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Abstract: Airtightness is nowadays one of the physical parameters which determine overall building
energy performance. In a wide range of states, the upper limit for air change rate at a Pa (na),
air permeability rate at a Pa (qa), or specific leakage rate at a Pa (wa) is determined by the formal
regulations. It should be highlighted that airtightness requirements are mainly the same around
the world, disregarding any site and climatic conditions. The main goal of the presented work was
to reveal the effect of individual location and surrounding infiltration rate and heat demand. The
analyses were done using numerical techniques and computational models of the three buildings
developed and calibrated based on the blower door test results. The compared buildings characterize
by a similar geometry but differ in the air change rate at 50 Pa (n50). Analyses done for different
locations and levels of sheltering by surrounding elements allow the determination of the real effect
of local conditions. The obtained differences in energy demand between two locations from the same
climatic zone were from 70% to 90%, depending on the airtightness of the buildings. Considering
different sheltered conditions, the differences for the same location can be even 200%. The obtained
results allowed for the formulation of the general conclusion that building location and level of
exposure could be considered in future airtightness regulations.

Keywords: airtightness; climate data; building exposure; airflow network; performance simulation

1. Introduction

Directive 2012/27/EU of the European Parliament and of the Council on energy
efficiency, great attention is paid to the need to increase the energy efficiency of buildings.
It is commonly recognized that airtightness has a large impact on the energy efficiency
of buildings [1–3], which directly affects the level of CO2 emissions [4]. More and more
recent studies and publications pay attention to the impact of air infiltration on the level
of energy losses [5–7]. Some analyzes [8–10] show that infiltration is responsible for even
13%–30% of energy losses during the heating season and 4%–14% in the cooling season,
while others [11] found that the impact was more significant (even up to 50%). Moreover,
airtightness is an important indicator of the building quality, as it affects not only the
thermal parameters of the building but also the indoor air quality [12,13], the level of
thermal comfort in new [14] and modernized buildings [15], and the long-term durability
of buildings [16].

Building airtightness is considered as a factor determining energy requirements not
only in a new design [17,18] but in retrofitted [19,20] buildings as well. Increasing the
airtightness of the building envelope is often a necessary condition to achieve better energy
performance (to 1.0 h−1 for low energy [21] and 0.6 h−1 for passive standard [17]). However,
in practice, the newly developed buildings have different levels of tightness (varies from
n50 = 0.17 to 5.33 h−1, where n50 is air change rate at 50 Pa), based on the results obtained
for mainly masonry buildings in Poland [18,22]. In the case of timber-frame envelopes [11]
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and lightweight houses [23], the averaged airtightness is as follows 1.02 h−1 (for Sweden),
3.90 h−1 (for Finland), 4.23 h−1 (for Estonia). Moreover, the effect of airtightness impacts
not only energy performance but also thermal comfort and indoor air quality.

The analysis of airtightness requirements around the world [5] do not show any
relationship between limited values of n50 and local climatic conditions. The legal require-
ments can be treated as local/country regulations and are mainly differentiated due to the
expected standard of buildings. The on-site testing is mandatory only in France, Ireland,
Monaco, the UK, and the USA. In Poland, the values of airtightness are only recommended.
In Europe, the required values change from 0.6 to 6.0 h−1 independently from latitude or
climatic zone. Only for the USA, two different values of n50 for climate zone one and two
and zone three to eight are defined. On the other hand, the requirements for limited values
of thermal transmittance of building envelope relates to the local climatic condition. More-
over, as it was revealed by Ahmed et al. [24] the optimal thermal transmittance depends on
heating degree days (HDD), giving for some specific locations (with a lower value of HDD)
thinner insulation as the cost-optimal one [25].

Although there are no requirements formulated depending on the climatic zone or
building location, it seems that both factors have an influence on the heat loss due to the
infiltration. The influence of different wind local conditions on the real infiltration rate
seems to be obvious. Based on the data from Global Wind Atlas 3.0 [26], the averaged
wind speed at 10 m above the ground (open site) is between <2.5 m/s and 9.5 m/s for the
UK, and between <2.5 m/s and 8.75 m/s for Poland (except Tatra mountains). Additional
corrections in wind speed should be considered due to the urban morphology [27] and
local conditions. A lot of research has been done on the effect of building construction
on local wind flow [28,29]. Furthermore, the airspeed changes nearby building elements
and also affects heat exchange by convection [30] and infiltration [31]. The local wind
pressure distribution on the building is considerably affected by wind veering, especially
at the upper part of the building surface [32]. Besides the building height variability, other
morphological features (building aspect ratio, the angle between the street canyons and
the incoming wind, and local geometrical features) are a significant factor in shaping flow
and dispersion at the local to the neighborhood scale in the urban canopy [33]. This led to
attempts to optimize buildings, inter alia, in terms of airflow [34], taking into account, for
example, building arrangement. All these studies confirmed that local wind conditions
could significantly influence heat losses due to the infiltration airflow. A comparison
between the building energy simulation results using both the adjusted (due to local wind)
and original weather data indicates that the total building energy consumption decreased
by 5% [35]. It can be concluded that building location, exposure, and topology clearly affect
infiltration and should be considered regards legal building requirements.

The aim of this study is to reveal the effect of local wind conditions on infiltration
airflow in buildings. Three cases that differed in airtightness were investigated numerically
using an airflow network model. Numerical models were calibrated based on the results
from blower door tests. Three geographical locations in Poland (Katowice, Poznan, and
Warsaw) were studied here, considering wind data (hourly averaged for the purpose of
building performance simulation) of a typical meteorological year for the selected loca-
tion [36]. Climatic conditions in Poland are classified according to the Köppen–Geiger class
as a cold climate without a dry season and with warm summer (Dfb) [37,38]. Moreover,
three different exposures were assumed to properly determine wind boundary condi-
tions [39]. The results of building air flows as well as energy to cover infiltration heat losses
for the heating season were presented and discussed.

2. Airtightness Requirements—The Current State

Due to the high impact of airtightness on the energy efficiency of a building, many
countries have developed their recommendations or requirements for the maximum allow-
able level of air infiltration through the building envelope. Using various parameters defin-
ing building airtightness (Table 1), each country independently determines the permissible
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level of air infiltration (Table 2). The airtightness level of a building is defined as the amount
of air leakage at a pressure difference (between the inside of the building and its surround-
ings) of typically 50 Pa or 4 Pa, and sometimes at a difference of 10 Pa, 25 Pa, 75 Pa and
100 Pa [40].

Table 1. Parameters used to determine the permissible level of infiltration.

Parameter Description Equation Unit

na air change rate at a Pa Va/V h−1

wa specific leakage rate at a Pa Va/AE m3/h·m2

qa air permeability rate at a Pa Va/AF m3/h·m2

where: Va (m3/h)—airflow rate at a pressure difference of a Pa. V (m3)—volume of air inside the
measured building. AE (m2)—envelope area. AF (m2)—net floor area.

Governing approaches differ from country to country as some laws impose mandatory
restrictions on air infiltration through the building envelope, while others only make
recommendations or do not consider infiltration at all as an essential building parameter.

Table 2. Regulations regarding residential building air infiltration in different countries [5,41].

Country Parameter Units Requirements

Airtightness mandatory values

Austria n50 h−1 natural ventilation < 3.0
mechanical ventilation < 1.5

Belgium–Brussels
region n50 h−1 <0.6

Bosnia n50 h−1 natural ventilation < 3.0
mechanical ventilation < 1.5

Croatia n50 h−1 natural ventilation < 3.0
mechanical ventilation < 1.5

Czech Republic n50 h−1
natural ventilation < 4.5
mechanical ventilation < 1.5
heat recovery system < 1.0

Denmark w50 l/(s·m2)
Aenv/Afloor ≤3: <1.0
Aenv/Afloor >3: <0.3

France q4 m3/(h·m2)
single-family < 0.6
multi-family < 1.0

Germany n50 h−1

natural ventilation < 3.0
(exceptions with active
components < 1.5)
mechanical ventilation < 1.5

Iceland q50 m3/(h·m2) <3
Ireland q50 m3/(h·m2) <5

Latvia q50 m3/(h·m2)
natural ventilation < 3.0
mechanical ventilation < 2.0
heat recovery system < 1.5

Liechtenstein q50 m3/(h·m2)

new buildings:
• natural ventilation < 2.4
• mechanical ventilation < 1.6
renovations:
• natural ventilation < 3.6
• mechanical ventilation < 2.4
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Table 2. Cont.

Country Parameter Units Requirements

Airtightness mandatory values

Lithuania n50 h−1

class C: < 2.0
class B: < 1.5
class A: < 1.0
class A+ and A++: < 0.6

Luxembourg n50 h−1
natural ventilation < 3.0
mechanical ventilation < 1.5
heat recovery system < 1.0

Monaco q4 m3/(h·m2)
single-family < 0.6
multi-family < 1.0

Montenegro n50 h−1 natural ventilation < 3.0
mechanical ventilation < 1.5

Netherlands w10 dm3/(s·m2) <1.0
Norway n50 h−1 <1.5

Russia n50 h−1 natural ventilation < 4.0
mechanical ventilation < 2.0

Slovenia n50 h−1 natural ventilation < 3.0
mechanical ventilation < 2.0

Spain n50 h−1
compacity
V/AE ≤2: <6.0
V/AE ≥4: <3.0

Sweden q50 m3/(h·m2) <0,6

Switzerland q50 m3/(h·m2)

new buildings:
• natural ventilation < 2.4
• mechanical ventilation < 1.6
renovations:
• natural ventilation < 3.6
• mechanical ventilation < 2.4

United Kingdom q50 m3/(h·m2) <10

USA n50 h−1 <3.0 climate zone 3 to 8
<5.0 climate zone 1 and 2

Airtightness recommended values

Poland n50 h−1 natural ventilation < 3.0
mechanical ventilation < 1.5

Airtightness default values that can be improved
Belgium (Flanders and

Wallonia) q50 m3/(h·m2) 12

Canada n50 h−1
3.2 with basic air barrier
specifications
2.5 with extra prescriptive details

Estonia q50 m3/(h·m2)
single-family: 6.0
other buildings: 3.0

Finland q50 m3/(h·m2) 4.0
No whole building values suggested or no consideration at all

Albania, Andorra, Belarus, Bulgaria, Cyprus, Greece, Hungary, Italy (except Trento and
Bolzano regions), Malta, Moldova, North Macedonia, San Marino, Serbia, Ukraine,

Portugal, and Slovakia.

Tightness regulations very often depend on additional criteria, which include:

• Type of ventilation system (natural, hybrid, mechanical, and in some cases heat recov-
ery), e.g., Czech Republic and Latvia; In the case of gravity ventilation, the tightness of
the building, depending on the country, should meet the condition n50 < 2.4–4.5 h−1 for
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new buildings and n50 < 3.6 h−1 for buildings subject to modernization. More stringent
requirements apply to buildings with mechanical ventilation, where n50 < 1.5–2.0 h−1

for new buildings and n50 < 2.4 h−1 for buildings undergoing modernization.
• Type of residential building (single or multi-family), e.g., France;
• Building condition (new or refurbished), e.g., Switzerland and Liechtenstein;
• Energy efficiency, e.g., Lithuania;
• Climatic zone, e.g., USA;
• Relationship between different geometrical properties, e.g., Denmark and Spain;
• Guidelines describing the air barrier, e.g., Canada.

It is noticeable that the recommended or required airtightness level of residential
buildings does not depend on the location, degree of exposure, and other local factors
(except in the USA), which affect the amount of air infiltrating the building envelope and
thus the energy demand. In the greatest number of countries, the level of infiltration
required depends on the type of ventilation system (Table 2).

3. Building Types, Weather Data, and Local Conditions
3.1. Building Types and Construction

Three existing single-story buildings were selected for detailed simulation analyses.
They have a diversified structure of walls and roofs and the level of airtightness.

The oldest building (A) that is located in Katowice, with the construction completed
in 2011, has external brick walls insulated with the ETICS method (External Thermal
Insulation Composite System) with the use of polystyrene; the roof was made of a wooden
roof truss, insulated in the construction layer with additionally mineral wool added. The
building was built on a thermally protected concrete footing. Windows and doors were
installed with the use of the so-called warm assembly, which consists of placing the window
and door joinery in the thermal insulation layer. This method reduces the influence of the
thermal bridge on the joining of the joinery with the partition. The area of the heated part
of the building is 130 m2, the area of external partitions is 504 m2, and the cubic capacity
was 333 m3. The building had 12 heated rooms and an unheated garage.

The second building (B) located in Poznan, included in the simulations, was put into
operation in 2012; it had 12 heated rooms and an unheated garage. The external walls of the
building were made of a brick system with ETICS insulation. The building was founded on
a reinforced concrete foundation plate thermally insulated from the bottom; the roof was
insulated with polystyrene on the top was made of prestressed concrete. Windows and
doors in the building were installed both in the external walls and the roof using so-called
warm installation, additionally with the use of vapor barrier tape. The area of the heated
part of the building was 196 m2, the area of external partitions was 790 m2, and the cubic
capacity was 588 m3.

The newest building (C), located in Warsaw, was built in 2015 and had nine heated
rooms. The building had a timber frame construction with mineral wool filling the external
walls and the roof. Additionally, the roof and external walls were insulated from the
outside with polystyrene. The facility was founded on a thermally insulated concrete
footing, and the windows were installed using the so-called warm assembly. The area of
the heated part of the building was 102 m2, the area of external partitions was 435 m2, and
the cubic capacity was 290 m3.

Mechanical ventilation with heat recovery was used in all three analyzed buildings.
The degree of tightness of individual buildings varied. The infiltration level, which was
performed according to the Blower Door Test procedure (PN-EN 13829: 2002), is presented
in Table 3.

Table 3. Air change rate at 50 Pa obtained by the Blower Door Test.

Building A B C

n50 (h−1) 1.50 1.78 0.63
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3.2. Local Weather Conditions

The weather-related data adopted for air infiltration analysis are the average hourly
values of wind speed and outside air temperature determined for the Typical Meteorolog-
ical Year (TMY). TMY was prepared for the purpose of energy calculations of buildings
using real meteorological databases, developed by the Polish Institute of Meteorology and
Water Management. The databases contain source data from the thirty-year period from
1971 to 2000.

TMY data represents hourly values and can be successfully used in a simulation
method to determine leakage air flows for selected buildings. In Addition, TMY data allows
the calculation of the heating energy demand for ventilation and infiltration separately.

In order to consider the difference in simulation results, it was necessary to compare
the characteristic wind data in three selected locations. The data was analyzed due to
the dominant wind speeds and directions. The individual towns are located in various
wind load zones. The highest wind speeds were in Warsaw and the lowest in Katowice.
Comparing the highest wind speeds for individual locations (Figure 1), it was noticed that
in the case of Katowice, they reached speeds of 14.5 m/s (from the south-west direction),
Warsaw—14.0 m/s (from the north-west direction) and Poznan—14.0 m/s (from the west).

  

Energies 2020, 13, x; doi: FOR PEER REVIEW www.mdpi.com/journal/energies 

Article 1 
Parametric study of air infiltration in residential buildings - 2 

the effect of local conditions on energy demand 3 

Artur Miszczuk 1 and Dariusz Heim 2,* 4 
 5 

 6 

Figure 1. Distribution of maximum wind speeds [m/s] determined for a heating season (from 7 
September to April). 8 

 9 

 
Figure 2. Distribution of the prevailing wind directions determined for a heating season (from 10 
September to April). 11 

 12 

0
2
4
6
8

10
12
14
16

N

NE

E

SE

S

SW

W

NW

KATOWICE

POZNAN

WARSAW

0%
5%

10%
15%
20%
25%
30%
35%

N

NE

E

SE

S

SW

W

NW

KATOWICE

POZNAN

WARSAW

Figure 1. Distribution of maximum wind speeds (m/s) determined for a heating season (from
September to April).

Also, the occurring wind directions in three analyzed locations (Katowice, Poznan,
and Warsaw) were compared (Figure 2). It should be noted that there was one dominant
direction for each town, and it was the west (W) in the case of Poznan and Warsaw, and the
south-west (SW) in the case of Katowice.
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There were also visible differences in the dominant wind speeds at individual locations
(Figure 3). The data for Katowice (65% of wind speed is below 3.5 m/s) and Warsaw (57%
of wind speed was above 3.5 m/s) displays a difference between locations. Out of the three
analyzed locations, Katowice seemed to have the highest probability of calm, i.e., wind
speeds below 3.5 m/s [42].Energies 2020, 13, x FOR PEER REVIEW 2 of 5 

 

 
Figure 3. Wind speed [m/s] distribution function determined for a heating season (from September to 13 
April). 14 

 15 

 
Figure 4. External air temperatures for the location determined for a heating season (from September 16 
to April). 17 

 18 
 19 

0

0.2

0.4

0.6

0.8

1

0 5 10 15

Cu
m

ul
at

iv
e 

in
cid

en
ce

Wind speed (m/s)

KATOWICE

POZNAŃ

WARSAW

0

0.2

0.4

0.6

0.8

1

-20 -10 0 10 20 30

Cu
m

ul
at

iv
e 

in
cid

en
ce

Temperature (oC)

KATOWICE

POZNAN

WARSAW

Figure 3. Wind speed (m/s) distribution function determined for a heating season (from September
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Hourly temperature changes during the year for individual locations did not differ
significantly. This was confirmed by the results, temperature distributions presented in
Figure 4. This means that the dominant parameter differentiating all these three locations
due to the energy demand for infiltration will be the wind speed.
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3.3. Building Exposure

In dynamic methods, many coupled physical processes can be considered. These
include air infiltration, determined by meteorological parameters, such as the influence of
wind [9], dependent on the location and the level of sheltering of the building. Heat losses
resulting from air infiltration were also analyzed.

Three residential, single-family buildings that differed in the level of airtightness were
investigated. The analyses were conducted for two locations (Katowice and Warsaw) with
the most extreme weather conditions due to wind speed.

For the calculations, three degrees of sheltering of the building against the wind
were assumed, expressed by the coefficient k dependent on the roughness of the ground.
According to the information presented in the paper [43], it depended on the type of
environment and was respectively, in case of the building:

• bare (open area, e.g., agricultural area) k = 1.0 (unsheltered),
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• moderately sheltered (wooded area or surrounded by buildings of similar height,
e.g., city suburbs) k = 0.8 (semi-sheltered),

• sheltered (area surrounded by buildings higher than the analyzed building, e.g., city
centers) k = 0.5 (sheltered).

4. Air Flow Modelling and Calibration

The airflow network-building model was developed according to the general assump-
tions presented in [44]. The basic theory of this approach can be found among others in [45].
The buildings selected for the analyses were developed in the form of a computational
model in the ESP-r (Environmental Systems Performance—Research) simulation tool [46].
The building’s space with controlled parameters as well as unheated zones was divided
into a control volume represented each specific room. All possible air exchanges between
individual zones as well as between zones and external environment were defined, includ-
ing the type of flow mechanism and its intensity. On the building models, nodes of the
airflow network were plotted (Figure 5a–c), and the airflow mechanism and its intensity
were determined using the network method.

Calibration of the model was done by a comparison of in-situ measurement results
(leaks tests) and the results of airflow obtained from building performance simulations. The
results were compared for a pressure difference of 50 Pa only, and the discrepancy between
measurements and calculation were determined at different values of overpressure. Based
on the results presented in Figure 6, it can be concluded that differences in air flow do not
exceed 2.5% (Figure 6). Values of airflows presented under the graph were obtained by the
theoretical models, while values located above the graph comes from the field tests.

The n50 index values obtained by the computer simulation were in line with the results
obtained from the leak tests, given the following n50, respectively:

• Building A, n50 = 1.50 h−1

• Building B, n50 = 1.78 h−1

• Building C, n50 = 0.63 h−1
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5. The Effect of Weather Data and Local Conditions on Simulation Results
5.1. The Effect of Local Conditions on Infiltrating Air Flow

To determine the real impact of the building’s airtightness on the amount of infiltrating
air, simulations were carried out in the conditions of actual building operation. The analyses
were carried out for the previously determined heating periods. The simulations concerned
the determination of:

• Airstreams infiltrating through leaks;
• The energy required to heat up the ventilation and infiltration air.

The analyses carried out compared both the airflow rates and energy losses result-
ing from infiltration and hygienic ventilation of rooms. It was assumed that ventilation
considers heat recovery from the exhaust air (with maximum heat recovery of 90%).

First, calculations were made when the internal doors between the rooms were open.
In addition, airflow through leaks was simulated when the internal door was closed.
The second analysis was performed since, in residential buildings, the internal doors to
individual rooms are often closed, which is a result of generally accepted behavior and
habits of residents. The rooms to which the doors were most often closed during their use
include bathrooms, toilets, utility rooms, and vestibules. In this paper, two cases of placing
all internal doors have been assumed: open to the reveal (airflow, in this case, takes place
through the entire door opening) and closed (airflow is possible only through holes/slots
made in the lower part of the door). As it should have been expected, closing the inner
door causes lowering the airflow through leaks in relation to the case when the inner door
is open.

In building B, there were the greatest momentary changes of the infiltrating air stream,
exceeding several times in the analyzed period, the value of 400 m3/h (Figure 7). In the
remaining analyzed buildings, the maximum value did not exceed 250 m3/h—in the case
of building A, and 50 m3/h for building C. Obtained results were the effect of differential
tightness n50 and meteorological conditions of a given location. It was characteristic that in
the case of building B, practically during the whole heating season, the stream of infiltrating
air did not reach the zero value. The total number of hours in which there was no air
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infiltration was 1 h for building A, 0 h for building B, and 108 h for building C (Figure 7).
It resulted directly from climate data characteristics for each location.
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Figure 7. Temporary infiltration of air in the case when internal doors were open.

Similar changes in the infiltrating airstream were obtained, assuming that the interior
doors in the rooms are completely closed (Figure 8). However, the maximum values
were, in most cases, lower than for a building where the door remains open (Figure 7).
However, this is not a rule, which results directly from the wind direction. If it directly
affects the facade with a given leak, the inflow of air into the room will occur regardless of
the possibility of its flow to other zones in the building, although it will certainly weaken
overall flow.Energies 2020, 13, x FOR PEER REVIEW 4 of 5 
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Figure 8. Temporary infiltration of air in the case when internal doors were closed.

In Table 4, a list of ventilation and infiltration airstreams was made for the analyzed
buildings. The largest total and average seasonal airflows were in building B, and this was
the case with both open and closed internal doors. In the analyzed buildings, mechanical
ventilation was used, where it is assumed that the stream reaches a constant value inde-
pendent of weather conditions and the degree of opening of internal doors. Comparing the
level of the infiltrating air stream with the ventilation air stream, the size of the latter was
higher in all analyzed buildings.

Comparing the average airflow values (Table 4), it was correct that closing the inner
door reduced the infiltrating airflow. For building B (which obtained the highest value of
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n50 among the buildings subjected to simulations), the drop in value was 19.2 m3/h, for
building A—10.1 m3/h, and C—1.4 m3/h.

The second analysis concerned the influence of the level of sheltering and location of
the building on air infiltration, assuming that the internal doors are open to the reveal. Two
buildings (A and C) were used in the simulation: with the lowest and highest degree of
tightness. The buildings were in two extreme locations (Katowice and Warsaw) in terms of
windiness. There was also a dependence on the airflow level in different locations. In the
case of Warsaw, for the unsheltered building B, the extreme value occurred in the case of
airflow to the building. However, with the opposite direction of airflow (from the building),
the differences were much smaller.

Table 4. Summary of infiltration and ventilation air streams, broken down into individual buildings.

Building A B C

Air Stream Seasonal Total
(m3/Season)

Seasonal
Average (m3/h)

Seasonal Total
(m3/Season)

Seasonal
Average (m3/h)

Seasonal Total
(m3/Season)

Seasonal
Average (m3/h)

ventilation 621,600 140 576,000 160 568,800 100

infiltration
internal door open 105,713 23.8 229,884 63.9 46,476 8.2

internal door closed 60,844 13.7 160,876 44.7 38,675 6.8

total summary
internal door open 727,313 163.8 805,884 223.9 615,276 108.2

internal door closed 682,444 153.7 736,876 204.7 607,475 106.8

As expected, the flow of infiltrating and exfiltrating air decreased as the shielding
increased. The average value of the airflow from building B, during the heating season, for
all leaks (in the case of an unsheltered building) was 66 m3/h for Katowice and 101 m3/h
for Warsaw, respectively (Table 5). Comparing the air flow for a sheltered building, the
average values were respectively—24 m3/h for Katowice and 35 m3/h for Warsaw. It
proves that the location of building B had a significant influence on the size of the infiltrating
airstream at the same value of n50. Table 5 presents a summary of average airflow values
through leaks.

Table 5. Seasonal average infiltration airflow determined from simulation calculations.

Type of Building
Environment

Factor
k
(-)

Infiltrating Air Stream (m3/h)

Building B Building C
Katowice Warsaw Katowice Warsaw

unsheltered 1.0 65.7 100.6 5.8 10.7
medium-sheltered 0.8 46.6 70.5 4.1 7.4

sheltered 0.5 23.9 34.5 2.2 3.6

Building C in two locations: Katowice and Warsaw, and three levels of sheltering
were also compared. It should be noted that, as in the case of building B, the highest
average values occurred in the case of the unsheltered building (Table 5). The change of
the building’s shielding from unsheltered (k = 1.0) to medium-sheltered (k = 0.8) resulted
in a decrease in the level of air flowing through the leaks by 29% (in case of the location
of building C in Katowice) and 31% (in Warsaw). Comparably as in the case of building
B, the airflow was even more reduced when the sheltered and unsheltered building was
compared. The difference in values was 62% and 66% (Table 5), respectively, in the case of
the building’s location in Katowice and Warsaw. The change of the location of building B
from Katowice to Warsaw resulted in an increase in the infiltrating air stream by 35 m3/h
in the absence of cover and 11 m3/h for the sheltered building.

The average value of the airflow rate, during the heating season, for all leaks in the
case of the unsheltered building C located in Katowice was 6 m3/h, and in Warsaw 11 m3/h
(Table 5). It proves that the location of the building, similarly to building B, had a significant
influence on the size of the infiltrating air stream, with the same level of n50.
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The differences between the infiltrating airstreams in the analyzed locations may have
been caused by a higher probability of higher wind speeds in Warsaw.

5.2. The Effect of Wind Speed and External Temperature on Energy Demand

To determine the heat demand for ventilation (including infiltration), the maximum
efficiency of heat recovery for all buildings was assumed to be 90%. The analyses considered
the change of heat recovery efficiency depending on the temperature difference (between
the temperature of the internal and external environment).

In Table 6, the total heat losses for individual buildings are listed. The highest losses
for infiltration were obtained for the building with the highest value of n50 (building B).
When the internal doors were open, the losses were almost 1400 kWh. If the doors were
closed, this value decreased by 30%.

Table 6. Summary of total losses for ventilation and air infiltration, broken down into individual
buildings.

Building A B C

heat for ventilation (kWh) 387.3 368.6 337.6

heat for infiltration (kWh) internal door open 640.6 1 399.8 233.2

internal door closed 370.3 985.5 197.5

total heat for ventilation and
infiltration (kWh)

internal door open 1 027.9 1 768.4 570.8

internal door closed 757.6 1 354.1 535.1

Analyzing building C, where the smallest airflows between the indoor and outdoor
environments were recorded, the lowest heat losses due to infiltration were also obtained
(233 kWh for open doors and 198 kWh for closed doors) (Table 6). They constituted 41% and
37%, respectively, for open and closed internal doors (Figure 9). Building C (in comparison
to others) has the lowest losses, although the share for ventilation loss was the largest.
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Figure 9. Percentage distribution of total energy losses on ventilation and air infiltration in the
analyzed buildings.

Analyzing heat losses for heating the ventilation air (mechanical ventilation with
heat recovery), the energy demand did not depend on whether the inner door is open
or closed. The energy demand in the calculation of ventilation depends mainly on the
temperature difference between the indoor and outdoor air. The heat demand for building
B (n50 = 1.78 h−1) for climate data of Katowice due to infiltration (Table 7) was lower in
comparison with the case of building B for climate data of Warsaw. As should have been
expected, such a situation occurred regardless of the level of sheltering of the building.
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Regardless of the degree of exposure of building B (whose level of tightness of the
external partitions was the lowest of all analyzed) and its location, energy losses and power
demand related to air infiltration were higher than those resulting from its ventilation
(Table 7). The largest share of losses for air infiltration (in total losses for ventilation and
infiltration) occurred in an unsheltered building for climate data of Warsaw (it amounted
to 85%). If an identical building is considered for the climate data of Katowice, the share of
losses was 80% (Figure 10).

Table 7. Summary of total losses for ventilation and air infiltration, including the different levels of
sheltering of building B.

Location Katowice Warsaw

heat for ventilation (kWh) 385 397

heat for infiltration (kWh)
unsheltered building 1497 2311

medium-sheltered building 1068 1 626
sheltered building 554 808

total heat for ventilation
and infiltration (kWh)

unsheltered building 1882 2708
medium-sheltered building 1453 2023

sheltered building 939 1205
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division into the level of sheltering for building B.

The change of the building’s covering from unsheltered to sheltered (Table 7) resulted
in the decrease of heat losses for infiltration to 59% in the case of building B located in
Katowice and 67% in Warsaw.

In the case of building C, characterized by a high degree of tightness (n50 = 0.63 h−1),
the heat demand for heating infiltration air was at a lower level than the losses associated
with ventilation (Table 8). This dependence occurred regardless of the level of shelter.

In the case of building C, the biggest change in the share of energy losses for infiltra-
tion (in total losses for ventilation and infiltration), with the change in the degree of the
building’s exposure (from unsheltered to sheltered), occurred in Warsaw (Figure 11). In the
case of building C, the difference was 24% (change from 47% to 23%, respectively). In the
situation where the location in Katowice was analyzed, the difference was 17% (change
from 33% to 16%). It should be noted that not only the change of the building’s casing
but also its location significantly influenced the change of losses related to the heating of
infiltration air.



Energies 2021, 14, 127 14 of 17

Table 8. Summary of total losses for ventilation and air infiltration with division into the different
level of sheltering of the building C.

Location Katowice Warsaw

heat for ventilation (kWh) 326 338

heat for infiltration (kWh)
unsheltered building 157 300

medium-sheltered building 114 209
sheltered building 60 101

total heat for ventilation
and infiltration (kWh)

unsheltered building 483 638
medium-sheltered building 440 547

sheltered building 386 439Energies 2020, 13, x FOR PEER REVIEW 5 of 5 
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6. Discussion and Conclusions

Building airtightness becomes one of the crucial parameters for a new design or re-
cently modernized energy-efficient buildings. Although this parameter determines only
infiltration airflow, in any case, when heat recovering ventilation systems were applied,
infiltration heat losses can become dominant. The local and national requirements are
generally diversified around the world, but there is a nonrelation between local climatic
conditions and airtightness level. Moreover, the requirements are not differentiated be-
tween well exposed and sheltered buildings; only in the USA existing requirements specify
different levels of n50 for different groups of zones.

The presented analysis revealed that even for the same climatic zone (Poland belongs
to Dfb according to the Köppen-Geiger classification), the local differences taking into
account long term wind and temperature data could affect the different results on air
infiltration rate and energy needs. Similar differences were identified for different levels
of building exposure. Based on the results of numerical simulation, it can be noticed
that the effect of local conditions depends on the overall airtightness of the building
envelope. For relatively well-tight building (n50 = 0.63 h−1), the differences in infiltration
heat losses between the two analyzed locations in Poland are from 70 to 90%. The building
surroundings affect even more than local climate when energy for infiltration can be even
three times higher in the case of an unsheltered building, exposed to wind induce in
comparison to the sheltered case.

This leads to the conclusion that any future requirements of building airtightness
could consider not only the type of ventilation system (natural or mechanical) but also
local climatic conditions as well as building exposure. A similar approach was used in the
past in the case of wind effect on building construction (Eurocode 1: Actions on structures—
Part 1–4: General actions—Wind actions) and could be successfully adopted in a case of
building energy performance analysis. The presented results confirmed that even for the
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same country, three different locations in a lowland area could differ in wind data and
consequently affects air infiltration rate. The way the buildings are positioned and their
mutual aerodynamic shading effect has an even greater impact on the results. Regarding
the airtightness requirements presented in Section 2, it seems to be justified to diversify the
requirements according to the building location. The presented analysis is limited to the
heating season only, and it is self-explanatory that the heating season is essential in case of
airtightness. An additional analysis which should be done for different locations around
the world could determine the climatic zones where airtightness issue could be omitted.
For other locations, the requirements could be determined, including building exposure to
wind induce. Requirements for buildings located on the seaside or in a mountain should
be differentiated from requirements for buildings settled in inland, lowland terrain. The
more stringent requirements (lower n50) should be recommended for buildings located on
the open space or tall buildings in the urban settlements. The lower restrictions (higher
n50) can be permissible for buildings sheltered by others, located in a forest, or in a dense
urban development.

Although the analyses were limited to three locations and three single-family houses,
the conclusions regarding overall differences in airflow rates and energy needs can be
treated as general. However, the detailed results of airflow rate and energy requirements
are limited just for three specific buildings and their locations.

Finally, the identified differences in the obtained results were made possible by using a
simulation method. In the steady-state method, when the wind effect is not considered, the
results of energy demand will display only the effect of external air temperature. Therefore,
it is highly recommended to use a simulation method for any analysis of air infiltration in
the context of building energy performance.
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