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ABSTRACT
Advanced numerical simulations have shown that the risk for mold growth in cold attics can be substantially reduced, and
even eliminated, if the cold attic is sealed and fitted with adaptive ventilation. A basic system would be comprised of mechanical
fans and dampers controlled by attic and outdoor climate sensors installed in a sealed attic without vents. The ventilation system
would run only when the outdoor air has a potential to dry out the attic.
Field tests and extensive measurements over complete annual cycles confirm the simulations and also show that sufficient
airtightness can be achieved in practice with fairly small effort.

INTRODUCTION
Problems with high humidity levels and mold growth in
cold attics have been increasing over the last few years. A
recent Swedish study showed that as many as 60% to 80% of
the single-family houses in Västra Götaland (largely, the
Gothenburg region) are showing significant mold growth and
thereby risk developing serious moisture problems (Ahrnens
and Borglund 2007). The high humidity levels are to a large
extent a consequence of the increasing demand on energy efficiency. Houses are frequently retrofitted with additional attic
insulation, which leads to a colder attic space. Furthermore,
furnace heating is often replaced in favor of heat pumps or
district heat. This may alter the air pressure balance of the
house, resulting in an increased thermal pressure on the ceiling
with subsequent air leakage up to the attic.
Current theories and models for the growth rate of mold
fungi at different climate conditions indicate the potential for
significantly reducing the risk for mold problems by lowering
the relative humidity by moderate amounts during critical
seasons. For cold attics, the humidity reduction necessary is
not greater than what should be possible to obtain with optimized ventilation.

We can expect more and more problems in cold attics, as
a result of demands for increased energy efficiency and of
future climate change. It is obvious that the situation today,
where the potential for mold damage is inadvertently designed
into the structure, is totally unacceptable and that something
must be done!
ADAPTIVE VENTILATION
An important moisture source influencing the attic hygrothermal condition is the water vapor in the surrounding air.
The air is carrying both moisture from the indoor environment
through air leakages of the attic floor and from the ventilation
of the attic itself. High relative humidity during long periods
is very often found in cold attics. This can lead to mold growth
on the roof deck, which is often made of plywood or wood.
Leaks of indoor air up to the attic through the attic floor,
and undercooling of the roof due to night sky radiation,
increase the problem. The moist air might condense on the
underside of the deck, and small droplets of liquid water can
build up. The water will then be absorbed and accumulated in
the surface area. High moisture content can even lead to rot.
The advice given to the building sector in Sweden is to
have neither too high nor too low a ventilation rate of the attic.
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Figure 2 Position and orientation of the houses in
Stockholm. The red-colored houses (12 and 22)
have adaptive ventilation, while the blue (11 and
21) are naturally ventilated.
Figure 1 Adaptive ventilation of a cold attic.

Too high a ventilation rate, in combination with undercooling,
can result in high relative humidity. Too-low ventilation is also
risky in case of construction damp or leaky attic floor. The
optimal air exchange rate varies with the outdoor climate, and
fixed ventilation through open eaves and/or gable and ridge
vents is not always the best choice.
To get optimized ventilation regardless of type of external
climate, attic insulation, airtightness, etc., ventilation must be
controlled and adapted to the present situation. By using
sensor technology and mechanical ventilation and making the
attic as airtight as possible, this can be achieved; see Figure 1.
A basic system would comprise mechanical fans and dampers
controlled by attic and outdoor climate sensors installed in a
sealed attic without vents. The ventilation system runs only
when the outdoor air has a potential to dry out the attic.

lation. The reference house is ventilated by open slots along
the eaves. The research projected was coupled to the building
project a bit too late in the construction project planning to get
the airtightness of the attics properly installed for the test
houses, and thus the best possible solutions could not be realized. Air sealing was done using corrugated paper board (in
some places, light could be seen leaking in from outside). In
the attic of test house 12, nonwoven fiber sheeting applied on
the exterior wood paneling constituted the air tightening.
The test houses served as demonstration houses during
the measurement period and were not permanently occupied.
To ensure that the moisture loads inside these houses are
correct (i.e., not too low), humidifiers were used, giving 40%
RH. Reference houses have been occupied during the entire
measurement period.

FIELD STUDIES OF ONE-FAMILY HOUSES
IN STOCKHOLM

Initial Status of Buildings

Measuring equipment and controlled ventilation were
installed during February 2008. Figure 2 shows the position
and orientation of the houses. Figure 3 shows photographs of
the houses with adaptive ventilation (i.e., test houses 12 and
22). Measurements from Autumn 2008 onwards are given
below in Figure 4 and Figures 6 to 10.
All four houses have two floors. Houses 11 and 12 have
a floor area of 130 m2, while House 21 and 22 are 121 m2. The
houses have pitched roofs, which are built from the inside
starting with 21 mm wooden tongue-and-groove (T&G)
board, baseboard bitumen polyester nonwoven textile (YAP)
2200, and litter and batten and counter batten (25 × 38 mm)
and roof tiles. All houses have mechanical exhaust ventilation.
The cold attic floor is insulated with 450 mm loose fill insu-

Air tightness measurements at 50 Pa were carried out by
the building contractor (NCC) and are available for the two test
houses (the occupied interior space). For houses 12 and 22, the
air leakage was 0.3 L/(m2·s) and 0.7 L/(m2·s), respectively.
Available data for six houses in the area give a spread between
0.3 to 0.8 L/(m2·s).
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Temperature and relative humidity were measured at two
places on the test attics as well as externally at the north gable.
One sensor was placed centrally in the attic and the other
further down towards the eaves at the lower part of the roof.
Sensors were placed on the rafters in close proximity to the
wooden board surface. For the reference houses, only
centrally placed sensors were used.
Buildings XI

Figure 3 Photographs of test houses 12 and 22, with controlled ventilation.

Table 1.

Moisture Ratio in Cold Attics at Time of Installation, 13th of February,
and Estimated Air Exchange Rates at 50 Pa Pressure
Moisture Ratio, %

House

Wooden board

Rafters

Air Exchange Rate per
Hour at 50 Pa

Ventilation

11

Natural

19

16,5

—

12

Controlled

19,6

15,6

20-30

21

Natural

—

—

—

22

Controlled

19,9

17,8

40-55

Airtightness measurements of the experimental attics
were carried out using the existing fan for the adaptive ventilation in the attic. Since the fan capacity is not sufficient to
reach 50 Pa, extrapolations were made, based on the premise
that airflow is proportional to the square root of pressure
difference and the effective aperture area. The excess pressure
was not stable, so a range is specified in Table 1. The table also
indicates the measured moisture content at the time of installation.
The targeted air exchange rate at 50 Pa was less than 10
1/h (preferable less than 7 1/h).
Measurement Results
A fundamental uncertainty lies in how to evaluate the
calculations for the temperature and the relative humidity.
What we really want to do is to estimate the probability or risk
for mold growth in the attic. There are several studies on this
subject (e.g., Adan [1994]). However, there is no standardized
or widely accepted method for the evaluation of the mold
growth risk. Here, we will base the risk on the method developed by Hukka and Viitanen (1999) and Viitanen (2001).
Viitanen introduced the mold index, in a scale from 0 to 6,
where 0 means no growth of mold and 6 means very heavy and
tight growth.
As a measure of the mold risk, a mold growth potential m
has been used in this paper for the field measurements, which
is simply the relative humidity divided by the critical relative
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humidity for mold growth to start according to Hukka and
Viitanen (1999):
RH
m = ---------------RH crit

RH crit

⎛ 100%, T ≤ 0°C
⎜
3
2
– 0.00267T + 0.160T – 3.13T + 100.0,
= ⎜⎜
0°C ≤ T ≤ 20°C
⎜
⎝ 80%, T > 20°C

(1)

Theoretically, mold growth is possible only when m > 1.
Hence, the development over time of m illustrates the development of the mold risk. By comparing this parameter for the
tests attics with corresponding results from reference cases,
the effect of the adaptive ventilation may be estimated.
Measurement results are shown in Figures 4 and 5 in
terms of duration graphs for the relative humidity for the
period from August 2008 until March 2009.
Mold growth potential on average during the measurement period for both test houses was 0.82, while for the reference houses it was 0.9 (reference house 11) and 0.88
(reference house 21).
An interesting observation made from measurements is
that the humidity by volume in the cold attics was on average
lower than outside during the measurement period. There is
thus a negative moisture supply in the cold attics (as compared
to the outside conditions). The reason for this can be explained
3

Figure 4 Duration graphs for the measured relative humidity in the cold attics with adaptive ventilation (test houses 12 and
22) and attics with natural ventilation (reference houses 11 and 21).

Figure 5 Duration graphs for the mold growth potential in the cold attics with adaptive ventilation (test houses 12 and 22)
and attics with natural ventilation (reference houses 11 and 21).
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Figure 6 Measured outdoor air temperature and relative
humidity. Time in hours between 14/2-2008 and
25/3-2009.

Figure 8 Measured temperature and relative humidity in
test house 12. Time in hours between 14/2-2008
and 25/3-2009.

by both moisture absorption in wood material in the attics and
the adaptive ventilation. For cases with adaptive ventilation,
the negative moisture supply was 0.5 g/m3 to 0.8 g/m3, while
the attics with natural ventilation 0.2 g/m3 to 0.3 g/m3.
Moisture in rafters and in the wooden board was
measured in the test houses on April 1, 2009. For the rafters,
the surface moisture ratio (by weight) varied in the following
ranges; test house 12: 11.9% to 12.1%, test house 22: 11.3%
to 12.0%. In the board, the measured interval was, for house
12, 11.8% to 13.5%, and for house 22, 11.1% to 12,9%. The
measurements show a trend toward slightly higher moisture
content in the board compared with rafters.
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Figure 7 Measured temperature and relative humidity in
reference house 11. Time in hours between 14/22008 and 25/3-2009.

Figure 9 Difference in relative humidity between reference
house 11 and test house 12 (i.e., RH11 – RH12).
Average difference over the period is +7.4%.
Time in hours between 14/2-2008 and 25/3-2009.
Figure 6 shows the measured outdoor temperature and
relative humidity during the measurement period. The
measured RH and temperature are shown in Figures 7 to 10.
FIELD STUDIES OF MULTIFAMILY HOUSES
IN GOTHENBURG
The adaptive ventilation was in operation in early autumn
2008. Four separate spaces were ventilated (Figure 11). The
cold attics were planned using the adaptive ventilation design,
which means that a much better air sealing can be expected
than in the previous presented test houses. Unfortunately attic
airtightness has not been measured. The cold attic floor is
timber-framed with a vapor barrier and 500 mm loose-fill
insulation.
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Figure 11 The Harbor house in Gothenburg, Sweden
(photo:
Staffan
Bolminger
Älvstranden
Development AB)

Figure 10 Difference in measured temperature between
reference house 11 and test house 12 (T11 – T12).
Average difference over the period is –0.13°C.
Time in hours between 14/2-2008 and 25/3-2009.
Figure 12 shows the measured relative humidity in the
four ventilated cold attics. The mold growth potential is shown
in Figure 13.
COMPARISONS BETWEEN
MEASUREMENTS AND SIMULATIONS—
ONE-FAMILY HOUSES IN STOCKHOLM
The state-of-the-art simulation model HAM-Tools was
used in the calculation of the hygrothermal conditions of the
cold attics in the four houses in Stockholm. The model has
been validated for attics (Samuelsson 1995; Sasic 2004), as
well as in the EU-project HAMSTAD (Hagentoft et al. 2004).
Data for temperature and RH of the outdoor air were taken
directly from the measurement data on site. Solar data from
SMHI (meteorological station) and long-wave radiation from
the computer program Meteonorm. These last data are considered to be the most uncertain.
The ventilation slots for the naturally ventilated attics are
20 mm wide and have a length of 7.2 m. For the attics with
controlled ventilation, the width of the slots is assumed to be
2 mm, based on the airtightness and assuming that Dick’s
formula (Hagentoft 2001) is valid. The house internal air
volume is 349 m3 and the area of the building envelope is
239 m2. The calculations assumed that 24 m3/h of air leaked
out of from the attic at 50 Pa. The attic floors are considered
to be very airtight, and small variations in the tightness
changes calculation results only marginally. Exhaust ventilation in itself reduces leakage upwards, which makes the situation relatively insensitive to airtightness. An underpressure in
the living space, compared to the exterior, tends to move the air
from the attic to the living space instead of the opposite direction. The calculations show a slightly lower average RH (2%
to 4%; Figures 14 and 15) and warmer (0.8°C to 0.9°C;
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Figure 12 Duration graphs for the measured relative
humidity in the four cold attics of the Harbor
house.
Figures 16 and 17) than the measurements of the attics. On
average, the measured RH tends to be higher than the calculated ones during the summer period and lower during the
winter period.
At the computational comparison between natural and
controlled ventilation for reference house 11 and test house 12,
(Figure 18), obtained an RH difference of 8.6%.
The calculations show contrast to measurements on
medium-RH (–1.9% to 0.3%); i.e. slightly higher RH values.
Calculations give a difference of 0.1°C to 0.8°C lower than
temperatures than measured in the attics. At the computational
comparison between natural and controlled ventilation for
reference house 12 and test house 22, we obtained an RH
difference of 8.7%.
CONCLUSION
Simulation results of moisture condition and temperature
in cold attics clearly show a reduced risk of mold growth using
Buildings XI

Figure 13 Duration graph for the mold growth potential for
the four cold attics of the of the Harbor house.

Figure 14 Difference in measured and calculated relative
humidity in reference house 11 (i.e., RH11,measured
– RH11,calc). Average difference over the period is
2.1%. Time in hours between 14/2-2008 and 25/
3-2009.

adaptive ventilation. The moisture conditions in the roof of the
north-facing attic roof together with calculation of the mold
growth potential have been used for this prediction.
Field measurements of four cold attics in the Stockholm
area show that adaptive ventilation provides more stable and
lower relative humidity levels during the winter than the cold
attics with traditional ventilation design. Drier attic climate is
achieved and the risk of mold growth decreases drastically.
Simple airtightness measures seem to be sufficient in order to
make the adaptive ventilation work adequately.
Field measurements made on four cold attics in a multifamily house in Gothenburg shows that a dry climate is
achieved (a maximum RH of just slightly more than 80%
Buildings XI

Figure 16 Difference in measured and calculated
temperature in reference house 11 (i.e.,
T11,measured – T11,calc). Average difference over
the period is –0.9 ºC. Time in hours between 14/
2-2008 and 25/3-2009.

Figure 15 Difference in measured and calculated relative
humidity in test house 12 (i.e., RH12,measured –
RH12,calc). Average difference over the period is
3.7%. Time in hours between 14/2-2008 and 25/
3-2009.
during a short time period during the winter) and that the risk
of mold growth is marginal.
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