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The hygrothermal performance of highly insulated, prefabricated wooden roof structures is likely to
deteriorate due to the low heat flux to the ventilation cavity. This article evaluates the possibility to improve
the moisture safety of such roofs in a Nordic climate by using different control methods for the ventilation
rate of the roof and by using thermal insulation above the roof sheathing. The results support the use of
adaptive roof ventilation as it decreases the probability of mould growth in the roof. The use of thermal
insulation above roof sheathing decreases the probability of mould growth only slightly in a roof with elevated
amount of built-in moisture.
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As a result of increased focus on sustainability, the use of construction wood in Finland has in-
creased. Requirements for the thermal envelope have become stricter in Nordic countries overall,
and the reference value of the thermal transmittance (U) of wood-framed roofs in Finland is 0.09
W/(mZK). This requires highly insulated (HI) roof structures, which have an increased moisture
risk in the ventilation cavity compared to less insulated structures (Viljanen, 2023).

In the Nordic countries, wood-framed external walls and roofs typically have a ventilated cavity
between the wind barrier and the cladding to protect the wind barrier from weather, reducing the
risk of leaks, and ensure that the building component can dry out (TenWolde & Carll, 1992; Inge-
bretsen et al., 2022). As the thermal conditions in the cold season in the ventilation cavity of the
roofs are close to the outdoor air (Ojanen & Hyvarinen, 2008; Viljanen, 2023), the moisture condi-
tions in the cavity may deteriorate even with a small moisture load directed to the cavity (Viljanen,
2023; Viljanen et al,, 2021; Viljanen et al., 2020).

The hygrothermal performance of roofs may be improved, for example, by designing the roof ven-
tilation (Hagentoft & Sasic Kalagasidis, 2010) and the level of thermal insulation above the cavity
(Harderup & Arfvidsson, 2013; Jensen et al., 2020; Viljanen, 2023). Viljanen et al., (2021) identified
internal and external R-values, the air change rate of the cavity, and the vapour permeability of the
vapour barrier as the most influential parameters for the hygrothermal performance of roofs. The
performance of the air cavity improved when the exterior side of the cavity was insulated. To ensure
sufficient air flow in the air cavity, the width of the cavity needs to be large enough to reduce pressure
losses (Bunkholt et al., 2020). Hydraulic network analysis (HNA) of ventilated roofs shows that with a
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cavity width of at least 50 mm, the ventilation rate is determined by the pressure losses at the eaves
(Viljanen, 2023). The HNA method can be used to design roof ventilation. To avoid snow melt, the
ventilation rate of roof cavity should be at least 20 1/h, the ventilation level of which still allows for a
small temperature excess in the cavity compared to outdoor air (Viljanen, 2023).

The experimental results of Viljanen (2023) identified the highest risk of mold growth in a venti-
lated roof with low thermal transmittance at the middle and upper area of the ventilation cavity,
whereas in the case of walls, the bottom part of the cavity was most prone to mould growth. To
clarify these results, the current study assesses the factors that affect the spatial variation of
moisture risks of roofs with low thermal transmittance.

Moisture issues in the ventilation cavities of HI roofs may become more common in the future
(Harderup & Arfvidsson, 2013, Nik et al. 2012). The increased moisture content of the outdoor
air and precipitation levels in Finland as a result of climate change (Jylha et al.,, 2020) will likely
further increase the moisture risk (Nik et al., 2012). However, a review study by Ingebretsen et al.
(2022) showed that only a limited number of studies have discussed the moisture conditions and
microclimate in roof cavities in Nordic countries, most of these originating from Norway.

In this article, the moisture safety of wood-framed, prefabricated roof elements in the current
Finnish climate is assessed numerically, and the possibility to improve the moisture safety of
these roofs by controlled ventilation or insulation above the roof sheathing is analyzed. The re-
search questions of this study are:

Is it beneficial to use thermal insulation above the ventilation cavity?

Is is recommended to have high or low ventilation rate in the cavity or to use adaptive ventilation?
What is area in the ventilation cavity most prone to moisture issues and why?

Does the season in which the roof is finished affect the hygrothermal performance of the roof?

The study focuses on low-sloped roofs in present Nordic climate and does not analyse the physi-
cal mechanisms behind the level of ventilation in the roof such as buoyancy or forced convection.

Roof structure, simulation model and model validation

The studied roof structure is a wood-framed, mineral-wool insulated, prefabricated roof element
with a U-value of 0.09 W/(m?K). The element includes a 100 mm high ventilation cavity above the
insulation, as this is the most common dimension in Finland (Viljanen, 2023). The roof sheathing
is a laminated veneer lumber board above which there is a bitumen roofing. Alternatively, there
was an additional 20 mm mineral wool board above the roof sheathing. An example of such roof
element is presented in Fig. 1.

The two-dimensional, time-dependent hygrothermal model was implemented in the commercial
software Comsol Multiphysics. The hygrothermal model in this program has been validated as per
the standard SFS-EN 15026 (Finnish Standards Association, 2007). However, this validation meth-
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od does not include heat and moisture transfer by convection. Thus, the numerical roof model was
validated based on the analytical solutions of heat and moisture transfer in the ventilation cavity
(Hens, 2007, Nevander & Elmarsson, 2008). The boundary conditions in the numerical model were
set steady for the validation phase — outdoor temperature was set to 0°C and outdoor relative
humidity to 85 %. The numerical simulation was solved for one year to reach a steady solution for
the temperature and humidity distribution in the cavity.

The material layers in the roof structure studied are (from bottom to top): 13 mm thick gypsum
board, 0.2 mm polyethylene vapour barrier membrane, 25 mm thick laminated veneer lumber
board, 450 mm mineral wool (glass wool), 100 mm thick air cavity, 31 mm thick laminated veneer
lumber board (roof sheathing), 20 mm thick rigid mineral wool (glass wool; only in some cases)
and a bitumen roofing felt (Fig. 2). The bitumen roofing felt has an s -value of about 150 m. The
geometry of the roof model is presented in Fig.3. The roof element is 9.6 m long. Because of the
high s,-value, the roofing felt was taken into account in the model by setting the moisture flux on
top of the plywood or 20-mm mineral wool to zero and no separate domains were created for the
felt. This assumption reduced the length of the simulation time.

20 mm rigid mineral wool observation points 1A, 1B and 1C

$ \ © ‘/ bitumen roofing felt
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N[ = ® 31 mm board, laminated veneer lumber
A NZEEN 100 mm ventilation cavity
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@
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Air change in the ventilated cavity

The air velocity in the ventilation cavity was directed from left to right and it was determined ac-
cording to the following scenarios:

Cases 1-3 and 5-11: constant air change rate (ACH) in the cavity (5 1/h or 50 1/h)

Case 4: constant ACH in the cavity (50 1/h) when the outdoor relative humidity is below 75
%. Otherwise, the ACH is 5 1/h.

Case 12: constant ACH in the cavity (50 1/h) when the absolute humidity in the roof is above
the level of the outdoor air. Otherwise, the ACH is 5 1/h.

As the absolute humidity in the roof depends on the amount of ventilation in the roof cavity, the
ACH scenario in case 12 induces the most challenge to the numerical solution. To increase the
numerical stability of the simulation, the absolute humidity of the roof was monitored not from the
outflow air (Fig. 4a) but from the roof materials near the air outflow (Fig. 4b).

The studied wood-
framed roof element. The
symmetry line on the
right side of the figure
underlines the fact that

in reality, a single roof
element has two adjacent
air cavities

The geometry of the

roof studied used in the
numerical model with (a)

no insulation above roof
sheathing and (b) with
20-mm mineral wool

above roof sheathing. The
observation points 1A-1C
are located at the lower
surface of the roof sheathing
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Mould growth assessment

The probability of mould growth at the observation points 1A, 1B and 1C (Fig. 3) was evaluat-
ed based on the Finnish Mould Growth model (Lahdesmaki et al., 2008; Viitanen et al., 2008).
The hygrothermal conditions and material-specific sensitivity classes are included in the model
that evaluates the probability of mould growth with a mould index (MI) value. The mould index
values vary between 0 and 6, where 0 means no mould growth and 6 means highly abundant
mould growth. The parameters used for the roof sheathing board were growth speed 2 (sensitive),
maximum amount of mould 2 (sensitive) and decline rate 0.25 (relatively slow). According to the
Finnish mould growth model, these parameters apply for wood-based glued boards. Because the
parameter values are less sensitive in the case of mineral wool, the mould growth assessment
was done only using the parameters for wood-based glued boards and only at the observation
points 1A, 1B and 1C. The hygrothermal conditions underside the roof sheathing should favor
mould growth as much as the conditions above the mineral wool, and likely even slightly more
considering, for example, the cooling of the roof surface by longwave radiation.

Initial humidity, simulation cases and weather conditions

The initial relative humidity in all the materials was 80 %. Thus, the initial amount of moisture repre-
sented a normal level of moisture in the roof element. In some cases, the initial relative humidity in
the mineral wool or the wood boards was 99 %, which, in the case of mineral wool, corresponds to a
moisture content of 10 kg/m?3. Such a level of moisture represents elevated level of built-in moisture
or may result from a leaky roofing membrane. The cases with the initial RH of 99 % were used to
evaluate the drying-out ability of the roof elements. The simulation cases are described in Table 1.

Case Start of
number simulation

Ventilation
rate (1/h)

Insulation above roof

Initial humidity of materials sheathing

1 1. Januar 99%-RH for 450 mm mineral wool, other o 5
' y materials 80 %-RH

no 50
3 ! 80 %-RH no 50
o " "0 5% el
5 ! ‘ 20 mm mineral wool 5
6 99 %-RH for 450 mm mineral wool, other 20 rmm mineral wool 5
materials 80 %-RH
7 99 %-RH for 450 mm mineral wgol, wood boards 20 mm mineral 5
and 20 mm MW, other materials 80 %-RH wool
8 ! ‘ no 5
9 1. October 80 %-RH no 5
10 . 99 %-RH for 450 mm mingral wool and no 5
wood boards, other materials 80 %-RH
11 ‘ ‘ 20 mm mineral wool 5
12 - 80 %-RH no A‘ZO f AHéggS

outdoor
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The weather conditions in the simulation were according to the reference year Vantaa 2017 rep-
resenting the current weather in Southern Finland. The start of the simulations was scheduled for
the cold season and for autumn to evaluate the importance of the season to the hygrothermal
performance of the roof. Thus, the first day of the simulation was either January 1° or October 1=,
The simulation time was three years, but the mould index values were calculated for the first two
years. The moisture production in the indoor space varied between 1-3 g/m? depending on the
outdoor temperature as per the Finnish guideline (Finnish Association of Civil Engineers, 2022).

Material properties

The heat and moisture transfer related properties of the materials used in the simulation are
presented in Table 2 and Table 3.

Material (Dkzr}i?)l Thermal conductivity (W/(mK)) casgztt:)i/ﬂ(c.l/h(ekag‘tK))
Soft mineral wool 23.7 0.037 850
Rigid mineral wool (under roofing) 125 0.031..0.041 (T=-20°C..30°C) 850
Laminated Veneer lumber 510 0.13 1880
Cavity air 1.3 0.025 1005
Gypsum board 660 0.21 870

Material Water vapour resistance sq-value Hygroscopic moisture
factor (-) 30%-RH, 90%-RH (m) (kg/m3) 10%-RH, 98%-RH

Soft mineral wool 1.3 0.3, 6.1
Rigid mineral wool (under roofing felt) 1.3 04,72
Laminated veneer lumber 120,15 15.3,130
Gypsum board 7,7 2.6,25
Polyethylene foil 75

Radiation heat transfer

The longwave radiation heat transfer between the exterior roof surface and the atmosphere was
included in the model when diffuse solar radiation was zero (Fraunhofer Institute for Building
Physics 2008). The net emission was calculated by subtracting the atmospheric counterradiation
from the estimated radiation heat loss from the roof surface.

The longwave radiation heat transfer between the upper surface of the thermal insulation and the
lower surface of the roof sheathing was included in the model based on trial simulations. In the
trial simulations, the temperature of the lower surface of the roof sheathing increased 0.5-1.0°C
when radiation between these surfaces was included in the model. Longwave radiation at the
upper roof surface was not included in the validation phase.

As the hygrothermal conditions propagate in the ventilation cavity, the domains were divided into
ten sections in the lateral direction (Fig. 3). Hence, it was possible to calculate the radiation heat
transfer in ten sections of the cavity surfaces.

General remarks and model validation

The solution time of the simulation increased substantially if the initial amount of moisture
in the insulation was 10 kg/m? or if the air velocity in the cavity was not constant. Therefore,
the boundary conditions were averaged over 12-hour periods maintaining the time step of

Heat transfer related
material properties
used in the numerical
simulation model

Moisture transfer related
material properties

used in the numerical
simulation model

Results
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one hour. The averaging was originally made for 6-hour periods, but this resulted in too long
simulation times.

The numerical solution of steady state temperature distribution in the roof cavity is close to the
analytical solution (Fig. 5). In the numerical solution, the cavity temperature is dominated by
convection for the first 0.2 m of the cavity, whereas in the analytical solution, heat conduction
increases the air temperature already at distance of 0-0.2 m from the cavity inlet. The difference
between analytical and numerical solution is at most 0.2°C. The simulated relative humidity
distribution between the distance of 0-4 m from the cavity inlet is slightly above the distribution
based on the analytical solution due to the difference in the temperature distribution. The differ-
ence in calculated relative humidity is at most 1 %-units between the analytical and numerical
solutions.

20 0.86
1.8+ . t analytical RH analytical (2nd axis)
© 16 .. O tnumerical ¢ RH numerical (2nd axis) F0.84 L
>
e
+-0.82°F
=
e
F0.80 Q
kS
9]
F078 @
0.76

Distance from cavity inlet (m)

Heat and moisture transfer in the roof

The moisture content of the 450 mm thick mineral wool was low in cases 3, 4, 5, 9 and 12 with low
initial level of moisture (Fig. 6a). In cases 1, 2 and 6 the 450 mm thick mineral wool dried faster
than in the other cases with an elevated initial level of moisture. The difference in drying rate com-
pared to cases 7 and 8 was relatively small considering that in cases 7 and 8 the relative humidity
of all the materials outside the vapour barrier was initially 99 %. The drying of the mineral wool
was distinctly slowest in cases 10 and 11, in which case, the mineral wool reached a hygroscopic
moisture level (below 1 kg/md) only after eight months of simulation.

In cases 2-5, the relative humidity of the roof sheathing rose to at most 85 % and after two months,
relative humidity decreased for the next four months reaching a level of 50-55 % (Fig. 6b). In cases
1 and 6, the roof sheathing dried only after three months from the beginning of the simulation. In
case 9, the drying of the sheathing began only after five months of the simulation. In cases 10 and
11, the relative humidity of the roof sheathing was above 90 % over seven months and decreased
to below 90 % in May. In case 12, the relative humidity of the sheathing was continuously below
that solved in case 9. The relative humidity and moisture content results show that the built-in
moisture dried out from the simulated roofs in less than one year (Fig. 6).

The difference in temperature between the lower surface of the roof sheathing (points 1A, 1B and
1C) and the outdoor air in cases 1-8is presented in Fig. 7a, 7c and 7e. In January, the temperature
excess was at most 1°C in most of the simulated cases. In cases 5-7 the temperature excess was
1-1.2°C at Point 1A and 2.5-3.4°C at points 1B and 1C. In summer, the temperature excesses at
Point 1A were about 6°C in cases 1 and 8 and 3.5-4.2°C in the other cases. At the other observation
points the temperature excesses were 6-9 °C in the simulated cases.

In January, the relative humidity at Point TA on the surface of the roof sheathing was 2-9
%-units below the relative humidity of the outdoor air (Fig. 7b). At the other observation points,
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the relative humidity increased in cases 1 and 6-8 to above the relative humidity of the outdoor
air (Fig. 7d and 7f). At Point 1B, the relative humidity decreased to a level below that in the out-
door air in 4-4.5 months, whereas at Point 1C this took 5-5.5 months. In the beginning of the
simulation, the relative humidity at Point 1C was above the outdoor relative humidity for a few
weeks in cases 4 and 5.

In cases 9-12, the temperature excess at Point 1A in October was 0.8-1.4°C, whereas at points 1B
and 1C the temperature excess was 1.4-3°C (Fig. 8a, 8c and 8e). In December, the temperature
excess at all points was at most 0.5°C. In summer, the temperature excesses were 3.5-6°C (Point
1A) and 7.5-9°C (points 1B and 1C).

In October, the relative humidity at Point 1A in cases 9-12 was 5-8 %-units below the relative hu-
midity of the outdoor air (Fig. 8b). At the other observation points, the relative humidity difference
between outdoor air was rather constant, but depending on the case, the relative humidity in the
cavity was either below or above the level of the outdoor air. The relative humidity at points 1B and
1C was especially low in case 12. In summer, the relative humidity rose distinctly high at Point 1C
incases 10 and 11.

(a)

Troo( - Tou( (°C)

RH g - RH (%-units)

Troof - Tout (OC)

IRII-IR,(IJf - RH,( (%-units)

Time (months) Time (months)
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The moisture transfer in the roof was ana-
lysed in more detail in the simulation case
10. After 4.7 months of simulation the rel-
ative humidity in the inner parts of the roof
had decreased to a level of 50 % whereas
in the outer parts of the roof the relative
humidity was still at the level of 100 %
(Fig. 9a). After 7.6 months of simulation
the relative humidity in the roof materials
near the air inflow was at a level of 30-40
% (Fig. 9b). After 8.5 months the dry area in
the roof covered more than half of the roof
(Fig. 9c). After 10 months the relative hu-
midity in the whole roof was 40-65 % and
the impact of the inflow air, that had higher
relative humidity than in the roof, was vis-
ible (Fig. 9d). The 2-dimensional RH distri-
butions at the time intervals were consis-
tent with the results in Fig. 8b, 8d and 8f.

Mould growth assessment in the
roof

The maximum values of mould index on
the roof sheathing during the three-year
simulations are presented in Table 4. In
terms of the risk of mould growth, the
roofs of simulation cases 2-5, 9 and 12
perform well (mould index 0.01-0.49). In

cases 8, 10 and 11, the mould index values at Point 1B are between 1.1 and 2.3. In cases 1, 6-8 and
10-11, the index values at Point 1C are between 1.5 and 4.7. The development of the mould index

Simulation case  Max. mould index at point 1A Max. mould index at point 1B Max. mould index at point 1C

0.06
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0.47
0.06
0.1
0.1
0.1
0.06
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0.00 0.15
0.08 1.46
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2.26 4.71
1.72 4.42
0.03 0.03
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0.3

©

Relative humidity (-)
distribution in case 10 at
(a) 4.7 months (141 days),
(b) 7.6 months (228 days),
(c) 8.5 months (254 days),
and (d) 10 months (300
days)

Mould growth

assessment at the
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value at Point 1C is presented in Fig.10. The maximum values of the mould index were reached in
the first eight months of the simulation.

Mould index (-)

0 2 4 6 8 10 12 14 16 18 20 22 24
Time (months)

The results of cases 1 and 6 imply that the thermal insulation above the roof sheathing increases
the drying rate of the mineral wool only slightly. The impact of insulation above the cavity on the
mould growth risk at Point 1C is also small (MI 1.46 vs. 1.57), which coinsides with the findings of
Nik et al. (2012). The ventilation rate is an important factor that not only increases the drying rate
of the roof but decreases the mould growth risk as in case 2 with the ACH rate of 50 1/h the mould
index is only 0.03 at point 1C.

The results of cases 1 and 6-8 show that if the level of built-in moisture in a roof is elevated, the
highest risk of mould growth is in the direction of the ventilation airflow and near the air outflow.
In this area, the drying of the construction is slowest as the airflow dries the area only after the
other area in the roof has dried. This was also evident from the 2-dimensional relative humidity
distributions at the selected time intervals. These results explain the observed mould risk at the
middle and outlet area of a test roof (Viljanen, 2023).

In case 4, the higher ventilation rate only when outdoor relative humidity is below 75 % showed im-
proved performance compared to case 3 with constant ACH of 50 1/h; at Point 1A the mould index
decreased from 0.47 to 0.06. A reason for this behaviour is the higher temperatures in the roof cavity
in case 4. This result is in accordance with the observation by Viljanen (2023) that the optimal venti-
lation rate of roofs is about 20 1/h considering both the moisture safety and the risk of snow melt.

The drying rates observed for the mineral wool and the relative humidity of the roof sheathing
show the impact of weather conditions to the drying rate. In autumn weather (cases 10 and 11),
the drying of humid roof materials is slower than in winter (cases 7 and 8). This resulted in high
mould indexes (1.7-4.7) in cases 10 and 11 at points 1B and 1C, whereas in cases 7 and 8, the
maximum mould index was 2.8. Nelson (2017) observed lower mould index values (< 2) for walls
that started to dry in May compared to January. Therefore, the lowest risk of mould growth in
initially humid roofs may occur if the drying starts in the warm season.

In the case of adaptive ventilation rate of the roof cavity (case 12), the simulation experienced
difficulties to reach convergence. Thereby the simulation time was shortened to 204 days. The
results show that with adaptive roof ventilation the relative humidity of the roof sheathing is
lower compared to a constant low air change in the cavity (case 9). Hagentoft & Sasic Kala-
gasidis (2010) observed similarly that adaptive attic ventilation decreases attic RH compared
to natural ventilation. The mould index value at Point 1C decreased from 0.49 to 0.03 by using
adaptive ventilation.
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This study assessed the factors affecting the moisture safety of wood-framed roof elements in
Nordic climate. The results show that a high level of built-in moisture in a wooden roof element or
roof leaks lead to a risk of mould growth in the middle area and in the outflow area of the roof. If
the roof is finished in autumn, the risk of mould growth arising from increased level of initial mois-
ture is even higher. In some cases, a high level of roof ventilation may prevent this risk. The use
of adaptive roof ventilation proved to be a promising approach decreasing the risk of moisture is-
sues in a roof. In practice, such an approach requires to use, for example, fans and measurement
sensors. Although the use of a 20-mm thermal insulation above roof sheathing does not prevent
mould growth risk in a roof with high amount of built-in moisture, this approach improved the
hygric performance of the roof by increasing the drying rate of the thick thermal insulation layer.

Factories manufacturing roof elements should measure and minimize the moisture content of the
materials used for the roof elements. Work planning (e.q., weather protection) and quality control
in the construction site should ensure that the moisture level of the finished roof is low, which is
especially important if the roof is finished in autumn. If the roof elements or the joints between
them get wet, the element installations should be stopped to assess the situation by on-site mois-
ture measurements.

The numerical model developed for the study proved to describe the hygrothermal behaviour of a
roof reliably. Future studies should analyse the behaviour of the wooden roof elements also in the
predicted future weather conditions. In practice, the amount of ventilation in the roof depends on
the wind conditions, roof slope and ventilation openings/roof ventilators. Therefore, the temporal
variation in the amount of ventilation affects the performance of the roof. A thick layer of snow on
the roof in the cold-season may also affect the hygrothermal behavior of the roof, for example, by
increasing the temperature in the ventilation cavity and thus, increasing the drying rate of the roof.
It is recommended to further assess the effect of these factors in future studies.
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