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Abstract

A field measurement study of the air tightness and the air leakages of 32 detached houses was conducted during 2003–05 in Estonia.

The buildings were classified according to the number of storeys, building technology, and the ventilation systems. Using the

standardized BlowerDoor pressurization technique, the air leakage rate of each house was determined. To determine typical air leakage

places and their distribution, an infrared image camera and a smoke detector were used.

The mean air leakage rate at the pressure difference of 50 Pa in the entire database was 4.2m3/(hm2). The mean air change rate at the

pressure difference of 50 Pa from the entire database was 4.9 1/h. It was found that the number of storeys and the quality of workmanship

and supervision play a significant role in the condition of air tightness.

The typical air leakage places in the studied houses were: the junction of the ceiling/floor with the external wall, the junction of the

separating walls with the external wall, penetrations of the electrical and plumbing installations through the air barrier systems,

penetrations of the chimney and ventilation ducts through the air barrier systems, leakage around and through electrical sockets and

switches, and leakage around and through windows and doors.

According to the questionnaire conducted, fluctuating room temperature, cold floors and draught from electric sockets were related to

the houses with air leakage rate 43m3/(hm2) at 50 Pa.

r 2006 Elsevier Ltd. All rights reserved.
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1. Introduction

While the hygrothermal performance of today’s light-
weight timber-frame envelope assemblies is becoming more
complex, air tightness is becoming an important property
of the building envelope. Air tightness of the building helps
to avoid uncontrolled airflows through the building
envelope, which can lead to problems related to the
hygrothermal performance, health, energy consumption,
performance of the ventilation systems, thermal comfort,
noise, and fire resistance.

Moisture convection through the building envelope may
cause severe moisture loads imposed on the structure. Air
leakage and indoor air exfiltration may cause moisture
accumulation or condensation, leading to the microbial
e front matter r 2006 Elsevier Ltd. All rights reserved.
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growth on materials, change of the properties of the
material or even to structural deterioration. Air exfiltration
is a problem especially in the cold climate areas where the
moisture content of the indoor air is much higher than that
of the outdoor air. Hagentoft and Harderup [1] have
shown that the air leakage carrying moist air into the
construction leads to unacceptably high values even for
moderate indoor moisture supplies. The simulation results
of Janssens and Hens [2] have shown that even when a roof
design complies with condensation control standards, a
lightweight system remains sensitive to condensation
problems because of air leakage through the discontinu-
ities, joints and perforations, common to most existing
construction methods.
Air convection through a building envelope could

introduce outdoor or crawl space airborne pollutants into
the indoor air. Field measurements [3,4] have shown
evidence of fungal spores being transported indoors from
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a crawl space. Air leakage in house–garage interfaces may
result in the transport of the contaminants generated in
garages into adjacent living spaces [5]. Although radon can
enter buildings by several mechanisms, the dominant radon
entry mechanism is by air leakage through the basement
floor [6]. It is shown that indoor air biocontamination
originating from the envelope of a precast concrete panel
building in a subartic climate is rare. However, the small-
sized actinomycete spores, which have various adverse
health effects, may infiltrate from the wall structures and
cause indoor air contamination [7].

Air leakage results in an increased air change rate and
energy use. According to the simulations by Jokisalo and
Kurnitski [8], air tightness has a significant effect on the
heat energy consumption of the detached house in the cold
climate areas. By changing air change rate at 50 Pa, n50,
between 1, 3, 5 and 10 1/h, heating energy consumption
increased from 4% to 21%. Infiltration may be responsible
for about 13% of the heating loads and 3% of the cooling
loads for US office buildings [9]. Due to the higher levels of
insulation in more recent buildings, the infiltration is
responsible for about 25% of the heating loads and 3% of
the cooling loads. According to Binamu [10], up to 53% of
the ventilation heating energy in buildings is lost due to
uncontrolled air changes. Air leakages influence heat losses
also through their effect on the function of the thermal
resistance of insulation materials.

Air leakage is an important factor on the performance of
the ventilation systems. The negative influence of leaky
envelopes occurs mainly on the uncontrolled air intake and
in pressure conditions. Therefore, ventilation standards
also set the requirements for air tightness. For example, the
National Building Code of Finland Part C3 [11] provides
that to guarantee a proper function of ventilation devices,
air tightness of a building envelope is recommended to be
near the value n50 ¼ 1 1=h. The Belgian ventilation
standard NBN D50-001 [12] set the air tightness criteria
for dwellings with a mechanical ventilation n50o3 1=h and
in the case of the balanced mechanical ventilation with a
heat recovery: n50o1 1=h.

The degree of air tightness influences the fire safety
mainly due to the movement of smoke from a fire in the
early stages of growth [13].

Air tightness has an impact also on the thermal comfort.
The prevalence of complaints related to fluctuating room
temperature and cold floor is significantly higher houses
with air change rate at 50 Pa n5046 1=h compared to lower
leakage rates [14]. Due to draught problems, air tightness
may increase the indoor temperature and therefore also
energy consumption.

In Estonia lightweight timber-frame envelopes are well-
used for single-family detached houses. According to the
Estonian standard EVS 837-1:2003 [15] the thermal
conductance of the building envelope cannot exceed the
following values: walls Up0.28W/(m2

1K), roofs and floors,
that are connected with the outdoor air Up0.22W/(m2

1K),
the slab on the ground Up0.36W/(m2

1K), and the
windows Up2.1W/(m2
1K). The average air leakage rate

at a pressure difference of 750Pa should not exceed 3m3/
(hm2) for residential and 6m3/(hm2) for non-residential
buildings. These criterions have been applied from 1995, set
in the Estonian building norm [16]. However, regarded as a
guideline, it has been widely used by civil engineers and
customers of the building, at the same time reflecting the
principle of good engineering practice. In many cases we run
into houses, where the thermal conductance of the building
envelopes is low, but the envelope is not air tight. Therefore
during last years, besides the low thermal conductance and
avoiding thermal bridges in building envelope, attention is
also being given to the air tightness of the building envelope.
Jõgioja and Jõgioja [17] have measured air tightness of
Estonian detached houses during 1999–2000. The mean air
leakage at the pressure difference of 50Pa was n50 ¼ 9:6 1=h
(the minimum being 4.9 1/h and maximum 321/h). As there
was also reclamation cases measured in this study, the result
can be worse than the average and does not show the actual
picture of the air tightness of new Estonian detached houses.
In this study a field measurements of the air tightness and
the air leakages of randomly selected new Estonian
lightweight (timber-frame and perforated light-steel-frame)
detached houses are presented and analysed.
2. Methods

2.1. Studied houses

Air tightness measurements and air leakage analysis
were carried out in 32 occupied lightweight single-family
detached houses during the years 2003–05. Most of the
houses were relatively new, built on average 2–3 years prior
to the measurements. The average floor area of the studied
houses was 138m2; the average volume was 352m3. The
houses were randomly selected mainly from Tallinn area
from the databases of the manufacturing and construction
companies. The selection should represent newly built
Estonian lightweight detached houses on average.
In most of the studied houses, the vapour barrier

that controlled water vapour diffusion through the
envelope was designed to function also as an air barrier.
In the main inner surface of the walls, gypsum boards were
used. The most common insulation material was mineral
wool. The sheathing on the external side of the envelope
was the mineral-wool board, gypsum board or the wooden
fibreboard. The first floor was mainly (90%) composed of a
slab on the ground, but there were houses also with a
wooden floor and crawl space. None of the houses had a
cellar.
The studied houses were constructed on site or built

from insulated prefabricated wall elements or modular
sections. Most of the wall elements were made from timber
stud, but in three houses wall elements were made with
perforated light-steel-frame stud. Manufactured houses
were built mainly by professional building companies.
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Houses that were constructed on site were built by house
owners or by professional building companies.

2.2. Measurement methods

The air tightness of each building was measured with the
standardized [18] fan pressurization method, using ‘‘Min-
neapolis Blower Door Model 4’’ equipment with an
automated performance testing system (flow range at
50 Pa 25–7.800m3/h, accuracy 73%). Depending on the
purpose, air tightness measurements were done under three
different conditions. To determine the air tightness of the
building envelope, depressurizing and pressurizing tests
were conducted. All the exterior openings: windows and
doors were closed; ventilation ducts and chimneys were
sealed. Measurements were made at 10 Pa pressure
difference step from 0 to 60 Pa.To estimate the natural
infiltration rate in houses with natural ventilation and in
houses with mechanical exhaust ventilation without a
working fan, a third series of tests were conducted. These
tests were made with normally opened passive fresh air
inlets, opened window airings, and sealed ventilation
exhaust ducts under negative indoor pressure conditions.
To compare different buildings, the air flow rate at the
pressure difference 50 Pa was divided by the external
envelope area (resulting air leakage rate at 50 Pa) or by the
internal volume of the building (result air change rate at
50 Pa, n50 value).

To determine typical air leakage places and their
distribution, an infrared image camera Agema 450
(accuracy 2% or 2 1C, measurement range �20–500 1C)
and a smoke detector were used. All the thermography
tests were made later during the winter period. The
difference between the indoor and the outdoor air
temperature was at least 20 1C. Thermography investiga-
Table 1

Results of air tightness measurements

Number of

houses

Air leakage at 50 Pa

(m3/(hm2))

Average St. dev.

All measured data 32 4.2 3.3

One-storey house 9 1.9*** 0.8

Two-storey house 23 5.1*** 3.5

House built under professional

supervision

23 3.0* 1.8

House built without

professional supervision

9 7.2* 4.5

Constructed on site 17 5.3* 4.0

House with pre-fabricated

wall or room elements

15 2.9* 1.8

Natural ventilation 4 10.1*,* 5.2

Mechanical exhaust

ventilation

16 3.5* 2.0

Balanced ventilation with heat

recovery

12 3.1* 2.0

*Significant, Po0.05; **Highly significant, Po0.01.;***Extremely significant,
tions were done twice. First, to determine the normal
situation, the surface temperature measurements were
performed without any additional pressure difference.
Next, to determine the main air leakage places, the 50 Pa
negative pressure under the envelope was set with fan
pressurization equipment. After the infiltration airflow had
cooled the inner surface (�30min) of the envelope, the
surface temperatures were measured with the infrared
image camera from the inside of the building.
Additionally, an interview questionnaire was completed

for each house, where the building characteristics, the used
building materials, the type of HVAC systems and its use,
occupants’ habits, typical perceptions, complaints and
symptoms related to the indoor climate were included,
whereas the occupant acted as a contact person of the
study.

3. Results

3.1. Air tightness

Building air tightness is expressed either by the average
air leakage rate at a pressure difference of 750 Pa
(m3/(hm2)) or by the air change per hour at 50 Pa (1/h)
(n50 value). The Effective Leakage Area (cm2) is defined as
the area of a special nozzle-shaped hole that would have
the same flow rate as the building does at a pressure
difference of 4 Pa. Effective Leakage Area is normalized by
dividing it by the floor area (m2). The entire database
allowed for the determination of variables that have a
major effect on the air tightness of the envelopes. The
houses were divided into subdivisions according to
different variables of comparison. The average values of
air tightness and their standard deviations in different
subdivisions are shown in Table 1.
Air change rate at 50Pa, n50
(1/h)

Effective Leakage Area at 4 Pa

(cm2/m2)

Average St. dev. Average St. dev.

4.9 3.5 326 273

2.3*** 0.7 105*** 59

5.9*** 3.5 413*** 271

3.5** 2.1 218** 194

8.4** 3.7 602** 243

6.0* 3.9 427* 307

3.5* 2.1 211* 166

11.0**,** 2.4 689**,** 185

4.4** 2.9 273** 238

3.5** 2.1 277** 254

Po0.001.
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Fig. 1. Distribution of the results of air tightness measurements in houses

on the subdivisions based on building storey.

Fig. 2. Distribution of the results of air tightness measurements in houses

on the subdivisions based on building technology.

Fig. 3. The result of the air leakage measurements with sealed fresh air

inlets (light column) and opened fresh air inlets (dark column) under 50Pa

negative pressure conditions.
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In the measured houses, the mean air leakage at the
pressure difference of 50 Pa in the entire database was
4.2m3/(hm2), the minimum being 0.9m3/(h �m2) and the
maximum 17.9m3/(hm2). The mean air change rate at the
pressure difference of 50 Pa from all the databases was
4.9 1/h, the minimum being 0.7 1/h and the maximum
13.6 1/h.

The influence of different comparison variables is
described as follows:

Number of storeys. Most of the single-family timber-
framed detached houses in Estonia have one or two
storeys. The air tightness of the studied houses was
significantly ðPo0:0002Þ worse in two-storey houses. The
main reason for that was probably the junction of the
ceiling/floor and the external wall that was also confirmed
by the thermography investigations (Figs. 5, 6). Two two-
storey houses that were built on site and showed almost
lowest air-leakage rate show that low air-leakage can be
archived also in two-storey houses. In these houses a
special solution was used to keep air barrier unbroken in
the junction of the floor and the external wall.

Workmanship quality and supervision. It is not rare in
Estonia for a house owner to build a detached house on his
own, with the help of some friends or a couple of workers.
In that case, only professional supervision is necessary.
However, unfortunately it is common to save here. Those
houses can be divided into two groups: those that are built
by professional builders or under professional supervision
and those based on one’s own effort with no professional
supervision. It was found that the air tightness of the latter
is significantly ðPo0:02Þ worse.

Building technology. Houses in two building technology
groups were studied. The first group included houses
constructed on the building site. The other group was those
built with pre-fabricated wall or room elements that were
made in factory conditions and mounted on the building
site. A significant difference ðPo0:02Þ between the
prefabricated houses and those that were constructed on
the building site was observed. Houses that were con-
structed on site were leakier than other types. Nevertheless,
taking into account cross dependence effect of different
variables we see that workmanship quality and supervision
as well as number of storeys of the house had stronger
effect than building technology (prefabricated house or
houses constructed on the building site). In subdivision of
houses that were constructed on site, were more air tight
ðPo0:02Þ houses that were built by professional builders or
under professional supervision compared to those built
based on one’s own effort with no professional supervision.
One-storey houses were more air tight than two-storey
houses in subdivisions of prefabricated houses ðPo0:005Þ
and in subdivisions houses that were constructed on the
building site ðPo0:03Þ. Comparing all two-storey houses,
there were more air tight ðPo0:03Þ houses, that were built
by professional builders or under professional supervision
compared to those that were built based on one’s own
effort with no professional supervision. Other components
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that improved air tightness were shifting air barrier
30–50mm inside to building envelope and avoiding
electrical sockets and switches in external walls (they
located in separating walls).
Fig. 4. Main complaints related to indoor climate during winter in houses

with different air tightness.

Fig. 5. An example of air leakage on the junction of the ceiling and the extern

pressure conditions (upper right). Lower Figures show the picture (left) and t
Ventilation systems. The air tightness of the building
envelope was significantly worse in houses with natural
ventilation than in those with mechanical exhaust ventila-
tion ðPo0:05Þ or in houses with balanced ventilation with
heat recovery ðPo0:05Þ.
The distribution of the results obtained from air

tightness measurements in houses on the subdivisions
according to the storey and building technology is shown
in Figs. 1 and 2.
To estimate the influence of air inlets on the overall

air leakage rate, the test series were conducted with
normally opened passive fresh air inlets, and window
airings and sealed ventilation exhaust ducts under ne-
gative indoor pressure conditions. Fig. 3 shows the air
leakage difference between the opened and the closed air
inlets. If we compare these two measurements series, we
can see that, in houses with air inlets, average air change
rate was 55% higher in case of opened air inlets. It is
possible to estimate natural infiltration under normal
pressure conditions with different empirical [19–21] or
semi-empirical models [22–24]. From measurements
the estimated natural infiltration rate stayed on a lower
level to guarantee the air change rate 0.5 1/h in the most of
cases.
al wall on no additional pressure difference (upper left) and under �50Pa

he section from the junction.
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Occupants’ opinions concerning indoor climate and thermal
comfort collected from the questionnaires and the results of
air tightness measurements were compared. According to the
questionnaire, fluctuating room temperature, cold floors and
draught from electric sockets were related to houses with an
air leakage 43m3/(hm2) at 50Pa, Fig. 4.

3.2. Typical air leakage places

To determine typical places of air leakage and their
distribution, the infrared image camera and smoke detector
were used. Figs. 5 and 6 show the examples of air leakage
places on the junction of the ceiling and the external wall.
From measured internal surface temperature (Ts,in, 1C),
indoor temperature (Tin, 1C) and outdoor temperature
(Tout, 1C) the temperature factor at the internal surface
ðf Rsi

;�Þ was calculated according to Eq. (1):

f Rsi
¼

T s;in � Tout

T in � Tout
. (1)

Typical air leakage places in the studied houses were:
�

Fig

�5
junction of the ceiling/floor with the external wall;

�
 junction of the separating walls with the external wall

and roof;
. 6. An example of air leakage on the junction of the ceiling, roof and the

0 Pa pressure conditions (upper right). Lower Figures show the picture (lef
�

ext

t) a
penetrations of the electrical and plumbing installations
through the air barrier systems;

�
 penetrations of the chimney and ventilation ducts

through the air barrier systems;

�
 leakage around and through electrical sockets and

switches;

�
 leakage around and through windows and doors.

4. Discussion

Depending on the material and design, a number of
alternatives are available to ensure the air tightness of
building envelope. The air barrier can be placed on either
the outer or the inner side of the insulation. Also, the
insulation itself may be the air barrier, e.g. urethane
insulation on a timber frame envelope assembly. In most of
the studied houses, the vapour barrier that controls vapour
diffusion functioned also as an air barrier. That is also a
common building practice in Estonia. To select the air
barrier material in addition to the air permeability, other
material properties, mainly water vapour permeability,
should be taken into account. The hygrothermal perfor-
mance of the timber-frame envelopes is appreciably
improved using the vapour permeable sheathing that has
ernal wall on no additional pressure difference (upper left) and under

nd the section from the junction.
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Table 2

Comparison of air tightness of detached houses in different countries

Country, measurement time Number of houses Air change rate at 50 Pa, n50 (1/h) Remarks

Average Min–max

Belgium, 1995–98 [26] 51 7.8 1.8–25

Canada, 1985–95 [27] 222 3.1 0.4–11 New conventional houses

47 1.2 0.13–2.6 R2000 low-energy houses

Estonia, 1999–2000 [17], 19 9.6 4.9–32

Estonia, 2003–05 (current study) 31 4.9 0.7–14 Built in 1993–2004

Finland, 1979–81 [28] 16 6.0 2.2–12 Common pre-fabricated timber-frame wall-element houses

28 3.5 1.0–7.5 Special attention is paid for the air tightness

Finland, 1981–98 [29] 171 5.9 1.6–18 Mostly reclamations cases

Finland, 2002–04 [30] 100 3.9 0.5–8.9 Timber-frame envelope

Norway, 1980 [31] 61 4.7 2.0–8.0

Norway, 1984 [32] 10 4.0 3.3–5.4 Built in 1980, low-energy houses.

Sweden, 1978 [33] 205 3.7 St. dev. 1.24 Built in 1982–89

Sweden [34] 44 1.02 Timber-frame envelope

United Kingdom, [35] 471 13.1 2–30

USA, [36] 12,902 29.7 0.5–84 Built in 1850–1993
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high thermal resistance. However, the choices of sheathing
materials that are vapour permeable and have high thermal
resistance and low air permeability, to guarantee adequate
air tightness, are limited. In Estonian climatic conditions, a
special vapour barrier is almost always necessary for
detached houses. In these circumstances, it is preferred to
have a vapour barrier that will function also as an air
barrier. In fact, it sets much higher requirements for the
installation works. If the joints are taped, the service life of
the tape should equal that of the building envelopes.
According to the field survey, the best results are acquired,
where the joints of the air barrier are fixed between two
solid material layers.

The natural infiltration rate that was roughly estimated
from air tightness measurements with opened fresh air
inlets was too low. The natural air change rate in houses
with mechanical ventilation is not sufficient without a
working ventilation fan. In mechanically ventilated build-
ings, an air tight envelope is desirable, especially when the
buildings are equipped with a heat recovery ventilation
system. In the case of the naturally ventilated houses with
an air tight envelope, the type and number of air in- and
outlets should be carefully selected and designed. The
area of the outdoor air inlets depends on the type of
dwelling, number of storey, location of the apartment in
the building and the required area is somewhere between 2
and 7 cm2/(m2 floor area) [25].

The air tightness of the building envelope was tested,
mainly to guarantee of cleanliness with closed and sealed
fireplaces. In common use, substantial leakage through
open fireplaces and woodstoves may occur. This may
influence the estimation of the natural infiltration rate.

To compare the results with other studies, it is necessary
to know how the characteristic values, n50 or air leakage
per building envelope area, are calculated. While the
volume and area are to be calculated according to national
regulations, the result may be slightly different. In this
study, the internal volume of buildings was calculated from
the net area of the room and the net ceiling height. It means
that internal walls were not taken into account on the
volume calculation. The volume of furniture was not
subtracted from the building volume. While the area under
a built-in oven or chimney was not included in the total net
floor area, these volumes were not taken into account. For
the building envelope area, also the concrete slab on the
ground was taken into account.
The air tightness of detached houses has been investi-

gated also in earlier studies. Table 2 shows the comparison
of current study with some other studies from different
countries.

5. Conclusions

The mean air leakage at the pressure difference of 50 Pa
in the entire database was 4.2m3/(hm2) (the minimum
being 0.9m3/(hm2) and maximum 17.9m3/(hm2)) that is
somewhat higher than standard value 3m3/(hm2). The
mean air change rate at the pressure difference of 50 Pa in
all the databases was 4.9 1/h (the minimum being 0.7 1/h
and maximum 13.6 1/h). According to the results, sig-
nificant factors affecting the air tightness were first of all
the quality of workmanship and supervision as well the
number of storeys of the house.
The typical air leakage places in the studied houses were:

the junction of the ceiling/floor with the external wall, the
junction of the separating walls with the external wall,
penetrations of the electrical and plumbing installations
through the air barrier systems, penetrations of the
chimney and ventilation ducts through the air barrier
systems, leakage around and through electrical sockets and
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switches, and leakage around and through windows and
doors.

According to the questionnaires, fluctuating room
temperature, cold floors and draught from electric sockets
were associated with houses with air leakage 43m3/(hm2)
at 50 Pa.

While the building standard sets a limit for the air
tightness of the building envelope, the results showed that
this requirement was fulfilled only in 41% of cases.
Therefore in future, more attention shall be paid for the
realization of air tightness of building envelope. Together
with rising of air tightness of building envelope more
attention should be paid to the performance of ventilation.
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