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Abstract: Naturally ventilated cold attics are traditional in many Danish single-family homes. The
moisture balance of these attics is dependent on sufficient ventilation for removal of excess moisture.
Moisture is generated in the dwelling below, and transported to attic spaces through convection and
diffusion. Therefore, airtight ceilings are vital for reduction of excess moisture, which may yield
mould growth in the attic. If mould spores migrate to the dwelling it can cause risk of health concerns
for occupants. The presents study includes analysis of tracer gas and temperature/relative humidity
measurements, in 30 dwellings/attics. The measurements yielded results of both air change rates
in attics and dwellings, as well as air exchange between the two zones. Four of 30 houses, met the
recommended air change rate of 0.5 h~!, and only in summer. The air change rate in the attics was
found to be higher, and with larger variation compared to the dwelling. Visible mould growth was
found in three attics, which all exhibited low air change rates. Air exchange between zones occurred
in houses both with and without vapour barriers. The downward air exchange in summer, was
however slightly larger in cases without vapour barriers. These results highlight the importance of
airtight ceilings for both dwelling and attic performance.

Keywords: natural ventilation; cold attics; air change rate; air exchange; moisture; convection; mould

1. Introduction

Pitched roofs with natural ventilation in the unheated attic space have traditionally
been used to construct simple, and moisture-safe roof constructions in Denmark and similar
cold climates. Possible excess moisture in the attic space is removed by ventilation. The
loadbearing part is often wood, which is sensitive to elevated moisture levels yielding
moisture related problems including e.g., mould growth. Sufficient natural ventilation
of these attics is vital for maintaining acceptable hygrothermal conditions. A survey of
200 single-family houses in Sweden [1-3] confirmed significant mould growth on wooden
parts in 60-80% of the included cold attics and mould odours in the indoor air as a
consequence. The moisture problems were often related to changes in the hygrothermal
conditions or pressure balances caused by refurbishments i.e., additional insulation, or
installation of new heating systems that can alter the thermal and pressure balances
of a house leading to higher convection and diffusion through the ceiling and lower
temperatures in the attic [3].

Moisture intrusion in these naturally ventilated, cold attics can be attributed to outdoor
air in times of high humidities and, primarily, infiltration of moist air from the indoor
environment, which causes raised levels of concern [4]. The infiltration of humid air to
the attic from the dwelling is primarily attributed to convection through leakages in the
airtight plane [5,6], which in these houses is located in the ceiling, but diffusion through the
construction also occurs [7]. Leakages occur through cracks, insufficiently tight hatches and
joints—all of which should be minimized in order to reduce the convection and associated
moisture transport to the attic. Human presence and activity in the dwelling cause a
higher water vapour concentration compared to outside and in the attic; therefore, the
air will diffuse out through construction parts. The air leakage through the ceiling can
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thus contribute significantly to elevated humidity conditions in the attic—especially in
combination with insufficient ventilation.

1.1. Vapour Barriers in Ceilings

To avoid convection (and to some extent diffusion) of moist air, vapour barriers were
introduced in ceiling constructions by the 1960s in the Danish building regulations [8].
Reduction of air leakages in the ceiling reduces the heat loss through the ceiling as well,
and the use of vapour barriers for airtightness of ceilings became common practice in the
1970s [9]. By 1998, the vapour barriers were no longer mandatory in ceilings; however,
airtightness, as well as the necessity of sufficient ventilation in the cold attics were still
known to be vital factors [10]. Today, airtightness of ceilings is most often ensured with
air/vapour barriers including joints and assemblies, or an intact, plastered ceiling. How-
ever, it is difficult to establish complete airtightness with existing vapour barriers. Firstly,
the vapour barriers are not always accessible and, in time, may have been perforated
or have lose joints. Secondly, vapour barriers can vary significantly in conditions, even
within one house. Similarly, installation of new vapour barriers is often omitted when
refurbishing [5], due to costly and comprehensive work, and the airtightness is provided
solely by a plastered ceiling.

1.2. Ventilation in Cold Attics

Natural ventilation occurs through openings at the eaves and the ridge, as well as
openings in the gables or roof windows in some cases [11]. The ventilation is driven by air
and wind pressure, as well as by thermal conditions, utilizing the stack effect and airflow
through the ridge openings, Figure 1.

Figure 1. Illustration of ventilation principles at eaves and ridge in two types of cold attics [11]. In
these examples the ventilation is further supplemented with openings in the gables (valid for short
buildings < 16 m).

Wind on the building and the roof creates typically an overpressure on the windward
side, and underpressure on leeward, and due to these pressure differences, air and moisture
both infiltrates and exfiltrates the building, through ventilation gaps and other openings.
Due to thermal buoyancy, there is often an underpressure created in the lower sections
of the building, especially in colder seasons, and infiltration occurs. At the same time,
an overpressure is created towards the top of the building, and exfiltration occurs. The
exfiltration and infiltration in the building, as well as the air exchange through the ceiling,
primarily occurs by convection through leakages, cracks and penetrations. Thus, the
ventilation in these attics is primarily driven by the two factors; pressure differences (wind)
and thermal differences (chimney effect), and these factors are dominated by the outdoor
conditions (wind velocity and direction, temperature), and therefore the variation in air
change rate can be significant. In Figure 2 it is seen that cold air enters the building on the
windward side, which can cause draught. Furthermore, the overpressure created in the
attic can drive air and possible impurities down to the dwelling. The warm air is driven out
through the facade and ceiling, which causes both heat loss, and risks of moisture damage,
as the moist, warm air is driven towards colder construction parts. Especially the roof
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underlay can become very cold in connection with sky radiation, and if the temperature
falls below the dewpoint, condensation can occur, increasing the risks of mould and decay.

Wind
Openings
Eave i
Inner walls
Windows
Plinth_ i X

Figure 2. Air movements through a building with wind load. Blue arrows: cold air, Red arrows:
warm air.

1.3. Additional Ceiling Insulation

Additional insulation to reduce heat loss through the ceiling yields theoretically
decreased temperature and increased relative humidity in the attic as the heat flux through
the ceiling is reduced [12,13]. Furthermore, a lower temperature in the attic reduces the
ventilation by stack effect, driven by temperature differences, and thus the ability to remove
excess moisture is impeded. Some studies however, show that the amount of insulation
does not have significant effect on the attic temperature [5,14] that appeared to be mostly
dominated by outdoor temperature [15]. Most importantly, adequate ventilation of the
cold attics with outdoor air seems important for the hygrothermal performance of the attic,
and therefore, the application of postinsulation should not block any existing ventilation
openings [16,17]. The type of insulation material applied on the ceiling may have an
effect on the overall hygrothermal conditions in the attic. According to [18], cellulose-based
insulation can absorb 1040 times more moisture than mineral wool, due to the hygroscopic
properties; hence having a moisture-buffering effect. However, full-scale studies as well
as field studies have not been able to establish this effect [16,19]. Some measurements do
however indicate marginally lower moisture conditions in cold attics with hygroscopic
insulation materials [20].

1.4. Consequences of Moisture and Air Exchange

Excess moisture in cold attic spaces may condense on cold parts in the attic construc-
tion, and especially the roof underlay, which is cooled significantly due to sky radiation.
The condensation of water on surfaces increases the risk of deterioration of building com-
ponents, as well as the risks of both mould and other microbiological growth. There is
not presently substantial knowledge on whether mould growth in a cold, ventilated attic
effects the indoor air quality of the dwelling below.

The airtightness of the ceiling prevents both convection of moist air from the dwelling,
but also reduces the possibility of downward airflow of possibly contaminated air. A re-
cent Danish study of small cold attic spaces under the eaves stressed the importance of
an airtight ceiling, as ventilation is not always sufficient for removal of moist air [21].
A Swedish study [1] also determined the side effect of mould odour in the dwelling due to
mould growth in the attic. Furthermore, studies have shown migration of VOCs (volatile
organic compounds) [22], air exchange [23] and mould spore migration [24] through floor
separations between crawl spaces and dwelling—especially in cases of underpressure in
the dwelling. The significance of these pressure differences were elaborated in an American
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study [25]. The study found that 2% of 2 um particles passed through a slit at a pressure
difference of 2 Pa, whereas 40% of the 2 um particles passed at pressure difference of
5 Pa, and 90% of the particles passed though at 20 Pa pressure difference. Therefore, there
might be reason for concern for the indoor air quality in cases with mould growth in
the attic. A Swedish study [3] found increased moisture safety in cold attics given the
following conditions: airtight ceiling, well-ventilated indoor climate, and maintaining an
overpressure in the attic. The latter however, may not be advisable in order to prevent
possible transport of e.g., mould spores from the attic to the dwelling

In practice, mould in the attic has not been considered as a significant issue if combined
with an airtight ceiling. This is due to the fact that mould is superficial, and doesn’t
deteriorate the constructions, and with a tight ceiling the spores are not assumed to affect
the indoor air quality. At the same time, mould growth in attics generates an insecurity for
the inhabitants, as the consequences are not fully investigated, and the mould furthermore
indicates high levels of moisture and inadequate ventilation. Mould exposure can cause
health related issues for occupants, which is why it is undesired in the indoor climate.
Therefore, occupants risk being exposed to allergens, mycotoxins, glucans and VOCs, if
there is migration of spores from attic to dwelling. Common symptoms include allergic
reactions, respiratory problems, inflammation, headaches, fatigue and more, which has
been demonstrated by various exposure experiments [26].

The objective of the present study was to investigate air exchange between dwellings
and cold, ventilated attics in traditional Danish, single-family houses. The air exchange—in
both directions—was established by means of perfluorocarbon tracer (PFT) gas measure-
ments in 30 Danish homes, with a variety of ceiling constructions and cold roofs. The mea-
surements were performed twice for each house, in a cold and warm season respectively.
The downward air transfer is relevant with regard to mould exposure in the dwellings, in
cases of mould growth in the attic, while the upward air transfer is vital for the moisture
conditions in the attic space. Furthermore, the air change rates in both dwelling and
attic were determined for both measurement periods for all the houses. Research in the
balance between ventilation rates and the ceilings’ air tightness are necessary in order to
moisture safely omit vapour barriers in these ceilings, and this investigation is a first step
in that direction.

2. Materials and Methods

For the present investigation, 30 single-family houses with cold, ventilated attics
were studied. Tracer gas measurements were performed in order to determine ventilation
conditions and air exchange. Furthermore, temperature and relative humidity conditions
were monitored in the dwelling, attic and outdoors.

2.1. Selection of Test Houses

Criteria for selection of houses to be included in the investigation were first and
foremost the attic and roof construction. Types as presented in Figure 3 were included in
the study. Furthermore, the attic had to be accessible, so the inclination of the roof had to
be >15°.

Figure 3. Roof and attic construction types included in the study [27]; (a) is a cold, open attic space,
while some of the attic space is utilized (warm) in (b), and less space is left for the cold attic.
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All test houses were within driving distance from Copenhagen, and on the island
Zealand. Figure 4 depicts the locations of the 30 test houses.

Figure 4. Location of houses included in the present study. Denmark (left) and Zealand (right).

Furthermore, an equal distribution of houses with and without vapour barriers was
targeted, as well as an equal distribution of houses with mineral wool and cellulose-based
insulation materials due to the differences in moisture buffering properties. However,
the equal distribution was not achieved, as it proved to be a complicated task to find
30 suitable houses to volunteer for measurements. Alas, the distribution of with/without
a vapour barrier was 19/11, and mineral wool/cellulose-based insulation was 27/3. In
the three cases with cellulose-based insulation, this had been applied on top of an existing
layer of mineral wool. Of the houses reported to have vapour barriers, the condition of
these were largely unknown—especially in the older houses. Most of the houses without
vapour barriers, were from prior to 1970. All the included buildings were equipped
with air extraction in kitchen and bathrooms, and further six houses were equipped with
mechanical ventilation systems. The houses were primarily constructed between 1928
and 2016, and a single house is from 1719. The 30 houses are elaborated in Table 1, and a
graphical distribution of houses on year of construction, with/without a vapour barrier,
roof type, ventilation and insulation is seen in Figure 5.

2.2. Measurements
For the present investigation, the following measurements were performed;

e  Data logging of temperature (T) and relative humidity (RH) in both dwelling and cold
attic space, and outdoors

e  Tracer gas measurements (perfluorocarbon, PFT) for measurements of air change rates
in dwelling and cold attic space, as well as the air exchange between the two

2.2.1. Perflourocarbon Tracer (PFT) Gas Measurements

The PFT method is used to determine air change rates, as well as the air exchange
between zones. It is based on a constant-dose principle and passive adsorption sam-
pling [28,29]. The method is extensively described in [28], and a brief method description
is provided here. The method determines the supply of outdoor air to a building, or
different zones in a building. When several types of tracer gases are used, the internal air
exchange between zones can be determined as well. The tracer gas sources release gases
with constant dose, dependent on the temperature. Thus, the average emission rate can
be determined based on the average temperature. The passive sampling occurs without
energy supply. The tracer gas types are perfluorocarbons which are organic compounds of
the perfluoralkylcycloalkan-family. These types are used, as they are chemically stable, and
not harmful for humans nor the environment. Furthermore, the background concentration
of these gases in the ambient surroundings is low, and the volatility high, and thus they
give a strong response in the analysis. The measurements provide average values for the
air exchange rates for the measurement period.
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Table 1. Description of 30 houses included in the study. V.B.: vapour barrier, M. V.: mechanical

ventilation, Ins: insulation material, MW: mineral wool, CL: cellulose-based insulation.

House Year V.B. Roof M. V. Ins. House Year V.B. Roof M.V. Ins.
1 1928 Yes (b)* MW 16 2003  Yes (a)* X MW
2 1955 Yes (a)* MW 17 2006 Yes (a)* X MW
3 1956 Yes (a)* MW 18 2015 Yes (a)* X MW
4 1961 Yes (a)* MW 19 2016  Yes (a)* X MW
5 1964 Yes (a)* MW 20 1719 No (b)* MW
6 1964 Yes (a)* X MW 21 1929 No (b)* MW
7 1965 Yes (a)* X MW 22 1934 No (a)* MW
8 1970  Yes (a)* MW 23 1934 No (b)* MW
9 1970 Yes (a)* MW+CL 24 1943 No (b)* MW
10 1970 Yes (a)* MW 25 1952 NO/Yes. MW
11 1970 Yes (a)* MW 26 19566 No (a)* MW
12 1975 Yes (a)* MW+CL 27 1959 No (a)* MW
13 1981 Yes (a)* MW 28 1960 No (a)* MW
14 1986 Yes (a)* MW 29 1964 No (a)* MW+CL
15 2003  Yes (a)* MW 30 1985 No (a)* MW

* According to Figure 3, ® no vapour barrier in the old part of the house, but a vapour barrier in the new
section (extension).

No. of houses

<1920 1920- 1930-

1930

B Without vapour barrier
Roof type (b)

1940

IIHI‘ ‘Il al

1940—-
1950

With vapour barrier

5

1950—-
1960

6

1960—-
1970

5

1970—-
1980

B No mechanical ventilation

3 0 3 2

1980—-
1990

1990—-
2000

2000—-

2010

B Roof type (a)

B With mechanical ventilation

2010-
2020

Figure 5. Distribution of house types included in the study, including year of construction, with/without a vapour barrier

in the ceiling, roof type according to Figure 3, ventilation systems and insulation material.

For the measurements, the following equipment was used: passive tracer gas sources,
passive sampling tubes, and temperature measurements for determination of average emis-
sion rate. Thermal desorption and ECD (electron capture detector) were used for analysis
of the sampling tubes after measurements. The passive tracer gas sources are small metal
tubes with compressed gas, sealed with silicone the gas can diffuse through (Figure 6b).
The sampling tubes are small glass tubes with an adsorption material (Ambersorb type
347) (Figure 6¢).



Buildings 2021, 11, 64 7 of 20

= o

® PET-source
<3 o @
1 O PFT-sampler
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Figure 6. (a) Illustration of the two-zone model for perflourocarbon tracer (PFT) measurements. (b) PMCH (perfluo-

romethylcyclohexan) tracer gas source and T/RH logger. (c) Sampling tube.

In this project, the two-zone principle was used, and two types of tracer gases in
all 30 houses. The principle is simple and illustrated in Figure 6a. One gas type, PMCH
(perfluoromethylcyclohexan) was placed in the dwelling-zone, and another, PMCP (per-
fluoromethylcyclopentan) was placed in the attic-zone. By estimation of the emission rate
of each gas source by average temperature and the empirically estimated sampling rates
(dependent on the tube dimensions and the gas types), the infiltration and exfiltration can
be determined. Divided by the volumes of each zone, the air change rate is also determined.
The volume of dwelling and attic space was determined from floor plans when possible,
and the height of both dwelling and attic were determined with a handheld laser distance
measurer. The laser distance measurer was also used in cases that could not provide
drawings drawn to scale.

The 30 houses included in the study have a variety of geometries and layouts. Never-
theless, for nearly all the attic spaces, two gas sources and two sampling tubes were used.
In one case, the attic was so small that one gas source, and one sampler was sufficient. In
the dwelling zone, four to six gas sources and sampling tubes were installed, dependent
on the dwelling size. The number of temperature/relative humidity loggers differed with
regard to size of the zones, and general temperature differences. Due to the temperature
dependency, the equipment was installed in a manner so it was not affected by neither
direct solar radiation, cold surfaces or heat from electrical equipment. Furthermore, the
gas sources were placed so that there was highest possible mixing with the indoor air, e.g.,
in the opposite corner to a kitchen extractor pipe. The sampling tubes were placed so they
are representative for the room air, and at least 2 m from the gas source.

2.2.2. Temperature and Relative Humidity

For the same measurement periods, temperature (8) and relative humidity (RH)
measurements were performed in both the dwelling and attic space. Dataloggers of the
type EL-USB-2+ from EasyLog were used. The dataloggers have a measurement range
between —35 °C and 80 °C, and 0 to 100% RH, and were set to measure hourly. One to
two data loggers were placed in the attic spaces, and two to four dataloggers were placed
in the dwelling spaces. Average measurements from both zones were used for further
processing. The dataloggers were placed out of reach of sunlight and not on cold walls or
electrical appliances.

2.2.3. Uncertainties

In connection with the measurements, there are some uncertainties. First of all, the
emission rate from the gas sources is determined from average temperatures during the
measurement period, and therefore any fluctuations are not considered. Furthermore, the
gas sources and the samplers were transported together by car to and from the test houses,
which may have caused some misreadings. However, the transportation was done as
safely as possible, by placing the gas sources in the trunk, and the samplers (with covers)
in the front seat. Lastly, some precautions should be considered, as the temperature and
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relative humidity loggers were not calibrated before nor after measurements. However,
measurements show realistic tendencies and are considered sufficient. For further evalua-
tion, the measurements were converted to absolute humidity. The producer has specified
the uncertainties of temperature and relative humidity as provided in Table 2. As the
accuracy is not given for the entire measurement range, measurement results that fall out
of the accuracy ranges are subject to errors, and measurements outside the given accuracy
ranges should be considered with reservations.

Table 2. Uncertainties on temperature and relative humidity measurements as provided by producer [30].

Parameter Accuracy Under Given Conditions
Temperature, 0 0.45°C 5-60 °C
Relative humidity, RH 2.05% 20-90%

2.2.4. Measurement Periods

The measurements were performed twice in all the included houses, with a minimum
of two months in between. Measurements from cold and warm periods were sought,
however due to restrictions in time and equipment, some measurements were performed
in the spring season. The average length of each measurement was 15 days, but the
duration varied from 9-28 days. The measurement results were thus average values for
this period.

3. Results and Discussion

Some measurements were clearly erroneous and are not included in the results. In
addition, some houses did not want to participate in the second measurement. The
measurements left out were; houses 8 and 12 for the winter, and houses 5, 14, 18, 24 and 29
for the summer.

3.1. Temperature, Relative and Absolute Humidity

The measured values of temperature and relative humidity for dwellings and attics
are presented in Figures 7 and 8 as daily averages. From Figure 7 it can be seen, that
the dwelling temperatures are fairly stable around 20 °C, and a little warmer in summer.
The relative humidity in dwellings fluctuates between 30-60%, and is also slightly higher
in summer.

The temperature and relative humidity measured in the attics, Figure 8, show a large
daily and seasonal variation. The attic spaces become very cold in winter, down to 0 °C,
while the relative humidity is high, above 80%. As the temperature increases, the relative
humidity decreases, but peaks above 80% still occur. The attic conditions are very similar
to the exterior conditions.

With regard to the given accuracy in Table 2; all temperature and relative humidity
measurements performed in the dwellings fall within the given accuracy ranges. In the
attics, some measurements fall out of range in the winter season; all houses with one
exception (house 29) for T < 5°C, and seven houses (5, 12, 14, 17, 25, 27, 28) for RH > 90%.
The validity of these results is therefore not guaranteed, but results of the measurements
are within realistic magnitudes. In summer months, all the measurements in the attics fall
within the accuracy ranges.
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Figure 7. Box plot with temperature and relative humidity measured in the dwellings. Houses 1-19 have vapour barriers,
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and houses 20-30 do not have a vapour barrier. The notation “w” represents winter measurements, and “s” represents

summer measurement.

To study the course of excess moisture in dwellings and attics, respectively, relatively
to the outdoor air, the excess moisture was determined as a difference between absolute
humidity in a zone and outdoors. Absolute humidity is generated from temperature and
relative humidity measurements These are portrayed in Figures 9 and 10. The figures show
that there clearly is excess moisture in the dwellings compared to the outdoor conditions
in cold seasons, up to 5-6 g/m?, while the conditions in the dwellings are more similar to
outdoor conditions in warmer periods, most likely due to the increased ventilation rates
in the dwellings. In the cold attics, there also exists excess moisture in the cold time of
year, but less than in dwellings, while the conditions in summer are similar to outdoor
air—and dwellings.
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Nearly all the attics exhibit daily variation that ranges from positive to negative
excess moisture values in relation to outdoor conditions with few exceptions. Attics 20
and 27 exhibit higher absolute humidity than outdoor conditions for nearly the complete
winter measurement periods. House 20 is an old rectory, and the residents pointed out
problems with moisture and rising damp. House 27 was under renovation, and the resident
pointed out missing covings, and expected a leaky ceiling. It is apparent that there is excess
moisture from dwellings to attics, as the attics exhibit excess moisture (with fluctuations
however) when compared to outdoors—and this is most pronounced in winter.
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Figure 9. Daily average of excess moisture in the dwellings. Top: houses with vapour barriers (1-19), bottom: houses
without vapour barriers (20-30).

3.2. Perflourocarbon Tracer (PFT) Gas Measurements

The PFT measurements were implemented to find both the air change rates of the two
zones, dwelling and attic space, as well as the air exchange between the two zones.

3.2.1. Air Change Rates

The measured air change rates for all 30 dwellings and attics, for summer and winter,
are presented in Figures 11 and 12. The general tendency of air change rates in the
dwellings are higher in summer when compared to winter. This is a natural phenomenon,
as inhabitants have tendencies for more open doors and windows in warm seasons. The
average air changes rate for all the houses is 0.20 h~! for winter, and 0.31 h~! for summer.
Three houses (4, 16, 22) have the same air change rate for both seasons, and two houses
(3, 13) have a higher air change in the dwelling in the winter. From Figure 11 it can be
seen, that the majority of dwellings do not achieve the recommended air change rate of
0.5 h~! by the Danish building regulations [31]. Only four houses (1, 19, 23, 27) reached
the recommended level of air change rate, and only in summer measurements. In 2012,
Dimitroulopoulou gathered a review of measurements of ACH (air changes per hour) in
dwellings from various European studies [32]. A general tendency is seen, that despite a
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requirement of 0.5 h~!, a significant number of dwellings exhibit lower air change rates
in Denmark. Similar results have been found in other northern countries despite similar
regulations, e.g., Finland, Norway, Sweden and U.K. [32].
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Figure 10. Daily average of excess moisture in the attics. Note that some measurements from house 22 exhibit excess
moisture up to 16 g/m? in single measurements. Top: houses with vapour barriers (1-19), bottom: houses without vapour
barriers (20-30).

The air change rates measured in the cold attics vary significantly between the cases,
and measurement periods, as seen in Figure 12. The air change rate in the attic is highly
dependent on the outdoor conditions, including wind velocity and orientation. A similar
study of air change rates in cold attics also showed a large variety—up to factor 10 in
the same attic, depending on the measurement time [33]. The average air change rates
in the attics was found to be 6.7 h~! in cold periods, and 5.5 h~! in warmer periods, but
with large deviations. The lowest air change rates were found to be 0.9 h~! in winter, and
0.5 h~! in the summer, whereas the highest air change rates were 20.2 h~! in winter, and
28.2 h~! in summer. The largest variation within one case was found in house 21, with a
variety of factor 6.5.
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Figure 11. Air change rates measured in the 30 dwellings.
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Figure 12. Air change rates measured in the 30 attics.

In order to evaluate the effect of the various variables; vapour barrier, roof type,
natural/mechanical ventilation and insulation material, average values for each category
has been calculated and are depicted in Figures 13 and 14. From the average values in the
different construction categories in Figure 13, it can be seen that dwellings with vapour
barriers have slightly higher air change rates. This can be due to the fact that these houses
are newer, and ventilation conditions were considered in the design process. In cases where
vapour barriers were installed in older houses during renovations, the focus may also have
been on maintaining sufficient ventilation conditions. Furthermore, it can be seen that
roof type (b) exhibits higher ventilation rates, which may be associated with the fact that
these buildings are primarily from before the 1950s, and the general airtightness in these
buildings is assumed to be lower when compared to new buildings, which is why the
dwelling ventilation may be higher.
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Figure 14. Average air change rate in attics and standard deviation distributed by types; all investigated houses (all), houses
with (V.B) and without (no V.B.) a vapour barrier, roof type (a) according to Figure 3 (Roof (a)), roof type (b) according to
Figure 3 (Roof (b)), houses with only natural ventilation (NV), houses with mechanical ventilation (MV), mineral wool

insulation material (MW) or mineral wool and cellulose-based insulation (MW+CL).

The average values for the different construction types show, that roof type (b) has
higher air change rates when compared to roof type (a). In all cases of roof type (b), the roof
is of roof types without underlay. Furthermore, some cases with roof type (b) also had open
roof windows, contributing to higher ventilation rates. There are no recommendations
as to ventilation rates in these cold attics, but it should be sufficient enough to remove

excess moisture.
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3.2.2. Air Exchange between Zones

In Figures 15 and 16 the average upward and downward air exchange respectively for
both measurement periods for all the included houses are presented. Figure 15 illustrates
the upward air exchange from dwelling to attic, whilst Figure 16 presents the downward air
exchange from attic to dwelling. The figures clearly indicate, that air exchange to a greater
or lesser extent occurs in both directions, and in both seasons for all the houses. Therefore,
it can be stated that air exchange between dwelling and attic occurs in both houses with
and without a vapour barrier, and there are no clear indications or reduced air exchange in
houses with a vapour barrier in the ceiling. This can partly be attributed the fact that the
condition of these vapour barriers is mostly unknown. By considering newer houses erected
after 2000, namely houses 15-19, all with vapour barriers with conditions assumed to be
tight due to the low age, relatively low air exchange is observed, however not significantly
lower than older buildings, or buildings without vapour barriers. Average values for the air
exchange suggest higher upward air exchange in winter periods. The average values also
suggest higher downward air exchange in summer. However, considering the individual
houses, those observations appear invalid; For winter periods, measurements show that
the upward air exchange dominates in 14 of 28 valid measurements (nine with a vapour
barrier, five without a vapour barrier), while the remaining 14 houses (eight with a vapour
barrier, six without a vapour barrier) predominantly show higher downward air exchange
in winter. For the summer period, with 25 valid measurements, the upward air exchange
dominated in 17 houses (12 with a vapour barrier, five without a vapour barrier). Thus, a
seasonal dependence of the direction of air exchange cannot be established based on the
obtained results.

[ | I I Al | 1 I 1. I N I!: H I I L
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B Winter B Summer

Figure 15. Upward air exchange from dwelling to attic.

The average air exchange between dwelling and attic distributed on construction
types, can be seen in Figure 17 for summer and winter. Due to extreme measurements of
air exchange from house 20, this has been removed from further analysis. In the figure, it
can be seen, that for almost all cases, the upward air exchange is higher both winter and
summer. The exceptions to this, are the few houses with mechanical ventilation, and the
few houses with additional cellulose insulation. The reason for the exceptions may be that
there has been focus on the airtightness of the ceiling in connection with postinsulation,
or installation of mechanical ventilation. Furthermore, the results show that roof type (b)
has significantly larger upward air exchange when compared to roof type (a) as well as the
other categories. In this study, this roof type is represented by older houses, constructed
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in 1943 or before. Prior to the 1950s, vapour barriers were not common in Danish ceiling
constructions [9], and only one of the five cases with roof type (b) includes a vapour barrier.
At the same time, there is no significant difference in the air exchange between cases with
and without vapour barriers.
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Figure 16. Downward air exchange from attic to dwelling. In the summer, house 20 obtains a downward air exchange of

225 m3 /h.
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Figure 17. Average air exchange between dwelling and attic in both directions, summer and winter, distributed on
construction types; all investigated houses (all), houses with (V.B) and without (no V.B.) a vapour barrier, roof type (a)
according to Figure 3 (Roof (a)), roof type (b) according to Figure 3 (Roof (b)), houses with only natural ventilation (NV),
houses with mechanical ventilation (MV), mineral wool insulation material (MW) or mineral wool and cellulose-based
insulation MW+CL).

3.2.3. Excess Moisture, Air Change Rate and Air Exchange

In order to assess the effect if the air change rate in the attic with regards to excess
moisture, the average air change rates in attics are plotted against the average excess
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moisture for the attic in relation to outdoors, found in the same period in Figure 18. It can
be seen, that for both seasons, there is a tendency of reduced excess moisture with larger
air change rates, which could be expected; however, the results are a bit scattered.
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Figure 18. Average excess moisture in attics plotted against the average air change rate in attics for
measurement periods in summer and winter, with linear trendlines.

In order to assess to what extent upward air exchange affects the average excess
moisture in the attics, for houses both with and without a vapour barrier, the upward air
exchange is plotted against the excess moisture in the attic in relation to outdoors, and
presented with trendlines in Figure 19. The trendlines indicate a correlation between the
excess moisture and upward air exchange; The excess moisture increases with increasing
upward air exchange, with the exception of summer periods in cases with a vapour barrier.
The tendency is significantly larger in winter, and in cases without a vapour barrier. For
cases with a vapour barrier, there is less influence of the upward air exchange on the excess
moisture in the attic. It should be noted however, that the number of measurements was
limited, why the tendencies should be regarded as indicative.

3.2.4. Mould Growth in Attics

In connection with the measurements, three of the cases buildings exhibited significant
visible mould growth on the roof underlay as seen in Figure 20. In these attics, relatively
low air change rates were measured, namely 1.76 h~!,1.04 h~! and 4.4 h~! (winter) and
1.44h71,0.80h~!,3.64 h~! (summer), respectively. However, other houses exhibit equally
low air exchange rates in the attics, without visible mould growth.

The results in this study indicate clearly that air exchange occurs in both directions,
and for both seasons. Therefore, it is also plausible that mould spores from the attic
can cause exposure in the dwelling. This exposure can have negative consequences for
inhabitants” health, as stated in the introductory section. For the three houses with visible
mould growth in the attic, the downward air exchange is largest during winter, but present
for both seasons. Relative humidity measurements in the attic of house 25 (22 February
2019-11 March 2019), showed very high humidity conditions with an average of 84% and a
maximum of 96%. As mould growth can initiate at 75% relative humidity, it is of utmost
importance that the relative humidity can be sustained low. For houses 2 and 7, the cold
season measurements were performed later in the year (house 2: March, house 3: April),
and the relative humidity in these periods is lower compared to house 25. Nevertheless,
the average relative humidity in house 2 was found to be 75%, with a maximum of 82%,
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suggesting that the relative humidity could be higher in even colder seasons, yielding
favourable mould growth conditions.
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Figure 19. Moisture excess in attics in relation to outdoors as a function of average upward air
exchange for the 30 houses included in the study, for both summer and winter, and linear trendlines.
Houses with a vapour barrier are presented with blue/green, and houses without a vapour barrier
are presented in orange/yellow.
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Figure 20. Mould growth in the attics of three test houses, namely houses 2, 7 and 25.

In the present study the concentration of mould spores in the dwelling was not
measured, but the presented results suggest the importance of an airtight ceiling, so
possible exposure to mould spores in the dwelling can be reduced. This study has shown,
that the ventilation conditions in cold attics can possibly contribute to the release and
distribution of mould spores in dwellings, if the ceiling is leaky.

4. Conclusions

The air change rates in the dwellings were found to be higher in summer, as expected.
The general tendency of the dwelling air change rate however, showed low values with
regard to general guidelines of 0.5 h~! air change in the majority of the houses. Only four
of the included houses reached the recommended level of air change rate, and only in the
summer period. The average air change rate in the dwelling was found to be 0.20 h™!
in winter, and 0.31 h™! in summer periods. The air change rates measured in attics were
significantly higher, and exhibited much more variation, as also found in previous studies.
The air change rates in all the attics were in the range of 0.49-28.20 h~!, and the average
values were found to be 6.71 h™! and 5.45 h~! in winter and summer respectively. Higher
air changes rates were found in attics of roof type (b), with average values of 10.76 h~!
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(winter) and 8.80 h~! (summer). The air change rate in the attics are, however, dependent
on outdoor conditions with regard to wind velocity and direction, and as the measurements
were not performed simultaneously, the weather is likely to have influenced the variety
in results.

The air exchange was found to occur in both directions in both seasons. Based on the
present study, there was not found any seasonal dependence with regard to the direction
of air exchange, however average values suggest dominating upward air exchange It was
found that the vapour barrier does not necessarily have the desired effect in the ceiling,
and cases with vapour barriers actually had slightly higher upward air exchange in winter,
compared to cases without vapour barriers. In summer, the upward air exchange was
approximately the same for cases with and without a vapour barrier. With regard to the
downward air exchange from attic to dwelling, the vapour barrier does seem to have a
minor effect, as the downward air exchange was found to be higher in cases without vapour
barriers for summer periods. These results highlight the importance of airtightness of the
ceiling, as the downward air exchange can transfer mould spores to the dwelling. It was
furthermore established, that higher upward air exchange leads to higher excess moisture
in the attic construction, especially for cases without a vapour barrier, which essentially
can yield mould growth. For this reason, the airtightness of the ceiling should be a priority
in houses with cold, naturally ventilated attics. Lastly it was established that larger air
change rates in attics tend to yield less excess moisture, underlining the importance of the
unblocked natural ventilation openings in the attics. For future research, it is relevant to
investigate the balance between ceiling airtightness and as air change rates in attic, and
thus perhaps establish a minimum ventilation rate based on ceiling airtightness, which
could contribute to regulations regarding omission of vapour barriers in ceilings.
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