Strategy and Microscopy Analysis
2.1.2. Fungi Sampling Strategy and Microscopy Analysis
Fungal growth was detected on some building components of the two constructions
Fungal growth was detected on some building components of the two constructions
and, thus, it was decided to examine it thoroughly. Fungal colonization, both in aerosol and
and, thus, it was decided to examine it thoroughly. Fungal colonization, both in aerosol
on the surface of the building elements, was investigated. Active sampling was performed
and on the surface of the building elements, was investigated. Active sampling was peroutdoors, in the ground, and in the upper level of the two buildings in order to detect
formedcells
outdoors,
in the A
ground,
and
in the Air
upper
level (SAS)
of thesampler
two buildings
order
fungal
and spores.
portable
Surface
System
with ain
flow
rateto
of 180 L/min was used for active sampling. In all sampling positions, both malt and
dichloran glycerol (DG-18 without hyphen) agar were used as the growth media in the
plates. The fungal colonies were counted three days after the sample collection and the
fungal identification took place ten days after the sample collection. Regarding the fungal

Forests 2021, 12, 819

5 of 28

colonies on the building material surfaces, samples were collected in malt agar plates
by using a pocketknife and the fungal species on them were identified in the laboratory
ten days later. The morphology of fungi isolated colonies was observed by an optical
microscope. In particular, conidiophores and conidia fungal structures were examined
after methylene blue staining.
2.1.3. Monitoring Strategy and Sensors
The building elements of the examined constructions are made of different types of timber and have a different age. For that reason, the building components were grouped into
homogeneous categories, and representative building elements from each category were
selected in order to monitor their hygrothermal performance by using sensors (Figure 2).
The sensors monitor the air temperature (θ) and the air relative humidity (ϕ) every 5 min
on both sides of the building element, the moisture content inside the building element
(u) every 4 h, and, in one case, the temperature inside the timber component (θ timber ) every
5 min. The measurement of the temperature inside the timber prerequisites drilling a hole
of 5 mm in diameter and 10 mm in depth in order to fit the sensor inside. The irreversible
damage on the log wall in order to install this certain type of sensor is the reason why only
one of them was used.
In more detail (Figure 2), three sensors monitoring the air temperature and the air
relative humidity were placed in the Fadum storehouse. One sensor was placed in the
upper floor (sensor A), the second in the ground floor (sensor C), and the third one under
the coating (sensor F). Moreover, sensors monitoring the moisture content at the interior
side of the south-oriented wall of the upper level (sensor B) and the ground level (sensor
D) were installed. Finally, one sensor was installed to monitor the temperature inside the
timber at the interior side of the south-oriented wall of the ground level (sensor E).
At the Heierstad loft, three sensors monitoring the air temperature and the air relative
humidity were installed, one at the opening of the northwest façade of the upper floor
(sensor G), another at the bigger room of the upper floor (sensor I), and the last one at
the ground floor (sensor K). In addition, the moisture content at the interior side of the
northwest-oriented log walls of the upper and ground level were monitored by the sensors
H and J, respectively.
It is worth mentioning that the installation depth of the sensor monitoring the temperature inside the wood was 10 mm, and its measurements corresponded to the average
temperature along the installation depth. In addition, the moisture content sensors measured the electrical resistance between two electrodes and converted it to water content
units based on Equation (1). The electrodes were installed at the depth of 10 mm, and the
distance between them was 20 mm. The measurements of the sensors corresponded to
the average moisture content along the installation depth. The moisture content values
estimated from Equation (1), together with the temperature measurements from the nearest
temperature sensor, were used to calculate the temperature-corrected moisture content
values with Equation (2).
The sensors installed in the Fadum storehouse have been operating since 22 November
2019, while the sensors installed in the Heierstad loft have been operating since 12 February
2020. For the aims of this study, measurements until 4 April 2020 were processed. An
annual monitoring schedule would have provided a complete view of the hygrothermal
performance and the moisture- and temperature-related damage on the timber components. Nevertheless, the selected period is still useful in order to assess the hygrothermal
performance of the buildings and validate relevant numerical models.
u=

uc =

1.005 − log(log( R + 1))
0.040

u + 0.567 − 0.0260 × (θtimber + 2.8) + 0.000051 × (θtimber + 2.8)2
0.881 × (1.0056)(θtimber +2.8)

(1)

(2)
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where:
u: equilibrium moisture content (-);
R: electrical resistance (MΩ);
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uc : temperature corrected moisture content (-);
θ timber : temperature in wood or close to the surface of wood (◦ C).
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reconstructed in 2019. The material properties for these building elements were derived
from another research on one of the two buildings [11] and coincides with the Softwood
(by Fraunhofer-IBP) from the database of WUFI® Pro [27].
For the logs that form the main body of buildings, it is known that they have local
origin and they are either Scots’ pine or Norway Spruce. In addition, all logs at the Fadum
storehouse are of the same tree species and date back to 1820 (Figure 2). All logs of the
ground level of the Heierstad loft are of the same tree species and are dated back to 1407
(Figure 2). Finally, all logs of the upper level of the Heierstad loft are of the same tree
species and are dated back to 1957 (Figure 2). Representative logs from each category were
selected in order to both monitor and simulate their hygrothermal performance (Table 1)
by taking into account different sets of material properties and, finally, select the properties
that provide the best fit between measurements and simulations (Equation (3)). The sets
of material properties were derived from the built-in database of WUFI® Pro 5.3, and they
are: (a) Softwood (by Fraunhofer-IBP, Germany), (b) Spruce, radial (by Fraunhofer-IBP,
Germany), (c) Spruce, tangential (by LTH Lund University, Sweden), (d) Scandinavian
spruce transverse direction (by Norwegian University of Science and Technology ‘NTNU’),
(e) Pine transverse direction (by NTNU), and (f) Spruce (University of Technology Vienna,
Austria). The different tree species have different hygric performance, which can be
depicted in their moisture storage functions (Figure 3). For example, as can been seen in
Figure 3, for an extended period of relative humidities, around 85% of the moisture content
of the:
1.
2.
3.
4.
5.
Forests 2021, 12, x FOR PEER REVIEW 6.
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Table 1. Inputs, outputs, and origin of the measurements to validate the outputs of the simulated hygrothermal performance of selected building components.

1D Hygrothermal Simulations
Group
Input Climate
Component
Interior θ, φ Exterior θ, φ
Log at the southern wall of the ground

Output
θtimber 1

Origin of Measurements to Validate the
Output
Sensor E
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Table 1. Inputs, outputs, and origin of the measurements to validate the outputs of the simulated hygrothermal performance
of selected building components.
1D Hygrothermal Simulations
Group

II

III
IV

Component
Log at the southern wall of the
ground level of the Fadum storehouse
Log at the southern wall of the upper
level of the Fadum storehouse
Log at the northwest wall of the
ground level of the Heierstad loft
Log at the northwest wall of the
upper level of the Heierstad loft

Input Climate

Output

Origin of
Measurements to
Validate the Output

Interior θ, ϕ

Exterior θ, ϕ

Sensor C

Sensor F

Sensor A

Sensor F

u1

Sensor B

Sensor K

Sensor G

u1

Sensor J

Sensor I

Sensor G

u1

Sensor H

θ timber
u1

1

Sensor E
Sensor D

1

The simulated outputs of θ timber (temperature inside the timber) and u (moisture content) were calculated as the average values along a
depth of 10 mm from the inner surface of the building components.

The 1D hygrothermal model [27] that was used to simulate the performance of the
building components takes into account (i) heat transport via thermal conduction and
enthalpy flow through moisture movement with phase change, (ii) vapor transport via
vapor diffusion and solution diffusion, and (iii) liquid transport via capillary conduction
and surface diffusion.
The agreement between measurements and simulated outputs was examined by using
the goodness of fit (Equation (3)). The set of properties for which measurements and
simulations had the highest fit were considered as the appropriate ones to be further used
within the study.
q


2
∑iN=1 ( xi,meas − xi,sim )
·100
(3)
f it = 1 − q
2
N
∑i=1 ( xi,sim − xi,meas )
where:
xi,meas : measured value of the hygrothermal parameter (u or θ timber ) at the time step i;
xi,sim : simulated value of the hygrothermal parameter at the time step i;
N: total number of points across the studied period of time;
xmeas : the average of the measured values of the hygrothermal parameter during the studied
time period.
2.2.2. Climate Data
Climate files including data about all climate parameters affecting the hygrothermal performance of the buildings were synthesized. Specifically, the following climate
parameters were used:

•
•
•
•
•
•
•
•
•
•

Air temperature θ (◦ C);
Air relative humidity ϕ (%);
Precipitation rr (mm);
Wind speed ff (m/s);
Wind direction dd (◦ );
Cloud cover Nc (oktas);
Atmospheric long-wave counter-radiation incident on a horizontal surface GLin (W/m2 );
Global short-wave radiation incident on a horizontal surface IH (W/m2 );
Diffusive short-wave radiation incident on a horizontal surface IdH (W/m2 );
Direct short-wave radiation incident on a horizontal surface IDH (W/m2 ).

In order to account for climate change, hourly climate data of 0.11 degrees spatial
resolution were synthesized for three ten-year periods: 1960–1969 (past), 2010–2019 (current) under representative concentration pathway (RCP) 8.5, and 2060–2069 (future) under
RCP8.5. The RCP8.5 represents a high-end emission scenario leading to accelerated global
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warming during the ongoing century [31]. The climate data used were produced with the
latest hydrostatic version of the REgional MOdel REMO (version REMO2015), driven by
the global model MPI-ESM-LR. The REMO [32] is a three-dimensional regional atmosphere
model developed at the Max Planck Institute for Meteorology, Germany, and is currently
maintained at the Climate Service Center Germany (GERICS). The MPI-ESM-LR is the
low-resolution version of the Max Planck-Institute Earth System Model (MPI-ESM) [33].
The model data were acquired from the EURO-CORDEX project [34] data archive. Some
additional calculations were employed in order to produce the wind direction, and diffuse
and direct shortwave radiation data. Specifically, the hourly wind direction data were
produced by combining files of northward and eastward wind speed having a 6 h temporal
resolution and assuming constant wind direction during the whole 6 h period. In addition,
the direct and diffuse shortwave radiation data were calculated by using the ENLOSS
model introduced by Taesler and Andersson [35]. A brief description of the steps that were
followed is provided below:
1.
2.
3.
4.
5.
6.

7.
8.
9.
10.

Calculation of the solar altitude (a) and the zenith angle (z) for the sites’ position with
an hourly timestep;
Calculation of the airmass (m), given the z, by using the Young formula;
Calculation of the saturation pressure of water vapor (pvs ), given the θ, by using the
relations found at [36];
Calculation of the vapor partial pressure (pv ), given the pvs and the ϕ;
Calculation of the absorption of radiation by water vapor (F), given the pv and the m;
Calculation of the intensity of direct radiation in the direction of normal (I’DN ), given
(i) the coefficient of turbidity (β), (ii) the spectral distribution of solar radiation outside
the atmosphere i0 (λ) in the wavelength (λ) region 0.115–50 nm, (iii) the m, and
(iv) the Nc ;
Calculation for each day of the year of the correction factor (ke ) that takes into account
the eccentricity of the Earth’s orbit around the Sun;
Calculation of the direct normal radiation (IDN ), given the F, the I’DN , and the ke ;
Calculation of the IDH , given the IDN and the a;
Calculation of the IdH , given the IDH and the IH .

More information about each individual step can be found at [37]. By comparing
climate data that derive from the same model and refer to different periods (past, present,
and future), it is possible to detect the signal of climate change, i.e., quantify the change
of each individual climate parameter throughout the years. In order to assess how much
the modelled climate deviates from the actual one, a fourth climate file was prepared
containing data from ERA5 reanalysis [38] for the period 2010–2019 (current conditions).
ERA5 is the latest climate reanalysis produced by the European Centre for Medium-Range
Weather Forecasts (ECMWF). Climate reanalyses combine past observations with models
to generate consistent time series of multiple climate variables. The ERA5 data have been
used because there were no applicable observations available near the study site for many
of the parameters that should be taken into account. The spatial resolution of the ERA5 data
is 0.25 degrees. The climate data from ERA5 are representative of the study site, given the
minor topographic differences within the grid cell in ERA5, which includes the study site.
Once again, not all climate parameters that were needed could be directly downloaded.
Relative humidity is not archived directly in ERA datasets, but the archive contains nearsurface temperature (θ) and dew point temperature (θ d ), from which the relative humidity
can be calculated from the equation:
ϕ = 100·

es ( θd )
es ( θ )

(4)

where es is the saturation pressure, defined with respect to water for temperatures over
0 ◦ C and ice for temperatures below 0 ◦ C as described in [36].

Forests 2021, 12, 819

10 of 28

A comparison between air temperature, air relative humidity, and precipitation data
derived from a weather station 5 km from the study site [39] and ERA5 reanalysis is
presented in Figure 4a–c, respectively. It is verified that the data derived from ERA5
reanalysis can well describe the climate conditions in the study site. The most notable
Forests 2021, 12, x FOR PEER REVIEW
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difference seems to be that the coldest temperatures are warmer in ERA5 in each 11
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2.2.3. Whole-Building Hygrothermal Simulations
The selected material properties of the building components and the prepared climate data were used as an input in whole-building hygrothermal simulations using the
software WUFI® Plus V.3.2.0.1 [28] (Figure 5). Within the employed models, the heat
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transport mechanisms that were taken into account were: thermal conduction, enthalpy
flow through moisture movement with phase change, short-wave solar radiation, and
night-time long-wave radiation cooling. The vapor transport mechanisms that were taken
into account included vapor diffusion and solution diffusion. The considered liquid transport mechanisms were capillary conduction and surface diffusion. Moreover, the employed
models incorporated calculations of explicit radiation balance on external surfaces shading
calculations with hourly time step, wind dependent heat transfer on external surfaces, rain
load calculation on external surfaces, and air flow calculation.
The buildings have no HVAC systems or transparent components. Within the airflow
model the openings of the two buildings were modelled as orifices. Special attention was
paid to consider within the simulations that the buildings are not directly based on the
ground, but there is free air flow down below them. For that purpose, an additional zone
was considered under the buildings which has the same length and width as the ground
floor of each construction, and a height of 50 cm in the case of the Fadum store house and
Forests 2021, 12, x FOR PEER REVIEW
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30 cm in the case of the Heierstad loft. All vertical sides of this zone were considered as
orifices within the simulations.
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00
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No
Nogrowth
growth
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of
mold
surface
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Small amounts of moldonon
surface
(microscope)
<10% coverage of mold on surface (microscope)
<10% coverage of mold on surface (microscope)
10–30% coverage of mold on surface (visual)
10–30%
mold
surface
(visual)
30–70% coverage
coverage ofofmold
onon
surface
(visual)
30–70%
coverage
mold
surface
(visual)
>70% coverage
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mold
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surface
(visual)
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>70% coverage
ofand
mold
ongrowth
surface (visual)

Spores
Sporesnot
notactivated
activated
Initial
stages
of
Initial stages ofgrowth
growth
New spores produced
New
sporesgrowth
produced
Moderate
Moderate
growth
Plenty of growth
Coverage
100%
Plentyaround
of growth

6
Very heavy and tight growth
Coverage around 100%
Compared to the other mold growth models, the features of the updated VTT mold
modelCompared
that rendertoitthe
more
appropriate
for the
aims ofthe
thefeatures
current research
are the following:
other
mold growth
models,
of the updated
VTT mold
model
that
render
it
more
appropriate
for
the
aims
of
the
current
research
are
the
follow•
Accounts for surface temperature, surface relative humidity, different types
and
ing: qualities of the substrate timber;
•
•
•

Accounts for surface temperature, surface relative humidity, different types and
qualities of the substrate timber;
Estimation of growth and not just an indication of start;
Decrease of mold level during unfavorable growth periods;
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•
•
•

Estimation of growth and not just an indication of start;
Decrease of mold level during unfavorable growth periods;
Appropriate for application to extended periods of time (10-year periods in the current research).

The mold growth intensity in the updated VTT mold model is based on
Equation (5) [17]:
dM
k1 ·k2
=
dt
7·e(−0.68·lnθ −13.9·lnϕ+0.14·W −0.33·SQ+66.02)

(5)

where:
M: mold index (-)
t: time (h). The numerical simulation carried out using one-hour time steps (climate
data intervals).
θ: temperature (◦ C)
ϕ: relative humidity (%)
W: coefficient that depends on the timber species. It is equal to 1 for hardwood and 0 for
softwood and nontimber materials.
SQ: coefficient that depends on surface quality. It is equal to 1 for rough surfaces and 0 for
planed surfaces and nontimber materials.
k1 : coefficient that expresses the intensity of the mold growth and depends on the growth
level. It is used to scale the equation for different substrate materials, e.g., a surface treated
with tar and an untreated sapwood surface.
k2 : coefficient to limit the growth to a maximum possible index level. It is also used to scale
the equation for different substrate materials, and is calculated by Equation (6):
h
i
k2 = max 1 − e[2.3·( M− Mmax )] , 0
(6)
where:
Mmax : the maximum mold index on a specific substrate material, given by Equation
(7):


ϕcrit − ϕ 2
ϕcrit − ϕ
(7)
− C·
Mmax = A + B·
ϕcrit − 100
ϕcrit − 100
where:
A, B, C: coefficients that have been determined experimentally and categorized into
four sensitivity classes by [17], and they are dependent on the substrate material.
ϕcrit : The lowest relative humidity value where mold growth is possible when the
material is exposed to it for a long enough period, and it is given by (Equation (8)):

ϕcrit =

−0.0026·θ 3 + 0.160·θ 2 − 3.13·θ + 100, when θ ≤ 20
ϕmin , when θ > 20

(8)

where ϕmin is 80% for wood-based products and 85% for materials that are more resistant
to mold growth, e.g., the surfaces treated with tar in the case studies of the current research.
The updated VTT mold model takes into account the decrease in the mold index
level when the conditions (relative humidity or temperature) are outside the favorable
conditions for mold growth. For this reason, the mold decline intensity for a reference
material (re-sawn pine wood) is first calculated, and then multiplied by an appropriate
scaling factor Cmat to adjust the mold decline intensity to the actual substrate material.
More details about the updated VTT mold model can be found at [17].
As can be seen in Table 3, the model was parametrized accordingly in order to account
for all different types of surfaces existing in the two case studies.
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Table 3. Parametrization of the updated VTT mold model based on the features of the examined surfaces.
Surface Description

W

SQ

Log/plank treated with tar
Log without treatment
Plank without treatment
Degraded surface (positions with cracks, splits, etc.)

0
0
0
0

0
0
0
1

k1

k2 (Mmax )

M<1

M≥1

A

B

C

ϕmin [%]

0.072
1.000
0.578
1.000

0.097
2.000
0.386
2.000

0.0
1.0
0.3
1.0

5
7
6
7

1.5
2.0
1.0
2.0

85
80
80
80

Cmat
1
1
1
1

3. Results and Discussion
3.1. Mapping and Identification of Fungi
The exterior side of the building components that is treated with tar was not colonized
by mold. In contrast, at the untreated planks of the coating/shed of the Fadum storehouse
colonization was observed. As can be seen in Figure 6, the north-oriented side of the
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Apart from the fungi grown on the building components, samples of airborne fungal
Apart from the fungi grown on the building components, samples of airborne fungal
spores were also collected. In Figure 8, the position from which the aerosol samples were
spores were also collected. In Figure 8, the position from which the aerosol samples were
collected, as well as the fungi colonies grown three days after the samples collection, are
collected, as well as the fungi colonies grown three days after the samples collection, are
shown. As has already been mentioned in Section 2.1.2, two different growth media were
shown. As has already been mentioned in Section 2.1.2, two different growth media were
used in the plates. This is because some species of fungi grow favorably on malt agar,
used in the plates. This is because some species of fungi grow favorably on malt agar,
while others on DG-18 agar. Moreover, quantitative microbial concentrations were estiwhile others on DG-18 agar. Moreover, quantitative microbial concentrations were estimated for the culturable fungi colonies as colony forming units per air volume (CFU/m3 3)
mated for the culturable fungi colonies as colony forming units per air volume (CFU/m )
(Figure 9). As can be seen in Figures 8 and 9, the smallest fungal concertation was observed
(Figure 9). As can be seen in Figures 8 and 9, the smallest fungal concertation was observed
outdoors. According to the same figures, in the ground level of the Fadum storehouse, the
outdoors. According to the same figures, in the ground level of the Fadum storehouse, the
concertation of the airborne fungal spores was at acceptable levels, with values lower than
concertation of the airborne fungal spores was at acceptable levels, with values lower than
500 CFU/m3 , which is the threshold defined by the World Health Organization (WHO)
500noncontaminated
CFU/m3, which isindoor
the threshold
the World
Organization
(WHO)
for
for
air [43].defined
On the by
upper
level ofHealth
the Fadum
storehouse,
on the
noncontaminated
indoor
air
[43].
On
the
upper
level
of
the
Fadum
storehouse,
on
the
ground level of the Heierstad loft, and on the upper level of the Heierstad loft, the concenground level of the Heierstad loft, and on the upper level of the Heierstad loft, the concentration of the airborne fungal spores was extremely high, exceeding by far the maximum acceptable limit of the WHO (Figure 9).
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Table 4. Fungi genera identified from the samples collected from the two case studies.
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3.2. Material Selection, Measured and Simulated Hygrothermal Performance
The goodness of fit between measured and simulated test parameters of the hygrothermal performance of selected building components in the two case studies was calculated
(Table 5). Five different sets of material properties were examined within the simulations.
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According to the results (Table 5), the Fadum storehouse and the ground level of the
Heierstad loft are most probably made of spruce logs. The upper level of the Heierstad loft,
which was reconstructed is 1957, is most probably built of pine logs (Table 5). It is noteworthy that the measurements do not cover the whole range of the hygrothermal performance
of the components during a year (Figure 11). In addition, they include incidents within the
capillary region where the actual performance of the logs cannot be accurately simulated
(Figure 11b,d). Hence, a longer period of measurements, e.g., one year, would provide
more robust results. During the summer period, the material temperatures are expected to
be significantly higher than the ones presented in Figure 11c, while the moisture content
is expected to produce lower values than the ones depicted in Figure 11d. For the certain
study site, the periods that the temperature and humidity conditions are favorable for
mold growth and, thus, it would be interesting to have measurements for are typically
from March to May and from August to October [11].
In regard to the monitored temperatures (Figure 11a,c) and the air relative humidity
(Figure 11b), there are no significant differences between the indoors and outdoors environments. This is because the buildings have openings without transparent elements and
they do not have HVAC systems. Among the different interior environments, the ground
level of the two buildings is the one with the more stable conditions.
The monitored moisture content of the log walls is at very high levels, exceeding
the values that are considered critical for mold growth. The low temperatures during the
same period are the main reason that the conditions are unfavorable for mold or other
wood-destroying microorganisms to grow.
Table 5. Selection of material properties for the logs of the two case studies by examining the goodness of fit between
measured and simulated hygrothermal performance.
Goodness of Fit

Group

Group Description

Test Component

Test Parameter

II

Logs forming the
walls and floors of the
Fadum storehouse

Log at the southern wall
of the ground level
Log at the southern wall
of the upper level

θ timber
u

92.9
44.5

u

Log at the northwest wall
of the ground level

Log at the northwest wall
of the upper level

III

IV

Logs forming the
walls and floors of the
ground level of the
Heierstad loft
Logs forming the
walls and floors of the
upper level of the
Heierstad loft

c1

d1

e1

92.9
31.1

93.5
57.4

94.1
24.5

90.2
1.74

56.9

17.7

57.2

38.7

4.3

u

28.3

20.7

43.0

44.2

7.7

u

7.2

0.3

8.29

13.2

48.3

a

1

b

1

1

The materials are derived from WUFI database and they can be found under the names: (a) Softwood (by Fraunhofer-IBP), (b) Spruce,
radial (by Fraunhofer-IBP), (c) Spruce, tangential (by LTH Lund University, Sweden), (d) Scandinavian spruce transverse direction (by
NTNU), (e) Pine transverse direction (by NTNU). The color of group of the building components in the first column of the table is in
accordance with the color of the material categories in Figure 2. Data in green correspond to the material according to which measurements
and simulations have the best fit.

3.3. Past, Present, and Future Climate Conditions
Climate data for three different decades, i.e., 1960–1969 (referred to as past), 2010–2019
(referred to as present), and 2060–2069 (referred to as future), derived from the MPI-ESLR_REMO2015 model were used for the examination of the climatic changes occurring
throughout the years. A fourth climate file with data derived from the ERA5 reanalysis for
the period 2010–2019 (current) was used in order to examine the accuracy of the climate
model data. The climate parameters that mostly affect the hygrothermal performance of
the building components are presented in Figure 12.
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The signal of climate change in terms of the air temperature (Figure 12a) is an average
increase of 1.6 ◦ C from past to current conditions, and 1.2 ◦ C from current to potential
future conditions. The air temperatures are slightly underestimated in the model data,
showing an average difference of 0.3 ◦ C compared to the ERA5 reanalysis.
According to the climate model data, the air relative humidity remains at the same
levels under past, current, and potential future conditions, with an average value of
approximately 85% (Figure 12b). The air relative humidity is overestimated significantly by
the climate model data since, according to the ERA5 reanalysis dataset, its average value
is 78%.
In some months, the precipitation levels seem to decrease slightly from past to current conditions and to increase from current to future conditions (Figure 12c). However,
precipitation levels vary considerably between different years in the region so, based on
10-year periods, it is hard to consistently detect any trends and the results might be different based on a continuous data series. Nevertheless, in winter, from December to April,
the highest precipitation level is projected for the latest period 2060–2069. This agrees
with most of climate model simulations, indicating increasing wintertime precipitation in
Southern Norway, and in Northern Europe in general, while only small changes are usually
projected for summer precipitation [45,46]. At the same time, the number of days with
precipitation (greater than 1 mm) is projected to change little in winter and spring, and
decrease slightly in summer and autumn (Figure 12d). The climate model data overestimate
significantly the precipitation. The number of days with precipitation is overestimated
by the climate model for the period from December to April, while it is underestimated
during the summer period.
The global radiation incident on a horizontal surface shows a slight decrease throughout the years, while it is underestimated according to the climate model data.
3.4. Hygrothermal Performance of Building Elements
The surface temperature and the surface relative humidity of selected exterior surfaces
of the two buildings are presented in Figure 13. Significant differences are observed on
the range of the surface temperature and the surface relative humidity according to the
exposure environment. The greatest range is observed at the south-oriented surfaces and
the smallest one at the surfaces that are protected under the coating/shed of the Fadum
storehouse. Moreover, substantive differences are observed among the average values of
the surface temperature and the surface relative humidity according to the environment
of exposure. The greatest differences are noticed at the coating of the Fadum storehouse.
Specifically, pursuant to the data derived from the ERA5 reanalysis, the average value of
the surface temperature of the south-oriented side of the coating is 3.18 ◦ C higher than the
respective one at the north-oriented side. In addition, according to the data derived from
the ERA5 reanalysis, the surface relative humidity at the south-oriented side of the coating
is 8% lower than the respective one at the north side. Thus, it is apparent that, for a given
period of time, the surface temperature and the surface relative humidity vary significantly
based on the orientation.
The surface temperatures simulated with the climate model data were underestimated,
while the surface relative humidities were overestimated. Moreover, the differences among
different orientations, and especially between south and north, were underestimated
significantly based on the data derived from the used climate model. This was mainly due
to the underestimation of the incident solar radiation (Figure 12).
The signal of climate change for all surfaces shows an increase of the surface temperature and a slight decrease of the surface relative humidity. The signal of climate
change is more intense in the case of north-oriented surfaces and less intense in the case
of south-oriented surfaces. The most important changes are observed in the case of the
coating of the Fadum storehouse. Specifically, the average value of the surface temperature
increases from the past to the future conditions as follows: 2.7 ◦ C at the south and 2.8 ◦ C
at the north. Moreover, the average value of the surface relative humidity from the past
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3.5. Mold Risk
The type of wood (i.e., softwood or hardwood), the type of surface (i.e., planed or
rough), the sensitivity of the surface to mold growth (i.e., different sensitivity classes by
taking into account that the final surface is sapwood, heartwood, or tar treatment), the
surface temperature, and the surface relative humidity were taken into account for the
calculation of the mold index of the building components. The four different climate
excitations described in the previous chapters were taken into account. The different types
of surfaces found at the two case studies, in ascending order regarding their sensitivity to
mold growth, are: (i) the exterior surfaces treated with tar, (ii) the surfaces of the planks
that have no treatment, (iii) the surfaces of logs that have no treatment, and (iv) the exterior
degraded surfaces (due to weathering, checks, and splits). For the assessment of the mold
risk of the building components, it is taken into account that mold indices (M) from 0 to 1 are
acceptable. That is because the germination process starts at M = 1. Mold indices from 1 to
3 are considered as a risk for the mold growth on the building elements. The mold index
M = 3 is the threshold over which mold can be detected by the naked eye and new mold
fungi spores are produced. Mold indices above 3 are considered as significant risk and are
not acceptable. Considering the aforementioned categorization of the mold index values,
in Figure 14, the mold indices from 0 to 1 are depicted with different shades of green, the
mold indices from 1 to 3 are depicted with different shades of yellow, and the mold indices
from 3 to 6 are depicted with different shades of red.
3.5.1. Current Conditions
First and foremost, the current conditions of the two case studies based on the climate
data derived from the ERA5 reanalysis will be discussed. According to the results of the
mold growth model, all exterior surfaces treated with tar have no mold risk at all (M = 0).
The untreated planks that are exposed to the exterior environment, i.e., the exterior surfaces
of the coating of the Fadum storehouse, have a different mold risk depending on their
orientation. These differences are depicted in Figure 14d, in which the average values of
the annually maximum mold index of the exterior surfaces of the coating are presented.
The surface with the highest mold risk is the north-oriented one, with a maximum mold
index of 1.3 for the period 2010–19. In contrast, the surface with the lowest mold risk is
the south-oriented one, with a maximum mold index of 0.6 during the same period. The
untreated planks exposed to the interior environment, i.e., the planks at the roof of the two
buildings, and at the walls of the northwest and southeast cantilevers of the Heierstad loft
(Figure 14d), are not threatened by mold. In addition, the interior untreated surfaces of the
logs are not threatened by mold (Figure 14d). The degraded exterior surfaces (positions
with extreme weathering, checks, and splits) that are exposed to rain and solar radiation
have significant mold risk. In these cases, the maximum annual mold index fluctuates
between 4.5 and 6. This observation underlines the importance of the immediate cleaning
and treatment of the damaged surfaces. The degraded exterior surfaces of the floors of the
two buildings, which are not exposed to rain and solar radiation, have a maximum mold
index of 1.5 during the period 2010–19 and, thus, their risk is not significant. Finally, the
degraded exterior surfaces that are protected under the coating of the Fadum storehouse
have mold indices lower than 1 and, thus, they are not threatened by mold.
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3.5.2. Impact of Climate Change
The mold risk of the surfaces of the two buildings is clearly overestimated by the
climate model data. However, the results from the climate model are useful to highlight
future changes in sensitivity to mold growth, even though the effect is exaggerated. The
exterior surfaces treated with tar are not threatened by mold. Specifically, the maximum
mold index occurring on a surface of this category is M = 0.1. The untreated planks that
are exposed to the exterior environment have an increase of their mold risk due to climate
change. In Figure 14a–c, it can be seen that the increase of the mold index of the exterior
surfaces of the coating of the Fadum storehouse depends on their orientation. The increase
of the mold index is greater in the case of the north-oriented surface. The mold risk of
the untreated planks that are exposed to the interior environment, i.e., the planks at the
roof of the two buildings and at the walls of the northwest and southeast cantilevers of
the Heierstad loft, do not change due to the climate change (Figure 14a–c). The interior
untreated surfaces of the logs of the two buildings have an increase of their mold risk
due to climate change. This increase is even more significant from the past to the current
conditions. In addition, in both buildings, the interior surfaces of the north-oriented log
walls are at a higher mold risk (Figure 14a–c). Finally, all exterior degraded surfaces have
significant mold risk under past, current, and future conditions that is intensified due to
climate change.
At a given room, very similar mold indices are observed among the interior surfaces
of the same surface category (Figure 14). This observation indicates that the air temperature
and the air relative humidity of the room can be used instead of the surface temperature and
the surface relative humidity as a simplification. At this point, it is worth mentioning that, in
Figure 14, the floor of the upper level in both buildings and the log walls of the Heierstad loft
that are exposed in both sides to the interior environment are represented by their surface
with the highest mold risk. At the Fadum storehouse, the surfaces at the ground level have
higher mold risk than the upper level. At the Heierstad loft, higher mold risk occurs at the
surfaces of the ground level, secondly at the upper level at the northeast-oriented room,
thirdly at the southwest-oriented room, fourthly at the northwest-oriented cantilever, and
lastly at the southeast-oriented cantilever. It is worth mentioning that the most aggravated
surfaces of the Heierstad loft according to the numerical simulations results (Figure 14) are
the same as those where fungal growth was detected in reality (Figure 7). In the case of the
Fadum storehouse, both simulations (Figure 14) and reality (Figures 6 and 7) underline
that the north-oriented surfaces are more vulnerable to fungal colonization.
3.5.3. Surface vs. Air Temperature and Relative Humidity
The calculation of the surface temperature and the surface relative humidity of the
building components, given the outdoor climate from the models, is important for the
production of accurate and robust assessment of their mold risk. However, it is a computationally demanding process. In addition, considering that the buildings have openings
without transparent elements, are not occupied, and do not have HVAC systems, their indoor and outdoor conditions do not differ significantly. For these reasons, it was examined
whether the atmospheric temperature and the relative humidity could be effectively used
for the assessment of the mold risk instead of the surface air temperature and the surface
air relative humidity. The results (Table 6) show that this simplification is not appropriate
for the description of the mold risk at the exterior untreated planks of the coating of the
Fadum storehouse (Figure 14). That is because both the mold risk of the surfaces at a
given period and the signal of climate change in terms of the mold risk vary significantly
based on the orientation. Additionally, this simplification is not appropriate for the interior
surfaces of the untreated logs and planks, since it overestimates significantly their mold
risk and cannot reproduce the differences occurring among the different rooms (Figure 14
and Table 6).
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Table 6. Average values of annually maximum mold indices by taking into account all different
substrate surfaces of the case studies, the atmospheric temperature, and the relative humidity under
four different climatic excitations.
Surface Description
Log/plank treated with tar
Log without treatment
Plank without treatment
Degraded surface (positions with cracks)

Climate Model Data

ERA5

1960–69

2010–19

2060–69

2010–19

0.0
5.7
1.1
5.8

0.0
5.7
1.3
5.8

0.0
5.8
1.5
5.9

0.0
1.1
0.2
4.5

Data (i) in green mean that there is not mold growth risk, (ii) in different shades of yellow mean that there is mold
growth risk and (iii) in red mean that there is significant mold growth risk, which is not acceptable.

4. Conclusions
The focus of the current research is on investigating the impact of climate change on
the mold risk of two historic timber buildings located in the county of Vestfold, Norway.
Climate data from REMO2015 driven by the global model MPI-ESM-LR were used in
order to take into account the climate change. The climate data refer to the past, present,
and potential future climate conditions. After selecting proper material properties for the
building components of the two constructions, and given the outdoors climate, wholebuilding hygrothermal simulations were employed in order to calculate the temperature
and the relative humidity on the surface of the building elements. Given the transient
hygrothermal conditions and certain characteristics of the timber surfaces, the updated
VTT mold model was used in order to calculate their mold index.
Based on the climate data from the MPI-ES-LR_REMO2015 model, it is concluded that
there is an increased mold risk of the two timber constructions due to climate change. This
impact of climate change is more severe in the case of the untreated logs exposed, either in
the outdoors or the indoors environment. It is also significant in the case of the untreated
planks which are exposed to the outdoors environment, e.g., the planks of the coating/shed
of the Fadum storehouse. The surfaces which are treated are not threatened by mold risk
due to climate change. In addition, the untreated surfaces of the planks which are exposed
to the indoors environment are not threatened by mold due to climate change. It was also
observed that the increase of the mold risk due to climate change is more intense in the
case of the horizontal surfaces, i.e., ceilings and floors, and the north-oriented vertical or
inclined surfaces. According to the employed numerical simulations, the ceiling at the
ground level of the Heierstad loft and the northeast-oriented wall at the upper level of the
same building are the most aggravated ones in terms of the mold risk due to climate change.
These same surfaces are the ones on which fungal colonization was detected on site.
The results derived from the MPI-ES-LR_REMO2015 model overestimate significantly
the mold risk of the two buildings compared to results derived from ERA5 reanalysis.
This is mainly attributed to the fact that the MPI-ES-LR_REMO2015 model overestimates
significantly the relative humidity and the precipitation compared to the ERA5 reanalysis.
The importance of using the surface temperature and the surface relative humidity
as inputs in the updated VTT mold model, and not the atmospheric temperature and the
atmospheric relative humidity, is also underlined. The mold risk of the interior surfaces
is significantly lower than the respective one that is calculated based on the temperature
and the relative humidity of the outdoor air. In the opposite direction, the mold risk of the
north-oriented exterior surfaces is higher than the respective risk that is calculated based
on the temperature and the relative humidity of the outdoor air.
According to the onsite inspection and the numerical simulation results based on
the ERA5 reanalysis climate data, the two buildings are in good condition. The only
surfaces that have significant mold risk are the exterior degraded surfaces—which have
lost their tar treatment—that are exposed to rain and solar radiation. At this point, it is
highlighted that the exterior surfaces should be treated systematically in order for the
vulnerable positions that occur due to weathering, checks, and splits to not be exposed to
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rain and solar radiation. In case of extensive degradation, the building elements should be
replaced. Moreover, there is moderate mold risk of the untreated wood surfaces with north
orientation that are exposed to the outdoors environment. This observation highlights that
the orientation of the untreated timber surfaces influences their mold risk.
It is also worth mentioning that the mold risk of wooden cultural heritage is considered
vital, as it involves health hazards, aesthetic problems, and implications on other wood
deteriogens’ niches. It is possible that, in the near future, proper cleaning from mold
growth will be needed for the untreated logs in the interior of the historic buildings on a
periodic basis.
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