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a b s t r a c t

This study focuses on the relation between the airtightness of a building envelope, infiltration, and

energy use of a typical modern Finnish detached house in the cold climate of Finland. The study is

conducted with an empirically tested dynamic IDA-ICE simulation model of a detached house. The

effect of several factors, such as Finnish climate and wind conditions, balance of ventilation system and

leakage distribution, on infiltration was studied and a simple adapted model for the rough estimation of

annual infiltration in Finnish detached houses was determined from the numerical simulation results.

The energy impact of infiltration is also studied, taking into account the infiltration heat recovery effect.

According to the results, infiltration causes about 15–30% of the energy use of space heating including

ventilation in the typical Finnish detached house. The average infiltration rate and heat energy use

increase almost linearly with the building leakage rate n50. Finland can be roughly divided into two

zones based on the average infiltration rate of detached houses, for which stack-induced infiltration is

typically dominant, regardless of the climate zone. The infiltration heat recovery effect is minor in the

studied detached house.

& 2008 Elsevier Ltd. All rights reserved.
1. Introduction

The European energy performance directive for buildings
(Energy Performance Building Directive-EPBD) states that the
energy efficiency of buildings has to be calculated in the member
states [1]. The member states are implementing the EPBD at the
national level by taking into account local climate and conditions,
requirements for indoor climate and cost efficiency. An objective
is that the directive will be implemented in all member states by
4th of January 2009 at the latest. Infiltration of buildings has a
significant effect on the energy performance of buildings;
this depends on climate conditions and factors that are related
to, for example, the type of building or construction. In the
updated Finnish building code [2], the average infiltration rate is
calculated by dividing a single pressurization test result n50 by 25,
where n50 is leakage air change rate per hour at 50 Pa of pressure
difference.

Since the late 1970s, studies have been conducted on
the correlation between airtightness of a building envelope
and annual infiltration rate. Kronvall and Persily compared
pressurization test results to infiltration rates measured with
ll rights reserved.

+358 9 4513418.
tracer-gas in detached and terraced houses in Sweden and
USA (New Jersey) [3]. From their comparison, they obtained the
widely used ‘‘rule of thumb’’ for annual infiltration rate: n50

divided by 20 [4]. In 1987, Sherman [4] developed a simple
model, n50/N, from the LBL infiltration model for the annual
infiltration rate of detached houses in North America,
where a correlation factor N was expressed as a product of
several factors, depending on climate zone, wind shielding,
height of house, and size of cracks. According to the extensive
measurements that were carried out in several European
countries and reported by Dubrul in 1988 [5], the denominator
of the preceding relation ranges from 10 to 30, depending on, for
example, the type of the building, wind conditions, and leakage
distribution.

Normally, in studies related to the energy impact of infiltration,
the conduction and infiltration heat losses are simply calculated
on the basis of the temperature difference between inside and
outside air, while the conduction and infiltration are treated as
two independent processes. Since 1985, when Kohonen et al. [6]
published their experimental and numerical study concerning
thermal coupling of leakage air and heat flows in a building
envelope, the heat recovery effect between infiltration air and
exterior walls have been studied by several authors, in, for
example [7–9]. This phenomenon is utilized especially with the
dynamic insulation walls that are intentionally made porous, but

www.sciencedirect.com/science/journal/bae
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Table 1
Average depressurization test results of the Finnish detached houses with different types of construction

Wall structure Number n50 (ach) n (dimensionless)

Mean Std. dev. Mean Std. dev.

Timber frame 100 3.9 1.8 0.72 0.06

Log 20 5.8 3.2 0.76 0.06

Autoclaved aerated concrete 10 1.5 0.6 0.72 0.04

Light expanded clay aggregate 10 3.l 1.2 0.69 0.05

Brick 10 2.7 1.2 0.74 0.06

Shuttering concrete block 10 1.6 0.8 0.76 0.06

Concrete sandwich element 10 2.6 1.1 0.73 0.04

Total (concrete/brick/lightweight block) 50 2.3 1.2 0.73 0.05

Total (all the structures) 170 3.7 2.2 0.73 0.06
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Fig. 1. The building leakage rate and the flow exponent of the studied detached

houses divided into three categories according to their respective building

structure.
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the infiltration heat recovery (IHR) effect has been proven to
decrease the energy use of the building, even if the infiltration air
flows mainly through the cracks. Numerical and analytical models
have been developed, but, until now, this phenomenon has not
been taken into account in the building energy simulation
software available for third parties.

The objective of this study is to find a relation between the
airtightness of a building envelope, the average infiltration and
energy use of a typical modern detached house in the cold climate
of Finland, and to study the effect of other important factors, such
as leakage distribution, wind and climate conditions, on infiltra-
tion, using the IDA-ICE simulation tool, which combines whole-
building energy simulation and infiltration modelling. The
purpose of the study is also to adapt a simple and usable model
for the average infiltration rate of detached houses in Finnish
conditions, taking all the important factors into account. Energy
use of the house is simulated and the IHR effect is taken into
account with an analytical model developed by Buchanan and
Sherman [8].
2. Methods

This study is carried out as a sensitivity analysis simulating a
single-building model under various conditions. The simulation
model corresponds to an existing detached house and the
applicability of this model for infiltration and energy analyses
has been proved in the previous study [10]. In that study, the
simulated and measured indoor air temperatures and pressure
conditions of the house were compared during a 3-week test
period in the heating season and the results were found to be in
reasonable agreement.

2.1. Measurements

The initial data of the study concerning airtightness of Finnish
detached houses were obtained with extensive field measure-
ments from 170 detached houses [11,12]. The airtightness of these
houses has been tested using a standardized fan pressurization
method [13]. The measured houses were newly built detached
houses with different types of construction, including variety of
structures from lightweight (timber frame) to massive (concrete,
brick, and lightweight block) structures. The power-law equation
is fitted to pressure differences and the corresponding leakage air
flows

Q ¼ C DPn, (1)

where Q is the leakage air mass flow, kg/s, C the flow coefficient
that is related to the size of the opening, kg/s,Pan, DP the pressure
difference across the envelope, Pa, and n the flow exponent
characterizing the flow regime. The leakage openings with larger
flow resistance because of longer length or narrowed widths tend
to have a flow exponent that is closer to one than the openings
with less flow resistance [14]. The building leakage rate n50

can be calculated by means of leakage air flow Q at 50 Pa pressure
difference DP (Eq. (1)), when the internal air volume of the
house is known. According to the preceding studies, the average
building leakage rate n50 of all the studied 170 houses is 3.7 ach,
see Table 1. The particular type of construction used has an
effect on airtightness, because the average building leakage
rate of the massive (concrete, brick, and lightweight block houses)
was 2.3 ach, while the average of the timber frame and the log
houses were 3.9 and 5.8 ach. According to the measurement
results, the type of construction has only a minor effect on the
flow exponent (see Table 1); no clear correlation between flow
exponent and building leakage rate can be found with the
studied buildings, see Fig. 1. The average flow exponent of all
the studied houses is 0.73, being slightly higher that the mean
value of 0.66 according to several studies made in five countries
[15]. Over 90% of the flow exponents in this study were in the
range of 0.7370.1.

A majority of the studied detached houses are timber-frame
houses, as is also the case with the detached houses in the Finnish
building stock. The average proportion of timber-frame detached
houses of the new prefabricated detached houses has been about
80% between 1989 and 2007 in Finland, while the proportion of
log and massive houses have been 12% and 8% during this period
[16]. The average level of airtightness of the newly built detached
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houses in Finland can be roughly estimated by weighting the
average building leakage rates by the preceding proportions of the
building types; the result is 4 ach.

Kalamees et al. [17] studied the distribution of the leakage
openings using a two-phase thermography test of the envelope.
According to the preceding air leakage distribution study
of Finnish houses, typical air leakages were around and
through windows and doors, at the junction of ceiling/floor with
the external wall, and penetrations through the air barrier
systems. A simple method to produce a resultant leakage
distribution on the basis of a thermography test is shown in, for
example [10].
Fig. 2. The object of the study is a detached house.
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2.2. Building description

The modelling object is a two-story detached house (see Fig. 2)
corresponding to the typical detached house defined in [11]. The
net floor area of the building is 172 m2 and the structures of the
house are timber-frame construction insulated with mineral wool
and provided with a plastic air–vapor barrier. The base floor of the
house is a concrete slab on the ground and the level of thermal
insulation of the house (Uext.wall ¼ 0.21 W/m2 K, Uroof ¼ 0.14 W/m2 K,
Ubasefloor ¼ 0.27 W/m2 K and Uwindows ¼ 1.0 W/m2 K) fulfils the
requirements of the Finnish building code [18]. The house is
equipped with a mechanical supply and exhaust ventilation
system. An original defrost protection method of ventilation
heat recovery of the modelling object is based on the stopping
of the supply fan, but this study uses the defrost protection
method, where the supply air is bypassed with dampers. The
house is heated via an electrical floor heating system and ceiling-
mounted radiant panels, but the house is not equipped with
mechanical cooling.

In the simulation model, the set point of heating is 21 1C and
the total internal heat gains from four occupants, lighting and
devices is 42 kWh/m2, corresponding to the level shown in [2,19].
The schedules for the presence of the occupants and use of the
lighting and devices correspond with the lifestyle of working
townspeople.

Some of the rooms in the detached house were combined into
one zone in the simulation model (see Fig. 3) and the rate of
ventilation corresponds to 0.56 ach in all the studied cases, while
the minimum requirement of the Finnish building code is 0.5 ach
[20]. The supply and extraction air flow rates are shown in the
case of the balanced ventilation system, see Fig. 3. The effect of the
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Table 2
The vertical leakage distributions of the house

Place of the leakage routes Vertical leakage distribution (%)

Typical (two floors) Draughty roof Draughty base floor Draughty roof/base floor Typical (one floor)

Top floor

Junction of roof 36 75 12.5 50 50

Upper edge of window frame 4 0 0 0 –

Lower edge of window frame 4 0 0 0 –

Junction of intermediate floor 2 0 0 0 –

Base floor

Junction of intermediate floor 21 12.5 12.5 0 –

Upper edge of window 0 0 0 0 15

Lower edge of window frame 24 0 0 0 15

Junction of base floor 10 12.5 75 50 20

The typical distributions are based on the infrared photography; the three other distributions are approximated.

Table 3
Terrain parameters of the wind profile equation

Surrounding k a Description

Exposed 1 0.15 Flat terrain with some isolated objects well separated from each others

Rural 0.85 0.2 Rural area with some isolated buildings or trees

Suburban 0.67 0.25 Urban, industrial or forest area

J. Jokisalo et al. / Building and Environment 44 (2009) 377–387380
balance of the ventilation system on infiltration is studied also
with supply air flow rates 15% greater or less than the extract air
flow rates. But, even if the ventilation system is balanced, the
differences in airflow rates for different room types induce
pressure differences over the envelope, depending on the air-
tightness of the envelope and flow resistances between the rooms.
In the simulation model, internal doors are assumed to be open on
the top floor, while the door between zones (1 and 2) on the base
floor is assumed to be slightly ajar (10 mm). But, the effect of
internal flow resistances on the infiltration rate is also approxi-
mated by simulating the model, assuming all doors to be open or
closed.

Because the height of the building has an effect on the
infiltration rate, the modelling object is also simulated as a one-
story house with the base floor alone. The modelling object is also
simulated with different distributions of leakage openings, see
Table 2. The typical leakage distribution of the two-story house
shown in the table corresponds to the measured leakage
distribution of the modelling object, while the typical leakage
distribution of the one-story house is considered to be normal
according to the measurements shown in [17]. The other leakage
distributions shown by Table 2 are estimated. A total of 12–24
leakage openings were modelled, depending on the case.
2.3. Computational model

This sensitivity analysis was carried out using the simulation
model of the preceding detached house. The pressure conditions
of this house model were compared against measurement results
[10]. The building model was formed using IDA ndoor Climate and
Energy 3.0 (IDA-ICE) building simulation software. This software
allows the modelling of a multi-zone building, HVAC-systems,
internal and solar loads, outdoor climate, etc. and provides
simultaneous dynamic simulation of heat transfer and air flows.
A performance of IDA-ICE is studied in, for example [21–24].

Wind pressure distribution around the house is simulated
using the normal assumption in building engineering that the
wind flow is horizontal and an atmospheric boundary layer is
neutral without vertical air flow. The wind pressure outside the
building facades Pw is determined by

Pw ¼ Cp
1
2routU

2, (2)

where Cp is the wind pressure coefficient, rout the outdoor air
density, kg/m3, and U the local wind velocity, m/s, which was
approximated using the wind profile equation reported in [14].
The profile that basically corresponds to the LBL model wind
profile [25] is

UðhÞ ¼ Umk
h

hm

� �a

, (3)

where U(h) is the wind speed at height h, m/s, Um the wind speed
measured in open country at the weather station, m/s, h the
height from the surface of the ground, m, hm the height of the
measurement equipment, m, and parameters k and a the terrain-
dependent constants. The wind profile equation was simulated
using values for terrain parameters shown in Table 3, correspond-
ing to the values of the different terrain classes published in [25].

The values of the wind pressure coefficients used in this study
were presented in [26] (see Table 4). These wind pressure
coefficients are approximated values for low-rise buildings and
their applicability for the modelling object in the sheltered wind
conditions was shown in [10].

The air flow through a leakage opening Q is simulated in the
building model with a linearized power-law equation around a zero
pressure difference resulting from numerical reasons, see Eq. (4).
The normal power-law equation shown in Eq. (1), is used when the
pressure difference equals or exceeds a limit value of linearization
dp0 [21]. The linearized power-law equation is defined as

Q ¼ C0 DP DPj jodp0, (4)

where C0 is a linearized flow coefficient, kg/s, Pa defined as

C0 ¼ C dpn�1
0 , (5)

where C is the flow coefficient, kg/s, Pan and n the flow exponent.
The default limit value for linearization (dp0) is 5 Pa in IDA-ICE 3.0,
but this model was simulated using 0.1 Pa as the limit, because a
slight tendency of the crack flow to be laminar below a pressure
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Table 4
Wind pressure coefficients of a detached house

Wind angle (deg) Wind pressure coefficients/facade

Sheltered Rural Exposed

F1 F2 F3 F4 F1 F2 F3 F4 F1 F2 F3 F4

0 0.06 �0.3 �0.3 �0.3 0.25 �0.6 �0.5 �0.6 0.5 �0.9 �0.7 �0.9

45 �0.12 0.15 �0.38 �0.32 0.06 0.2 �0.6 �0.5 0.25 0.2 �0.8 �0.6

90 �0.2 0.18 �0.2 �0.2 �0.35 0.4 �0.35 �0.3 �0.5 0.6 �0.5 �0.35

135 �0.38 0.15 �0.12 �0.32 �0.6 0.2 0.06 �0.5 �0.8 0.2 0.25 �0.6

180 �0.3 �0.3 0.06 �0.3 �0.5 �0.6 0.25 �0.6 �0.7 �0.9 0.5 �0.9

225 �0.38 �0.32 �0.12 0.15 �0.6 �0.5 0.06 0.2 �0.8 �0.6 0.25 0.2

270 �0.2 �0.2 �0.2 0.18 �0.35 �0.3 �0.35 0.4 �0.5 �0.35 �0.5 0.6

315 �0.12 �0.32 �0.38 0.15 0.06 �0.5 �0.6 0.2 0.25 �0.6 �0.8 0.2

The wind angle 01 corresponds to wind flowing from the south.
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difference of 0.1 Pa was found [27]. In practice, the effect of
linearization on mass flow is negligible with a 0.1 Pa limit, because
the absolute pressure difference value over the envelope usually
exceeds 0.1 Pa in these kinds of detached houses [28]. The
infiltration air change rate of the modelling object is under-
estimated by about 30% if a 5 Pa limit for linearization is used
(see Fig. 4), but the error caused by linearization is case
dependent, because it depends on the pressure conditions and
the value of the flow exponent.

In IDA-ICE 3.0, the IHR effect is not taken into account.
However, in the current study, this effect is studied with the
simplified model developed by Buchanan and Sherman [8]. In this
model, the IHR effect is simulated, correcting the infiltration heat
losses that are calculated in a conventional way (qinf-c) [8] with an
IHR factor e, see Eq. (8), while the conduction heat losses are
assumed to remain unchanged

qinf ¼ ð1� �Þqinf -c (6)

The heat recovery factor e is a function of the Peclet number
(Pe), which is defined in this case as

Pe ¼
Qcp

UA
, (7)

where Q is the infiltration mass flow, kg/s, cp the specific heat of
air, J/kg, K, U the thermal conductance, W/m2, and K and A the
surface area of building envelope, m2. The heat recovery factor is
defined as

� ¼
1

Peinf
þ

1

Peexf
�

1

ePeinf � 1
�

1

ePeexf � 1
, (8)
where Peinf is the effective Peclet number defined as the Peclet
number divided by effective area ratio for infiltrating air finf and
Peexf is defined for exfiltrating air in a similar way. The fractions
finf and fexf are defined as the ratio of the building envelope that is
actively participating in the heat transfer process between the
building envelope and the air,

f inf ¼
Uinf Ainf

UA
, (9)

f exf ¼
Uexf Aexf

UA
, (10)

where Ainf and Aexf correspond to the area of the envelope that is
affected by infiltration or exfiltration, m2 and Uinf and Uexf are
thermal conductances of these parts, W/m2, K. The preceding
areas are not the physical areas of the cracks, but the areas that
undergo thermal changes due to infiltration or exfiltration.
Because it is not possible to derive detailed information from
the studied house about, for example, the length or characteristics
of the cracks inside the walls, the preceding areas are roughly
approximated with the two-phase thermography test described in
[10]. According to the test, about 5% of the interior surface of the
envelope undergoes thermal changes due to leakage air flows at
�50 Pa pressure difference. This result indicates that infiltration
air flows mainly through the cracks in the timber-framed house
equipped with a plastic air–vapor barrier. It is obvious that the
fraction of surface area is lower than 5% at the normal pressure
conditions, but the test result was used in the study, because this
paper was intended to study the maximum effect of IHR in the
simulated house. Under normal pressure conditions and with the
balanced ventilation system, the studied house is mostly
negatively pressurized on the base floor and positively pressur-
ized on the top floor [28]. Because of this, infiltrating air is
assumed to enter the house on the base floor and exfiltrating air to
leave the house on the top floor. In that case, the estimated areas
Ainf and Aexf are 6.6 and 10.1 m2. The thermal conductances of
these parts are assumed to be equal to the average U-values of
the base floor (Uinf) and the top floor (Uexf). These approximations
are used in the calculation of the heat recovery factor of the
modelling object.

2.4. Weather data

According to the updated Köpper–Geiger climate classification
[29], Finland belongs to the cold climate zone (D), which is a
dominant climate type in North America and Asia. According
to the Finnish building code [2], Finland is divided into four
climate zones (I–IV) for energy calculations of buildings, see Fig. 5.
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Fig. 5. The Finnish climate zones (I–IV) for energy calculations [2]. Simulations are

carried out with hourly weather data of Helsinki, Jyväskylä, and Sodankylä.

Table 5
The average annual outdoor temperature Tout and wind velocity Um at the weather

stations in 1979 [32]

Location Climate zone Tout (1C) Um (m/s)

Helsinki (latitude 601190N, long 241580E) I 4.3 4.1

Jokioinen (lat 601490N, long 231300E) II 3.7 3.7

Jyväskylä (lat 621240N, long 251410E) III 2.8 3.0

Sodankylä (lat 671220N, long 261390E) IV �0.8 3.2

J. Jokisalo et al. / Building and Environment 44 (2009) 377–387382
The climate dependence of infiltration was studied simulating the
modelling object with the hourly weather data of 1979 from
Helsinki, Jyväskylä, and Sodankylä, see Table 5. According to
Tammelin and Erkiö [30], these places represent the typical
weather conditions of the climate zones. Climate zone II was not
included in the study, because the conditions are quite similar
to zone I (see Table 5). The weather data of 1979 are still
commonly used as test-reference data for energy calculations,
although outdoor temperatures have slightly increased because of
global climate change. According to the weather statistics, the
average outdoor temperature of a 10-year period has risen from
the 1970s to the present by 1.1 1C in Helsinki, 1.3 1C in Jyväskylä
and 1.4 1C in Sodankylä [31], showing that the outdoor air
temperature difference between southern and the northern
Finland has slightly decreased. Because of the temperature rise,
heat energy use calculated with the old weather data is slightly
overestimated.
3. Results

The results of the sensitivity analysis are presented and
discussed below. The effect of various factors on infiltration and
heat energy use of Finnish detached houses were simulated and a
simple infiltration model based on the simulation results was
derived. Results of the derived model and of several simplified
models available from the literature were also compared against
the results of IDA-ICE.
3.1. Studied cases

All the cases were simulated with three levels of airtightness.
Almost completely airtight detached houses were described with
a building leakage rate of n50 ¼ 0.15 ach, while the airtightness
of typical detached houses was simulated using n50 ¼ 3.9 ach
(see Table 1); the leakage air change rate n50 ¼ 10 ach describes
leaky detached houses. The studied factors of the sensitivity
analysis, including 42 separate simulation cases, are listed in
Table 6. The cases were simulated with sheltered, rural and
exposed wind conditions (see Table 3). However, most of the cases
were simulated with sheltered wind conditions because this
type was considered to be the most common in Finland. This is
because the Finnish detached houses are mostly located in
population centers [33,34] with trees and other buildings in the
vicinity. Additionally, Finland is mostly forested (78% of the
total area) [35]. The effect of stack-induced infiltration alone is
studied in the theoretical case of no wind effect. Most of the cases
are also simulated using the leakage distribution (typical) that is
based on the measurement result. The typical range of flow
exponents of the studied Finnish buildings was included in the
simulation study, but most of the cases were simulated with the
mean value of 0.73.
3.2. Infiltration

Simulated annual average infiltration rate increases almost
linearly as the building leakage rate increases, see Fig. 6. The
infiltration is a climate-dependent phenomenon; the difference in
infiltration rate between Helsinki (I) and Sodankylä (IV) is 10%,
but it is only about 1% between Helsinki (I) and Jyväskylä (III),
see Fig. 6(a). The resultant infiltration rate is almost the same in I
and III zones, because the effect of lower outdoor air temperature
in Jyväskylä is roughly compensated by weaker wind conditions,
see Table 5. It is evident that the average infiltration rate of
climate zone II is close to the results of zones I and III. This result
indicates that Finland can be roughly divided into two parts based
on the average infiltration rate of the detached houses: the
combination of zones (I–III), where the infiltration is quite similar,
and zone IV, where it is slightly increased. In the climate
conditions of Helsinki, the effect of wind on the average
infiltration rate of the studied house is less than 10% in the
sheltered wind conditions, 35% in the rural and over 50% in the
exposed wind conditions, see Fig. 6(b). This result indicates that,
mostly in Finland, the stack-induced infiltration of the typical
two-story detached house is more significant than wind-induced
infiltration. But the wind conditions may increase the infiltration
rate significantly, because the difference in infiltration rate
between sheltered and exposed wind conditions is over 100%
between the studied cases.

The maximum difference in the infiltration rate between the
studied leakage distributions is about 50% in the sheltered wind
conditions, see Fig. 6(c). The highest infiltration rate is caused by
the drafty roof/base floor distribution (see Table 2) where the
difference of height between the leakage openings is maximum.
This leakage distribution causes an infiltration rate that is about
25% higher than the typical distribution, while the drafty roof and
drafty base floor distributions cause an approximately 10–20%
lower infiltration rate than the typical distribution. This result
shows that distribution of the leakage openings has a significant
effect on infiltration rate and it should be taken into account in
the infiltration simulation.

The difference between the mechanical supply and extract air
flow rates, which is the unbalanced part of the ventilation, flows
through the cracks of the envelope in the form of infiltration and
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Table 6
Studied factors of the sensitivity analysis

Climate Wind conditions Leakage distribution Supply/extract Height (floors) Flow exponent n50 (ach)

Helsinki Sheltered Typical 1 2 0.63–0.73–0.83 0.15–3.9–10

Jyväskylä Sheltered Typical 1 2 0.73 0.15–3.9–10

Sodankylä Sheltered Typical 1 2 0.73 0.15–3.9–10

Helsinki Exposed Typical 1 2 0.73 0.15–3.9–10

Helsinki Rural Typical 1 2 0.73 0.15–3.9–10

Helsinki No wind Typical 1 2 0.73 0.15–3.9–10

Helsinki Sheltered Dr. roof 1 2 0.73 0.15–3.9–10

Helsinki Sheltered Dr. base floor 1 2 0.73 0.15–3.9–10

Helsinki Sheltered Dr. roof/base floor 1 2 0.73 0.15–3.9–10

Helsinki Sheltered Typical 0.85 2 0.73 0.15–3.9–10

Helsinki Sheltered Typical 1.15 2 0.73 0.15–3.9–10

Helsinki Sheltered Typical 1 1 0.73 0.15–3.9–10
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exfiltration. This is because intended air inlets or outlets do
not exist in the envelope of the studied house. In this study,
this unbalanced part is defined to belong to the infiltration
flow rate and the calculation of the infiltration rate of the
negatively pressurized house (supply/extract ¼ 0.85) is based on
all the air that enters into the house through the envelope.
Respectively, the infiltration rate of the positively pressurized
house (supply/extract ¼ 1.15) is calculated using outflow through
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Table 7
Correction factors for the adapted model

Climate zone I– III IV

L 27 25

Wind conditions Exposed Rural Sheltered

W 0.5 0.7 1

Leakage distribution Dr. roof/base floor Typical Dr. roof Dr. base floor

D 0.8 1 1.1 1.2

Number of stories 1 2

H 1.6 1

Flow exponent Larger cracks Typical Smaller cracks

E 0.7 1 1.4

Balance of ventilation Balanced Positively/negatively pressurized

B 1 0.8
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the envelope corresponding to the exfiltration rate of the house.
The effect of the balance of the ventilation system on infiltration
rate defined in this way is shown in Fig. 6(d). This figure shows
that, if the building envelope is extremely airtight, infiltration air
flow rate equals to the unbalance of the ventilation system. When
the level of airtightness is normal or leaky, a 15% unbalance causes
about a 10–30% increase in infiltration rate.

But, if the unbalanced part of the ventilation is not classified as
part of the infiltration, unbalance in the ventilation system would
decrease the infiltration rate.

The height of the building has a particular effect on the
infiltration rate, see Fig. 6(e). When the height of the detached
house is increased from one to two floors and air is able to flow
freely between the floors, the average infiltration rate is increased
about 60% on average. The infiltration rate is also increased by 36%
when the flow exponent 0.73 is reduced by 0.1; it is decreased,
respectively, by 27% if the flow exponent is increased by the same
amount, see Fig. 6(f). This suggests that measured flow exponent
should be used in detailed simulations of a single house. But, the
average flow exponent 0.73 is appropriate to use for detached
houses in Finland, when infiltration of housing stock is studied or
measured value of the flow exponent is lacking.

The effect of internal flow resistances was also studied in the
single case with the balanced ventilation system. According to the
result, the different use of the internal doors has a slight effect on
the infiltration rate. Compared with the normal use of the internal
doors described in Chapter 2.2, the infiltration rate increase by 2%
when all the internal doors were closed or decreased by 2% if all
these doors were open. This result indicates that a slight pressure
difference between the zones exist even if the air gaps of 20 mm
below the doors were modelled.

According to the preceding simulation results, the average
infiltration rate correlates almost linearly with the building
leakage rate in most of the cases. Because of this, the average
infiltration rate can be roughly approximated in most of the cases
by the widely used relation dividing the building leakage rate n50

by a case-dependent denominator x,

ninf ¼
n50

x
. (11)

According to the simulation results, the denominator depends
strongly on the case because the range of the x was from 12 to 44
in the studied cases. But, if this simple method is applied in cases
where the building is extremely airtight and ventilation is not
balanced, the denominator was 2. This simple approximation
cannot be generalized to this kind of case, because the infiltration
rate is mainly caused by the ventilation system, not by wind or
stack effect. The effect of the studied factors on the denominator x

can be simply taken into account using the numerical results
shown in Fig. 6. Instead of deriving the average constant
denominator for Finnish detached houses, the effect of the
studied factors can be taken into account by using, for example,
a simple adapted model expressing the denominator as a product
of several correction factors, using the principle shown by
Sherman [4],

ninf ¼
n50

LWDHEB
, (12)

where L is the climate-dependent factor, W the factor for the wind
conditions, D the factor for leakage distribution, H the factor for
height of the house, E the factor for the flow exponent, and B the
factor for the balance of the mechanical supply and exhaust
ventilation system. The values of the correction factors determined
from the sensitivity analysis are listed in Table 7. The annual
infiltration rate of Finnish detached houses can be roughly
estimated substituting these correction factors into Eq. (12).
According to this approach, the annual infiltration rate of a typical
one-story house with balanced ventilation system in sheltered wind
conditions in the southern Finland is n50/43 and the annual
infiltration rate for a two-story house in similar conditions is n50/27.

This simple model causes the error of �7% to 18% compared
with the 40 simulation cases shown in Table 6; the average
absolute value of error is 5%. Because the correction coefficients
are based on the basic case (climate zone (I–III), sheltered wind
conditions, typical leakage distribution, two-story building,
typical flow exponent and balanced ventilation), the error grows
when the adapted model is used in the other conditions. For
example, the average error in 31 cases of sensitivity analysis with
the flow exponent 0.73 is 4%, but the same error between the
methods grows to 7% when the flow exponent is 0.63. The adapted
model was also compared with the dynamic simulation in the five
additional cases, where combination of the studied factors was
changed. For example, a one-story house was simulated with the
sheltered or exposed wind conditions in Helsinki or Sodankylä.
The resultant average absolute value of error of these cases was
19%. Thus, the difference between the methods increases simply
due to the different combination of the factors. It is evident that a
discrepancy between the adapted model and the detailed
dynamic simulation model would increase further, if the initial
data (wind conditions, leakage distribution, balance of the
ventilation, and flow exponent) of the case were much different
from the factors shown in Table 6.

But the adapted model can be used in rough approximations
when the detailed simulation is not possible to do. This adapted
model can be used for houses where infiltration is predominately
caused by wind and stack effect. It happens in the studied cases,
for example, when the unbalanced part of the ventilation is in the
range of 715% and the level of airtightness is the normal or leaky,
see Fig. 6(d). If the infiltration air flows are mainly caused by
ventilation system, ventilation air flows should be taken into
account in the model. Application of the adapted model indicates
that the range of the denominator of Eq. (12) can range from 6 to
45 for two-story houses and from 9 to 73 for one-story houses,
depending on the conditions.

The annual infiltration rate predicted by the adapted model,
see Eq. (12), and a set of simplified models available in the
literature are compared against the results of IDA-ICE, see Fig. 7.
The studied simplified models are: the Kronvall–Persily model,
the model developed by Sherman [4], the ASHRAE-model [36] and
the simplified model of prEN ISO 13789 [37]. The Kronvall–Persily
model and the model of Sherman are conversion formulas
from pressurization test results (n50) to average infiltration rate.
The ASHRAE-model is a simplified version of LBL-infiltration
model [25]. It is a single-zone model, which takes only wind and
stack effect into account using the average wind velocity and
indoor–outdoor air temperature difference of the studied period.
Distribution of leakage openings is fixed in the ASHRAE-model,
being quite evenly distributed over the envelope: walls (50%),
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floor (25%) and ceiling (25%) [36]. The studied case is a two-story
detached house in Helsinki with a balanced mechanical supply
and exhaust ventilation system. The model of Sherman is
developed for conditions of North America; the use of this model
is questionable in the other conditions. However, this model was
tested using the climate correction factor (18), corresponding
roughly to the climate conditions of Helsinki according to the
climate classification [29]. These models from the literature do
not take the effect of mechanical ventilation system into account,
expect for prEN ISO 13789, but the effect of the ventilation system
is minor in the studied case because of the balanced system.

Compared with the simulation results, the simplified models
mainly predict higher infiltration rates, especially in the sheltered
and moderate wind conditions. The results of the simplified
models vary from 34% lower to 61% higher infiltration rate, but the
difference between the adapted model and IDA-ICE was only 2% or
3%. For all of the models from the literature, it was possible to
predict the infiltration rate quite closely to the IDA-ICE rate, at
least in one shielding class. But it is evident that the differences
between the models vary in different wind conditions, because
the shielding classes used by the models are not exactly similar.
The correspondence between the IDA-ICE and Kronvall–Persily
models was also good in moderate wind conditions.

If the average annual infiltration air change rate is used in the
heat energy calculation, the outdoor air temperature dependence
of infiltration air flows should be taken into account in the cold
climate. During the heating season (normally from September to
May in Helsinki), the infiltration air flow increases with the
increasing temperature difference between indoor and outdoor
air, see Fig. 8.

The fluctuation of the infiltration air change between the
heating season and summer season can be taken into account by
calculating the annual infiltration air change weighted by the
temperature difference of the indoor and outdoor air

ninf �e ¼

P8760

i¼1

ðT in � Ti
outÞin

i
inf

P8760

i¼1

ðT in � Ti
outÞi

, (13)

where ninf-e is the average annual infiltration air change rate
suitable for heat energy calculation, ach, ninf

i is normal hourly
infiltration air change rate, ach, Tin is a set point temperature of
heating, 1C, and Tout

i is hourly outdoor air temperature, 1C. The
weighted infiltration air change rate ninf-e of the studied cases (see
Table 6) was calculated with Eq. (13) using hourly infiltration rates
simulated with IDA-ICE. This weighted annual infiltration rate was
3–20% higher that the original annual infiltration rate of the cases
shown in Fig. 6, in which infiltration is mainly caused by wind and
stack effect. Result of the adapted model can also be weighted
analogously dividing the annual infiltration rate by a correction
factor e. Based on the simulation results, the factor depends
mainly on the wind conditions being 0.86 in the sheltered wind
conditions, 0.93 in the rural or 0.97 in the exposed. A rough
approximation of this correction factor can be considered to be 0.9
in the sheltered and moderate (rural) wind conditions, while the
climate dependence of the factor is insignificant in Finland. Using
the rough correction factor (0.9), previously defined approxima-
tions of annual infiltration rates of typical one- and two-story
houses (n50/43 and n50/27) reduce to (n50/39 and n50/24).
3.3. Energy use

The performance of the IHR model was studied with several
building leakage rates and effective areas of the envelope.
According to the results, the IHR factor increases with the
effective area and decreases with the building leakage rate, see
Fig. 9. Fig. 9(a) shows that the IHR factor is at least 80% if the
building leakage rate n50 is less than 10 ach and the whole
envelope interacts with the air flow. However, the IHR factor
decreases as the building leakage rate increases, because of the
lower heat transfer between the walls and infiltrating air at higher
air flow rates due to the shorter transit time of leaking air through
the envelope. Assuming that the effective area (5%) of the
modelling object does not depend on the building leakage rate,
the IHR factor ranges from 10% to 94%, depending on the building
leakage rate, see Fig. 9(b).

The effect of IHR is minor on energy use of the studied house
because the effective area was considered to be only 5%. According
to the studied cases, the IHR decreases the annual infiltration heat
loss by 1–5 kWh/m2 and the decrease in energy use of space
heating including ventilation is from 1% to 4%, see Fig. 10(a). If the
effective area was 20% of the envelope, this decrease would be
12%, or even 30% if the area corresponded to the whole envelope.
But even if the heat recovery effect is small in the modelling
object, it is taken into account in the following.

According to the simulation cases shown in Table 6, the annual
energy use of space heating including ventilation ranges from 86
to 212 kWh/m2 in the studied two-story house, depending mostly
on climate and wind conditions. The total annual energy use of
these cases is from 153 to 279 kWh/m2, consisting of the heat
demand of domestic hot water (25 kWh/m2) and household- and
HVAC-electricity (42 kWh/m2). Heat energy use of the house is
proportional to the infiltration rate, but the differences in heat
energy use between the studied climate zones result mainly from
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different conduction heat losses and heat energy use of an air
handling unit, see Fig. 10(b). Compared with Helsinki (I), they are
13 kWh/m2 higher in Jyväskylä (III) or 42 kWh/m2 higher in
Sodankylä (IV).

According to the studied cases, infiltration causes about
15–30% of the energy use of space heating including ventilation
in the two-story detached house when the building leakage rate
n50 is typical (3.9 ach), while the corresponding proportion is
about 30–50% in the leaky house (10 ach). Because the correlation
between the airtightness of the building envelope and the
infiltration rate is almost linear, heat energy use of the houses
also increases almost linearly at the same time. Therefore, the
preceding correlation reduces into a simple rule of thumb: One
unit change in n50 corresponds to a 7% change in the energy use of
space heating including ventilation. At the same time, the change
in total heat energy use is about 4%. In the studied cases, these
increment percentages vary from 4% to 12% regarding space
heating or from 2% to 7% regarding the total energy use. The
variation of these percentages is mainly result from different wind
conditions that were simulated, while the climate dependence of
these percentages is minor.
4. Conclusions

According to the simulation results, the correlation between
the airtightness of the building envelope and the annual
infiltration rate is almost linear. Based on the average infiltration
rate of detached houses, Finland can be roughly divided into two
zones: the combination of climate zones (I–III), where the
infiltration is quite similar, and zone IV, where it is slightly
increased. The stack-induced infiltration is typically dominant in
the Finnish detached houses regardless of the climate zone.

The simple adapted model based on the simulation result can
be used for rough approximation of the average infiltration rate of
detached houses in Finland, while the other studied simplified
models mainly predict higher infiltration rates than IDA-ICE,
especially in sheltered and moderate wind conditions. The leakage
distribution should be taken into account in the infiltration
studies because it has a significant effect on the infiltration rate.
The correction for the heat energy calculation in Finland can be
performed normally by dividing the annual infiltration rate by the
correction factor 0.9. The corrected approximations of annual
infiltration rates of a typical one- and two-story house with a
balanced ventilation system in sheltered wind conditions in
Finnish climate zones (I–III) are n50/39 and n50/24, respectively.

Infiltration causes about 15–30% of the energy use of space
heating including ventilation in a typical Finnish detached house.
The resultant change in energy use of space heating is 7% on
average, when the value of the building leakage rate n50 changes
by one unit (1 ach). Respectively, the change in total heat energy
use is about 4%. The IHR effect is minor in the typical Finnish
detached house, but this effect can be increased with higher
participation of the envelope, for example, by using dynamic
insulation walls that are intentionally made porous.
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