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Abstract: Harsh climatic conditions in the Nordic countries are being worsened by climate change,
which increases the moisture load on building façades. New types of defects are being observed in
air cavities in well-designed and well-built wooden façades and roofs. More knowledge is required
on the microclimatic conditions in air cavities and roofs, and their implications for organic growth
and biological deterioration. The present study collects and presents sensor data from three buildings
in Norway. Collected air temperature, air humidity, and wood moisture data are compared to mould
growth criteria found in scientific literature, building physics software, and national and international
standards. The data shows great differences in air cavity microclimates between the case buildings
and between different sensor positions within the instrumented air cavities. Air cavity temperatures
are found to be lower than exterior temperatures for a substantial portion of the time. For tall
buildings, the vertical positioning of a sensor influences the data more than the orientation of the
façade. All three buildings feature monitoring positions with both acceptable and critically high levels
of moisture to indicate mould risk. There is great variation in the estimated risk of mould growth
according to the different criteria. The study indicates that the coastal climate in the south-west of
Norway presents a challenge in terms of resilient building design to avoid mould growth in the
ventilated air cavity.

Keywords: climate adaptation; Nordic climate; temperature and moisture conditions; wood; mould
growth; rot; dual-barrier weatherproofing

1. Introduction

Building façades and roofs serve to protect the building structure from all types of
weather year-round. Their long-term durability is therefore a major concern. To assess the
requirements of durability, it is necessary to know which climatic parameters the materials
will be exposed to throughout their design lifetime. In the Nordic countries, the exterior
climate is harsh, with strong winds, wind-driven precipitation, freeze-thaw cycles, and
large and frequent temperature fluctuations, often in varying combinations [1]. With
climate change, the climate is expected to involve increased temperatures and precipitation
levels [2]. Façades will thus be exposed to even more harsh weather through their lifetimes.
In the Nordic countries, wood as a building material sees widespread usage, being used in
load-bearing structures, as well as façade elements. The need for climate change mitigation
has also led to an increase in the use of cross-laminated timber (CLT) structures [3] and
solar panels integrated as roofing and façade materials (BIPV) [4].

To protect the underlying structure from weather exposure, façades and roofs in the
Nordic climate are commonly built according to the principle of dual-barrier weatherproof-
ing, also known as “two-stage weatherproofing” [5]. The exterior barrier is the cladding,
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which functions as a rain barrier. The inner barrier is the water-repellent but vapour per-
meable wind barrier, which permits drying of the structure. Between the two barriers is a
ventilated air cavity for moisture removal through drainage and ventilation drying [6,7].
Since the air cavity is ventilated to the exterior air at the top and bottom, as well as through
any open joints in the cladding, the exterior climate will greatly affect the microclimate
of the air cavity. However, the correlation between the exterior climate and cavity micro-
climate has not been adequately investigated for a Nordic climate, as documented in a
recent literature review [5]. The term “microclimate” is understood as the set of climatic
conditions within a limited area, that may differ from those of the surrounding area [8].
Relevant microclimate parameters involve temperature and moisture conditions; rain in-
trusion; air flow characteristics; and how these parameters behave in relation to those of
the exterior climate [5]. Theoretically assessing the microclimate is a complex challenge,
although the governing equations are known [9]. Simplified models used in commercially
available building physics software tend to underestimate the moisture conditions by over-
estimating drying rates [10]. In Nordic climates in particular, this tendency could result in
hazardous conditions going unnoticed. Therefore, field studies are necessary to investigate
and validate the microclimatic conditions of ventilated façades.

Wood is an organic material that needs to be protected from biological degradation
to achieve a long service life, but it is otherwise resistant against other forms of degra-
dation [11,12]. An increase in building defect cases involving wooden façades is now
observed in certain parts of Norway [13,14], with battens rotting while the cladding has
remained intact. The façades are designed and built according to principles traditionally
considered to be sound [15], which suggests that unexpected microclimatic conditions in
the air cavity may be the cause of the observed defects. The microclimate assumed during
the design appears to underestimate the potential for organic growth. The growth of
microorganisms is a well-known hazard for wood structures, and while there is no general
agreement over the exact parameter thresholds where it occurs [16], it is well known that
the combination of high moisture loads and moderate temperatures over time facilitates a
high risk of mould growth. A previous literature review concluded that there is a lack of
available research literature documenting the microclimatic conditions in air cavities using
dual-barrier weatherproofing applicable for long-term durability assessments [5]. Existing
studies on the topic have largely approached the subject in different ways, in measuring
different parameters or using very different wall or roof assemblies. Hence, the studies
cannot be directly compared, and it is not feasible to draw any general conclusions about
cavity microclimates from the literature [5].

Evidently, it is essential to chart the microclimatic conditions of ventilated wooden
façades and roofs in a Nordic climate and analyse the risk of biological degradation. Con-
sidering this general need, the present study investigates the following research questions:

• What moisture and temperature conditions may be expected in ventilated air cavities
behind façade cladding and roofing?

• What is the risk of mould growth in façades and roofs featuring dual-barrier weather-
proofing?

The following limitations apply to the research: The studies have been conducted
on three buildings in two climate zones in Norway. Two of the buildings are situated in
a climate zone where challenging conditions have been reported. The last building is a
reference building monitored in detail as a research laboratory.

The measurement series extend over two years for the reference building and one
year for the two others. The buildings are relatively new at the start of measurements or
have recently had their façade refurbished. Thus, built-in moisture may affect the results to
some degree.

Two of the buildings are inhabited dwellings in ordinary use and have not been
designed or modified to facilitate research, nor is the use of the buildings affected by the
measurements. The reference building is heavily monitored for research purposes but is
otherwise an office building in daily use [17].
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Sensors were not placed in the buildings with the present study in mind. All sensors
were mounted in untreated wood commonly used in wooden façades, either in the bat-
tens of the façade in question, or in a separate piece of construction lumber attached to
the battens.

The study measures temperature and humidity in the cavity air, as well as wood
moisture. Other parameters of interest that were not monitored include: surface tempera-
tures, air flow, and air pressure. Exterior climate was not monitored on site (except for the
reference building) but was retrieved from nearby meteorological weather stations. Local
climate variations may therefore be a source of uncertainty.

It is not deemed to be within the scope of the study to evaluate the design or work-
manship of the case buildings.

2. Theoretical Framework
2.1. Air Cavities

Roofs and façades must work as a climate barrier against the varied exterior climate,
while facilitating a healthy and comfortable indoor climate [18]. To ensure this function,
heat and moisture must either be prevented from entering the structure or be continuously
removed [19]. Ventilated façades and sloped roofs made of wood are a commonly used
building principle to achieve this in the Nordic countries [15]. These buildings use the
principle of dual-barrier weatherproofing, also known as “two-stage weatherproofing” [5],
wherein the exterior cladding functions as a rain screen while a vapour permeable wind
barrier layer permits the structure to dry outwards [20]. These layers are separated by an
air cavity that facilitates ventilation and drainage. The air cavity is continuous through
the façade and ventilated to the outdoor air at the bottom and top of the walls and roofs.
The principle of dual-barrier weatherproofing is illustrated in Figure 1. Weatherproofing
façades, roofs, and structural transitions using dual barriers has proven to grant effective
and long-lasting protection against wind-driven rain [21].

Figure 1. The principle of dual-barrier weatherproofing [5].

The cladding forms the exterior layer of the façade and acts as a rain barrier that
keeps most of the precipitation away from the wind barrier layer. It also acts as a physical
protection barrier for the inner wall assembly. The cladding needs to withstand the climatic
and mechanical stresses of the weather and allow expansion and contraction due to tem-
perature and/or moisture. The cladding also protects the wind barrier from disintegration
by solar UV radiation. Lastly, the cladding is also important for the aesthetic expression of
the façade [21].
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The air cavity between the cladding and the wind barrier is open to the exterior air at
the top and bottom so that air flows can pass through the cavity and provide ventilation [22].
The purpose of the air cavity is [13,20]:

• To work as a capillary break between the rain barrier and the wind barrier, so that
wind-driven rain that soaks the rain screen cannot transfer through to the inner wall
assembly by capillary action.

• To provide drainage for water that penetrates the rain screen.
• To remove excess moisture from the inner wall assembly and the interior side of the

cladding through ventilation drying, to prevent mould growth and rot.

For sloped roofs, the air cavity also serves to remove heat and interrupt thermal con-
duction through the roof assembly, to prevent the melting of snow on the roof. Snowmelt
can re-freeze on roof overhangs or in roof gutters [23], which may cause leaks, the deterio-
ration of roof components, and hazardous ice formation [24,25]. The necessary air cavity
width to prevent snowmelt is usually significantly larger than what is necessary to achieve
ventilation drying [23].

The wind barrier layer forms the inner surface of the air cavity. This layer needs to
act as a wind break, to prevent cold exterior air from permeating the insulation layer and
compromising its insulation properties. It must also act in tandem with the inner vapour
barrier, to prevent the leakage of (warm, humid) interior and (cold) exterior air through
the roof or wall assembly. The wind barrier surface must be water-repellent to ensure that
water that penetrates the rain screen will be drained through the lower opening of the
air cavity rather than soaking the inner wall assembly. If the façade is greatly exposed to
wind-driven rain, it is recommended that the wind barrier should be as vapour permeable
as possible, so that moisture has the ability to dry outwards [21].

For the ventilated façade to achieve the functional requirements, the air cavity must
be designed according to its annual wind-driven rain load, other local climate conditions,
the type of wall assembly, and the type of façade cladding [13]. Building design guides
recommend different minimum cavity widths for different types of cladding, from 19 mm
for horizontally oriented wood siding boards, to 55 mm for vertical siding boards [13]. For
horizontal siding boards and façade panels, the air cavity is formed by placing vertical
battens between the wind barrier layer and the cladding. For a vertical siding board, which
requires horizontal mounts, cross battens are mounted horizontally on the vertical battens
and the cladding is attached to these.

For ventilated sloped roofs, the minimum roof angle should be 6◦ [26], but roof angles
are recommended to be greater than 10–15◦ to ensure sufficient drainage and watertight
perforations [27]. The roof has a ventilated air cavity underneath the roofing [22], where
roof panels may be mounted directly onto longitudinal battens, and roof tiles are mounted
on additional, horizontal tile battens. This also allows air flows across the roof. Roofs may
be ventilated from the eaves to the ridge, or from eaves to eaves.

2.2. Parameters That Affect the Cavity Climate

The microclimate of the air cavity is affected by several factors of heat and moisture
transport. Heat transfer in the air cavity (Figure 2) will to a large degree be determined
by solar radiation and the temperature of the air ventilated into the cavity, but may also
be affected by thermal conduction from the interior side, heat transfer due to moisture
(condensation/evaporation), and thermal conduction through the cladding.
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Figure 2. Heat transfer mechanisms in an air cavity. Figure drawn based on physics described by [28].

The ventilation of an air cavity is typically expressed as an air change rate—the hourly
number of air exchanges between the cavity and the exterior air [29]. The driving force
of the air flow is a combination of the stack effect and pressure differences across the air
cavity [13]. The stack effect is caused by temperature differences between the air cavity
openings (natural convection) [30]. It is to a large degree determined by the amount of
incident solar radiation on the façade [31]. Pressure differences across the air cavity are
caused by wind acting on the façade (forced convection) [30]. Key parameters to calculate
this wind-driven ventilation are, among others, the wind velocity and the difference in air
pressure coefficients, cp, at the two air cavity openings [32]. Furthermore, the building’s
geometry, the local topography, the placement and size of the air cavity openings, the air
cavity dimensions, the surface roughness of the air cavity, the permeability of the cladding,
temperature, and the Reynolds number of the air cavity all contribute [30]. The air flow is
also affected by the pressure loss through the air cavity, which reduces the driving force
of pressure differentials. The pressure loss is a combination of losses at the cavity inlet
and outlet, air flows around battens (local losses), and friction losses against the cavity
surfaces [32].

Ventilation of the air cavity ensures the continuous removal of humid air, so that less
humid air can flow in and provide drying of the rear wall and the interior side of the
cladding. This type of drying is called “ventilation drying” and is of key importance to
moisture control in the air cavity and the surrounding materials. Adequate drying will
protect organic matter from moisture defects. The drying rate in the air cavity is closely
correlated with the air flow rate. It is hence essential to know the temperature conditions,
the air flow rate, and the driving force of the air flow to determine the ventilation drying of
a wall assembly [33]. The importance of proper ventilation of the air cavity increases with
higher insulation thicknesses, as the latter causes the relative humidity (RH) to increase,
and thus the risk of mould growth in wooden structures. Ventilation is especially important
for roofs and façades exposed to wind-driven rain [34].

Moisture transported into the air cavity and surrounding materials primarily origi-
nates from the exterior environment, in the form of precipitation and humid air entering
through gaps in the cladding [35], or humid air entering through the openings of the air
cavity [36]. Humidity in the air exists in the form of water vapour and is commonly ex-
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pressed in terms of relative humidity (RH) [%] or absolute humidity (AH) [g/kg or g/m3].
Precipitation in the form of wind-driven rain is among the most severe climatic stress a
façade may endure [37,38], and has become the focus of much research [35]. Lesser mois-
ture sources include the drying of built-in moisture or leaks of humid indoor air through
the wall assembly. To quantify the moisture transport in an air cavity, it is necessary to
know the temperature profile through the air cavity. The temperature profile depends on
the temperature of intake air and the thermal exchange between the surfaces of the air
cavity [33].

The consequences of condensation may include moisture defects, mould, and rot.
How a material stores heat and moisture, depends on its hygrothermal properties, which
also determine its drying properties. The hygrothermal conditions of an air cavity are
chiefly determined by the moisture and thermal flows of the air. Hygrothermal simulation
programs are often used to analyse the moisture performance of building envelopes. These
include the risk of mould growth. For ventilated façades and roofs, the ventilation rate in
the air cavity is an important parameter [5,39].

2.3. Consequences of Air Cavity Climate

Inadequate ventilation of an air cavity may lead to insufficient and slow drying,
bringing a risk of moisture defects, especially when combined with high air humidity
levels, low sun exposure, and static air [13]. Moisture defects may foster mould growth
and lead to indoor air quality issues [21]. Conversely, excessive ventilation may also cause
moisture defects, by cooling the interior side of the cladding and increasing the risk of
condensation. This may again lead to the growth of algae and black fungi [13].

The presence of mould in indoor air is associated with occupant discomfort and
respiratory health problems including asthma [40–43]. In Norway, ventilated air cavities
are located outside the airtight layers of the building envelope, so it is unknown as to
whether mould growth in the cavities would present any health risk to building occupants.
In the context of the present article, deterioration of building materials and risks to façade
integrity are the primary concerns associated with mould growth.

Fungi that infect wood materials may be divided into two categories: rot and (blue,
white, black) stain fungi [44]. Rot fungi creates enzymes that break down cellulose and
lignin, deteriorating the structural properties of the wood. Stain fungi, as the name suggests,
causes discolouration of the wood surface but does not affect its structural properties.
Common stain fungi include mould (mildew) and blue stain fungi [44]. Certain species of
mould may also release mycotoxins, which may cause allergic reactions in humans [45].
The presence of stain fungi on a surface is a typical indicator of high wood moisture levels,
and that rot fungi may potentially develop. Common to all species of fungi is the need for
moisture, air (oxygen and nitrogen), and nutrients such as biological construction materials
over time to grow [21,46]. Fungi spreads through spores, which are ever-present in the
air, or directly through infected materials [21,44]. Water is released as part of the fungal
deterioration of wood, which the fungi may transport through mycelium to drier parts of
the wood material, facilitating further growth [44]. If the fundamental growth conditions
for fungi are met, the growth rate will be determined by whether microclimatic conditions
such as temperature and relative humidity (RH) remain within the fungi’s tolerance limits
over time [21,46,47]. Once a fungal infection has taken hold, its spread may occur at lower
RH levels than what was required to initiate the growth in the first place [36]. It is therefore
essential to dry the structure during the construction phase, quickly enough that fungal
infections on surfaces do not have time to develop [48].

Determining the exact conditions required for fungal growth in wood to be initiated
and spread is a complex and difficult task. It is also dependent on the species of fun-
gus [36,44,46]. Several studies have been conducted trying to determine the threshold of
fungal growth, drawing different conclusions. A literature review by Gradeci et al. [16]
systematically compares criteria and models for mould growth in wood-based materials. A
key output of the study is a combination of mould growth criteria curves, among others,
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Clarke et al. [49], Johansson et al. [50], Biohygro-thermal [51,52], Mould Germination Graph
(MGGM) [53–55] and the m model [56]. Gradeci et al. also presents a selection of mould
growth criteria from national and international standards [16].

The VTT mould growth model [57–63], which is used by the simulation program WUFI
Mould Index VTT [64] is also mentioned by Gradeci et al. [16]. The VTT program is based
on a mathematical empirical model based on laboratory measurements of mould growth on
pine and spruce [57,59,60], and further developed to include more materials [61–63]. The
model predicts a mould growth index as a function of the surface material, temperature,
relative humidity (RH), and time. The mould growth index indicates the probability of
mould growth activity on a scale from 0 to 6, where the value reflects the predicted amount
of mould growth on the surface [59].

The criteria for mould growth include temperature, RH, and wood moisture content.
The wood moisture content is defined as the relation between the weight of the moisture
in the wood and the dry weight of the wood, expressed as a percentage (weight-%) [46].
Wood moisture is the sum of free water in the pore cavities and bound water in pore
walls [46]. The minimum wood moisture content required to initiate mould growth is
found to vary considerably, from 20 weight-% [36,44–46,48], 28–30 weight-% [36], down
to 16–18 weight-% for more vulnerable wood products such as chip boards [45]. Optimal
growth conditions for most types of fungi occur at slightly higher levels of wood moisture.

The wood moisture content is greatly affected by the moisture of the surroundings
since wood is a hygroscopic material. It will absorb and release moisture to the surrounding
air, depending on its temperature and relative humidity [46]. Following long exposure to
a given temperature or RH, the wood moisture content will stabilize around equilibrium
moisture content for the local microclimate [46].

3. Methods
3.1. Instrumentation of the Case Buildings

The case buildings for this study are designated Fjogstad-Hus (residential), Norgeshus
(residential), and the ZEB Laboratory (office/laboratory) and are all located in Norway,
as shown in Figure 3. Sensors are mounted into pieces of untreated wood in the façade
air cavities of the three buildings, as well as the roof air cavity of the ZEB Laboratory. The
sensors, OmniSense S-160, measure temperature [◦C] (±0.3 ◦C), RH [%] (±2%), og AH
[g/kg] of the cavity air, as well as wood moisture content [weight-%]. For Fjogstad-Hus
and Norgeshus, sensor data for one year is retrieved, while the ZEB Laboratory has two
years of data. All data has a temporal resolution of one hour. The locations of the sensors
in the three buildings are shown in Table 1 and in Figures 4–6, and further described in the
instrumentation reports [14,65] and a M.Sc. thesis [66]. All buildings are assessed in the
instrumentation reports to be designed according to sound principles and well-constructed;
and the principle of dual-barrier weatherproofing is followed. Fjogstad-hus is clad in
white-painted, horizontal wood siding boards and a 23 mm air cavity. Norgeshus has a
cladding consisting of white-painted, vertical wood siding boards and a 59 mm air cavity.
The ZEB Laboratory features building integrated photovoltaic (BIPV) panels on the south,
east, and west façades and on the roof (which is sloped at 32 degrees and faces south); and
vertical, black-coloured wood siding boards on the north façade. The air cavity is 111 mm
wide for all façades and 126 mm for the roof.
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Figure 3. The location of the case buildings on a climate classification map of the Nordic countries
according to the Köppen-Geiger classification system. All cities above 100,000 inhabitants are marked.
Figure based on [67], used with permission.

Table 1. The sensor positions in the case buildings.

Building Sensor Orientation
(Façade/Roof) Description of Placement

Fjogstad-Hus

SE-1

South-east

560 mm from east corner, 430 mm from lower edge of siding board.

SE-2 Top, 600 mm from eave height, 540 mm from east corner, 460 mm from eave.

SE-3 Above window, 170 mm from head, 2820 mm from east corner.

SE-4 Below window, approx. 300 mm from sill, 2250 mm from east corner, 420 mm
from lower edge of siding board.

SE-5 560 mm from east corner, 2950 mm from lower siding board.

SW-1
South-west

Above middle window, 230 mm above head, 310 mm from west corner. Frame
partially covered by window.

SW-2 Above middle window, 250 mm above head, 1720 mm from west corner.

Norgeshus

NOS

North-east

Batten, top of façade. Sensor at 500 mm from lower edge of rafter.

NOL Counter-batten top of façade. Sensor at 780 mm from corner.

NMS Counter-batten, approx. middle of façade height.

NNS Counter-batten, bottom of façade.

SOS

South-west

Counter-batten, top of façade. Sensor at 4960 mm from lower edge of sill plate.

SOL Batten, top of façade. Sensor at 5010 mm from lower edge of sill plate.

SMS Counter-batten approx. middle of façade height, 2400 mm from lower edge of
sill plate.

SNS Counter-batten, bottom of façade.

SNL Batten, bottom of façade. Mounted 2400 mm from west corner. 63 mm from
lower edge of sill plate (~500 mm above terrain).
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Table 1. Cont.

Building Sensor Orientation
(Façade/Roof) Description of Placement

ZEB Laboratory

MN1

North

Batten, approx. 300 mm below top of façade.

MN2 Batten below window, approx. 850 mm below sill.

MN3 Batten below window, approx. 1250 mm below sill.

MN4 Batten middle of wall, same elevation as MN3.

MN5 Batten, middle of wall, same elevation as MN2.

MS2
South

Batten, top of facade. Approx. 700 mm above head.

MS3 Batten, above glass facade. Approx. 1150 mm above head.

MW1 West Batten, approx. 350 mm below and 1150 mm south of edge of sill.

ME1 East Batten, approx. 1100 mm above and 600 mm south of edge of head.

MR2
Roof (south)

Batten, top of shed roof.

MR3 Batten, bottom of shed roof.

Figure 4. Sensor positions for Fjogstad-hus.

Figure 5. The sensor positions for Norgeshus.

3.2. Exterior Climate Data

Measured climate data of the exterior climate in South-west Norway is retrieved from
the database of the Norwegian Centre for Climate Services (NCCS), “SeKlima” [68]. The
climate data for Trondheim is retrieved from SINTEF’s weather station next to the ZEB
Laboratory but is complemented with precipitation measurements retrieved from SeKlima.
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Figure 6. The sensor positions for the ZEB Laboratory.

3.3. Correction Formulas

To correct for the different conductivity of different wood types, measurements from
wood moisture sensors must be corrected according to correction curves for the individual
wood species. The curves are based on a comparison between measured wood moisture
and gravimetric measurements [69]. The correction curve for correcting sensor data for
Norway spruce is described by Equation (1) [69].

%MCSpruce = 11.384− 0.8737×%MCmeasured + 0.1226×%MC2
measured − 0.0023×%MC3

measured (1)

3.4. Mould Growth Criteria

Two fitted curves are made based on a combination of the mould growth criteria
collected by Gradeci et al. [16], seen in Figure 7. The lower curve is based on the most con-
servative criteria for the onset of mould growth found by Gradeci et al. for any given tem-
perature. As such, it combines the mould growth criteria described by Johanson et al. [50]
for low temperatures, the ESP-r A model [49] for low-medium temperatures, the Mould
Germination Graph (MGGM) [53–55] for medium-high temperatures, and the m-model [56]
for the highest temperatures in the analysed temperature range. The upper curve is more
risk tolerant, being constructed from the least strict mould growth criteria Gradeci et al. [16]
analysed. This curve is based on LIM II (biohygro-thermal) [51,52] for lower temperatures
and Johanson et al. [50] for higher temperatures. The MGGM model was not used to con-
struct the upper curve because it is divergent and discontinuous from the other curves and
would only be applicable in a very narrow temperature interval (approx. 10–13 ◦C). Using
both a conservative and a risk tolerant curve for analyses, measured data can be compared
to a wide range of criteria for the onset of mould growth. The fitted curves are used as limit
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values, one conservative where mould growth may occur, and one risk tolerant wherein all
models agree mould growth would occur if exceeded for long enough, to analyse for how
much of the time the sensors measure critical moisture and temperature conditions.

Figure 7. Adaptation (right) of different criteria graphs for the onset of mould growth, collected by
Gradeci et al. [16] (left). Original image used with permission. Note that the numbers (1) and (2) in
the legend refer to different parts of the same curve seen in the left-side image, that correspond to the
upper or lower graph depending on temperature range.

3.5. VTT Parametric Study

The VTT mould growth model was chosen to analyse the data as it is a commonly
used and verified mould growth model [70], and easily accessible as an add-on to the WUFI
software. WUFI Mould Index is used to conduct an analysis of whether the sensor data
indicate conditions for the onset of mould growth in the air cavities of the three buildings.
For this analysis, the material parameters in the simulation program are identical and
conservative, so that the climate is the only variable between the analyses. Thus, the
data from all sensors are compared on equal terms, and the simulations are unlikely to
underestimate the mould growth potential. The set material parameters are described in
Table 2. The VTT parametric study outputs a mould growth indicator on a scale from 0 to 6,
where the value reflects the predicted amount of mould growth on the surface [59].

Table 2. Parameters for the WUFI VTT simulations.

Parameter Setting

Material category: Wood or natural material
Material sub-category: Untreated pine or spruce (heartwood)

Sensitivity class: Very sensitive
Reduction factor: Nearly no reduction
Type of surface: Rough
Type of wood: Conifer

3.6. Other Analyses

Since the mould growth criteria vary to such a large degree [16], it is chosen to conduct
four additional, analyses of how the measured temperature and moisture conditions
correlate to different, simplified mould growth criteria. This way, each set of sensor
data can be analysed using several different methods, creating a more comprehensive
understanding of mould growth risk for each sensor position.

The first analysis concerns the number of hours wherein the sensors have measured
critical wood moisture content values, as described in Section 2.3.
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Second, critical air RH values are analysed in a similar way. The critical relative
air humidity (RHcrit) is determined from Equation (2) [58], wherein T denotes the air
temperature. [◦C]. RHcrit,min is set to 80%, as is typical for moisture-sensitive materials such
as wood.

RHcrit = −0.00267× T3 + 0.160× T2 − 3.13× T + 100.0 , T ≤ 20 ◦C (2)

RHcrit = RHcrit,min = 80% , T > 20 ◦C

Third, an analysis is performed counting the number of hours wherein RH and tem-
perature meet different criticality criteria for mould growth. For these criteria, RH and tem-
perature are not co-dependent, but standard minimum values. The criteria presented here
will cover most of the minimum criteria mentioned in Tables 5 and 6 in Gradeci et al. [16].
In addition, they cover the national and international standard criteria for mould growth
presented in Table 8 in Gradeci et al. [16].

• Temperature ≥ 0 ◦C and RH 80–85%
• Temperature ≥ 0 ◦C and RH 85–90%
• Temperature ≥ 0 ◦C and RH 90–95%
• Temperature ≥ 0 ◦C and RH 95–100%
• Temperature ≥ 5 ◦C and RH 80–85%
• Temperature ≥ 5 ◦C and RH 85–90%
• Temperature ≥ 5 ◦C and RH 90–95%
• Temperature ≥ 5 ◦C and RH 95–100%

A final analysis counts the hourly measurements of air cavity temperatures, compared
to exterior air temperatures.

4. Results
4.1. Temperature, RH, and Wood Moisture

The climatic parameters of air temperature, air RH, and wood moisture of the air
cavities of the three case buildings are presented as box plots in Figures 8–10, respectively.
The cross in the box plot represents the average value, while the horizontal line shows the
median. The height of the boxes spans between the 25th and the 75th percentile of the
data (the interquartile range). The upper whisker spans the 75th percentile +1.5 times the
interquartile range, the lower whisker spans the 25th percentile −1.5 times the interquartile
range. Outlying data points are plotted outside the whiskers. While the average air
temperature for the three locations is very similar, they exhibit very different moisture
conditions. In South-west Norway, the range of cavity air temperatures is smaller and
relative humidity generally higher than in Trondheim, but the ZEB Laboratory displays a
greater variance in wood moisture content. Notably, for all locations, more outliners are
found for higher temperatures, lower relative humidity, and higher wood moisture content
than the opposite.

Table 3 shows the maximum and minimum temperatures recorded at each site. Air
cavity temperatures were retrieved from the sensors. For Fjogstad-Hus and Norgeshus,
exterior air temperatures were retrieved from the database of the Norwegian Climate
Service Center [68], while for the ZEB Laboratory, exterior climate was measured on-site. It
is notable that for each of the site, a lower minimum air temperature was recorded in the
cavity than in the exterior air. The ZEB Laboratory displays substantially higher maximum
temperatures in the air cavity compared to the exterior air, and this may be because the
building façade is very dark and thus absorbs more solar radiation.
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Figure 8. The measured cavity air temperatures in the three case buildings.

Figure 9. The measured cavity air relative humidity (RH) for the three case buildings.

Correlation values between pairs of sensors that belong to the same group, or are
otherwise related, are presented in Table 4. There is a generally high correlation between
data series in the same positions. The outlier in the MN (ZEB Laboratory north façade)
series is MN1, which is located high up on the wall. Compared to the rest of the sensors, it
has lower correlation with the data from other sensors and with the exterior air temperature.
The same can be seen for MR2 and MS2, located near the top of the roof and the south
wall, respectively.
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Figure 10. The measured wood moisture content in the air cavities of the three case buildings.

Table 3. The maximum and minimum temperatures measured in the air cavity of each building, and
the highest and lowest recorded exterior air temperatures.

Building Position
Maximum Minimum

Value Sensor Date Value Sensor Date

Fjogstad-Hus Air cavity 35.3 ◦C SE-4 01 Jul 2021 −5.8 ◦C SW-2 24 Dec 2021
Exterior air 26.7 ◦C - 25 Jul 2021 −4.5 ◦C - 24 Dec 2021

Norgeshus Air cavity 33.5 ◦C NOL 01 Jul 2021 −8.8 ◦C SNL 24 Dec 2021
Exterior air 22.8 ◦C - 25 Jul 2021 −8.4 ◦C - 24 Dec 2021

ZEB Laboratory
Air cavity (facade) 51.0 ◦C ME1 21 Aug 2020 −19.0 ◦C MN5 11 Feb 2021

Air cavity (roof) 58.0 ◦C MR2 27 Jun 2020 −18.5 ◦C MR3 11 Feb 2021
Exterior air 31.0 ◦C - 20 Jun 2020 −18.8 ◦C - 11 Feb 2021

Table 4. A pairwise correlation between sensor data series. The “series” SEA is the average of the
four series SE-1 to SE-5. Likewise, MNA is the average of MN1 to MN5. “Ext.” is the external
temperature measured on site of the ZEB Laboratory.

Fjogstad-Hus Temperature Wood
Moisture Norges-Hus Temperature Wood

Moisture
ZEB

Laboratory Temperature Wood
Moisture

SEA-SE1 0.9821 0.8719 NOS-SNL 0.9299 0.8956 MNA-MN1 0.9786 0.9734
SEA-SE2 0.9954 0.9856 SOS-SOL 0.9980 0.9413 MNA-MN2 0.9978 0.9850
SEA-SE3 0.9978 0.9778 SNS-SNL 0.9990 0.8016 MNA-MN3 0.9966 0.9858
SEA-SE4 0.9960 0.9762 NOS-SOS 0.9168 0.9365 MNA-MN4 0.9976 0.9878
SEA-SE5 0.9976 0.9859 MNA-MN5 0.9983 0.9853

SW1-SW2 0.9960 0.9410 MR2-MR3 0.9534 0.8377
MS2-MS3 0.9746 0.9803

Våland-SEA 0.9178 Obrestad-NOS 0.9192 Ext.-MNA 0.9748
Våland-SW2 0.9176 Obrestad-SNL 0.9274 Ext.-MN1 0.9385

Ext.-MN2 0.9790
Ext.-MR2 0.8945
Ext.-MR3 0.9686
Ext.-MS2 0.8737

The correlation between cavity air temperatures and exterior air temperature is gen-
erally high. Neither Fjogstad-Hus nor Norgeshus has weather monitoring on-site, yet
both see reasonably high correlation with the temperature data from the closest public
weather stations.



Buildings 2022, 12, 1739 15 of 23

4.2. Mould Growth Criteria

A scatter plot of the air cavity and air RH measurements from each sensor has been
overlaid the fitted curves created from the results of Gradeci et al. [16] to create a visual
summary of the mould growth conditions for each sensor location. An example is shown
in Figure 11. The point cloud contains approximately 17,500 data points collected by the
sensor. The intention of the figure is not to show the individual points, but to display the
range of measured conditions. For brevity, the rest of the visual summaries are contained
in the File S1 for this article. The share of measurements exceeding the upper and lower
graphs in Figure 7 is instead summarized with the results of the simplified analyses in
Table 5. For every sensor location, a significant percentage of the measurements (14–52%)
exceed the lower curve. A smaller, yet notable percentage of the measurements also exceed
the upper curve, in theory signalling a risk of mould growth according to even the strictest
criteria collected by Gradeci et al. [16]. However, it should be noted that the data does
not have a time component and does not consider the continuous duration of the periods
wherein mould risk occurred.

Figure 11. An example of visual summary of mould growth conditions for a sensor, here exemplified
by the lower roof sensor on the ZEB Laboratory. A “trend line” is created to show the distribution of
typical RH values for every temperature. Note that a substantial share of the data points exceed the
criteria for the onset of mould growth, collected by Gradeci et al. [16]. This share for every monitoring
point is summarized in Table 5.

The results of the WUFI VTT parametric study are summarized alongside other
analysis results in Table 6. The development of the mould growth index for the ZEB
Laboratory is shown in Figure 12. For this analysis, the values displayed in Table 6
correspond to the peak values of the curves seen in Figure 12. The results of the other
analyses described in Section 3.4 are also shown in Tables 5 and 6.
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Table 5. Results of the curve fitting analysis and the simplified mould growth criteria analysis. The
analyses are separated by colour for legibility.

Curve Fitting Analysis Simplified Mould Growth Criteria

T ≥ 0 ◦C T ≥ 5 ◦CBuilding Sensor % of Data Points
Exceeding

Lower Curve

% of Data Points
Exceeding

Upper Curve
RH

80–85%
RH

85–90%
RH

90–95%
RH

95–100%
RH

80–85%
RH

85–90%
RH

90–95%
RH

95–100%

SE-1 32% 17% 15.4% 12.5% 2.6% 0.0% 10.4% 11.2% 2.6% 0.0%

SE-2 31% 8% 16.1% 13.4% 0.6% 0.0% 9.5% 9.9% 0.6% 0.0%

SE-3 19% 6% 14.1% 4.9% 0.1% 0.0% 12.3% 4.8% 0.1% 0.0%

SE-4 21% 5% 15.2% 5.3% 0.2% 0.0% 10.8% 5.1% 0.2% 0.0%

SE-5 30% 13% 9.6% 17.7% 2.6% 0.1% 5.6% 12.4% 2.5% 0.1%

SW-1 52% 37% 10.8% 9.8% 18.7% 11.5% 9.5% 7.9% 9.3% 7.6%Fj
og

st
ad

-H
us

SW-2 39% 22% 6.9% 10.6% 19.7% 0.7% 6.2% 7.3% 9.8% 0.6%

N
or

ge
sh

us

NOS 24% 8% 19.6% 2.6% 0.7% 0.0% 17.9% 2.5% 0.6% 0.0%

NOL 40% 18% 26.6% 10.0% 1.9% 0.3% 23.3% 9.7% 1.5% 0.3%

NMS 38% 23% 22.8% 10.7% 2.2% 1.0% 22.2% 10.5% 1.9% 1.0%

NNS 57% 36% 20.5% 24.6% 9.7% 1.0% 16.6% 21.1% 9.4% 0.8%

SOS 29% 11% 18.2% 7.3% 1.2% 0.7% 15.0% 7.1% 1.2% 0.6%

SOL 31% 12% 19.4% 9.0% 1.5% 0.8% 15.1% 8.8% 1.3% 0.6%

SMS 22% 8% 15.2% 3.7% 1.1% 1.0% 14.4% 3.7% 1.0% 0.8%

SNS 31% 12% 19.5% 8.7% 1.0% 0.6% 15.9% 8.5% 0.9% 0.4%

SNL 55% 33% 20.1% 18.2% 13.3% 2.2% 16.2% 13.7% 11.3% 2.1%

Z
EB

La
bo

ra
to

ry

MN1 22% 3% 8.6% 8.5% 4.3% 0.0% 4.7% 2.9% 0.8% 0.0%

MN2 19% 2% 11.3% 6.8% 0.1% 0.0% 5.6% 2.6% 0.0% 0.0%

MN3 21% 3% 11.0% 8.9% 0.9% 0.0% 5.9% 3.1% 0.2% 0.0%

MN4 18% 1% 12.2% 5.6% 0.0% 0.0% 5.8% 1.6% 0.0% 0.0%

MN5 14% 0% 9.8% 3.7% 0.0% 0.0% 3.7% 0.7% 0.0% 0.0%

MS2 16% 2% 8.3% 6.3% 0.9% 0.0% 4.1% 2.3% 0.2% 0.0%

MS3 20% 4% 9.0% 8.4% 2.4% 0.0% 5.0% 3.4% 0.5% 0.0%

MW1 23% 5% 9.0% 9.1% 4.1% 0.1% 4.9% 3.6% 1.1% 0.0%

ME1 26% 9% 8.6% 8.7% 7.6% 0.9% 5.6% 4.3% 2.7% 0.3%

MR2 22% 4% 7.6% 8.4% 5.9% 0.2% 4.2% 3.0% 0.9% 0.2%

MR3 31% 9% 10.3% 10.3% 8.9% 1.0% 6.5% 4.8% 2.4% 0.2%

Table 6. A share of measurements [%] exceeding various criteria for mould growth for every sensor.
The VTT parametric study results for each sensor are also shown in the right column. The analyses
are separated by colour for legibility.

Wood Moisture [weight-%]
Building Sensor

Data
Completeness [←, 15> [15, 20> [20, 25> [25,→>

% of Hours Wherein
1RH > RHcrit

% of Hours Wherein
2T < Text

Yearly Mould
Growth(VTT)

SE-1 100.00% 58% 40% 1% 0% 19% 16% 0.84

SE-2 100.00% 58% 42% 0% 0% 14% 13% 0.55

SE-3 100.00% 56% 44% 0% 0% 10% 6% 0.27

SE-4 100.00% 63% 37% 0% 0% 10% 15% 0.26

SE-5 100.00% 59% 27% 14% 0% 17% 17% 0.94

SW-1 100.00% 6% 48% 10% 36% 40% 25% 4.95

Fj
og

st
ad

-H
us

SW-2 95.10% 47% 35% 18% 0% 27% 24% 4.02

NOS 99.58% 8% 86% 6% 0% 11% 11% 0.15

NOL 99.59% 13% 84% 2% 0% 25% 11% 0.83

NMS 99.77% 5% 87% 4% 4% 27% 9% 2.77

NNS 99.69% 4% 76% 16% 4% 41% 17% 3.42

SOS 99.98% 12% 77% 11% 0% 16% 14% 0.40

SOL 99.82% 35% 57% 9% 0% 17% 17% 0.50

SMS 99.43% 7% 86% 5% 3% 12% 15% 0.40

SNS 99.67% 3% 66% 28% 3% 17% 20% 0.43

N
or

ge
sh

us

SNL 99.77% 6% 80% 14% 0% 38% 25% 3.71
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Table 6. Cont.

Wood Moisture [weight-%]
Building Sensor

Data
Completeness [←, 15> [15, 20> [20, 25> [25,→>

% of Hours Wherein
1RH > RHcrit

% of Hours Wherein
2T < Text

Yearly Mould
Growth(VTT)

MN1 99.86% 61% 39% 0% 0% 7% 29% 0.33

MN2 99.73% 49% 51% 0% 0% 4% 37% 0.14

MN3 98.65% 55% 45% 0% 0% 6% 46% 0.16

MN4 98.48% 24% 69% 8% 0% 3% 48% 0.03

MN5 99.69% 41% 57% 3% 0% 1% 40% 0.01

MS2 99.86% 41% 41% 16% 2% 4% 40% 0.09

MS3 99.86% 26% 38% 33% 3% 6% 33% 0.26

MW1 99.77% 37% 37% 22% 3% 7% 41% 0.40

ME1 99.88% 37% 35% 28% 0% 12% 31% 0.99

MR2 99.78% 24% 23% 14% 39% 7% 32% 0.44

Z
EB

La
bo

ra
to

ry

MR3 99.58% 6% 34% 35% 24% 12% 49% 0.95

1 See Equation (2). 2 Cavity air temperature < exterior air temperature.

Figure 12. Development of the VTT Mould Growth Index for the ZEB Laboratory.

The wood moisture measurements show three clear outliers: Sensors SW-1, MR2, and
MR3 all have significantly higher periods of wood moisture content > 25% than the other
sensors. However, sensors MR2 and MR3 display much lower levels of air humidity (as
seen in Table 5), and on-site inspection suggests that the high moisture levels are caused by
rain intrusion. Conversely, SW-1 displays consistently higher RH levels, which indicates a
much higher mould growth potential as seen in the VTT analysis. The outlier sensors in the
ZEB Laboratory score < 1 in the mould growth index, while SW-1 achieves an index value
close to 5. It is worth noticing that the wood moisture measurements and the VTT mould
growth index do not correlate substantially, as illustrated by for instance sensors SW-2 and
MS2. While the two display quite similar values of wood moisture content distribution,
MS2 has a mould growth index score of 0.09 while SW-2 reaches 4.02.

Figures 13–15 show the difference between air cavity temperatures measured at
Fjogstad-Hus, Norgeshus, and the ZEB Laboratory, respectively. The ZEB Laboratory
features a dark cladding (charred wood), while the other two buildings are painted white.
The ZEB Laboratory exhibits a larger share of measurements wherein the cavity air temper-
ature is lower than the exterior, than the two others, but also a higher share of significantly
higher temperatures in the cavity than the exterior. However, it should be noted that the
exterior air temperature at the ZEB Laboratory is measured on-site, while the other two
locations have exterior temperatures retrieved from nearby meteorological stations.
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Figure 13. The difference between air cavity temperature and exterior temperature, Text, for Fjogstad-
Hus. Exterior temperature retrieved from Stavanger–Våland weather station, situated 5.23 km away.

Figure 14. The difference between air cavity temperature and exterior temperature, Text, for
Norgeshus. Exterior temperature retrieved from Obrestad fyr weather station, situated 5.04 km away.

Figure 15. The difference between air cavity temperature and exterior temperature for the ZEB
Laboratory. Exterior temperature is measured on-site.
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5. Discussion
5.1. Expected Microclimate in the Air Cavity

The measurements indicate that the temperature of the air cavity correlates largely
within a few degrees of the exterior air, and that the cavity air temperature may be colder
than the exterior air temperature a significant percentage of the time. This tendency was
also reported by sources found in literature [22,66,71]. However, the difference between
the climate zones is substantial, with the ZEB Laboratory experiencing colder cavity air
temperatures than the exterior air 29–49% of the time, while the cavities in South-west
Norway exhibit colder temperatures only 6–25% of the time. As the temperature in the
air cavity decreases in comparison to the exterior air, the relative humidity increases.
Conversely, however, higher temperatures in the cavity air than the exterior air are also
common, and higher temperatures increase the risk of mould growth (up to around 40 ◦C).
For the north-facing façade of the ZEB Laboratory, the share of hours with lower cavity
temperatures than the exterior air is largest at the bottom of the façade (MN4), and lowest
at the top (MN1). Similar behaviour was documented by Viljanen et al. [72] The same is
true of the south-facing façade, but the roof (sloped at 32 degrees, facing south) exhibits the
opposite behaviour.

The air cavity experiences greater annual temperature amplitudes than the exterior air,
with cavity air temperatures sometimes being significantly higher than the exterior. This
is seen to a greater degree in the ZEB Laboratory than the other two buildings. It is not
known whether this is because of geographical variations, or because the building has a
darker cladding than the others.

Cavity air temperatures may also be even colder than the coldest recorded exterior
temperatures, although the difference is negligible for the ZEB Laboratory, where exterior
and cavity temperatures are recorded at the same site. Local temperature differences may
distort the data for the other two locations.

The measured cavity air temperatures appear to be more influenced by the vertical
position of the monitoring points than the orientation of the façade. For a tall building such
as the ZEB Laboratory, this effect is significant, with the higher monitoring positions on the
façade and roof displaying temperatures much higher than the monitoring positions lower
on the same wall. The top sensor on the north façade displays a maximum temperature
20 ◦C higher than the lowest sensor on the same façade. This maximum temperature
is only 1 ◦C lower than the maximum temperature recorded on the sun-exposed south
façade, whose top sensor is placed one floor below due to the shape of the building. As
described by Sandberg and Mosfegh, the flow of heated air in an air cavity is complex and
the temperature may vary depending on the placement of the sensor in the cavity [73].
Little correlation is observed between wood moisture content and the humidity of the
exterior air. For all monitoring positions presented in this study, data completeness is very
high (>95%). It is therefore unlikely that conditions may have occurred in a way that would
change the conclusions without being picked up by the sensors.

5.2. Risk Assessment of Mould Growth

The study has used three different models to evaluate the risk of mould growth and
compared the sensor data to three different constant criteria for mould growth risk. All
monitoring positions can be considered to experience critical conditions parts of the time,
according to one or more of the methods and criteria. However, some monitoring positions
stand out according to all criteria and may be considered highly at risk of organic growth
and decomposition.

The various methods indicate different levels of risk for every monitoring position;
this may be because most of the methods lack a time component to evaluate whether a
critical limit is exceeded for extended durations—allowing mould growth to occur—or
whether it happens too sporadically to be a problem. The duration of exposure required for
mould growth to occur is difficult to predict and depends on multiple factors, including
temperature, humidity, presence of liquid water, and the type of wood [74].
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There is great variation in the indicated mould growth risk, even between monitoring
points located close apart within the same façade. A prominent example is that of sensors
SNS and SNL in Norgeshus, which are mounted in almost the same position but attached
to different battens. In façades featuring open joints, the problem can be exacerbated by
rain intrusion. A recent study indicates that substantial localized rain intrusion may occur
in façade joints even when following the specifications of national recommendations [35].

Some monitoring positions indicate very high levels of mould growth risk. Both
monitoring positions on the south-west façade of Fjogstad-Hus show high levels of moisture
and appear vulnerable according to most criteria. Both may be considered critical, but SW-1
is outstandingly so. It is not within the scope of the present study to investigate why the
moisture conditions are so high, but it is evident that some form of control of the wall ought
to be performed. The adjoining façade of the same building, facing south-west, exhibits
substantially lower risk of mould growth compared to the south-west façade. An in-depth
analysis of these or similar façades and their response to the climatic conditions may be the
subject of a future study. Overall, the climatic conditions of South-west Norway appear to
present a challenge for wooden façades, which is expected to be exacerbated by climate
change, warranting further study.

6. Conclusions

Three buildings have been investigated in two different climatic zones of Norway.
The microclimate of air cavities behind ventilated façades and roofs varies greatly, not just
according to their geographical positioning, but also the orientation of the façade/roof and
the elevation of the monitoring points. Each monitoring point exhibits great variety of
cavity temperatures and moisture levels throughout the monitoring period. The cavity air
temperature is found to be lower than the exterior temperature a substantial portion of the
time, more so in Trondheim than in South-west Norway. The cavity air temperature may
also be substantially higher than the exterior.

All monitoring positions exhibit a risk of mould growth according to one or several of
the methods. There is great variation among the monitoring positions within each building.
There is also great variation in the mould growth risk indicated by the different methods.
The overall assessment is that conditions are more critical for mould growth in South-west
Norway than in Trondheim, which implies a greater challenge to the resilient design of
ventilated façades. The south-west façade of Fjogstad-Hus in particular shows alarming
levels of moisture and should be controlled on site and possibly adjusted.

Future studies of the topic should aim to collect more data of air cavities in these
and other buildings in the long term. A more overall understanding of the microclimatic
challenges could be pursued by investigating more climatic parameters, notably air flow
characteristics, cavity surface temperatures, or temperature distributions through the width
of the air cavity. Exterior climate parameters of interest include windspeed, wind direction,
wind-driven rain, and solar radiation. A future study could also incorporate several
buildings within the same area. It is recommended to source exterior climate data locally
using a weather station on-site, to improve the accuracy of comparisons between cavity
and exterior microclimates. Inspection of the case buildings would also provide valuable
input, to assess actual mould growth or uncovering other unknown factors influencing the
long-term condition of the microclimate of the air cavity.

Supplementary Materials: The following supporting information can be downloaded at: https://
www.mdpi.com/article/10.3390/buildings12101739/s1, File S1: Microclimate of air cavities—Data.
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