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51367 Kaunas, Lithuania; valdas.paukstys@ktu.lt (V.P.); jurate.mockiene@ktu.lt (J.M.);
mindaugas.dauksys@ktu.lt (M.D.)

2 Institute of Architecture and Construction, Kaunas University of Technology, Tunelio st. 60,
44405 Kaunas, Lithuania

* Correspondence: gintaris.cinelis@ktu.lt; Tel.: +370-687-98786

Abstract: The European Union has adopted legislation aimed to increase the use of renewable energy
and improve the effectiveness of conventional-form energy use. Additional structure insulation
helps to decrease heat energy loss. Airtightness of the building envelope (building airtightness) is an
additional factor that determines comfortable and energy-saving living environment. The conformity
of heat energy loss with the object’s design energy class is one of the mandatory indicators used in the
obligatory building energy performance certification procedure. Optionally, the objects to be certified
are the entire buildings or separate units (flats). There is an issue of concern whether a flat assessed
as a separate housing unit would meet the requirements of design energy class depending on the
location of the unit in the building. The study is aimed to determine the change in heat loss of end
units in terraced houses (townhouses) as a result of various factors, leading to uneven airtightness of
the building envelope. The non-destructive assessment of building airtightness was implemented
through the combined use of methods, namely Blower Door Test (around 200 measurements) and
Infrared Thermography. The hollow clay unit masonry showed ca. 7–11% less airtightness than the
sand–lime block masonry structure. The end units were up to 20% less airtight compared to the
inside units.

Keywords: airtightness; Blower Door; heat energy loss; thermographic photo research; building
energy performance

1. Introduction

To fulfil the requirements of the European Energy Performance of Buildings Directive
(EPBD) [1,2] related to the reduction of energy consumption by using high-quality materials
and implementing efficient solutions for structural connections and joints, the national
requirements for thermal properties in building envelope were formulated and building
energy efficiency calculation methodology was developed. Many European countries
have developed national methodologies for the assessment of building energy efficiency
according to DIN 18599 [3] in Germany, DOCET in Italy, CALENER in Spain, etc. [4].
The above-mentioned methods vary depending on the type of buildings, climatic zone,
minimal thermal requirements, and certification indexing [4].

The main evaluation criteria used in these methodologies are CO2 emissions and
primary energy or heat energy consumption in buildings. All the methodologies pursue
the main aim to reduce energy consumption in buildings. To this end, not only are
efficient engineering systems that improve the thermal properties of the building required,
but also appropriate technological solutions to assure the high quality of work and good
airtightness of the buildings. A properly insulated building together with efficient heating
and ventilating systems can save up to 50% of heating energy and assure comfortable
conditions in the premises [5,6].
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The airtightness of and energy efficiency of the buildings can be determined by
different methods [7]: theoretical investigation [8,9], empirical research [10,11], modelling
of general building characteristics, or modelling of one component of the building [12]. The
analysis of the related literature revealed that building energy performance calculations
are precise only if building airtightness is defined by measurements. The measurements
help to assess the construction workmanship and define the airtightness level, which is
used to calculate the energy consumption of the building according to the 2010/31/EU
Directive [2]. The most widely used method of airtightness measurement is the blowing
door test method, prescribed by EN ISO 9972 2015 [13,14].

The main index of airtightness used in Lithuania is n50, which indicates the part
of internal air volume having changed in one hour at the set pressure of 50 Pa. The
measurements of this kind are performed in many countries aiming to assess the general
airtightness level of buildings using various criteria like the building type, its height,
geometric forms, envelope structure, the ratio of the envelope, the floor area, etc. [15–18].

There are several main ways of air infiltration. One of the reasons is improper struc-
tural connections in the building due to using low quality insulation materials or not using
them at all. In this case, the outside air penetrates through structural joints. The other
path of air leakage is the building construction material. In this case, the air can infiltrate
through the voids and cracks of construction elements.

The level of building airtightness can be determined and air infiltration paths in the
building envelope can be detected by means of non-destructive tests using an infrared
camera and observing the cold air movement in the external structures [19], or measuring
the air movement speed near the splits with the anemometer sensors and calculating the
approximate area of the split [20], or even measuring the sound of penetrating air.

The research objectives were: (1) experimental assessment of the flat airtightness
distribution in terraced houses made of different materials, (2) theoretical heat energy
loss calculation and finding out the differences in the heat loss values between the flats in
different places in the building plan, (3) assessment of the compliance of flats in different
places in the building with the design energy performance class.

2. Literature Review

T. Kalamees [21] conducted laboratory tests of various structural timber framework
connections and compared the obtained results with airtightness results of real-built houses.
The researchers concluded that it was difficult to ensure the quality of airtightening works
on site in the installation of both structural connections and engineering systems (water
supply, electricity).

The authors of the paper [22] discussed the airtightness estimation procedure appli-
cable in the design phase. The methodology being in its early phase included quantita-
tive characterization of expected leaks, evaluation of building airtightness in-situ using
fan pressurization, component testing for air permeability in laboratory conditions with
the completion of air leakage values obtained from the published database, and correc-
tion/validation of airtightness values. The investigation of several building parts showed
that ventilation ridge was responsible for the highest percentage (61%) of airflow (the air
leakage values were as follows: 11.0 m3/(h·m2) for ventilation ridge, 0.66 m3/(h·m2) for
window frame and connection of steel columns with the floor, and 1.15 m3/(h·m2) for
panel joints).

Another article [23] discusses the air leakage problem, considering the national build-
ing energy-related regulations and the methodology of energy performance calculation.
The authors investigated the construction type, the age, design details, and retrofitting of
the building as airtightness factors and found better quality of newly-built dwellings, good
design, high-quality workmanship, and proper quality control during the construction
period contribute to energy efficiency of buildings the most. The inclusion of the airtight-
ness factor during the energy performance assessment process could improve the energy
consumption by up to 7%.
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Another paper [24] presents and discusses the results of measuring the airtightness of
170 single-family houses and 56 apartments. The construction method, insulation materials,
joint insulation materials, and the ceiling structure were studied in the research as the
factors related to airtightness. Good airtightness of individual houses was reached in all
house groups regardless of the choice of structure, number of stories, ventilation system, or
technology of construction. This fact pointed out the importance of construction quality.

The research paper [25] includes a proposal for the development of a rough predictive
model of the degree of envelope airtightness as a regional tool for energy efficiency as-
sessment and tailored to southern European construction stock. The results were assessed
as widely scattered due to the impact of the random component of manual construction.
The paper presents the results of statistical analysis and describes the protocol used both
for the identification and quantification of air leakage pathways and for construction
quality management.

The authors of the paper [26] conducted a study on the relation between the airtight-
ness of a building envelope, air infiltration, and energy use of a typical modern Finnish
detached house with an IDA-ICE simulation model also considering the stack-induced
infiltration. An adapted model for the rough estimation of the annual air infiltration was
determined from the numerical simulation results. The dependency of both the infiltration
rate and heat energy use is nearly linear on the building’s leakage rate, measured as n50.
This research showed that infiltration induces about 15–30% of the energy used for space
heating, together with the ventilation in the prototypical detached house.

The authors of the work [27] performed the univariate analysis and multiple linear
regression of the Canadian airtightness database to reveal the important trends. Two air-
tightness model classes with 3 variables and 8 variables (building volume, climate, building
age, building height, and insulation levels for basements, walls, roofs, and windows) using
two airtightness metrics (ACH and NL) were developed. The models referred to the round
half airtightness variation of the building. The study set a feasible lower boundary of
perspective models for regression-based airtightness prediction.

Tests were carried out in five flats of the same building in order to characterize the air
permeability and to improve the design of buildings [28]. Although the flats tested were of
the same size, with the same components, and were erected using the same construction
processes, their overall air permeability showed a wide variation. The authors assumed
this was mainly due to the change of the width of the gaps around the roller shutter boxes
and the gaps in the bottom opening joint of the doors. The quality of windows, entrance
doors, and kitchen external doors also had an impact.

The results presented in [29] give some ideas for how to decrease the measurement
uncertainty in the blowing door test and to better detect energy and environmental issues
in the audits of buildings. The chimney and the windows, without sealing and natural ven-
tilation systems, were discovered to be the critical causes in the building’s over-ventilation.
The most critical uncertainty contributions were found to be the operative test conditions
and metrological performances (e.g., internal–external temperature and the wind velocity
difference) of the pressure measuring device.

The research [30] empirically investigated factors that should be considered while
using pressure difference measurement values and airflow rate to derive more accurate
airtightness values for large buildings. The distribution of vertical pressure across the
whole building envelope can differ considerably when the building is pressurized. A
method to measure airtightness was proposed where the pressure difference on each level
of the building is measured and a medium value of pressure difference is defined.

Two problems related to design solutions of building airtightness were revealed in
the work [31]: contemporary airtightness predictive models are too complex to be used for
everyday design practice, and existing airtightness predictive models do not meet the needs
of contractors and designers. More detailed issues in this context could be addressed: the
lack of standardization, including factors classification, parameters definition, their impact
quantification and significance assessment, metric analysis, the influence of supervision
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and workmanship, the classification of the air leakage paths, and research of significant air
penetration areas/points.

The air permeability measurement results of 287 post-2006 new-built UK dwellings
averaged 5.97 m3/(h·m2) at 50 Pa were studied in the paper [32]. Relationships between
the airtightness and management context, building method, and dwelling type as the
influencing factors were investigated. The superior airtightness was achieved in buildings
with the self-build procurement route as a result of more innovative construction practice,
prefabricated concrete panel systems, etc.; the houses built using site-based labour-intensive
methods were the most air leaky. The predictive regression model was developed to
predict the potential impacts of the air leakage-related factors of dwellings and improving
energy efficiency.

Airtightness testing is described in [33] as a highly informative tool of the dwelling
retrofit process. The authors refer to the statement that air infiltration through apertures
in the building envelope can make up to one-third of the total heat loss. Particularly
in this project, it was possible to reduce the measured air permeability (from 15.57 to
4.74 m3/(h·m2) @ 50 Pa) during the dwelling retrofit. This improvement was achieved
through the use of usual draught-proofing means (a decrease in air permeability more than
30%), close attention to installation detail, workmanship, and sealing of the floor/wall
joints at the skirting board connection (air permeability reduction of 3.6 m3/(h·m2) @
50 Pa). Airtightness measures alone contributed to around 9% of the forecasted total
reduction of heat energy demand. The effectiveness of fabric measures was very good (64%
reduction considering the case of the uninsulated house), although the installation of double
glazed units combined with the roof and wall insulation showed minimal improvement of
airtightness (approximately 1.26 m3/(h·m2).

The paper [34] investigates the building’s airtightness in terms of location and expo-
sure of the building. The authors state that energy-efficient buildings situated in windy
areas and at exposed locations could constitute up to 10% of the total heat consumption.
The altitude, strength, and speed of the wind have a significant impact on the building by
determining the amount of airflow through gaps, cracks, and leaks in the envelope. The
possible impact of main parameters of location on the ultimate airtightness of the building
envelope was verified while investigating 150 low-energy houses constructed in 2004–2014.
The altitude’s contribution to airtightness is 0.06%, whereas 99.94% of the airtightness is
influenced by other factors.

A statistical method is presented in the work [14] investigating relevant factors related
to the airtightness of the dwellings: climate zone, year of construction, and typology. The
proposed methodology and its results were compared to the extracted database values.
An open to expanding quota sampling scheme consisting of 411 representative cases was
built to extrapolate the infiltration rates for Spanish buildings using typical constructive
solutions. In the case study, leakage paths were located mainly around shutter boxes,
window joints, and frames. The research of the infiltration impact on the ventilation and
energy performance of the dwellings has been planned on this basis.

The authors of [35] developed a simplified method to evaluate energy savings from
enhanced airtightness. This method was aimed to facilitate the use of energy savings
estimates available to building designers and owners and expand the possibilities of the
existing governmental online calculator. It expanded the ability to examine energy savings
in commercial buildings for all cities in the USA. A simplified approach including energy
savings predicting equations was developed to estimate annual and hourly heating energy
savings. The equations predicting the percental energy savings for retrofitted buildings
only require their expected air leakage rates before the retrofit and after it. Annual energy
savings estimated using the online calculator and the proposed approach differed by 15%
to 24%.

In the study [36], a model equation was obtained that uses statistical analysis based on
empirical models to predict the apartment airtightness of reinforced concrete buildings with
the data from 486 units. Two groups of variables were used in the airtightness prediction
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model equations along with correlation dependence analysis and multiple regression
analysis. The model with the area variables was more accurate in predicting airtightness
out of the two models. This approach has a limitation because the prediction results may
differ depending on the characteristics and the data type collected by various countries.
Nevertheless, the methodology presented in this work contributes to similar studies for
finding influential variables with better applicability in the future.

The paper [37] investigates the problem of the seeming airtightness of partitions con-
structed in buildings. The study deals with the wind effect which is the washing reason of
fibrous and porous materials of the envelopes. The authors explain how the disintegration
of insulation material by forming empty areas determining local discontinuities of material
in the envelope reduces thermal resistance. Appropriate areas were proved by the dynamic
infrared detection method. The results show that thermal resistance of such envelopes is
reduced to 87% with an absence of wind protection. The authors recommend considering
the decomposition of this type while calculating the heat transfer coefficient.

In the study [12], an alternative approach was advanced to evaluate the air infiltration
rate and air leakage area in building envelope parts such as exterior and interior floors and
walls. Physical and acoustical methods were applied in measuring the sound reduction
index to determine the leakage area. Therewith, the airflow rate through air leaks was
determined using pressure difference over the floor or behind the wall and the values of
leakage area. Subsequently, the calculated air infiltration rate also enabled evaluating the
convective moisture rate through leaks and heat losses of the building.

The study [38] examined the airtightness performance of container houses and the
impact of airtightness on their energy efficiency comparing the measurement and calcu-
lation results before and after building treatment. The identified weak places (thermal
bridges, air leakages, and condensation) were mainly as junctions of walls, slabs, roof
panels, and the edges of the openings. Significant improvement of the airtightness (81%)
led to a certain reduction of annual energy demand (9.3%). Airtight joints and thermal
brakes are essential for junction details seeking to avoid thermal problems and improve
the energy performance of the building.

The authors of the work [39] studied the leakage–infiltration ratio by implementing
the tests of more than twenty houses in the UK. The existing rule of thumb of the divide-
by-20 (the error of using ranged from 3% to 175%) was revised and a new rule divide-by-37
as a more representative of the leakage–infiltration ratio was proposed. The mismatch
of the assessment using the existing Standard Assessment Procedure (SAP) was particu-
larly noticeable after adding the modification factors for local wind and sheltering: the
overestimated infiltration rate values reached 500% and more, especially in airtight houses.

In the research [40], the airtightness role in the context of thermal insulation perfor-
mance of traditional double-glazed air-filled windows was analysed. Tests were conducted
in a typical dwelling in the UK by comparing the windows that are fitted with a special
transparent cover improving airtightness and standard windows. The average U-value
of the window sash with air-filled double-glazing was calculated to be 2.67 W/m2·K, as
it was 1.79 W/m2·K for the airtight window sash which resulted in a 33% decrease in
heat losses. Windows are still important in the energy demand of buildings, and effective
solutions such as retrofitting windows with covers can notably contribute to decreasing
the windows-related energy losses in buildings.

Performing Blower Door Tests in large buildings [41] requires airflow rates that
are impractical to achieve using available equipment and because of the necessity to
test only the individual zones of buildings. The Lstiburek method and the Love and
Passmore method were adapted for use in multi-unit high-rise residential buildings. The
results showed that neither of the proposed methods could be finally recommended as a
replacement for the pressure neutralization method in traditional residential buildings. The
first method was unacceptable in the accuracy estimation for exterior boundary leakage
(estimation error exceeded 108%). The second method showed a small error of 0.2% for the
exterior boundary leakage estimation, though the pressure neutralization method was less
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sensitive to measurement noise compared to the alternative Lstiburek method. There is
still a need for new methods that can accurately represent the external boundary airflow
while still being less labour-demanding than the pressure neutralization method.

The paper [42] describes the validation of the new model for prediction of the airtight-
ness of buildings utilising a neural network and using four corrective factors related to
the building envelope. The model was obtained based on measurements in the field at
58 units in Croatia. The model, which requires a reduced amount of data and therefore is
more economical and faster than the field measurements, was validated both in the local
field and outside the native country conditions. The proposed model is supposed to be
appropriate for predicting airtightness values at the early design phase, as well as for the
planning of regular energy refurbishment of dwellings.

Based on the literature analysis and the use of around 300 dwellings’ empirical data
the study [43] analysis the relationships between the airtightness of building and eight
individual variables. Correlation analyses indicated the significant relationship of the
construction method, roof type, year of construction, and construction typology with
building airtightness. Regression analysis showed that only the year of construction and
the total leakage affect the airtightness. ANOVA tests revealed that both variables have a
notable influence on the airtightness, in terms of specific leakage rate. Both variables could
hardly help to assess the specific air leakage in advance because the year of construction
correlates with many other variables and the building leakages can only be assessed when
the construction is over.

The paper [44] concerns measurements of airtightness of 16 single-family houses
with natural ventilation built from 1880 to 2007 (the measurement values ranged from
1.1 to 5.8 L/(s·m2) at 50 Pa). The results of the ventilation measurements (from 0.09 to
0.28 L/(s·m2) per heated floor area) did not meet the requirement established in the Danish
Building Regulations (0.3 L/(s·m2)). The typical places of leaks were identified: the
penetrations of electrical installations, exhaust ducts, chimneys, contours of older doors
and windows, attic hatches, and connections with wooden ceilings. The findings are
relevant for the renovation projects of the older small building stock, especially where
mechanical ventilation systems are planned to be installed.

In the article [45], the research of the airtightness level of single-family energy-efficient
houses was measured and compared with the requirements of Polish norms and European
standards. The different wall structures of the buildings did not significantly affect the
level of airtightness (ranged within n50 = 0.17 to 5.33 h−1): the buildings with the worst
and the best tightness had the same brickwork wall construction. As the reason for the
insufficient tightness, the human factor was referred: a lack of experience and inaccu-
rate performance of coatings, not airtight insulating layer, the mistakes made in porous
insulation of transition systems, and the leaks of vapour barrier at connections.

The study [46] focused on the infiltration rate prediction of public buildings in China
by implementing the in-situ tests and simulating the infiltration rates for 1800 cases. The
main factors influencing the air infiltration were described as meteorological parameters,
architectural structure, infiltration path characteristics. The construction period was not
useable individually as a separate factor: zones that were built later (2007) had even worse
airtightness than zones built earlier (1990). The airtightness of public buildings was found to
be much worse than that of traditional dwellings. The centralized HVAC system had more
elements in the building envelope than the split HVAC system, and the outer windows’
airtightness was worse than the wall. For buildings with a mechanical fresh air system,
the airtightness needs to be strengthened in order to reduce the impact of air infiltration.
The conclusion was that the influence of air infiltration on public buildings should be
acknowledged by policymakers in defining more energy-reasoned design standards.

The authors of the research [47] aimed to reveal the impact of local conditions by
evaluating relations of infiltration rate and individual location and heat demand of res-
idential buildings. Depending on the airtightness of buildings the differences in energy
consumption between two different locations from the same climatic zone were evaluated
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in a rather wide range (from 70% to 90%) and could reach even 200% considering sheltered
environmental conditions. The general conclusion of the research was that the building
location and its level of exposure were recommended to be considered in forthcoming
airtightness regulations.

While investigating the airtightness through the light concrete chimney elements, T.O.
Relander [48] found out that better airtightness results can be achieved if the chimney is
installed near the wall or in the wall corner because the external surface of the chimney
through which air can penetrate will be reduced. External surface finishing workmanship
and the materials used also influence the airtightness.

In the study [49], the energy performance of a school building before major renova-
tion planning was modelled using the energy simulation software IDA ICE. The annual
simulation indicated the following renovation measures with the best potential: improved
envelope airtightness, changing to energy-efficient windows, new controls of the HVAC
system, and improved outer wall thermal insulation.

Some articles have weaker relation to our research because the airtightness problem
appears there as one among the other research aspects. The researchers investigate the
association of the building envelope tightness, its improvements, and ventilation with
relative humidity and air distribution in buildings [50,51], discuss the reasonable build-
ing airtightness level to seek for [52], the airtightness and thermal defect detection using
thermographic research and image processing [53], the impact of airtightness of win-
dow and door openings, more stringent requirements for the products [54,55], point out
very contrasting air leakage rates of some structural joints [56], the effect of airtightness
when investigating the relation of the energy performance, and the indoor air quality
performance [57].

The review of the recent studies helped to shed some light on the research hypothesis
and formulate an adequate approach to the problem of airtightness influence on the energy
performance of the particularly widely spread type of buildings. What did we expect,
what did we find in the publications on the one hand, and what was subsequently visually
observed, instrumentally measured, recorded, and computed from the field on the other
hand speaking more generally? After the extensive review of research results, one can
safely assert that the characteristics of the building airtightness or air permeability have a
significant influence on the building’s energy behaviour. At the same time, it was evident
both from the theoretical review and from the field measurements that the nature of these
properties is characterized by a rather wide distribution of the values, despite the same
construction and material of the building. One of the main reasons revealed in most of the
papers and confirmed in the field is the quality of the workmanship. This generalization
led to the idea of limiting the diversity of the workforce on the construction site by choosing
for the investigation the buildings constructed only by the same company. Furthermore,
previous studies have covered a wide range of technical factors with the discussion about
their influence on airtightness (as power supply installation). The analysis of recent studies
in this regard helped to focus on the aspects discussed in the next chapters.

The literature review encouraged the formation of the research methodology, as well
as the logic of its process. It was apparent that the starting point should be the experimental
airtightness measurements of separate flats, as the logical architectural building parts
with the aim to check the hypothesis that the flats in different locations of the building
could have different airtightness values. The literature provided no definite answer to
this question. Airtightness-related heat loss values (expressed in percentage) provided
in the papers were presented in a rather wide range (not exact), or the data came from
buildings of different structures, materials, and typology. Afterwards, it would be possible
to theoretically calculate the heat loss of the flats with their subsequent evaluation of
compliance with the design energy performance class. More details about the research
process are provided in Section 3.2.

The standard methodology of energy performance calculation was also modified
based on the analysis of literature sources in the part of the heat loss differences evaluation
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between the equal floor area flats situated in different parts of the building. It was appropri-
ate to undervalue the formula member for solar radiation, considering the environmental
factors described in Section 3.3 in more detail.

3. Methods
3.1. Buildings under Investigation

Relatively new buildings constructed in the period between 2016 and 2019 were
chosen for the research. At this time, the new requirements demanding not lower than
class A energy performance for newly designed and built buildings were introduced, and
airtightness measurements became mandatory in Lithuania. More than 200 measurements
were implemented in this research in sum (Figure 1).

All the buildings and flats were divided into groups using several factors:

• According to the situation of the flat in the building plan: the flats with the end location
in the building and the flats with the inside location when they are surrounded by the
two adjacent flats.

• According to the floor area of flats: the largest group included the flats with a floor
area of 90–120 m2, the second group of 150 m2 area, and the largest flats exceeded the
floor area of 200 m2.

• According to the structural material of the walls: the buildings of the first group were
constructed of sand–lime blocks, the buildings of the second group had the walls
erected of hollow clay masonry units.

• According to the insulation level of structures: one group of the buildings that were
designed as class A energy performance housing had the 200–220 mm polystyrene
(EPS) insulation layer, the other group of buildings that were declared as the class
A+ energy performance dwelling had the 240–260 mm polystyrene (EPS) insulation,
and the most energy-efficient buildings of the class A++ were insulated with the
280–310 mm polystyrene (EPS) layer.

The main characteristics of the buildings are provided in Table 1.

Table 1. Properties of buildings.

Construction
Type Location Average Floor

Areas, m2 Energy Class Glazed
Areas, m2

Ventilation
Type

Hollow clay
masonry units

Inside
2

facades

90 A, A+, A++ 12.85 Natural
120 A, A+, A++ 17.14 Natural
150 A, A+, A++ 19.64 Natural
200 A, A+, A++ 24.43 Natural

End
3

facades

90 A, A+, A++ 14.35 Natural
120 A, A+, A++ 19.14 Natural
150 A, A+, A++ 21.43 Natural
200 A, A+, A++ 28.57 Natural

Sand–lime
blocks

Inside
2

facades

90 A, A+, A++ 12.85 Natural
120 A, A+, A++ 17.14 Natural
150 A, A+, A++ 19.64 Natural
200 A, A+, A++ 24.43 Natural

End
3

facades

90 A, A+, A++ 14.35 Natural
120 A, A+, A++ 19.14 Natural
150 A, A+, A++ 21.43 Natural
200 A, A+, A++ 28.57 Natural
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All the buildings were equipped with energy-efficient plastic windows having two
insulated glass units (IGU) with selective glass coating. All the windows had appropri-
ate construction inserts positioning window frames in the range of the wall insulation
layer and in that way minimizing the linear thermal bridges of the window jambs. The
roof load-bearing structures were made of hollow prefabricated reinforced concrete slabs
insulated with polystyrene (EPS), the thickness of which was determined by building
design energy class. The floor structures consisted of the most commonly applied layers:
reinforced concrete, insulation, and damp proofing. All the buildings were two-level
houses. Their heights ranged from 6.25 m to 6.35 m, although the internal ceiling height
of the premises remained constant at 2.7 m. Therefore, this geometric peculiarity had no
significant impact in our opinion neither on heat energy loss nor on the airtightness of the
buildings. The buildings chosen for the research had the same engineering system equip-
ment: the heat source was the heat pump with the floor heating system, all the flats had
the same natural ventilation system. These choices allowed to eliminate the occurrence of
possible airtightness defects in different equipment mounting places or installations, such
as intersections of ventilating equipment piping with the walls or different heat sources.
To reduce the influence of construction works quality to airtightness measurements as
much as possible [21–25,31,33], only the buildings constructed by the same construction
enterprise were chosen.

3.2. Measurement Methods

The principal scheme of the whole research process is provided below (Figure 2),
followed by a detailed explanation of the steps.

The airtightness measurements were performed in all flats of the terraced houses
analysed. The airtightness values of the premises were determined according to the
standard measurement method (LST EN 13829). As stated by this method, all windows
of the building were fully closed, the natural ventilation channels were properly glued,
and all internal doors were opened to let the air inside and distribute easily in the flat.
The measurements were implemented using Blower Door Model 4 equipment with the
following technical specifications: measurement precision ±3%, measurement uncertainty
8.3%. The obtained results were statistically processed to get the average values for separate
building groups and define possible dependencies on the flat location in the building.

There are mandatory requirements for the airtightness value of buildings, and the
energy performance class of every newly designed building cannot exceed the predefined
value. In case the building does not meet the airtightness requirements, it should be
classified as belonging to the lower energy performance class. As the required airtightness
cannot be achieved in a smaller part of buildings, the related defects must be recorded
and rectified. For this purpose, the infrared (IR) research was performed using the FLIR
ThermaCAM B640 infrared camera with measurement precision of 2% or 2 ◦C. All research
was performed in the winter period when the temperature difference between the internal
and external air was about 15–20 ◦C.

To examine the leaks of the building envelopes the infrared camera research was done
twice. At the initial stage, there the temperature measurements were obtained on the surface
in the natural conditions without creating an additional pressure difference. Afterward,
in order to identify the main leakage locations a 50 Pa pressure difference between the
outside and inside air in the rooms was created by means of airtightness equipment and
the internal wall surface temperature was measured. There was an alteration of the internal
surface temperatures compared to assess the tightness of the structures and to find out if the
temperature differences are normal. There were two goals to perform the infrared research:
first, to identify the problematic places that do not meet the tightness requirements in
the buildings, and subsequently to implement corrective actions by repairing the defects
and achieving the desired airtightness level, and second, to statistically evaluate the
obtained results in order to determine in what type of buildings the most frequent problems
were met.
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3.3. Building Energy Performance Assessment Methods

The main requirements of building energy performance related to EPBD (European
Energy Performance of Buildings Directive) [1,2] are described in Building Technical
Regulation STR 2.01.02: 2016 [58]. Using the building energy consumption evaluation
methodology with the application of outside temperatures derived from many years of
observations, it is accepted that the duration of the heating season exceeds 220 days, the
average outside temperature of the heating season is 0.6 ◦C, and the inside temperature of
the premises is 20 ◦C. The index of total heat energy loss calculated per 1 m2 heated area of
building throughout the year is one of the assessment criteria used in the said methodology.
In general, it can be expressed by the following equation:

Qsum =
Qenv + Qvent + Qdo + Qin f − Qe − Qi

ηh.s.
+ QE + Qh.w. (1)

where: Qenv is the calculated heat loss through building envelope for 1 m2 of heated floor
area throughout the year, kWh/m2·year;

Qvent is the calculated energy consumption for ventilation, kWh/m2·year;
Qdo is the calculated heat loss due to entrance door opening, kWh/m2·year;
Qin f is the calculated heat loss due to excessive air infiltration through windows and
external doors, kWh/m2·year;
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Qe is the heat gain in the building due to solar radiation, kWh/m2·year;
Qi is the heat gain from internal heat sources, kWh/m2·year;
QE is the annual electricity consumption, kWh/m2·year;
Qh.w. is the annual energy consumption from domestic hot water, kWh/m2 year;
ηh.s. is the efficiency coefficient of building heating system, in part of a unit.

The aim was to evaluate the differences between the heat energy loss of the flats
located in different parts of the same type buildings. Some of the formula components
may be underestimated considering all the flats are operated in equal conditions. These
components include heat loss because of external door opening, natural ventilation, electric
power, and domestic hot water consumption. Since all the flats are designed with almost
identical transparent enclosures, the heat increase resulting from direct solar radiation
through the windows can be assessed as being the same.

Minor exceptions can be found in some rear facades of the end units. Because of
different architectural solutions, some of these facades have one additional window with
an area of around 2 m2. Therefore, during the thorough investigation of the buildings,
some circumstances were found in this particular context of the built environment: most
of the facades in question were not fully exposed to solar radiation for a longer time
because of their shadowing by existing trees and buildings, most of the walls had East and
West orientation, a large part of these windows were equipped with roller shutters, and
a number of the flats did not have the additional window at all. Because of these factors
substantially diminishing the solar heat energy gains, all end units were considered as
solar radiation invariant in this research.

Excluding all these components mentioned above, the difference of the heat energy
loss between the flats of different locations may be represented as:

Qsum(difference)= Qenv (difference) + Qinf (difference) (2)

where:

Qenv =
0.001·tm·24

Ap
·(θ iH−θe,m)·

n

∑
x=1

(A env·Uenv) (3)

and
Qinf= 0.001·tm·24·ρair·cair·vinf,m·(θ iH−θe,m) (4)

where:

tm is the number of days for the appropriate month of the year;
Ap is the heated area of the building, m2;
θiH is the internal temperature of the building during the heating season ◦C;
θe,m is the average air temperature of the appropriate month, ◦C;
Aenv is the area of the building envelope, m2;
Uenv is the U-value of the building envelope, W/m2·K;
ρair is the air density, kg/m3

vinf,m= 0.25·n50·(0.75· ρair
2·50

·(0.9·vwind,m)
2)

n
·
Vp.n50

Ap
(5)

where:

n50 is the air exchange value of the building, h−1;

vwind,m is the average wind speed of the month, m/s;
Vp.n50 is the volume of heated premises of the building, m3.

4. Results
4.1. Analysis of Building Airtightness

The airtightness of buildings is very much dependent on the quality of construction
works and even the small mistakes can lead to significant differences in airtightness;
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therefore, the evaluation of airtightness results was based on the comparison of statistical
averages of the flats of the same type (Figure 3).
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The recorded results show that the values of airtightness of the flats with the same
floor area can vary in a large range reaching the difference up to two times. The analysis of
airtightness values of the flats of different floor areas revealed that the statistic average of
results gradually decreases with the increase of the floor area of the flat, but the overall
measurement scatter remains almost constant. The comparison of the groups of flats of
90 m2 and 200 m2 floor area showed that the average value of airtightness for the flats with
larger floor area is 25% smaller. The obtained results can be interpreted as the achievement
of better average airtightness measurement result for the flats with a larger floor area
and the same time a larger volume. This fact of the better results for larger flats could be
explained as a minor defect that has a smaller effect on the general result of the airtightness
of the building.

After the study of two material alternatives, such as hollow clay masonry units (also
known as ceramic small blocks) (1) and sand–lime blocks (2) used for the construction
of external walls, it can be stated that regardless of the floor area, airtightness values for
hollow clay masonry walls were higher than the respective values for the more favourable
sand–lime block walls. The processed data of the airtightness measurements of the equal-
area flats located in different places of the buildings are presented in Table 2. The differences
in statistical averages of the measurements reach 7–11%. When interpreting the results,
the following reasons can be pointed out regarding this aspect. First, in the case of the
structure of hollow clay masonry units, where the bricklaying technology requires only
to fill the horizontal seams of the brickwork with the mortar, the air can circulate easier
through many empty vertical seams in the wall. Second, in the case of hollow clay units,
the air can circulate more freely in the structure because of the internal hollows of the
elements. In addition, uncontrollable air can enter the room through the openings made
for the installation of electric outlets through the other hollows that were not carefully
tightened, and thus increase the air leakage in the building.

Additional information about this issue will also be given in the next chapter which
concerns thermographic photo research.

A graphical illustration of the contrast of airtightness distribution data for end and
inside units in the buildings with the walls of sand–lime blocks is shown below (Figure 4).

The general analysis and comparison of the data shows that the average values of
airtightness in end units are 20% higher than the values in inside units of the same type.
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Based on the research results, mathematical dependencies were derived to be used for
the forecasting of airtightness values for the flats with various floor areas (Figure 5).

R-squared (R2) value in both flat location cases is close to 1, which indicates a high
predictive quality of these models.

Table 2. Measurement values of the airtightness of the flats.

Construction
Type Flat Location Average Flat Area,

m2

Max of
Airtightness n50

(h−1 at 50 Pa)

Min of
Airtightness n50

(h−1 at 50 Pa)

Average Value
of Airtightness

n50 (h−1 at 50 Pa)

Hollow clay
masonry units

Inside

90 1.25 0.71 0.97
120 1.15 0.62 0.85
150 1.13 0.49 0.79
200 1.05 0.49 0.74

End

90 1.49 0.89 1.10
120 1.35 0.76 1.03
150 1.29 0.70 0.97
200 1.23 0.63 0.93

Sand–lime
blocks

Inside

90 1.23 0.72 0.89
120 1.10 0.64 0.78
150 0.95 0.53 0.70
200 0.94 0.45 0.67

End

90 1.31 0.91 1.04
120 1.34 0.78 0.97
150 1.28 0.68 0.91
200 1.18 0.61 0.85
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Figure 5. Dependency diagrams of airtightness and floor area for the end (orange) and inside (blue) units in the sand–lime
buildings of energy efficiency class A.

The comparison of statistical airtightness measurement data with the main metrics
n50 (h−1), mainly of small and medium-size low-rise residential buildings along with
the national regulation values from various countries, is provided below (Table 3). The
juxtaposition of earlier and the newest data show an improvement in airtightness quality
in recent years in Lithuania. Another noticeable trend is better airtightness values of North-
ern European countries and Canada, despite various construction periods of buildings.
Airtightness in countries such as the UK and Ireland seems to be worse because of a very
broad period of the building samples. Interesting outstanding results were obtained from a
study of relatively new Passive House buildings in Germany.

Table 3. Comparison of statistical airtightness measurement data between previous studies and the current research.

Authors/Reference Country Construction
Period

Airtightness
n50 (h−1) Mean Values,
Standard Devia-tion or

Estimated from Snedecor‘s
Rule, Min/Max Values

Limit Airtightness
Metrics and Value

According to
National

Regulation

Notes

Kalamees [59] Estonia 2003–2005 x, σ
4.9 ± 3.5

q50, <6 (single-
family)

Values are based on
results provided in

the reference

Hamlin and
Gusdorf [60] Canada 1921–1997 x, σSn

3.1 ± 1

No mandatory
regulation

requirement

Values are based on
results provided in

the reference

Jokisalo et al. [26] Finland Pre-2007 x, σ
3.7 ± 2.2 q50, <4

Values are based on
results provided in

the reference

Kalamees [59] Norway 1984

x, σ

n50, <1.5
Values are based on
results providedin

the reference

4.0
Min 3.3
Max 5.4

Alfano et al. [29] Italy 1810–2010

x, σ No mandatory
regulation

requirement

Values are based on
the measurement

data

7.26 ± 4.02
Min 3.2

Max 23.3
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Table 3. Cont.

Authors/Reference Country Construction
Period

Airtightness
n50 (h−1) Mean Values,
Standard Devia-tion or

Estimated from Snedecor‘s
Rule, Min/Max Values

Limit Airtightness
Metrics and Value

According to
National

Regulation

Notes

Sfakianaki et al.
[16] Greece Pre-2007

x, σ No mandatory
regulation

requirement

Values are based on
the measurement

data

6.79 ± 3.15
Min 1.87
Max 11.3

Sinnot and Dyer
[23] Ireland 1944–2008

x, σ

q50, <5
Values are based on

the measurement
data

9.64 ± 2.9
Min 5.39
Max 14.9

Chen et al. [61] China 1980–1990

x, σ
Values are based on

the measurement
data

9.8 ± 8.11
Min 1.59

Max 27.16

Pasos [39] UK 1900–2012

x, σ
q50, <10 Notional

recommended
value: 5 m3/(h·m2)

Values are based on
the measurement

data

8.39 ± 3.22
Min 3.51

Max 14.97

Kalamees [59] Sweden Pre-1978 q50, <0.6
Values are based on
results providedin

the reference

x, σ
3.7 ± 0.24

Hasper [62] Germany 2006–2014

x, σ n50 < 0.6 for
passive houses and

<1.5 as a general
value

Values are based on
passive buildings
measurement data

0.50 ± 0.27
Max 1.1
Min 0.18

Sadauskiene et al.
[63]

Lithuania
Class B

2005–2011

x, σ

n50
Class B < 1.5;
Class A < 1;

Class A+ and
A++ < 0.6

Values are based on
the measurement

data

6.24 ± 2.63
Max—11.3
Min—2.19

Current research Lithuania
Class A

2016–2019

x, σ

Values are based on
the measurements of

current research

0.88 ± 0.18
Min 0.618
Max 1.35

Current research

Lithuania
Class A+

and
A++

2016–2019

x, σ
0.62 ± 0.08
Min 0.818
Max 0.479

Notes: “n50” air change rate at 50 Pa pressure difference, “x” mean, “σ” standard deviation or “σSn” deviation estimated from Snedecor‘s
rule. If any value is not indicated it was not available.

Relatively large standard deviation values of airtightness measurements can be noticed
in some lines of the summary above. One of the implicit main reasons for this could be the
broad construction period of buildings examined in the studies. The other significant factor
is the relatively high airtightness limit value indicated in the regulation or the absence
of any definite requirements in some countries. These factors lead to different levels of
construction work by different companies and greater inequality of airtightness values.

4.2. Thermographic Photo Research

To determine the reasons for the rather low airtightness of the buildings, thermo-
graphic photo research was performed. It revealed the defects related to improper construc-
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tion works and wrong structural solutions. The most frequently met defects are presented
in the diagrams (Figure 6).
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Figure 6. Frequency of defects for hollow clay masonry buildings (a) and sand–lime block masonry buildings (b).

The analysis of research results showed that the most popular defect type in the
buildings can be associated with improper installation of windows and their technical
adjustment. During the assessment process of the buildings of the energy class A, the
defects of that kind were recorded in 90% of the cases and in 75–80% of A+ and A++ energy
class buildings. The most likely reason and explanation of this finding could be the thicker
insulation layer of the envelopes and the opening jambs of higher energy class buildings.
A thick insulation layer creates a lengthy way between the internal and external surfaces of
construction, and thus stronger resistance to the moving airflow.

The joints of external walls with other parts of the building, such as floor or roof
structures, can also be described as important and defect-sensitive and adding to the
airtightness of entire structure. This factor can be related to the flats at different locations
in the building and having different lengths of joints of these types. It also influences the
differences in the airtightness measurement values of differently situated flats.

Evaluation of the junctions and details of electric installation and water pipes showed
significant differences in recorded results. In structures made of hollow clay masonry units,
the risk of defects in the above-mentioned junctions grows up to 30%. In the envelope
structure constructed of hollow clay elements, the external layer of the building products
is destroyed when electric outlets are installed and cables are routed. In this way, the
interlinked hollows of the building envelope through which air can flow easily are reached.
Installation and repair of these elements and their junctions must involve careful insulation,
otherwise defects cannot be avoided (Figure 7).
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4.3. Analysis of the Heat Loss

Total heat loss through the building envelopes of the flats with different floor areas
and various building energy classes calculated per 1 m2 of the heated floor area expressed
in kWh/m2 per year depending on the location of the flat in the building plan are presented
in Table 4.

Table 4. Total heat energy loss kWh per 1 m2 of the floor area per year of the flats of various size and energy classes,
considering where the flat is situated in the building plan.

Average Floor
Areas of the Flats,

m2

Energy
Class

Average Values
of the End Units,

Qsum
(kWh/m2·year)

Average Values
of the Inside Units,

Qsum
(kWh/m2·year)

Difference,
Qsum diferent

(kWh/m2·year)

Difference,
%

90
A 93.21 82.32 10.89 11.7

A+ 83.67 73.99 9.68 11.6
A++ 74.04 65.55 8.49 11.5

120
A 84.27 75.25 9.02 10.7

A+ 75.68 67.59 8.09 10.7
A++ 66.98 59.92 7.06 10.5

150
A 79.94 71.46 8.48 10.6

A+ 71.82 64.18 7.64 10.6
A++ 63.52 56.81 6.71 10.6

200
A 77.77 70.47 7.3 9.4

A+ 69.83 63.29 6.54 9.4
A++ 61.76 55.99 5.77 9.3

The analysis of obtained results revealed that a bigger heated floor area leads to higher
values of the total heat loss, regardless of the building energy performance class. The
explanation could be that the envelope areas increase together with the floor area of the
flats and the heat loss is directly related to the size of the envelope area.

The assessment of the influence of different locations in the building plan of flats
with the same floor area showed that the total heat loss through the building envelopes
calculated per 1 m2 of heated floor area and expressed in kWh/(m2·year) is around 9–12%
higher for the end units compared to the middle units (Figure 8). The distance between
the chart lines for lower energy performance building of class A (blue colour) is bigger
than respective distances for the buildings of higher classes A+ and A++ (red and green
colours). Accordingly, the heat loss increases calculated as differences between the values
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considering air infiltration and despite air infiltration are different: for the class A it
makes approximately 12% and for the classes A+ and A++ it makes about 4%. This fact
is logical evidence that better thermal insulation of the building contributes to higher
airtightness values.
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The two above-mentioned tendencies remain, regardless of the material of the flat
wall structure.

Generally, the total heat loss difference considering air infiltration per 1 m2 of heated
floor area (kWh/(m2 per year)) between the end units and inside units can exceed 15%
because of the different airtightness of these flats.

Currently, the compliance with the allowable value of heat loss is assessed by examin-
ing the volume of the entire building in its design stage. The heat loss criterion is difficult
to meet in the process of energy certification when there is a need or opportunity to assess
individual flats or other logical architectural parts.

Figure 9 shows the average design values of heat energy loss for different flats and
their comparison with the corresponding limit values prescribed by the regulation. The
dwellings that exceed these limit values should be assigned to a lower energy performance
class, i.e., moved one class down in the classification.
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The results also show that all inside units of the investigated buildings meet the heat
loss requirement, regardless of their design class. Therefore, the assessment of the end
units shows that some of them would exceed the allowable limit, which would lead to
downshifting their energy class. To avoid these problems, it would be reasonable to plan
improvement measures for end units, which include both additional airtightening and
thermal insulation, already on the design stage.

5. Conclusions

Airtightness as an important factor, together with other complex design solutions,
can reduce heat energy expenses, increase thermal comfort, and ensure a healthy building
environment and its longevity. Airtightness as a property is dependent on human factors,
technical solutions, and materials, therefore it will differ in every single case.

Only the buildings constructed by the same construction company were investigated
in the research. Nevertheless, the difference of airtightness values measured in the flats of
the same category was twice as high. Most researchers underline the aspects related to the
construction work quality. Therefore, the average values of the entire building group, but
not separate measurements, should be used for the assessment of airtightness values of
separate building groups.

The average airtightness value differences collating the smallest and the largest flats
exceeded approximately 25%. This can be explained by the fact that local air leakages
or minor construction defects of larger flats statistically had less influence on the general
airtightness, understood as the air exchange speed in the premises.

Evaluating the buildings constructed of different types of brickwork, it is safe to state
that the building’s airtightness values depend on the material structure of the chosen
brickwork as well as on bricklaying technology and proper installation of engineering
systems. When the construction of hollow clay masonry units is chosen where the bricklay-
ing technology involves the filling of horizontal brickwork seams with mortar, the air can
circulate through many open voids in the wall. The comparison of the hollow clay unit
masonry structure with the solid sand–lime block masonry, the seams of which are filled
with mortar both vertically and horizontally, revealed the airtightness reduction of ceramic
structure around 7–11% on average.

The comparison of the airtightness measurement results for the flats of equal floor
area located at different places of the buildings showed up to 20% higher airtightness
measurement values for end units than in inside units, which is a significant difference.
The reasons for these value differences could be explained by a larger length of structural
joints in the end units. The longer structural joints and additional windows in the walls
of the end units cause the higher probability of the emergence of defects worsening the
general result.

The obtained results show that all the dwellings surveyed did not exceed the allowable
heat loss limits when the total heat loss of the inside units was assessed. As for the end
units, we see that most of them, especially the ones in the buildings belonging to higher
energy classes A+ and A++, exceed the heat loss limits prescribed for these energy classes.
In the further process of real estate development and design of terraced houses, they should
be assessed not as a single object, but as a whole consisting of separate units, where each
unit should meet the heat loss requirements.

Continuing the research, the role of airtightness should be extended to overall building
energy performance assessment by combining and incorporating comprehensive exper-
imental test results, database data, and simulation that could lead to more precise and
reliable results and give the opportunity to verify them.
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